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Abstract 

Ie 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 

juce the droops and achieve higher performance. In this thesis we perform an analysis of high 

:qucncy 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 

JOp 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 

�se frequencies it is 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 

1gent 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. 

partment of Electrical and Electronic Engineering, East West University 2 
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1. INTRODUCTION 

1.1. Motivation: 

In 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 frequency content of the signal increases the effective capacitance of the decoupling capacitor 

decreases, 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 

different materials including High-K. 

i1asically high-k material can increase the sustainability of capacitor in high frequency due to its 

higher dielectric constant and lower loss tangent. Loss tangent is a dielectric material parameter 

. ,hich quantifies its inherent dissipation of electromagnetic energy. Actually it refers to an angle in a 

('umplex plane between the resistive (lossy) component of an electromagnetic field and its reactive 

lossless) component. If the loss tangent of a dielectric material decreases then its frequency 

. "lCreaSes by the below relationship, 

f = (J j2rrf'tano 

he dielectric constant [I] refers how effective a dielectric is allowing a capacitor to store more 

_h rge depends on the dielectric material from which it made off. Every material has a dielectric 

- 'nstant k and it is the ratio of the field without the dielectric (Eo) to the net field (E) with the 

- 'Iectric, k = Eo IE . 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 

-- acitor which is smaller in size but can operate in a comparatively high frequency and the 

=- � r 0mlance 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 

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

- ment of Electrical and Electronic Engineering, East West University 
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material As have ill SIze, the silicon 

dielectric has graduall y  decreased to 

device performance. As the t hickness 

and thereby drive current and 

s ignificantly, 

reliability. Replacing the s i l icon 

capacitance without the 

currents occur due to 

to unwieldy consumption 

dielectric with a high material a l lows 

and with an 

device 

above consideration our motivation is to bui ld a capacitor with h igh-K such as 

hafnium (BF02), Oxide(Y 203) and which can store a 

can in a comparative ly  high frequency with smal l  sizc 

capacitance these three with to frequency.  

1 Literary Survey: 

capacitor is one kind w hich is used to 

Cl Electrical circuit caused b y  a e lement can 

support to 

rnodifying  voltage rail To this problem a is shunted that nOise 

which eventually reduce the effect they have on rest 

microns a 

"Layout Decoupling 

to 11p1CPrlTl 

capacitance 

name a decoupling as it is to bypass 

a 

Capacitor [ 1 

on barium titanate (BaTi03)-cpoxy 

mal1ufactme performance 

\vas able to 

with ""FIT"" 

n anocomposites. 

from about 2 

(10 to  

to  

IP Blocks for 90-run CMOS paper, they introduced a 

optimal number fingers to use the standard I layout t o  obtain  

over a operating frequency the  between 

• xII1ment of Electrical and Electronic East West 9 



performance of and electrostatic (ESD) protection and its impact 

on the layout of standard 

In Distributed On-Chip Decoupling Capacitors Nanoscale [3]" 

distributed capacitors on-chip dccoupling 

on-chip capacitance under existing technology 

constraints. In this system distribution a capacitor is closest to the current load to provide 

provide a 

White spaee 

IS the next decoupling capacitor is 

portion of the total current drawn the load. 

to the unused blank space in a semiconductor Now a 

to 

are very small In so we need to our redundant we use a 

In the semiconductor to compensate the voltage droop so, that 

capacitor can be placed that white space or white area region. 

"Quantifying 

between the 

Capacitor [4]" paper, they discuss about the position 

an a 

and capacitor, and spacing between 

capacitor is a 

and ground 

the 

impact of the mutual inductance on decoupling, i.e., local versus global decoupling USIng a 

extraction based on a integral equation where decoupling 

area near the required load) has over global decoupling ranges 

spacing and thickness. 

defines the unintentional drop in due to current drawn by 

It occurs due to path inductance and resistance. Although amounts voltage 

are are when voltage is excessive and can cause unexpected 

unwantcd behavior a circuit. prevent droop, decoupling capacitors should 

compensator to the current needed to drive the load. 

est lJ"j�+",q'n Generation Power Supply Droop Faults [5]" paper, ","".,"u about a new 

droop (basically fault) to explain timing behavior a faulty 

of Electrical and Electronic East West University 10 
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induced by chips. In new a 

\.'\utomatic Test Generation) based procedure stuck-at faults has been adapted to test 

validation of the methodology combinational a set 

lusters is selected to cover potential droop-prone a circuit. 

Capacitors for Multi-Voltage Power Distribution 

of and the 

[6}" they 

function on the 

"laramctcrs the power distribution system and explained an anti-resonance phenomenon. 

:Ie 

of the voltage function is on the 

decoupling So they design a technique to cancel and shift anti-resonant 

of the operating the decoupling capacitor can perform 

IS a parameter of a the inherent dissipation of 

this term defines an m a 

(lossy) component and (lossless) component an electromagnetic field. 

dielectric constant is the ratio the permittivity a 

So, dielectric eo 

"'V,H�"�v (material) to the permittivity of 

the field without the and £r 

';1resents the field with dielectric. 

Constant and Loss Tangent Characterization Thin High-K 

Probing [7]" paper, they a new methodology 

constant and loss parameters which is 

Using 

on a 2-port 

:lisurement a power ground plane pair by probing from corner to corner and curve 

to simulation 

materials are which has a 

manufacturing 

of Electrical and Electronic 

dielectric constant or 

which replace the silicon 

East West University 

are 

dielectnc. 
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The 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. 

