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Abstract

le to increasing demand on power by silicon operating at higher frequencies, voltage droops in
wer buses at switching transients can be a critical constraint. On-die decoupling is used to
luce the droops and achieve higher performance. In this thesis we perform an analysis of high
:quency decoupling capacitor design using low loss tangent high-k material as dielectric. These
pacitors can be used effectively at higher frequencies and can able to compensate the voltage
dop to ensure the constant power delivery. We also consider the performance degradation of
> decoupling capacitor at high frequency. It is noted that dielectric material effective
pacitance reduces above several GHz due to the degradation of the dielectric constant. Below
cse frequencies it 1s demonstrated that decoupling capacitors have better performance at high-
:quency if the high-k material has lower loss tangent. For this reason we choose lower loss
agent high-k material to design the decoupling capacitor and placed them closer to CMOS
rcuits. Our analysis is done on the basis of simulation result done using the ADS software

hich is briefly discussed inside this paper.
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1. INTRODUCTION |

".\ g L

1.1. Motivation:

[n semiconductor circuit one of the most unfortunate features is parasitic component which causes
voltage droop. To solve this voltage droop problem we can use a decoupling capacitor, familiarly
known as “decaps”, in shunt with the driving load and which can provide the required voltage to the
driving load. But decoupling capacitors properly work only within a certain frequency bandwidth. If
the [requency content of the signal increases the effective capacitance of the decoupling capacitor
decreascs, particularly at very high frequency. This will eventually reduce the effectiveness of the
decoupling capacitor and the capacitor behaves like a short circuit for which at high frequency the
circuit voltage droop can not then be compensated. But if we change the dielectric material then we
have an opportunity to increase the frequency response of the capacitor. So our proposal is to look at

dilferent materials including High-K.

Rasically high-k material can increase the sustainability of capacitor in high frequency due to its
igher dielectric constant and lower loss tangent. Loss tangent is a dielectric material parameter
which quantifies its inherent dissipation of electromagnetic energy. Actually it refers to an angle in a
complex plane between the resistive (lossy) component of an electromagnetic field and its reactive
ussless) component. If the loss tangent of a dielectric material decreases then its frequency
‘ncreases by the below relationship,
f = o/2ne'tand
¢ dielectric constant [1] refers how effective a dielectric is allowing a capacitor to store more
-harge depends on the dielectric material from which it made off. Every material has a dielectric
-oostant k and it is the ratio of the field without the dielectric (E,) to the net field (E) with the
_eleetric, k = E, /E . Benefit of the larger the dielectric constant is that it can store more charges.
+. if we build capacitor with large dielectric constant and less loss tangent then we can build such a
racitor which is smaller in size but can operate in a comparatively high frequency and the

-rformance of the capacitor is far better than any other normal material made capacitor.

- have discussed above that for better performance of the capacitor we need high-K material but it

- 2 big impact on the size of the capacitor. Basically, Silicon dioxide has been used as a gate oxide

iment of Electrical and Electronic Engineering, East West University 8
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material for decades, As transistors have decreased in size, the thickness of the silicon dioxide gate
dielectric has gradually decreased to increase the gate capacitance and thereby drive current and
device performance. As the thickness scalcs below 2 nmy, leakage currents occur due to electron
wunneling increase significantly, leading to unwieldy power consumption and reduced device
reliability. Replacing the silicon dioxide gate dielectric with a high -K material allows increased gate

capacitance without the concomitant leakage eftects and with an acceptable small size,

I'or the above consideration our motivation 1s to build a capacitor with high-K matertal such as
hafnium dioxide (HFO,), Ytirium Oxide(Y,03) and 1t anthanum Oxide (1.a»(3;) which can store a
large amount of charge and can susiain in a comparatively high frequency with small sizc and also

observe the capacitance of these three materials with respect to frequency.

1.2, Literary Survey:

1.2.1. Decoupling Capacitor:

Decoupling capacitor is one kind of capacitor which is used to provide charge support to switching
cuewts. Electrical circuit noise caused by a eircuit element can aftect other circuit clements by
modifying the voltage rail levels. To deduce this problem a capacitor is shunted after that noise
creating clement which eventually reduce the effect they have on the rest of the circutt. Bypass
capacitor s the allernative name ol a decoupling capacitor; as it 1s used to bypass the power supply

* other high impedance component of a circuit.

“lhigh Capacitance, Large Area. Thin Fim. Nanocomposite Bascd Embedded Capacitor| 1]
wper, they represented thin film teehnelogy based on barium titanate (BaTiOj)-cpoxy i
wompusites o develop and manufacture high pertormance embedded capacitors and can be used
decoupling purpose. Tae relerred technolegy was able to produce high capacitance density (10 to
' nb/inch2), large arca. and thin {ilm capacitors with controlled thickness from about 2 micron to

*out 25 microns for a series of BaT103 cpoxy nanocomposites.

“Layout of Decoupling Capacitors in 1P Blocks for 90-nm CMOS [2]” paper, they introduced a
-~izn metric to determine the optimal number of fingers to use in the standard ccll layout to obtain

= izsired capacitance level over a target operating frequency and investigated the tradeofis between

-martment of Electrical and Electronic Engineering, East West University 9
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muh-frequency performance of decaps and electrostatic discharge (ESD) protection and its impact

on the layout of standard cell decaps.

In “Lifeient Placement of Distributed On-Chip Decoupling Capacitors in Nanoscale ICs [3]” paper
they proposed a system ol distributed on-chip decoupling capacitors wherc on-chip decoupling
capacitor is providing the required on-chip decoupling capacitance under existing technology
constraints. In this system of distribution a capacitor is placed closest to the current load to provide
ihie required charge and as the first capacitor is depleted, the next decoupling capacitor is activated to
provide a large portion of the total current drawn by the load.

1.2.2. White Space or White Area Decouphng

White space refers to the unused blank space in a semiconductor device. Now a day’s seanconductor
<fips are very small in size so we need to manage our redundant space clfectively. As we use a
‘ecoupling capacitor 1in the semiconductor device to compensate the voltage droop so, that

rroupling capacitor can be placed in that white space or white area region.
pling cap p p g

1 “Quantifying Decoupling Capacitor Location [4]” paper, they discuss about the position of the
~ecoupling capacitor. Coupling between an 1C and a decoupling capacitor is a lunction of the
-sacing between the TC and capacitor, and spacing between power and ground layers. They studied
-2 impact of the mutual inductance on decoupling, i.e., local versus global decoupling by using a
cult extraction approach based on a mixed-potential integral equation where local decoupling
hite area decoupling near the required load) has benelits over global decoupling {or certain ranges

[C/ecapacttor spacing and power fayer thickness.

1.2.3. Voltage Droops:

“rage droop defines the unintentional drop in voltage level due to current drawn by switching
-uts. [t occurs due to the path inductance and resistance. Although small amounts ol voltage
~p are unavoldable, there are times when voltage droop 1s excessive and can cause unexpected
£ unwanted behavior in a circuit. To prevent voltage droop, decoupling capacitors should be used

compensator to compensalte the current needed to drive the load.

iest Pattern Generation for Power Supply Droop Faults [5]” paper, they represented about a new

reime of droop tauits (basically timing fault) to explain the timing behavior 1n a faulty ¢ireuit

=~ ment of Electrical and Electronic Fngineeriag, East West University 10
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induced by power supply voltage drop in nano-scale VLSI chips. In new modeling a stimple ATPG
+Automatic Test Pattern Generation) based procedure for stuck-at faults has been adapted to test
JZroop faults where for validation of the methodology in combinational circuits, a set of appropriale

Jlusters o gates is selected to cover potential droop-prone regions mn a circuit.

o “Decoupling Capacitors for Multi-Voltage Power Distribution Systems [6]” paper they
westigated the dependence of the impedance and magnitude of the voltage transfer function on the
=aramecters of the power distribution system and explained an anti-resonance phenomenon. [y
Sowed that the imagnitude of the voltage transfer function is strongly dependent on the parasitic
~ductance of the decoupling capacitors, So they design a technique to cancel and shift anti-resonant
- ~ikes out of range of the operating trequencies for which the decoupling capacitor can perform its

quired operation properly.