Tn 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 

3tfected power delivery system of the semiconductor device and investigate the performance 

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

Fur capacitor we use high-k materials due to scale down effects of Si02 gate oxide, while 

'naintaining lower power consumption and increased performance of the decoupling capacitor at 

: igh frequencies. If we scale down the gate oxide then electron tunneling occurred in VLSI circuits 

._ u t 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 

� It if the material has higher loss tangent then the capacitor made of that material becomes a lossy 

- Jpacitor, thus performance degradation of high frequency. But fortunately almost all the high-k 

.., [erial has lower loss tangent compare to Silicon for which they can sustain acceptable 

. 2ri'ormance at high frequency. For the above stated reason we chose three different high-k materials 

design the stack capaci tor to show the performance degradation at high frequency. 

:'_lrtment of Electrical and Electronic Engineering, East West University 12 



,\ccording to the number of exponentially. 

over IS 

-1, (100 , (1(10, (I 0(1 

1 ('(1, (I (1(1, (i (If I 

10.0 00,(1(·(1 

E 
1, (-C-C-. c- (-C· 

15 1 ('(', [I 0(1 U 

* 1 Co, ('(-0 
'� 

c 1,oe-e-
� 

100 

1(· 
-
� 
'" 

Y?3f 'Of intrcducti�n 

1: Transistor count doubles every 18-24 months. 

IS known that these need to switch to its 

:nore the transistors switch then we can better performance from 

are getting smaller and faster, over 

mIcroprocessor 

the current 

also This current was 

the 

As 

the 

'wcr supply on system motherboard to the chip through the To handle this high 

the package must a low resistance 

that at typical supply current is 

future 

:; )0 

[9] 

Sl1pph' C'UlTellt (A.lIlp) 

m mOhm. 

10-30 A a that is 

2 : Increase in supply current for Microprocessor in future. 

of Electrical and Electronic East West University 
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to 
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current consumption by the microprocessor is that the of 

level of the microprocessor. International Teclmology for 

RS) published 'Roadmap Information' technology requirements for 

:ry . If we look over ITRS 2009 Edition then we see the projected reduction in voltage level 

::r the next couple Table 1. 

of vo ltage level for future technology predict by ITRS 

le reduction of power supply voltage is The by Y.-

He 

"Analysis of Performance Impact Caused by Power 

1999 that drop may cause 20-30% 

So most of the 90 nm static CMOS gates a of J 

occur to nearly change in delay. The delay a gate 

m 

In povver 

when 

lcre IS a voltage drop across the [1 OJ 

situation we can that as CMOS day by so the power supply has 

ccome a big because of "'''''A'V<A''", clock frequency and decreasing supply voltage. As a 

a supply will be 

supply drop is happening because there are parallel load across the power This 

IS as droop. 

inductive L( di/dt) voltage drops are the 

'Jrce of voltage droops. IR droop has been' due to increased in the power 

widths the metal as technology becomes more advanced. Also in CMOS 

the demand of high current is why effect of L (dildt) is increased 

[IIJ SO when are to the clock it draw 

or 

In 

As a at the 

elements is observed which is reduces the power raj I 

voltage to switching is known as power 

voltage 

or 

The In 

supply noise reduces 

jitter. 

signal noise margin, increases signal delay, delay uncertainty and 

of Electrical and Electronic East West University J4 
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to n",Xl"" distribution a which is 

.. One ways to reduce the power supply IS to use 

IS 

on the board, module chip. 

capacitors worked as a storage device so that it can oppose the 

at of clocks at 

capacitors are controlled by location with respect to the CMOS devices and 

their inherent parasitic components (such as equivalent 

l.e. ESL). 

power delivery system is shown in 3 4. 

Package - Top Vi ew Package - Bottom View 

Figure 3: Power delivery solution for the Pentium 4 processor. 

4: Equivalent model of power delivery system in microprocessor. 

through the motherboard, socket and 

lD a 

to the chip 

there will R � ��� 

So decoupling capacitor is placed closer to chip so that it can extra 

of Electrical and Electronic Engineering, East West University 



Undergraduate Thesis 

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 

before 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 

the parasitic voltage droop at the switching transition. 

• 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. 

• 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. 

: I. wever, as guided by Moore's law, the power demand of the CMOS devices are ever 

'1 rcasing with faster clocks, smaller devices, and integration of analog and digital circuits 

\ ilhin the same die. So these issues are more critical to make the management of voltage 

Jr ops that's why the conventional techniques of controlling voltage droops are failing beyond 

c. certain bandwidth.[2] 

- D< rtment of Electrical and Electronic Engineering, East West University 16 
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3.1. 
decoupling: 

DROOP 

In VLSI Local ized Power decoupl ing [13]" paper, 

proposed an technology DRAM capacitor by using decoupling the 

a technique, in which  the IS at the 

power is needed. IS for VLSJ circuits due to increases the performance of  

because power droop in  s i l icon i s  a major problem in semiconductor circuits. When 

semiconductor c ircu i t  in  h igh frequency and as  the 

semiconductor 

account 

are l imiting the t iming and 

also include drooping to 

involved to losses at levels including motherboard, 

are then the 

to 

are 

but due to lack of  avai lable space and design constrain decoupl ing at 

limited .  the above problem this paper is come 

a methodology to introduce 

out in 

IS very 

an 

at the 

The crux of 

devices 

is to use DRAM capacitors, as a local capacitance bank to del iver 

:,ower to when the swi tching takes 

this paper they are concentrated only in d ynamic which i s  a function of frequency or 