1.24. Dielectnic Constant & Loss Tangent:

w loss tangent is a parameter of a diclectric material that retfers the inherent dissipation of
Coctromagnetic encrey. Basically this term defines an angle in a complex plane hetween the

-sistive (lossy) component and reactive (lossless) component of an electromagnetic field.

. dielectric constant is the ratio of the permittivity of a substance (material) to the permittivity of
. space. So, dielectric constant, e=ep/g, where g represents the field without the dicleetric and e,

zoresents the field with the dielectric.

“Diclectnic Constant and Loss Tangent Characterization of Thin High-K Diclectrics Using
rner-to-Corner Planc Probing [7]7 paper, they presented a new methodology for the extraction of
suency-dependent dielectric constant and loss langent parameters which is based on a 2-port
~easurement ¢f a rectangular power ground plane pair by probing {rom corner to corner and curve

" 3¢ to simulation results.

1.2.5. High K Matewals:

.-k materials are material which has a higher dielectric constant (g, or K}, High-k maicrials are

©in semiconductor manufacturing processes which replace the silicon dioxide gate dielectric.

nent of Electrical and Electronic Engineering, East West University 11
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T'he implementation of high-k gate dielectrics has developed several strategies to allow further

miniaturization of microelectronic components, colloquially referred to as extending Moore's Law.

[n “Recent Advances in High-k Nanocomposite Materials for Embedded Capacitor Applications |8’
paper, they discuss about the high dielectric constant (k) composite materials which have been
developed and evaluated for embedded and decoupling capacitor application where they try to
achieve high dielectric performance including high-k and low dielectric loss for polymer composites.
In this paper the referred high-k materials which meet the requirements for this application should
possess high dielectric constant, low dissipation factor, high thermal stability, simple process ability

and good dielectric properties over broad frequency range.

1.3. Proposal of Decoupling Capacitor:

in this paper we propose a decoupling capacitor model to compensate the voltage droop of the
affected power delivery system of the semiconductor device and investigate the performance

dcgradation of the decoupling capacitor at high frequency for the different high-k materials.

For capacitor we use high-k materials due to scale down effects of SiO, gate oxide, while
naintaining lower power consumption and increased performance of the decoupling capacitor at
1izh frequencies. If we scale down the gate oxide then electron tunneling occurred in VLSI circuits
ut if we use the high-k materials which has the higher dielectric constant then can reduce electron
unneling by virtue of using a thicker dielectric. Although a material has higher dielectric constant
~ut if the material has higher loss tangent then the capacitor made of that material becomes a lossy
_apacitor, thus performance degradation of high frequency. But fortunately almost all the high-k

aterial has lower loss tangent compare to Silicon for which they can sustain acceptable
~erlormance at high frequency. For the above stated reason we chose three different high-k materials

design the stack capacitor to show the performance degradation at high frequency.

-cartment of Electrical and Electronic Engineering, East West University 12
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2. POWLER DELIVERY IN HIGH FREQUENCY
CIRCUTT

According to Moore's Law, the number of transistor is increasing exponentially. The increasing
number of tranststors over the past several decades in microprocessor is shown in Fig. 1
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Figure 1: Transistor count doubles every 18-24 months.

18 also known that these transistors need to switch faster to improve its performance hecause the
more the transistors switch {ast then we can get better performance from the microprocessor chip. As
~ansistor are getting smaller and faster, over the last two decades the current levels of the
“icroprocessor has also been increasing dramatically. This high current was detivered from the
“swer supply on the system motherboard to the chip through the package. To handle this high
-.rrent, the package must provide a low resistance path in the arder of <.ImOhm. In l'ig. 2 we

ticed that at present the typical supply current is in 10-30 A range, also a range that is expected to

crease for future micropracessor [9].

a
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Figure 2 : Increase in supply current for Microprocessor in future.
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: increase n current consumption by the microprocessor is atso demanding that the reduction of
voltage level of the microprocessor. International Technology Roadmap for Semiconductor
RS) published ‘Roadmap Information® about future technology requirements for semiconductor
:ry year. If we look over ITRS 2009 Edition then we see the projected reduction in voltage levet
or the next couple ot years, Table 1.
Table 1: Change of voltage level for future technology predict by ITRS

"Year 12000 12010 2011 2012 (2013 2014 12015

[Volts (V)1 1097 Toos 709 T087  jugd 081

1e reduction of power supply voltage is also decreasing noise margin. The paper published by Y .-
CJiang. K.-1. Cheng. “Analysis of Performance Impact Caused by Power Supply Notse in Deep
thimicron Devices.” in 1999 shows that around 10-15% voltage drop may cause 20-30% in¢rease ut
ite propagation delay. So for most of the 90 nm static CM@S gates a change of 1% in power
ply voltage may occur to nearly 4% change in delay. The delay of a logic gate increases when

cre 15 a supply voltage drop across the gate.[10]

* this situation we can say that as CM@S technelogy scales day by day so the power supply has
seome a big 1ssue because of increastng clock frequency and decreasing supply voltage. As a result
cen severai transistors switch simultaneousiy then a significant power supply drop will be happen.
s power supply drop is happening because there are parallel load across the power grid. This

“enomenon is known as voltage droop.

modern high specd system resistive IR and inductive 1.(di/dt) voltage drops are the mamn
urce of voltage droops. The IR droop has been increasing due to increased resistance in the power
! hecause of reduced widths of the metal as technology becomes more advanced. Also in CM@S
“nology the demand of high current is increasing that’s why the effect of L (di/dt) is increased
~ by day. [11] So when devices are switching with respect to the clock edge, then it will draw
rent to charge or discharge CMOS gate capacitances. As a result at the edge of clock the voltage
2% at the parasitic elements is observed which is reduces the power rait voltage, or V./Vaa. This
waction In supply voltage due to switching is known as power supply noisc. The increase in
-or supply noise reduces the signal noise margin, increases signal delay, delay uncertainty and

X jitter.

-rnent of Electrical and Electronic Engineering, East West University 14
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Sawe nced to implement and consider power distribution ina digital svstem which is given below,
s One of the most effective ways to reduce the power supply notse 1s to use
decoupling capaciior on the card, board, module and chip. Here decoupling
capacitors worked as a charge storage device so that it can oppose the voliage
droops at the edee of clocks at diffcrent stages of the network, However, these
capacitors are controlled by their location with respect to the CMOS devices and
their inherent parasitic components (such as equivalent series resistance and
inductance, i.e. ESR and ESL). The placing of the decoupling capacitor in a

power delivery system is shown in Fig. 3 & 4.

Package - Top View Package - Bottom View

H_Motherboard ;—!_ Sacket J—f_Package _'j Die }%—]— —_—
e e et I il | |

I Power | ; Decouping t
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Figure 4: Equivalent model of power delivery system in microprocessor.