IS a of  the swi tching 

'-',nver A"HH,," to bow times the circui t  swi tches in a and the swi tching a circuit i s  a 

the time constant on the source and drain 

for the newer process 

source 

entuall y  also 

me constant 

RC 

which 

and 

resis tance reduces w hich means i t  also reduces constant. As RC 

the of circui t  w hich i s  the ultimate goal. But the 

constant causes the switching current to race quicker in a large di/dt 

into h igher ham10nics the s ignals .  domain 

:;i;:rtrnent of Electrical and E lectronic East West U niversity 17 



di/dt cause voltage droop across any inductance as V L =L *di/dt. di/dt the 

drop increases which the supply to the Ie. To 

droop and power supply source switching current 

localized decoupling m circuit. Through localized 

a capacitor the driving load 

charging mode or discharging To build the they 

DRAM capacitor technology the technology matures in the form one transistor one 

capacitor configuration. capacitors can either the or configuration. 

a new ideology two 

capacitor follows DRAM and whiles the system level 

decoupling and white decoupling is not sufficient enough to support nano-dimensions 

with l Os picoseconds transition rates for which the trench 

model can be successfully designed right next to transistors without 

: solation transistor. 

Low-Cost 

more the 

"A Novel, Trench 

C\10S Application [14]" paper; they 

decoupling capacitor, which is n,vrrnUfP 

an 

High-Performance, 

& electrical results 

embedded DRl\'M 

Bulk 

a novel deep 

with significant process simplif1cation by decoupling, to reduction of  cost and 

By this can provide u"f-,o'"'A' chip-level area 

118 silicon estate to fabricate the same v«,"'«'" 

and also the "decap" demonstrates a improvement in 

deep capacitor 1 

as standard 

compared to standard 

in leakage can 

IS one 

'\ver delivery and 

the unfor1unate in semiconductor circuit which produce on the 

(decaps) 

clock induce 

more 

a detrimental impact on circuit performance. 

the low path to ground. 

decoupling is needed. are planer 

of Electrical and Electronic East West University 
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lte and is another. In decaps dielectric limits amount of the which can obtains 

lln planer decaps and are found to contribute to standby circuit 

can account more 10% of total chip area. To solve the above stated problem 

this paper they introduced a novel decap which IBM's unique cORAM 

d called as "DZ the DZ have a extremely high low 

cntion 

and competitive with planar oxide decaps. In this paper they 

fabrication process 

are a 

capacitor and its fabrication 

manner to bulk eDRAM Deep 

Basically 

capacitors exactly the same pad films, oxide head mask used for trench 

lithography process, buried plate and node After the 

module is much simpler than capacitor there is no 

of resist recess and collar oxide formation for capacitor the full vertical trench 

30 as decaps. In DZ poly recess are reduced and 

f this DZ de caps saves approximately nrrl{,p"", eost. 

n comparison Oz capacitor and typical planar gate-oxide capacitor, the DZ decaps is much 

'ctter than typical planar capacitor DZ need 1/8 ehip area to provide 

same capacitance and the is 5 order than typical capacitor 

leans OZ decaps can offer more than 8X more capacitance/unit area and 1 reduction in A��",�_,� 

A for 

"A Novel Decoupling Platform for Sockets and 

a technology deployed within substrates, or core power 

I ivery because power has a demands power 

networks current next generation computer technology developed a 

mtegration decoupling capacitance the core power nets and the ground .Then 

the numerous decoupling capacitors sub-optimaJly placed on traditional printed circuit 

decoupling can lower core power 

semiconductor switching while reducing overall cost. 

this technology proves it's superiority in both cost and performance to 

expensive and largely decoupling 

':!!1:ment of Electrical and Electronic East West University 19 



In the current quest for data transmission at 10 and is hindered 

instability in core voltage of semiconductor beyond 10 Gbps and this problem be 

more pronounced with switching speeds and power 

a compartmentalized endeavor due to requirements. 

madequate comm unication among and 

bit-error 

co­

function, design combine to result suboptimal performance, 

increased noise coupling and yield. In semiconductor 

to are inadequate because they are an 

though 

In 

two 

delivery 

a though, to architecture 

maintain core voltage suppressmg 

related problems and can solved by reducing 

by providing effectively 

to PCB, 

capacitance. 

noise on power supply are 

impedance seen the power 

traditional approach to core 

hundreds or 

If in a 

level 

thcy are 

voltage to 

problem 

PCB. 

wasteful these 

Incentives 

decoupling I.nu.,,,,, 

are not place near to required part 

bus length and remote voltage module 

unnecessarily_ compensate this 

better performance 

root-level 

or custom 

to the or m 

additional coat can 

of new 

core much closer 

to die. The first implementation of solution (named as CapCor) is within a 

on top PCB on 

perspective, if a decoupling capacitor IS added under the 

from a 

then it IS more 

effective than on which render hundreds 

cost. As hundreds of 

decoupling capacitors and 

decoupling capacitors 

capacitance IS 

solder of 

speed highly 

of Electrical and Electronic 

which basically and inductance 

In new and novel configuration 

between power the design 

caps to the power ground pms In 

power. In new as the capacitor is 

East West University 20 
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place near to the subs trate, so it has lower parasit ic component means lower power droop means 

highly stable power.  

[n this paper they presented a novel decoupling technology demonstr ated to improve power delivery, 

suppress transient noise on the power system and stabilized the core voltage and also showed th at 

CapC ore is a superior altern ative to hundreds of PCB decoupling capacitors, at the same time 

delivering lower power impedance which substantially reduce both the PCB complexity and total 

cost. 

Department of Electrical and Electronic Engineering, East West University 21 



allow 

4. HIGH-I( DIELECTRlC CONST-LANT 

are material with high permittivity constant (Sr or Recently high-K 

applications high 

and electro active [16][1 [ 1 8]. implementation of high-k 

allowed further miniaturization microelectronic componcnts, refcrred to 

1. Why 

materials constant and dielectric are 

of embedded to provide the 

[1 [20]. 