¢ power is delivered to the chip after passing through the motherboard, socket and package.
g this power delivery, there will be {oss (1., R loss). Decoupling capacitor are used as local

e reservolr. So decoupling capacitor is placed closer to the chip so that it can provide extra
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current to charge the load capacitor in addition to the power supply. Also it will reduce power supply
noise because the inductive effect in the loop current path is decreased. As the inductance scales
slowly, the placement of decoupling capacitor is very important because it affect the performance of
power supply network as well as the chip performance.
The performance of decoupling capacitor depends on the distance between the current load and the
decoupling capacitance. Decoupling capacitor should be placed close to a current load during
discharge and once the switching event is completed then decoupling capacitance should be charged
betore the next clock cycle starts.[12]
Dccoupling capacitors are generally placed in white space available on the die. To get effective
performance physically decoupling capacitor should be placed closer to the chip so that it can reduce
ihc parasitic voltage droop at the switching transition.

e The second step is to remove excessive IR drops - which we do by reducing the

wire size. However dynamic voltage fluctuations may still occur even if the wire

sizing is performed.

e We also need to place low inductance capacitances under packages and on
packages. For this reason now capacitances have been designed within the
silicon die and placing them in critical space which is known as white space.
Because the more the capacitor placed near to the chip the more inductance loss

will be reduced.

lowever, as guided by Moore’s law, the power demand of the CMOS devices are ever
nereasing with faster clocks, smaller devices, and integration of analog and digital circuits
ithin the same die. So these issues are more critical to make the management of voltage
‘roops that’s why the conventional techniques of controlling voltage droops are failing beyond

> certain bandwidth.[2]

-nartment of Electrical and Electronic Engineering, East West University 16
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3. NOVEL METHOD O REDUCING POWI<R
DROOP

3.1, lmproved VLST Crroutt Performance Using Localized Power
decoupling:

In “Improved VLSI Circuil Performance Using Localized Power decoupling [13]” paper. they
proposed an advance technology for DRAM capacitor by using the decoupling strategy. In the paper
they proposed a technique, in which the decoupling 1s provided at the C'MOS level, right where the
power is needed. This technology is needed for VLST circuits due to increases the performance of
the system, because power droop in silicon is a major problem in the semiconductor circuits. When
semiconductor circuit operates in high frequency and as the power levels are reduced then the
semiconductor devices are limiting the timing and voltage budget which 15 design in cireuits to
account for noise and also include voltage drooping due to inductive losses. Novel techniques are
involved to compensate these losses at all levels including motherboard, package through out in
sihicon: but due to lack of available space and design constrain decoupling at dic level 1s very
limited. For alf this, to solve the above mentioned problem this paper is come forward with an
advance technology where they mention ahout a methodology to introduce decoupling right at the
ansistor. The crux of the concept is to use DRAM capacitors, as a local capacitance bank to deliver

~aver to the devices right when the switching takes places.

. this paper they are concentrated only in dynamic power which is a function of ¢lock frequency or
“rore aceuralely 1s a function of the switching of the CMOS circuit transistor. Basically dynamic
~awer relates to bow many times the circuit switches in a sccond and the switching of a circuit is a
nction of the RC time constant where the RC lime constant depends on the source and drain
Cpacitance at the driver end and the gate capacitance of the receiving end. But for the newer process
< the source and drain ol a transistor 1s in smalfer dimension for which the capacitance reduces and
--entually also the resistance reduces which means it also reduces the R{' time constant. As the RC
e constant reduces the switching speed of the circuit inereases which is the ultimate goal. But the
~cueed RC time constant causes the switching current to race quicker and resulting in a large di/dt

-~ which the faster switching speed translate into higher harmonics in the signals. In time domain
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iarge di/dt cause the large voltage droop across any inductance as Vy=L*di/dt. 'or larger di/dt the
qnductive voltage drop increases which reduces the power supply to the IC. To reduce the voltage
droop and increases the power supply they find an alternative source for the fast switching current
where they used localized decoupling concept in the circuit. Through localized decoupling process
they place a decoupling capacitor before the driving load where the decoupling capacitor operates
cither in charging mode or in discharging mode. To build the decoupling capacitor they incorporate
the DRAM capacitor technology where the technology matures in the form of one transistor one

capacitor configuration. The capacitors can be either in the stacked or trench configuration.

[ this paper they bring a new ideology by hringing together two paralle]l scmiconductor
technologies. ''he capacitor technology follows the DRAM ideology and whiles the system level
decoupling and dic white space decoupling is not sufficient enough to support nano-dimensions
transistor circuit with 10s picoseconds transition rates for which the trench and stacked capacitor
model can be successfully designed right next to transistors without taking more space then the

'solation transistor.

32 Low-Cost Deep Trench Decoupling for Low-Power CMOS:

In A Novel, l.ow-Cost Decp Trench Decoupling Capacitor for High-Performance, LLow-Power Bulk
“"MOS Application [14]” paper; they represent an overview & electrical results for a novel deep
rench decoupling capacitor, which is borrowed from the regular embedded DRAM trench process,
~ut with significant process simplification by wvsing decoupling, to provide reduction of cost and
wrocess cvele time, By using this phenomenon; capacitor can provide significant chip-level area
~avings, using only 1/8 silicon real estate to fabricate the same capacitance as standard planar gate
“ide capacitors and also the “decap” demonstrates a improvement in feakage compared to standard
Canar gate oxide capacitors. By using deep trench capacitor 107 improvements in leakage can be

valized than i conventional planer decap designs.

~Juctance is one ol the unfortunate featires in semiconductor circuit which produce neise on the
" wer delivery and have a detrimental impact on circuit performance. Decoupling capacitor (decaps)
-Jduce the induce notse and provide the low bupedance path to ground. For higher clock speed

-vice more etfective decoupling is needed. Decaps are planer oxide device where the Nwel! is one
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ile and gate is another. In decaps gate dielectric limits the amount of the charge which can obtains
m planer decaps and are often found to contribute to standby leakage. Tn high speed circuit
signs decap can account more than 10% of the total chip area. To solve the above stated problem
this paper they introduced a novel decap design which utilized IBM’s unique eDRAM technology
d called as “DZ decaps™ where the DZ decaps have a extremely high capacitance/area. very low
skapc/fle, and series resistances competitive with planar gate oxide decaps. In this paper they
ention the [abrication process ot Iz trench capacitor and its fabrication advantages. Basically D«
snch capacitor are fabricated in a similar manner to bulk eDRAM Deep Trench (1¥1) capaciior
here the 1)/ capacitors share exactly the same pad films, oxide head mask used for trench
:{Tnition, lithography process, buried plate process and node dielectric formation process. After the
rde diclectrie process D7 capacitor module is much simpler than DT capacitor because there 1s no
cod of resist recess and collar oxide formation for 137 capacitor and the full vertical trench surface
an be used as decaps. In DZ decaps the number of polyfills and poly recess are reduced and because

{ this DZ decaps saves approximately 35% in process cost.

n the comparison of Dz capacitor and typical planar gate-oxide capacitor, the DZ decaps 1s much
citer than the typical planar gate-oxide capacitor because DZ decaps need 1/8 chip area to provide
1¢ same capacitance and the leakage is 5 order less than the typical planar gale-oxide capacitor

rcans DZ decaps can offer more than 8X more capacitance/unit area and 10 reduction in leakage.