In it appears likely 

dielectrics other than will The problem IS that an 

dielectric Si02 has to be found which can be used in applications a 

layer. At this thickness, quantum mechanical electron tunneling is prevalent, and leakage currents 

cannot be maintained below the proposed (for high 

]] [23] maintain the correct operation, a capacitance 

density is required in this small capacitor. limitation appears to of 

unable to be relieved by continued process improvement), thus solution demands 

introduction of a new higher permittivity composition, or possibly a 

an the 

electrodes (highly doped is currently in 

be m 

which not become 

[24]. Moreover, new and improved methods and instrumentation must 

accurate device and With reduced dimensions, and the 

mL1uence of of contaminant particles, leads to device failure. In failures, 

fall below that can be optically, a method currently used for 

contaminant [25]. 

In our project we a materiaL We show In this by 

permittivity and low loss tangent high-K 

for better performance in power Ideally, 

Department of Electrical and Electronic East West University 

we much decoupling 

dielectric constant 

22 



ill allow the thickness to increased such that a tolerable level of tunneling leakage can be 

with dielectric having would be aintained. 

ttisfactory, must to avoid this problem we 

permittivity of material. 

Dielectrics: 

rom a property point constant and dielectric loss are 

nportant parameters that dictate the performance a candidate material 

dielectrics with a high constant are very for the 

Icrformance. accurately estimate the thin high-K dielectrics, the 

Icpendent dielectric constant and [7] 

ceramic materials with dipole moment which 

two most 

11 the 

naterials 

itanate), 

JecoupJing 

including (bari um lHelllU,,, BaSrTi03 (barium strontium 

(lead zirconate titanate) etc., have been used as 

[30][3 1]. our 

material. at we 

:,)mmoniy applied high-k dielectrics 

\5 hafnium 

15 to 35 at DC and 

and Zr02 are 

oxides (LalO]) 

band gap. The 

low loss tangent and high permittivity 

material, 2 an overview most 

12 

(Zr02) K-valuc 

in direct contact silicon and 

for both MIM and MOS structures [32]. 

permittivity, good to 

of La20] (hexagonal) is 

and an 

de the values range between 20 and 30. 

�partment of Electrical and Electronic East West 23 



1. J\1ain 

Figure 5: simple model of Power Delivery Anal.ysis circuit. 

5 .  the equivalent model 

elivery a DC supply 

a power delivery has 

which is supplied by a 

'rinted circuit board plane. In this circuit the load is a 

A typical power 

located on a. 

The power path is 

We have also added decoupling ,,<A W'''''' , 

will be to reduce the 

nsert a decoupling capacitor immediately 

';)WCL The decoupling capacitor provides the 

Each is modeled with 

with the 

delivery nct\vorks. 

solution 

111 

this 

droop 

So \ve 

the inductance to on 

charge to compensate for voltage drop due to 

c use the following value for the parameter in chip power delivery 

stem which is 3. 

of Electrical and Electronic East West University 24 
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Table 3: The value we used for the equivalent parameter in main circuit 

Equivalent . Mother Board 

(R) 

Inductance (L) 

O.00150hm 

I.OnH 

also use decoupling capacitor 

model is 

O.00500hm 

the power 

4. 

where the value we use 

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

lOOpF 

O.2nH 

* ,ESL \ ,Rpl small and incignificant 

the 

are which the distribution . It has 

must 

been 

the distribution impedance for a 

frequency 

computer product 

[35]for improved product npr'TrWn1 

performance. In high 

Power distribution 

reducing nl\'AWr distribution 

is with decoupling capacitors. 

ESR the number capacitors to target impedance at a 

frequency and is an impOliant parameter. a 

',lramount importance is within power supply design for both switching and power suppl 

as a 

''''''u,,",",. ESR shown Fig. 6 a major the 

R c 

6 : The Equivalent Series ESR associated with a capacitor 

';.:p3rtment of Electrical and Electronic East West University 25 
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will to as It is that 

hen the temperature a capacitor then generall y increases, although in a non-linear 

shion. Increasing 

e As plate area the ESR will down if plate thickness 

so 

the same. 

Sf. (Equivalent Inductance) shown in 7 is pretty much '-'U\ .. ,��u by the inductance the 

and of a sets limiting well (or a 

:to de-couple The ESL of a capacitor a 

apacHor. Because the inductancc appears in series with the , they form a tank 

.SL is by current of power circuit. the current loop the 

CMOS, wc can see a significant 1C inductance. the capacitance to 

;:,duction in inductance. 

Figure 7 : Capacitor equivalent circuit 

5.3. Why where to Decoupling Capacitor: 

between power 

acts as local and is helpful in m 

to as decoupling '"'UC.'U"" 

drop at supply points. 

power supply noise deeoupling 

impedance 

�rartrnent of Electrical and Electronic 

are decoupling 

l f 
A 

Figure 8: Plot frequency vs. impedance 

Z -I-J L -1-_1 (') , CO , . . . . . . . . . . . . . . . . . . . . . . . . . . .  I 
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l:rom Fig. 8 we see that the point has low value of inductance is low 

to Eventually at a low frequency impedance is with 

the value will decreases at a point will come where value 

inductance and capacitance cancel out 

the 

So total 

and 

capacitance 

IS 

only resistance 

but 

R 

reduce 

decoupling capacitance near to the chip because ifplace it far 

and will increase. from the IR loss 

drop -

a high frequency constant is and 

chip the 

are 

current is 

After point A' as 

which mcrease 

run 

between 

cause 

di, 
IS the drop across any . v 

di 

c 

Figure 9 : Power Delivery Analysis circuit 

the power circuit in 9 we also have 

(Le. switching). The total voltage drop terms 

drop which is ' 

inductance 

notherboard, socket and si licon [36]. 