3.3, A Decoupling Platform for Substrares, Sockets, and Interposets:

A Novel Decoupling Capacitance Platform for Substrates. Sockets and Interposcrs [1317 paper.
<y represent a technology deployed within substrates, interposers or seckets to enbance core power
Jlivery because power integrity has become a leading focus due to increasing demands of power
-.ivery networks in current and next generation computer sysiem. This technology developed a
vel integration of decoupling capacitance between the core power nets and the ground .Then
~taces the numerous decoupling capacitors sub-optimally placed on traditional printed circuit
ard (PCBs). This decoupling capacitor can lower the power supply noisc and increased core power
mlity, permitiing greater semiconductor switching frequency while reducing overall systent cost.
- actual system application, this technology proves it’s superiority in both cost and performance to

wide range of expensive and largely ineftective decoupling strategics.
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n semiconductor circuits the current quest for data transmission at 10 Gbps and is hindered by
instability in core voltage of supplying semiconductor beyond 10 Gbps and this problem will be
more pronounced with shrinking lithography, increased switching speeds and greater power
requirements. Core voltage ~design for stability” has becn a compartmentalized endeavor due to
inadequate communication among the chip, package and board designers and also lack of systern co-
design combine to result in suboptimal performance, including bit-error rate, device walfunction,
increased noise coupling and lower semiconductor yield. In semiconductor chips system designer
restored to exotic “tixes”™ but unfortunately these “fixes™ are inadequate because they are an atter

though rather than a fore though, to the system architecture design.

In today’s system maintain stable core voltage and suppressing switching noise on power supply are
two ntumately related problems and can be solved by reducing the impedance seen by the power
delivery system by providing effectively decoupling capacitance. The traditional approach to core
decoupling has been to endow the PCB, substrate and die with more decoupling capacitance. [f in a
systemn hundreds or thousands of discrete decoupling capacitors are present then in practical level
they are extremely wasteful these capaciors are not place near to the required part (which needs the
voltage to epcrate properly). Due to the increase bus length and remote voltage regulater module
location which introduces loss and inductance the system suffers unnecessarily. To compensate this
problem they add ITigh-capacitance interdigitated capacitors {1DCs) directly to the subsirate or in
PCB. This phenomenon increases the cost but for better performance the additional coat can be
neglected. Incentives for a mare novel, root-level solutton drove the development of this new
decoupling platfirm that integrates discrete or custom capacitance into the voltage core much closer
to the die. The first {vasible implementation of this solution (named as CapCor) is within a socket
and provides substrale solder-attach on top and PCB solder-attach on the botlom. Viewed from a
system-wide perspective, if a decoupling capacitor is added under the substrate then it s more
effective than on the PCB which render hundreds of PCB decoupling capacitors redundant and
reduce the tolal system cost. As hundreds of PCB decoupling capacitors climinate means their
suppotting pads, vias and traces also ¢liminates which basically reduce the resistance and inductance
and improve the clectrical signal performance. In this new and novel configuration decoupling
capacitance is integrated inside the interposer between power and ground pins where the design
mvolves direct solder of discrete caps to the power and ground pins. In microprocessor high

switching speed requires highly stable power. In this new process as the decoupling capacitor is
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place near to the substrate, so it has lower parasitic component means lower power droop means

highly stable power.

(n this paper they presented a novel decoupling technology demonstrated to improve power delivery,
suppress transient noise on the power system and stabilized the core voltage and also showed that
CapCore is a superior alternative to hundreds of PCB decoupling capacitors, at the same time
delivering lower power impedance which substantially reduce both the PCB complexity and total

Ccost.
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4. HIGH-K DIELECTRIC CONSTANT

iieh-A matcrials are diclectric material with high permittivity constant (g, or K). Recently high-X
wmaterial have received wide acceptability for various applications inchuding gate dielectrics, high
-narge-storage capacitor and clectro active materials [16](17][18]. The implementation of high-k
.ate dielectrics has allowed further miniaturization of microelectronic components, ¢ften referred to
23 extending Moore's Law. High-K materials with high diclectric constant and low dielectric {oss are

mperative for real applications of embedded passives, specitically capacitor to provide the size

~oduction and performance enhancement of many microelectronic systems [19][20].
41, Why Need High-I<?

Lo allow the advancement of semiconductor performance in integrated circuits. 1t appears likely that
dielectrics other than Si(); will be required. The problem is that an optimal replacement gate
dielectric for SiOs has to be found which can be used in applications requiring thickness af 10°A'in a
layer. At this thickness, quantum mechanical electron tunneling is prevalent, and leakage currents
cannot be maintained below the proposed maximum hmit of | Afem (for high performance
arocessors) 2111221 23] . To maintain the correct transistor operation, a specific level of capacitance
density is required in this small gate capacitor. This limitation appears to be of theoretical origin
{1.c.. unable to be relieved by continued process improvement), thus th¢ solution demands the
introduction of a new higher permittivity gate diclectric composition, or possibly a transistor oifering
an alternative architecture. For the improved wansistor operations may only be achieved in the
nresence of metallic gate electrodes (highly doped poiy-5St is currently in use) which will not become
depleted under bias [24]. Moreover, new and improved methods and instrumentation must be
developed for accurate device and process characterization. With these reduced dimensions, and the
inlluence of the size of contaminant particles, leads to device failure. In these failures, the
contaminant size fall below diamelers that can be detected optically, a method currently used for

contaminant particic detection [25].

In our project we develop a decoupling capacitor using High-K material. We show in this paper by
using  high permittivity and low loss tangent high-K material we get much better decoupling

capacifance for better performance in power analysis grid. Ideally, the larger dielectric constant { X}
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ill allow the thickness to be increased such that a tolerable level of tunneling leakage can be
aintained. Though replacing SiQ; with any dielectric having K4 would be theoretically
itisfactory, the possibility of higher leakage must be considered. So to avoid this problem we

wnsider high permittivity of high-K material.
4.2, High-K Dielectrics:

rom a dielectric property point of view, diclectric constant and dielectric loss are the two most
nportant parameters that dictate the performance of a candidate material for embedded capacitors.
‘hin dielectrics with a high dielectric constant are very attractive for improving the decoupling
icrformance. To accurately estimate the performance of thin high-K dielectrics, the frequency

lependent dielectric constant and the loss tangent have to be extracted [7].

n the beginning. ferroelectric ceramic materials with permanent dipole moment which gtves these
naterials high-X in the thousands, including BaTiQ3 (barium titanate), BaSrTiO3 (barium strontium
itanate), PbZr{i0O3 (lead zirconate titanate) etc., have been used as dielectric materals for

fecoupling capacitors [30][31]. In our research we need low loss tangent and high permittivity of

veh-K material. So at level we select following material, Table 2 give an overview af the most

mmonly applied high-k dielectrics

Table 2: Key paramecters of high-k dielectrics evaluated

| material I structure _1 pc'rmitti\-'it}-'ﬁ'!m loss taméén"t . Reference
[ HEO, l amorphous MIM %57 oots 1 26)
o lamorphous MIM T 22 0008 7
L La0r ?;Ifnorﬁhdli; MIMO T 200 00l6 28]
Y0, Tamorphous MIMC T 12 T 0003 (29]

s hafnium oxide (11fO2) or zirconium oxide (ZrO2) presents several good characteristics: K-value
—m 15 to 35 at DC and high thermal stability in direct contact with silicon and good process
Cmpatibiitty. HO2 and ZrO2 are promising alternatives for both MIM and MOS structures [32].
~.nthammn oxides (La;03) have high permittivity, good resistance to devitrilication, and an
~oreciably large band gap. The calculated permittivity of La,O5 (hexagonal) is approximately 38,

- ile the measured values range between 20 and 30.
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Figure 5: simple model of Power Delivery Analysis circuit.

v g, 5. the equivalent model ol a power delivery circuit has been designed. A typical power
clivery circuit has a DC supply voliage which is supplied by a voltage regulator located on a.
vinted circuit board plane. [n this circuit the load i1s a multitude of nverters. The power path is
wdeled with inductances and resistors. We have also added decoupling capacitors. Decoupling
apacitors will be used to reduce the effect of parasitic inductance in power delivery networks.
yecoupling capacitors are widely used to manage power supply noise [33]. The capacitor solution
vl be medeled at different stages of this crcuits Le at the motherbord,on the packpac and in the
. Decoupling capacitors are an effective way to reduce the impedance of power delivery systems
nerating al high lrequencies |341.Generally i low frequency inductance become short and by this
me capacilance become charged. In the high frequency inductance operates and voltage droop
cross Lois increased. The total sum value of L increase which affects circwit performance. So we
“sert a decoupling capacitor immediately after the inductance to reduce the inductive effect on
wer. The decoupling capacitor provides the storage charge to compensate for voltage drop duc to
wductance. ach capacitance 1s modeled with the parasitic resistance(ESR) and inductance{l"SL)

“hich 13 senes with the capacitance.

V¢ use the following value for the equivalent parameter in the microprocessor chip power delivery

»stem which 1s given in Table 3.
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Table 3: The value we used for the equivalent parameter in main circuit

I’iqui'va'l_eﬁt Parameter | Mother Board | Socket . Package Dic

[ —— .- i
Resistance (R) ~ 0.00150hm | 0.0050ehm 0.000500hm | 6.000! $00hm
Inductance (L) - 1.0nH { LonH  } 020011 0.10nH

Ye also use decoupling capacitor in the power delivery systemm where the value we use tor the

quivalent capaciior model is given in Table 4.

Table 4: The value we used for the equivalent capacitor parameter

bauivalent Capacitor Parameler i_h;Io_tl;mTrﬁaﬁmf_T Sockel _ I’ad\dpe  Dic
Lquivalent Serics Resistance (ESR) " 0.00150hm T0.00050hm - 0.00150hm  ESRUT
Capacitor (C) ©OJ00UF  10uF | 100pF 0.1792pl
Parallc] Resistance (R,) 75000mObm  5000mObm | 5000mOhm | Rel**
Equi\.-;é.lem-Serics Inductance (?@L) 01nH 1l Oznﬁ T 0.2nH RS SEL

2SR, ESL,Rpl small and incignificant effect,
5.2, HSL & [ESR:

U'here are vatious design 1ssues which aftect the power distribution unpedance. [t has alrcady been
lemonstrated that the power distribution impedance for a modern computer must be kept low and
lat over a farge frequency range [35]for improved product performance. Power distribution system
wise aflects computer product timing performance. In high trequency reducing power distribution

~ose 1s with decoupling capacitors.

apacitor ESR deternnes the number of capacitors required to achicve certain target impedance at a
~articular frequency and is therefore an important design parameter. ESR of a capacitor of
“aramount importance is within power supply design for both switching and linear power supplies.
¢ equivalenl scries resistance, ESR shown in Fig. 6 plays a major part in the performance of the

crouit as a whole.

Figure 6 : The Equivalent Series Resistance, ESR associated with a capacitor
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apacitors with high valucs of ESR will naturally need to dissipate power as heat. It is found that
hen the temperature of a capacitor rises, then generally the ESR increases, although in a non-linear
shion. Increasing frequency also has a similar cffect, As the dielectric thickness ereases so does

e I'SR. As the plate area mcreases, the ESR will go down if the plate thickness remains the same.

SI. (Equivalent Series Inductance) shown in Fig. 7 is pretty much caused by the inductance ol the
cetrodes and leads. The ESL of a capacitor sets the limiting factor of how well (or fast) a capacitor
an de-couple noisc off a power bus. The ESL of a capacitor also sets the resonate-point of a
apacitor. Because the inductance appears in series with the capacitor, they form a tank cirewt. The
SL is defined by the size of current loop of power circuit. The bigger the current loop the ercater

1¢ 1:SL inductance. By placing the capacitance closer to the CMOS, we can see a significant

2duction in inductance,

o kst

Figure 7 : Capacitor equivalent circuit
5.3.  Why & where to place Decoupling Capacitor:

Capacitance between power and ground distribution networks, referred to as decoupling capacitors
decaps, acts as local charge storage and is helpful in mitigating the voltage drop at supply points.
. mapage power supply noise decoupling capacitors are widely used. An effective way to reduce

v impedance ol power delivery systems operating at high frequencies are decoupling capacitors.

Figure 8: Plot frequency vs. impedance

Z =R [l A= (i)

Jenil
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trom Fig. 8 we see that hefore the point "A’ has low frequencies, where value of inductance is low
sompare to capacitor. Eventually at a low frequency the value of impedance is high. Generally with
the frequency increases capacitance value will decreases at a point “A” will come where the value of
inductance and capacitance cancel out each other, only resistance value remains. After point "A’ as
the frequency mcreascs the capacitance decreases but inductance incrcascs which increase the
impedance. So total impedance is increase by L and R when power delivery systems run in high
irequency and sysiem performance is decrcased. To reduce voltage drop of system we wanl place

decoupling capacitance near to the chip because if place it far trom the chip the indnctance between

- o , : di .
circuits and decap will increase. For away from the chip, IR loss and LEE loss arc increased.

54, Inductive drop - 1 8oss:
dt

i a high frequency RC time constant is decrease and switching current is quicker that cause large

di . . . - o di . . oodi
l.f—r 1s mercased. Therefore, the cireuit will have large .LE\foitage drop across any inductancc L?}.
wl A [

Morhey e T S E
e Socke backaze Lie ..
- 5_ ~L- :}: I \[: P—
[ - Cuit
RSTAE |

Figure 9 : Power Delivery Analysis circuit

[n the power delivery circuit in Fig. 9 we also have resistive drop which is independent of the rate of
change (i.e. switching). The total voltage drop in terms of inductance and resistance cffect of

notherboard, package. socket and silicon [36].

—_— Pk ' ’ c - ‘T ~
Voo [Lrng— B = |Lp=—=Rp} —[Ls=~Re]

~xpressing total voltage drop as the sum of inductance and resistance component,

. =5 .
;“_-'d r:: z L Ln E - IR n ‘I}

~. the voltage available in the circuit is

Vor = V- Ve
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Jdodern high performance microprocessors due to their growth in power consumption and switching
:peeds the — ¢(fects are becoming a growing concern. Fast switching current may cause large - andd
nereasing inductive drop which reduces the power rail voltage to drop. The effective power supply
Vo) Is shared across the large of component in the silicon through a network ol power and ground
wils. Here the circuit performance and activities of transistors are affected when voltage droop
weelerates. So (Vg) must be minimized to improve circuit performance. We added decoupling
:apacitors to counteract the L— variations in the voltage. It is necessary to model accurately the
nductance and capacitance of the package and chip and analyze the grid with such models, as

stherwise the amount of decoupling to be added might be underestimated or overestimated. Also it is

neeessary to maintain the efficiency of the analysis even when including these detatled models.

5.5.  Reduce Path Inductance 1.

Soatlunl

Figure 10 : Placement of decoupling capacitance.