) 
I 

r'L 2: R '  ; s--- SI " c:: ' 

total voltage as the sum of inductance and resistance 

the voltage available in circuit is 

of Electrical and Electronic 

I(Lnd -, 
L 

East West university 
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due to their in power consumption 

:peeds the '�. are becoming a concern. switching current may cause 

which power rail to drop. The power supply 

of component silicon through a network power and 

the circuit 

(V dr) must to circuit 

to counteract the 
(;; in the voltage. It is 

are 

to 

voltage droop 

added decoupling 

accurately 

nductance capacitance of >'�'_LH"F.� and chip and analyze grid with such as 

)therwise the amount decoupling to added be or overestimated. Also it is 

to including these 

5.5. Path 

LR I ··1 DC I 
I 

10 : .Placement of decoupling capacitance. 

!n lOis shown a simple model with a 1.5 DC 

buss line shown inductance If this runs at 

then inductive will i ncrease. Although the resistance is quite small, 

inductance drop will be impact of inductance in step of 

we need to add decoupling appropriately. Let assume we want to 

two w hite area chip. If we place decaps in ' 1 ' value loop 

mductance is much than .So to avoid loop we to place decaps 

'lcar the m loss 

C)epartment of Electrical and Electronic East West University 28 
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5 .6 .  \vrute 

In a '-'llY"',",'" blank areas not by 

as a white or 

need to use redundant 

device white area to reduce the 

chi p  

decoupl i ng capacitors 111 

droop. Tradit ional ly  Decoupl ing 

a llocated i nto white on  on an unsystematic or 

e ireuit elements) 

so, we 

semiconductor 

approach 

[371 , [381 ,  as 111 1 1 . As a resul t, thc power supply drops below 

tolerable 

deeoupl ing 

remote blocks, thus 

howcver, i s  direct l y  proportional to 

of an on-chip 

area occupied by the can 

a area. As descr ibed [3 9] ,  maximum parasit ic 

decoup l ing capacitor and the CUlTent (or power at 

deeoupl ing I S  A lternatively, to  be an on-ch ip  decoupl ing capaei to r  

b e  p laced to ensure that both the power supply and t he current l oad are located 
. 

appropriate [39] .  

Figure I I  : Placement of on-chip decoup ling capacitors using a conventional a p proach in white area. 

5 "'  , . I . 

this projeet our 

use momentum to 

I S  

on 

two part 

we were develop a 

i s  

are momentum part 

analysis circuit and we 

to evaluate and modern 

comm unications products .  Momentum can computes S-parameters for 

Department of Electr i cal and E lectronic East West 29 
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circuits , including micro strip, s lot line, strip line, coplanar waveguide, and other topologies.  

Momentum tools use to simulate multilayer RF/microwave printed ci rcuit 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 Ies. The maj or benefit of this is that it 

can simulate when a circuit model range is exceeded or the model does not exist, it can idcntify 

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 maj or 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 resul ts and equation 

and expression capability for performing calculations on simulated data. 

Figure 1 2 :  Momentum window of ADS 

Fig. 1 2 shows the momentum wi ndow 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 

lhe component library. After update component we use this capacitance in schematic window to 

s imulate power delivery circuit. In Fig. l 3  represent the schematic window of ADS. 

epartment of Electrical and Electro n ic Engi neeri ng, East West U n i versity 3 0  
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We used B S IM4 transi stor 

to source node of t wo 

a 

dccoupl ing was p laced on 

Figure 13 : Schematic window of ADS 

at 

for NMOS PMOS 

a 

motherboard and 

Calculation: 

A analysis has done to demonstrate the 

a socket. 

was 

, to 

I t  

assumes that capac itor be s hared by about 4 to back CMOS i nvertors . 

we 

usmg momentum tool ADS . To design 

used are shown Table 5. 

capacitance the 

Table 5: H igh-k materials with dielectric constant and loss 

20 

1 2  

use 0. 1 79pf  

the thickness of capacitance i s  very small 

circuit to min im ize the Consider 

Department of Electrical and Electronic East West 

we arc 

0.003 

i t  

m aterial that 
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model then we 

tangent=0.006 and 

\rea capacitnace, A= 90ll m X90llm 1 00 

1 F/ ).lm 

c - ( ,�-----.= 0. 1 

to the same '-' u �n" .d 

m inimum droop 

\Jaw to make same we need to find other h igh-k material thickness. 

tangent i s  0.0 1 6  I asume 1 ).lm ) IS okay 

m in imum droop. keep the same capcitance , of !lm and 

1 792pF 

1 2. So thickness 11iTI 

i s  C 
C C.; E 

X S1C:C 
0. 1 

m aterial I S  used to make the capacitance but are some lim itation In th i s  

cause i s  Si material some i ts We cannot it too 

much To make same Si02 the calculated thickness is 0.00 1 56 !lm ,  which is too 

small c· 3 To avoid complex s imulation we 

5.9. Result: 

power delivery circuit shown 5, we 

which is 

Department of Electrical and Electronic East West University 

the thi ckness the i s  0 , 0 1  ,um .  

droop before adding capacitance 



1 

1 

0 . 8 � 

0 . 6'-

0 . 4 -

5 . 8 0  5 . 8 5  5 9 0  5 . 9 5  6 . 0 0  

Figu re 1 4  : Without decoupling capa cita n ce 

)01 this we see that for l ower edge(O. 1  ns) rate the 

rate(O . O I ns) the is 448.3mV. we can 

:rease with of edge rate . 