(n Fig. 10 is shown a simple model of Chip witha 1.5 DC voltage supply form DC-10-DC regulator
i'he power transmission buss line shown in Fig.6 has inductance and resistance. If this svstem runs at
high frequency then inductive impedance will increase. Although the resistance is quite small, the
inductance voltage drop will be significant. To compensate the impact of inductance in every step of

the cireuif, we need to add decoupling capacitance appropriately. Let assume we want to place

3

wccoupling eaps in two white area of the chip. If we place decaps in ‘position 1” the value of loop

inductance is much higher than the “position 27.So to avoid loop inductance we need to place decaps

12ay the chips and minimize IR loss and L. loss.
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5.6. White Arca:

In a semiconductor device the unused blank space (these areas not occupicd by the circuit elements)
refers as a white space or white arca. In the modern day the size of chip going o very small so, we
need to use redundant spacc effectively. We design decoupling capacitors in the semiconductor
device white area to reduce the vollage droop. Traditionally Decoupling capacitors have been
allocated into the white space available on the die based on an unsystematic or adhoc approach
|371,138], as shown 1 Fig, 11. As a result, thc power supply voeltage drops below the mimmum
tolerable level for remote blocks, thus affecting circuir performance. The size of an on-chip
decoupling capacitor, howcver, is directly proportional to the area occupied by the capacitor and can
require a significant portion of the on-chip area. As described in [39], maximum parasitic impedance
between the decoupling capacitor and the current load (or power source) cxisls at which the
decoupling capacitor 1s cffective. Alternatively, to be cffective, an on-chip decoupling capacitor

should be placed to ensure that both the power supply and the current load are located inside the

appropriate ¢ffective radius [39].

[

Figure 11 : Placement of on-chip decoupling capacitors using a conventional approach in white arca.

5.7. Duescription on ADS:

i1 this project our major tools was ADS. We used two part from this tools these are momentum part
and schematic part. In the schematic tools we were develop a power delivery analysis circuit and we

use momentum {0ols to design a capacitance.

Momentum 1s an clecromagnetic simulator which is used to evaluate and design modern

communications systems products. Momentum can computes S-parameters for gcncral planar
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circuits, including micro strip, slot line, strip line, coplanar waveguide, and other topologies.
Momentum tools use to simulate multilayer RF/microwave printed circuit boards, hybrids, multichip
modules, and integrated circuits. The main things to use momentum tools is it can predict the
performance of high-frequency circuit boards, antennas, and ICs. The major benefit of this is that it
can simulate when a circuit model range is exceeded or the model does not exist, it can identify
parasitic coupling between components, it can analysis and verification to design automation of
circuit performance and it can visualize current flow and 3-dimensionaldisplays of far-field
radiation. The major features of this tool have to fit frequency sampling for fast, accurate, simulation
results. To achieve performance specifications of a design the optimization tools can change
geometric dimensions. It also has comprehensive data display tools for viewing results and cquation

and expression capability for performing calculations on simulated data.

bl ; prvewy 3 ey ) 2. y : ‘) : |
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Figure 12: Momentum window of ADS

Fig.12 shows the momentum window of ADS while designing the capacitor. In the momentum we
design capacitor for different type of High-K material. After design this capacitance we use
Component option of momentum then we selected create/update and update design capacitance in
the component library. After update component we use this capacitance in schematic window to

simulate power delivery circuit. In Fig.13 represent the schematic window of ADS.
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Figure 13 : Schematic window of ADS

We used BSIM4 transistor madels both for NMOS and PMOS ftransistors, Designing capacitor was
atlached to the source node of two inverters connected back to back, each driving another inverter, to
simulate a eapacitive load. The model consisted of a motherboard, package, and a socket. Adequate

decoupling was placed on the system, at the motherboard and package.

5.8.  Result & Calculaton:

A simulation analysis has been done to demonstrate the advantage of local decoupling technology, It
also assumes that the capacitor will be shared by about 4 back to back CMOS invertors. We design
capacilance using the momentum tool from ADS. To design the capacitance the high-k material that

we have used are shown 1t Table S.

Table 5: High-k materials with dielectric constant and loss tangent,

; Material Name " Dielectric Loss tangg

] - | constant I .

| Halnium Oxide (Ht01) 25 _ (0.006

. - - L e

, Lanthanum Oxide ( Lay(Oy) 20 0.016 i

| Yirium Oxda(Y 05 12 | 0.003
A — . - ]

We use 0.179pf capacitance for different analysis. Most unportant thing s thickness of the
capacitance. [f'the thickness of the decoupling capacitance is very small then it docs not affect on the

circuit to minimize the droop. Consider these entire things we arc assuming that thickness of
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1102 O.1pum and calculate other high-k material thickness to make the same capacitance for thesc

naterials. Using this thuckness in capacitor model then we get minimum droop for HOs.

581 Calculation To Make “The Capacitance Same:

“or HtO; loss tangent=0.006 and permittiviiy=23,
Area of capacitnace, A= 90umx90um - 8100 pm-

To B85« 10 7E Ry rm

A DImZEIwaRTot

capacttance of HIO,.C = €06« RERE 0.1792pk

I [

Now to make same capacitance we need to find other high-k material thickness. For LaxOy. loss

rangent is 0.016 and €+ -20 So [ asume that MOy (€7=25thickness=0.1 pm ) is okay flor

S Ay s

minimum droop. To keep the same value of capcitance , thickness of Las(); is =~

=0.08 um and

TINEEINACTTE LI

Capacitance 15 C ="— ™ e ——=(}.1792pF

(I O B

Similarly, For Y:05 losstangent=0.003 and €.» =12. So thickness of Y03 ——= 0.048 pm and

: fwEte

S 0.1792p8

P EDa D

. ) .. 1n
(pacitance 1s C == =~

In existing material Si(), is used to make the capacitance but there are some limitation in this
maierial laver. The main cause is Si material have some limit of its thickncss, We cannot make 1t too
much thin. To make same capacitance of Si0; the calculated thickness is 0.00156 pm, which is too

simall for<» = 3.5 To avoid complex simulation we assumed the thickness of the S10y1s0.01 um.

5.9. Simulation Result:

In the power delivery circuit shown mn Fig. 5, we observe voltage droop before adding capacitance

which is shown in Fig. 14,
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Figure 14 : Without decoupling capacitance voltage droop

sm this Fig. we see that for lower edge(0.1ns) rate the voltage droop s ¥23.4mV and for the
ther edge rate(0.01ns) the voltape droop is 448.3mV. 8o we can say that the voltage droop will

srease with the increase of'edge rate.

>w we want to show the improvement of the voltage droop after placing our designed capacitor

aser to the CMOS circuit. The plot we got in after simulating in ADS is given Fig. 15.
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Figure 15: Showing voltage droop for HfQ, and La,O; at 0.1ns edge rate

erc in I1ig.15 shows the voltage droop for HfO, and La;O; when rise time =fall time that means
tuc rate is 0.1ns. From this figure we can say that the voltage droop is significantly changed afier
acing decoupling capacitor. HfO; has loss tangent value= 0.006 and La>Os has loss tangent 0.016
 between them Hf(O, has the lower loss tangent than the La;0;. The {igure shows that the voltagc
oop for HHO; (990.4mV which is closer to 1 in fig.15) is much lower than La;Os3 (904.9mV). So
¢ can say that high-k material with low loss tangent can improved the voltage droop more
enificantly than higher loss tangent. In conclusion we want to say that loss tangent is a big factor to

eate inpact on reducing the voltage droop.