)w we want to show 

)ser to CMOS circuit .  The p l ot we 

1 . 1 5  
rate=0 . 1  ns 

1 . 1 0  

1 0 5 -

m 

voltage droop 

s i mulat i ng in 

1 . 00 ...... i-----------� 

0. 95 

0 . 90 

d roop 

AmV 

that the 

p lacing our 

IS  1 5 . 

La203 =904 . 9 rnV 

erc m 

I S: Showing volta ge d ro o p  fo r HfOz a n d  LaZ03 at (U ns rate  

15 shows the voltage droop Hf02 and La203 

rate is 0. 1 ns .  vol tage droop is  s i gnificantly 

dccoupl ing c apac i tor. has loss tangent value=: 0.006 and has loss 

) between them HtD2 h as the l ower s hows 

for 

droop w i l l  

that means 

0.0 16 

'oop (990Am V whi c h  i s  c loser to 1 i n  1 5 )  i s  m u c h  l ower than La20J (904.901 V). 

c can that h i gh-k with loss can i mproved 

gnificantly than l os s  tangent. In conclusion we want to that 

eate on reducing the voltage droop . 

,partment of  Electrical and E lectron ic East West 

voltage droop more 

IS a factor to 
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Now i f  we want to 

for the O . l ns edge rate which 

1 6 :  Sim u l a ti o n  res u l t  which shows 

for Si02 

high-k material . Also without 

placing Si02 material decoupl ing 

a system i s  the sam e  mattcr for 

Again we did the same s imulation but now we v ' ' '�u".v 

increased the frequency. In s ituation the '-'H,"-Ui'''''''\'' 

I S  

high-k material with respect to  the 

1 6 . 

a n d  La203 a t O. l ns edge ra te 

which is much biggcr than 

droop 823 .4mV where after 

so with or without capaci tor i n  

ratc which i s  0 .0 1 ns that means we 

I S  In  1 7 . 

1 . 1  Y·······································- -.��--���� - .- ................................. -... - lE ��'� =�.�;�n nS 

O. 7 -4��-.�-, T , · r T I T ," " - 1 1- ,  r """".-r'· T Y · r  
5 . 99 5  

Fig u re 1 7: Showing a t  O.O l ns 

Prom Fig.  1 7  we can that low 

(voltage droop 907 .3mV) 

(783 .3mV).  In this case wi th 

capacitor the droop was 

droop is s ignificantly jf we want to see rate 

droop by using i s  shown in  

Department o f  E l ectrical a n d  E lectron ic East West 

rate 

material Hf02 

La203 

decoupling 

the voltage 

happens with the 

1 8 . 
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1 . 4 

1 . 2  

1 .  0 - +"",_,,_c.** ____ ... 

0 . 8  

0 . 6 

0 . 4 -- -
I" 0> 
= = = 

T 0> 
= = (J"o 

T en 
= -"'-= 

T en 0> 
= = -"'- en <J> = 

Figu re 1 8 :  Si m u l a tion res u l t  w h i c h  shows voltage d roop for SiOz, H fOz a n d  LaZ03 a t  O.O l ns edge ra te 

In this condition again we can say that by using Si02 material with or without p lac ing decoup l i ng 

capacitor i s  the same thing. Because without capaci tor voltage droop was 448 .3m V after placing 

Si02 dccoupl ing capac itor i t  shows voltage droop i s  489 .9 m V which i s  not much improved.  

During our proj ect per iod we worked with another high-k material which i s  Yttrium Oxide (Y 203) .  1 t  

has loss tangent =0.003 which i s  l ower than Hf02.  But the dielectric constant for this  material i s  1 2  

where Hf02 has 2 5 .  We take the equivalent oxide thickness for Hf02 i s  0 . 1 um to make the same 

capacitance for both IIf02 and Y203, the thickness for Y203 becomes 0 .048um . As a result although 

it has a lower loss tangent than Hf02 but the voltage droop for Y 203 is not improved better than the 

i lith . The simulation result is shown in Fig.  1 9 . 

1 . 1 0 

1 05 --

1 . 00 f_ .............. ____ Ililli;:_··· . 

0 . 95 

0 . 90 -- Y203=904 . 8 mV 

6. 00 6 . 05 6. 1 0  6. 1 5  6 .20 6 . 25 6 . 30 6 . 35 

F i g u re 1 9 :  Showing vo ltage d roop for H fOz a n d  Y Z03 

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

material has the lower low tangent. 

Department of E lectr ical  and E l ectron ic Engineering, East West U nivers i ty 3 5  



prevI Ous we know about its effect on 

del ivery syste m .  t h e  main obj ective droops and decoupling 

capacitor i s  one the solutions to the we capacitor 

model s  us ing high-k m aterial with tangent and 

6. 1 .  Why We ese High-I< 

those with Si02.  

40 years s i nce the i ntroduction 

s erVIng as key s i l icon CMOS 

Si02 

As we 

know that to maintaining low power consumption and i ncre as ing performance 

vV"''' ''''F, day by day so we need to continued 

Si02 lS difficult the I S  

t hickness  and ( b) I S  out of atom s  for further [40J 

When scale capacitance then the area occupied by the capacitor must I n  

order t o  obtain a c e l l  high capacitance, equivalent must 

So below 90nm technology S i02, high-k dielectric wi l l  a ll ow 

tox (equivalent thickness) of 1 nm. [4 1 J 

"International Technology Roadmap for Semiconductors"  published 2008, 

thicknesses the future devices which i s  I n  6 .  

Ta ble 6: T h e  data for equivalent oxide thickness for future technology given b y  ITRS 

So the "International Technology Roadmap for S em iconductors" 

cannot be by S i02 that 's  why h igh-k d ie lectri cs  and 

for the future 

Decoupl ing to be p laced to chip to 

our project we want to show that at frequency loss tangent i s  

o f  Electrical and Electronic East West 

electrodes wil l  

droop. 
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d ie l ectric .  

Erst we 

In 

complex 

from 

It i s  

cal led 

Thesis 

capaci tance, 

for 

being c lose to the 

droop i s  

to  provide 

As a resu l t  

due to  loss 

performance at 

of the 

capacitor 

. So the des igned 

to know about ta.U.,,""-J'H and how i t  UU"" .r,,:} on 

6 .2. \X'hat Is 

materials, currents are formed by the free  electrons or under the 

i s  J=aE, 0' is the material conductiv i ty .  For fi n i te 

causes wave losses. We to understand thc 

as i t  

equation we 

� � 2 D  \.; X li = / -
f} �  

H = JE 

€ ./E ; E 

O'E -

or 

conductiv ity. 

' i:"' ) w  

of E 

) - j E 

and 

( 1 )  

or E. 

IV' x hY = j ) E  . . . . . . . . . .  , . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . 

a - = equivalent conductance. 

the r is involved 

conductance .  c.j = 0 

conductance for which (J i s  However at 

" 
as c.:J E  s ignificant .  The sum 

equivalent conductiv i ty 0' .. , [42] 

a frequency-dependent term 

(\ so power 

frequency tv i s  

IS 

with thc 

in  a good 

so losses can 

(J and what may 

two terms the s ide of (3 )  are conduction current density ,  / 1:)'5 (J 

and current 

current 

= ! ) 

then we 

same d irection in  

the  ratio current 

but they are 90° out of phase in t ime, two vectors point 111 

I-/JLl\.<vHH'Hl current density conduction current density by 90°, as the current 

of E l ectrical and E lectro n ic Engineerin g, East West 3 7  
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thc currcnt  a resistor in  parallel with i t  

phase relationship i s  shown bclow in Fig.20, 

\ 
\ 

\ 
\ 

90° i n  a n  electric 

2 0 :  the power factor where Js is leads E to determine loss tangent. 

.1C 1S angle which displacemen t  density leads total current 

s s  medi um. 

Equivalent J\1odel 

i s  called a i t  i s  a measure 

a Capacitor : 

rc k now for a capacitor a dielectric is lJ'u.'v",,," between two conductors. The lumped element model 

a IS  by a series 

luivalcnl (ESR). The equivalent 

ESR actual ly  the i n  

capacitor the can be large. Basical ly 

loss to both 

lcnomena.  

) 111 a dielectric's 

lcnomena dominatcs los s .  the case of conducti on 

C is 

of Electr ical  and E lectron ic E ngineeri ng, East West 

a 

and 

or 

is k nown as 

is  shown in 

capacitor IS 

which i s  shown 2 1  

bound dipole relaxation 

bound 

bei 
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-I 

LSR 

Fig u re 2 1 :  Equivalent model of a capacitor and its loss ta ngents 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, 

E S R  1 
tar: o  = -I . . . 1 whe r e  Xc = -

Xc 6) ( 

(3 
= we. ESR = �. -. -

O' w 

As the same AC current fl ows through both ESR and Xc, the l os s  tangent i s  also the ratio of the 

resistive power loss i n  the ESR to the reactive power oscil lating in the capaci tor. For t his reason, a 

capacitor's loss tangent is sometimes stated as its dissi pation factor or the reciprocal of i ts quality 

factor Q, 

1 
t .m 8  = O F  = -

Q 

So we can say from the above equation that as the loss tangent, 8 decrease then the dielectric loss  of 

the material will also be reduced. 

De partment of E lectr ical  and Electronic Engineering, East West U n i versity 3 9  
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Capacitance: 

Now we want to consider how 

The 

22 is 

consists of two 

Tangent on 

eventually  

separated 

o f  

the effectiveness capacitor. 

which i s  

v 

Figu re 22: I ni tia lly without  a p plied voltage V & a fter a pplied voltage V 

W hen a 

the positive 

conductor, 

field exert a 

d irection. 

Whcn 

source i s  connected between the two 

w i l l  store i n  the 

dielectric medium 

on 

conductor and 

d ipoles are 

Q=Cy . . . . . . . . .  " . . . . .  , . . . . . .  (4) 

thc loss ,  Q- then 

Q . . . . . . . . . . . . . . . (5), 

Department of E l ectr ical  and E l ectronic  East West 
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charge wi l l  store 

oriented. 

to these same 

40 



ndcrgraduate Thesis 

where V is de sired voltage level and C is  the capacitance. 

om equation ( 5 )  we see that when Q . decreases,  the effective capacitance will also decrease, if we 

2 to keep the voltage level stable .  Thus if we increase the switching frequency then the loss  tangent 

a function of frequency will increase eventually decreasing the effectiveness of the capac i tor. The 

lange in loss tangent of water with freq uency is shown in Fig. 23 [45] . 

1 . 5  
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°l�� / ./� 
/' 

//// 
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0 5 1 0  1 5  20 25 30 
Frequency/ GHz 

f igurc 2 3 : Change in loss tangent of water with freq uency. 

Fig. 23 we see that with i ncrease in frequency ,  tan u (loss tangent) also increases, almost l inearly . 

lis data represents tan - for water. If we draw parallels with capacitor diel ectric, we scc that with 

creas ing frequency capaci tor becom es relatively lossy as switching frequency increases .  The 

ermal losses at high frequencies are reduces due to the inabil ity of the dipoles  to switch quick 

lough, but nevertheless it also means that the capacitor cannot provide the necessary e lectrical 

lpport Lo lim it  voltagc droop [4 5] . Thus, the system performance will be degraded.  