2
(OS]
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Now if we want to determine the voltage droop considering high-k material with respect to the SiQ);

for the 0.1ns edge rate which simulation result 1s shown in Fig. 16.
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Figure 16: Simulation result which shows veltage dreop for Si0;, HfO, and La,0; at 0.1ns edge rate

Here for S10; the stmulavon result shows the voltage droop= 823.2mV which is much bigger than

high-k material. Also without decoupling capacitor we got voltage droop = 823.4mV where after

placing SiO; material decoupling capacitor voltage droop is 823.2mV so with or without capacitor in

a system is the same matter for Si(},

Again we did the same simulation but now we changed the edge ratc which is 0.01ns that means we

increased the frequency. In this situation the changed in voltage we got 1s shown in Fig. 17,
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Figure 17: Showing voftage droap Tor IO, and La,Oy at 0.01ns edye rate

['rom Fig. 17 we can that voltage droop 1s increased. nevertheless, the low tangent material HfO,

{voltage droop ol 907.3mV) gives better performance than the higher loss tangent material LayO;

(783.3mV). In this case with edge of (1.01Ins. as shown in Tig, 17, we find that without decoupling

capacitor the vollage droop was 448 3mV where after placing our designed capacitor the voltage

droop is significantly reduced. Now if we want to see for 0.01ns edec rate what happens with the

voltage droop by using capacitors made of S0, The simulation result is shown in FFig. 18,
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Figure 18: Simulation result which shows voltage droop for SiO,, HfO, and La,0; at 0.01ns edge rate

In this condition again we can say that by using SiO, material with or without placing decoupling

capacitor is the same thing. Because without capacitor voltage droop was 448.3mV after placing

S10; decoupling capacitor it shows voltage droop 1s 489.9 mV which is not much improved.

During our project period we worked with another high-k material which is Yttrium Oxide (Y,03). [t

has loss tangent =0.003 which is lower than HfO,. But the dielectric constant for this material 1s 12

where HfO, has 25. We take the equivalent oxide thickness for HfO; is 0.lum to make the same

capacitance for both HfO, and Y,03, the thickness for Y,03; becomes 0.048um. As a result although

it has a lower loss tangent than Hf O, but the voltage droop for Y,03 is not improved better than the

[{0;. The simulation result is shown in Fig. 19.
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Figure 19: Showing voltage droop for HfO; and Y,0;

So we can say that the oxide thickness is also a matter that affects the voltage droop, even though the

material has the lower low tangent.
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6. PROPOSED CAPACITOR COMPONENTS

From the previous chapter we alrcadv know about the voltage droop and its effect on microprocessor
power delivery system. So the main objective of ours is to reduce the voltage droops and decoupling
capacitor is one of the solutions to oppose the voltage droops. In our thesis we design few capacitor

models using high-k material with low loss tangent and compare those with SiO;.
6.1.  Why We Use High-K Material In Designing Capacitor:

QOver 40 years ago. since the introduction of the metal-oxide-semiconductor {(MOS) system the S102
gate oxide has been serving as the key cnabling material in scaling silicon CM®S technology. As we
alrcady know that to reduce cost, maintaining low power consumption and increasing performance
devices are scaling day by day so we need to scale down the Si02 gate oxide. However continued
Si02 gate oxide scaling is becoming difficult since (a) the gate oxide leakage is increasing with

decreasing SiO2 thickness and (b) 8102 is running out of atoms for further scaling.[40]

When devices scale and need high capacitance then the area occupied by the capacitor must scalc in
order to obtain a small cell size. To achieve high capacitance, the equivalent oxide thickness must be
Inm or lower. So below 90nm technology node replacing Si02, high-k dielectric will allow the

achieving ol tox (equivalent oxide thickness) of <Inm. [41]

The "International Technology Roadmap for Semiconductors” published in 2008, predicts gate oxide

thicknesses tor the future devices which is given in Table 6.

Table 6: The data for equivalent oxide thickness for future technology given by [TRS
Year 2015 12016 2017 . 2018 2019 2020, 2021 ' 2022
i_'_'\,(.].l'.li\«'_‘ril;il.'l[ oxide thickness ti\_'\_.(nm)‘i'"l..l T 1.1 | R U_9_| 09 !.0.8_ | 0.8 1

So the "International Technology Roadmap for Semiconductors” predicts gate oxide thicknesses
cannot be achieved by using SiQ; that’s why high-k gate dielectrics and gate electrodes will be

required for the future application.

Decoupling capacitors need to be placed close to the chip to reduce the voltage droop. However, in

our project we want to show that at hiph frequency loss tangent is another factor that reduces the

(O8]
[
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cffectivencss of the capacitance, despite being close to the circuil, As a result the effectiveness of the
decoupling capacitor for reducing vollage droop is reduced due to loss tangent of capacitor
dielectric. Thus the designed circuits fail to provide its desired performance at high freguency. So

first we nced to know about fass tangent and how it affcets on the effectivencss of capacitance.
0.2.  What Is Loss Tapgent?

In conductive materials, currents are formed by the motion of free electrons or heles under the
influcnve of an cleetrie tield. The relation is J=gE, where 17 1s the material conductivity. For finite
conductivity, resistive heating ot the materal causes wave power losses. We need to understand the
complex permittivily as it relates to the conductivity. Thus the permittivity becomes complex. and

from Maxwell’s equation we know,

L g @D - -
. Ij — . d‘_ = Jc — O (1)
I B o T e (2}
where £ =2 2 - Jz ;e — reab or lossless part of & and =7 = imaginary or lossy part of £
a i [||' — i I:}_dﬁu_‘“:E
VX H =g — JC._\JE ............................................................... {33
where 7 = g =0 =equivalent conductance.

It is clear that ©7 the imaginary part of ¢ is involved in a frequency-dependent term = with the
dimension ol conductance. For de, v = 0 and therefore we™ — € so power loss 1s small ina good
dielectric conductance for which @ is sinall. However at high frequency ¢v is very large so losses can
become larger as we’ becomes significant. The sum of o and .o constitutes what may be the

called the equivalent conductivity . [42]

Now the two terms of the right hand side of cquation (3) are conduction current density, fos = o I
and displacement current density fds = Juw ' E. I we take the ratio of conduction current density

displacement current density magnitude then we got.

These two vectors point in ihe same direction in space, but they are 90° out of phase in time. The

displacement current density feads conduction current density by 90°, just as the current through a
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pacitor feads the current through a resistor in parallel with it by 90° in an erdmary electric circuit.

1ts phase relationship 1s shown below in Fig.20,

IFigure 20: Showing the power factor angle where Js is leads E to determine loss tangent.
1e angle  is identified as the angle by which the displacement density leads the total current

nstty and tan - = . The ratio -~ is called a loss tangent because it is a measure of power

ss in the medium. |44

6.3. Eeutvalent Model of a Capacitor:

¢ know for a capacitor a dielectric is placed between two conductors. The lumped element model
‘a capacitor 1s defined by a lossless 1deal capacitor in series with a resistor which is known as the
uivakent scries resistance (ESR). The equivalent series resistance of a capacitor is shown in Fig,
- The ESR actually represents the losses in the capuacitor, In a low-loss capacitor the ESR is very
wll, and 1n a lossy capacitor the ESR can be large. Basically ESR which is shown in Fig. 21

prescnts the loss due to both the diclectric's conduction ¢lectrons and the bound dipole relaxation

ICTIOIC e,

» ina diclecinie cither the dielectric's conduction clectrons or the bound dipole refaxation
wenamena dominates loss. For the case of the conduction electrons being the dontinant loss.

where Cis the lossless capacitance.
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Figure 21: Equivalent model of a capacitor and its loss tangents relation.

If we represents the electrical circuit parameters as vectors in a complex plane, then capacitor's loss
tangent is equal to the tangent of the angle between the capacitor's ESR vector and the negative

reactive capacitive vector, as shown in the above diagram. The loss tangent is then,

_ ESR : 1
tand = — where Xc = —
|Xc| e
G
= wc. ESR = e
§'w

As the same AC current flows through both ESR and X, the loss tangent is also the ratio of the
resistive power loss in the ESR to the reactive power oscillating in the capacitor. For this reason, a

capacitor's loss tangent is sometimes stated as its dissipation factor or the reciprocal of its quality

factor Q,

So we can say from the above equation that as the loss tangent, & decrease then the dielectric loss of

the material will also be reduced.
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6.4 The Fffect ot Loss Tangent on the Effectiveness of the
Capacitance:

Now we want to consider how loss tangent eventually decreascs the effectiveness of the capacitor.
The capacitor consists of two conductors separated by dielectric medium which 1s shown i the g,

22 is shown helow,

- ['_— &_j__/ mate

pate Av
L% -

Figure 22: Initially without applied voltage V & after applied voltage V

When a de voltage source is connected between the two conductors then charge will transfer where
the positive charge will store in the upper conductor and the negative charge will store in the lower
conductor. {n the dielectric medium normally dipoles are randomly oriented. An applicd electric
field wilt exert a torque on the wdirvidual dipoles and tend to align these dipoles in the same

direction. [45}

When the dipoles of the dielectric material rotate due to charges on the plates. some energy is lost as
heat. This phenomenon is the one of the factors which results in reduced storage charge of the
capacttor. Also at high switching frequencies due to the very small rise umes. the dipeles are not
able to rotate fast coough, thereby unable 1o cither store charges on the plate or supply the charge
quick enough. Thus, the performance of the capacitor is degraded [43]. This loss in the capacitor

performance can be characterized as a degradation of the capacitor itself at high frequencies.

1€} is the total charge storage in the capacitor before taking the 1oss into consideration,

When ¥ representing the loss, such that '= Q-V(Q, then
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where V is desired voltage level and C is the capacitance.

om equation (5) we see that when Q decreases, the effective capacitance will also decrease, it we
¢ to keep the voltage level stable. Thus if we increase the switching frequency then the loss tangent
a [unction of frcquency will increase eventually decreasing the effectiveness of the capacitor. The

ange in loss tangent of water with frequency is shown in Fig. 23 [45].

1.5 ——y Y . -

Loss Targat

o s 10 15 20 25 30
Frequency/ GHz

Figure 23: Change in loss tangent of water with frequency.

Fig. 23 we see that with increase in frequency, tan. (loss tangent) also increases, almost lincarly.
1is data represents tan for water. If we draw parallels with capacitor dielectric, we scc that with
creasing [requency capacitor becomes relatively lossy as switching [requency incrcascs. The
ermal losses at high frequencies are reduces due to the inability of the dipoles to switch quick
ough, but nevertheless it also means that the capacitor cannot provide the necessary electrical

pport to limit voltage droop [45]. Thus, the system performance will be degraded.

0.5.  Our Proposed Capacitor Materal:

om the above discussion we understand that at high frequency the capacitor didn’t work properly
at’s why we used (wo different low loss tangent high-k materials for designing capacitors model
d also we maintain same capacitance value for the two material by adjusting their equivalent oxide
ickness ,y. We used these capacitors in power delivery system in ADS software and obscrved the
iange in voltage droop. We mainly work on Hafnium Oxide (HfO;) and Lanthanum Oxide (1.a;03)
atcrial and compare between them on the effect of voltage droop. Here we kept the capacitance

mc for the two materials by changing the oxide thickness. To make the same capacitance valuc we
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); as reference which has thickness of 0.1um and then calculate the other imatenal thickness.

ulation 1s given in results and simulation part. Then we design the two capacitor model and

them in ADS software which is briefly shown in simulation part. Now we will show that

yvement of voltage droop by using these capacitor model. The simulation figure is shown in

ot

14
i clk
1.2-
, out
10

06 T Here voltage
: v

. Droop 823 4

04 )
590 595 6.00 6.05 6.10 6.15 6.20 6.25 6.30 6.35 6.40 6.45

time, nsec

Figure 24: Simulation result without using decoupling capacitor

mze the voltage droop we placed the decoupling capacitors with different high-k materais.

ee 1n vehiage droop i1s shown in Fig, 23, It shows the voltage droops for HF O and L.ax(Os.

114
1.10- : out
: W A
105 ;
:....—-—L-"'—"‘
.00
|
1345
0.0 Voltage droops for |
0. = 900 4mV &
085 o D, =900 4mV &

95 6.00 6.05 3.10 6.15 6.20 6.25 6.30

Figure 25: Simulation result when placing decoupling capacitor hy using HiD-~ and { a-(); material

lue we got for the voltage droop from the simulation is compared with a case where neither

oupling is used. All this is shown in Table 7.

Table 7: Vollage droops we got for different materials

Condition —+  Voltage Droop(mV)
Without Capacitor 8234 |
With Capacitor( HfOy) | 9904 |
With Capacitor( LaOy 9049 Ti
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1 the data we can say that for edge rate of 0.1ns without using decoupling capacitor the voltage
2 1s 823.4 mV which is improved by placing our designed capacitor. Here we can also say that
cen two materials HfO; & La,03 the voltage droop is minimized by using HfO; which has

r loss tangent than La;Os.
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7. CONCILUSION

s paper we recommended a high-k diclectric decoupling capacitor stack model which can
e voltage droops at high frequency with acceptable performance degradation. In semiconductor
es voltage droop significantly affects the performance of critical circunts. The occurrence of
3¢ droop is primarily due to parasitic components in the power delivery network which cannot
iminated. Decouphing capacitors are used as charge storage devices which reduce voltage
s by providing immediate charge needs during switching events. IHowever, at high frequencics
pling capacttors don’t work properly as for the extreme conduction of electricity in dielectric
-al. If we use such a dielectric material which has higher dielectric constant and lower loss
nt, as a decoupling capacitor’s dielectric, then it is possible that the decoupling capacitor can
ite at high frequency as it has lower loss tangent means lower inherent dissipation of
‘omagnetic energy and for the higher diclectric constant it can store more charge & the size of

wacitor reduces due to the scale down of the gate oxide.

esign the stack model of decaps we use ADS (Advance Design System) software. Using
entum we designed two planar capacitors where two different high-k materials, hafniun oxide
3 and lanthanum oxide (TapO:) were used. We then placed the two stack capacitor models
ately into our power delivery circutt. For different capacitance values. we changed the
ness of the capacitors. From our ADS simulation we found out that after placing our design
»s 11 high frequency the voltage droop is improved which means the circuit performance will be
r. We then used the lower loss tangent high-k material capacitor with which we gol better
rmance. The higher loss tangent [a;0; showed greater voltage droop as compared with lower

angent HI(- at hugh frequency operations.
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8. FUTURE WORIK

ls paper we demonsirate that the hatniem oxide (HEO») is a good dieleciric malerial as it can
ite at high frequency while minimizing the voltage droop. But in near feature it is very likely
ble that beiter material can be found to take the place of the hafnium oxide. In the selcction
:ss of dielectric material we identified zirconium oxide (ZrO;) which has lower loss tangent
the hafnium oxide (FHf0O;). With circuits operaling at higher {requencies, materials which can
ite in a very high frequency with minimum degradation in dielectric constant and low loss

:nt have to be identified.
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