6 .5 .  Our Proposed Capacitor Material: 

'om the above discussion we understand that at high frequency the capacitor didn ' t  work properly 

at' s  why we used two different low loss  tangent high-k material s  for designing capacitors model 

ld also we maintain s ame capacitance value for the two material by adj u sting their equivalent oxide 

i ckness  Lox . We used these capac itors in power delivery system in AD S software and observed the 

lange in voltage droop. We mainly work on Hafnium Oxide (Hf02) and Lanthanum Oxide (La203) 

a tcri al and compare between them on the effect of voltage droop. Here we kept the capacitance 

me for the two materials by changing the oxide thickness.  To make the same capacitance value we 

:partmcnt o f  El cctr i c a l  and E l ectron ic  E n g ineeri ng, East West U n i versity 4 1  



)2 as reference which has thickness 0 . 1  um and the thickness . 

u l ation I S  and simulation part. Then we two capacitor model and 

in ADS software whi c h  i s  briefly s hown simulation part. we will show that 

�)Vement of voltage droop by capacitor model .  The simulat ion figure is shown in 

nize the 

111 

elk  
1 .2-

out 
1 0  

0 .6 

5 90 5 95 6 . 0 0  6 .05 6 . 1 0  6" 1 5  6"20 6 .25 6.30 6 .35 6.40 6.45 

time, nsee 

Figure 24 : Si mulation resu l t  without using decoupl ing 

decoupiing VUf-"'<AvA with droop we placed 

droop i s  shown i n  . It shows voltage droops for 

1 . 1 0 -

1 .0 0  

0 . 9 0 · 

0 . 8 5  
95 6 . 0 0  6 . 0 5  6. 1 0  6 . 1 5  6 . 2 0  6 . 2 5  6 . 3 0  

25 : S imu lat ion resu I t  when placing deco u pl i ng capacitor 

S .  

and 

materi al 

lue we the droop from the simulation i s  compared with a case where ne ither 

i s  used. A l l  th is  is shown 7. 

Tab l e  7 :  droops we got for d ifferent material s  
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I the data we can say that for edge rate of 0. 1 ns without using decoupling capacitor the voltage 

J is 823.4 m V which is improved by placing our designed capacitor. Here we can also say that 

een two materials Hf02 & La203,  the voltage droop is m i n im ized by using Hf02 which has 

r loss tangent than La2 0 3 .  
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. s  paper we a capacitor stack model which can 

e voltage droops at with acceptable performance In 

es droop <'+Uvv " " the occurrence of 

droop is prim ari ly due to components network which cannot 

im inated. capacitors are used as charge storage which reduce 

}s by immediate at h igh 

Ipl ing don't work the extreme conduction e lectricity i n  

-ial . Jf  we use such a d ie lectric material which has higher constant and 

nt, as a decoupl ing capacitor's i t  is possib le  that the decoupl i ng capacitor can 

Lte at high as i t  means diss ipation 

constant it c an store m ore the 

reduces due to the down the 

eSlgn the stack m odel of we use ADS (Advance Design software. Using 

cntum we two p lanar capacitors where two h igh-k m aterials ,  oxide 

and lanthanum capacitor m odels 

our power we 

ness of the capaci tors . our ADS s imulat ion we found out that after p l acing our 

)s h igh frequency the droop is  i mproved which means c i rcuit  performance 

r. then used the lower loss with we 

rmance. 

angent 

as compared with 

at 
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FU'TURE WORlZ 

IS  we 

Lte at vol tage droop. But in near 

ble that m aterial can the p lace of the hafnium oxide. 

:ss d i e lectric we i dentified zirconium (Zr02) whi c h  has 

the hafnium at 

as it can 

l ike ly 

which can 

lie in a very frequency with m inimum degradation in dielectric constant and low loss 

:nt have to be i d entified.  
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Appendix 
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51.Jbstrate Layer'S Layout Layers 

(\Jarne: Alurn25mil 

Select a substr ate layer to edit OR define d new layer: 

Sub!>trate Layer� 
air I 
J..\lurnjn�l 
Alumin.!lZ 

air2 

Add 

OK 

Cut 

APPly_I 

Thickness 

0 . 1  um 

Re) Loss Tangent 

Real 
25 

Loss TanQent 
0.006 

Cancel 

Substr ate LZtyer Narrle 

Alumina2 

< , 

Re, Loss Tangent 

Real 
I 

Loss Tangent 

o 

Help 

Figure 26: The ADS s u b strate layers wi ndow sh owing the d ecla ration para mete r wh ile designing 

ca pacitor 

I I ' , 

5ubstr�te layel's l.oyout l6yers 

Select a l..!Iyout layer to mao to the substrate 

Substrate Loyers 

,--,II'I 

.------ STRIP cond 

f�IUl l lir'·'1t 

RIP cond2 
Alumh-.a2 

. S T H,IP le.ads 

air? 

Unmap 

. , 

N<::.me cond 

r"lodel 

Thickness 0 . 1  

Mat€lrl�' Perf Iolct Conductor 

OV6rl�D Prec6dence 0 

In r, 

layout layer m ppod as STRIP 
- Model: sinQle I yered sheet cor,ductor 

- Matod-el; por-fect conductor- (thlcl--ne�5 ignor-e:d) 

Fi g u re 27:  The ADS Layout l a yers wind ow show i n g  the decl a ra tion para meter while designing 

capa c i tor 

lepartment of E lectrical and E l ectronic Engi neeri ng, East West Un i versity 4 9  


