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Abstract

The miniaturization paradigm for silicon integrated circuits has resulted in a tre-

mendous cost and performance advantage. Aggressive shrinking of devices provides both

a greater functionality for circuit design, as well as intrinsically faster transistors. How-

ever, scaling induced smaller wire cross-sections coupled with longer lengths owing to

larger chip areas, result in a steady deterioration of interconnects. This degradation in

interconnect trends threatens to slow down the rapid growth along Moore’s law, that

semiconductor industry has traditionally enjoyed. This work predicts that the situation is

worse than anticipated. It shows that in the light of technology and reliability constraints,

scaling induced increase in electron surface scattering, fractional cross section area

occupied by the highly resistive barrier, and realistic interconnect operation temperature

will lead to a significant rise in effective resistivity of modern copper based intercon-

nects. Although, the above effects have been insignificant in the past, they will continue

to become more important in the future.

In this work, we initially discuss various technological factors affecting copper re-

sistivity. We, next, develop simulation tools to model these effects. Using these tools, we

quantify the increase in realistic copper resistivity as a function of future technology

nodes, under various technology assumptions. The interconnect dimensions for this

purpose were taken from the International Technology Roadmap for Semiconductors

(ITRS). Subsequently, we evaluate the impact of these technology effects on two impor-

tant performance metrics for global signaling interconnects: delay and power dissipation.

Modern long on-chip wires use repeaters, which dramatically improves their delay and

bandwidth. We study the repeated wire delays using realistic resistance trends. We also

quantify the extra power dissipation due to these repeaters at future nodes. With the

motivation of reducing this power, we, next, formalize a methodology, which trades

power with delay very efficiently. Using this method, we reassess repeater power under
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various delay penalties compared to the optimal delay case. Although, repeater power

comes down, the total power dissipation due to wires is still found to be very large at

future nodes.

Having quantified the future challenges with realistic metal based interconnects,

we next explore optical interconnects as a possible substitute, for specific interconnect

applications. We, first, model various components of an optical communication link

including the receiver and the waveguide. Using this we assess future optical system

performance. Finally, we compare the delay and power of future metal interconnects with

that of optical interconnects for global signaling application. We also compare the power

dissipation of the two approaches for an upper level clock distribution application. We

find that for long on-chip communication links optical interconnects have lower latencies

than future metal interconnects at comparable levels of power dissipation.
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Chapter 1

Introduction

1.1   Motivation

The miniaturization paradigm for silicon based integrated circuits (ICs) has re-

sulted in a tremendous cost advantage and performance improvement. The cost and

performance will continue to drive miniaturization along the lines of Moore’s law [1] for

as long as fundamental limits and or economics allow. Aggressive shrinking of devices

coupled with a continuos increase in the chip size results in a greater functionality for

circuit design, hence presents a powerful tool for performance improvement. The scaling

incentive is further fortified by an added bonus of lower intrinsic transistor delays (in-

creased speed) resulting from smaller channel lengths. The shrinking is projected to result

in doubling of the number of transistor every two years [2].

However, miniaturization is not conducive to all the constitutive components of

an IC. In particular, the speed of certain types of wires, which connect the transistors and

facilitate communication between them, is rapidly becoming a performance bottleneck

because of these wire’s tendency to follow degrading trends with scaling [3], [4]. Minia-
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turization is forced upon interconnects because increasing transistor numbers demand a

proportionate connectivity. One way to accommodate these increasing number of inter-

connects is to commensurately increase the chip area. However, chip area can only

increase very slowly [2] as it is constrained by a balance between performance, cost and

the reliability. On one hand, the area has to be minimized to shorten the length of the

global wires (improves performance) and to enhance manufacturing yield, which helps

bring down the chip cost. On the other hand, it has to be increased to reduce the power

density, which in turn dictates the chip temperature. Chip temperature is very important

as it effects both reliability and speed of various components on an IC.

Because the increasing complexity of a chip continuously demands more from

interconnects, a systematic and a realistic study of limitations of the currently used

electrical, metal-based, interconnects under scaling is of paramount importance. Such a

study will give us a better idea as to if and when these interconnects will become show

stoppers to continued improvement of ICs, and whether alternate interconnect technolo-

gies such as optical interconnects, can outperform them for certain functions, at a low

cost.

1.2   Types of interconnects on a chip

The interconnects (or wires) on a modern IC chip can be broadly characterized

into three groups according to the functions they perform. These are the signaling inter-

connects, the clock distribution interconnects and the power and ground supply

distribution interconnects. We will mostly discuss signaling interconnects and to some

extent the clock distribution interconnects in the later part of this work. Interconnects can

be further subdivided into three categories according to the range of their lengths and
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their cross section dimension. These are the local, semiglobal/intermediate and the global

interconnects. The global interconnects are responsible for long distance communication

on a chip and have a larger cross sectional area to minimize resistance. Where as, the

local interconnects have the shortest range and the tightest cross sectional dimensions.

Modern ICs have multiple levels of interconnects to accommodate their large numbers,

starting from the local at the lowest level to the global at the top most levels. This is

depicted in Fig. 1.1 [5].

Fig. 1.1: Schematic showing the hierarchy of metal levels for distribution of intercon-

nects in modern ICs. Figure taken from ITRS 2001.
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1.3   Performance Metrics for Interconnects

Interconnect metrics discussed here are mostly applicable to any physical type

(metal based, optical, wireless etc) of interconnects. However, some properties are more

relevant to the metal-based interconnect systems. Among various figures of merits some

are more important than the others depending on the functions they perform. For exam-

ple, delay and power are very critical for signaling interconnects. While, for clock

distribution, it is more important to have interconnects with a reliable delay (less delay

uncertainty) and low power. The other figures of metrics of utmost importance are the

cross talk and electromigration reliability. The capacitive cross talk can ultimately cause

delay uncertainty in clocks wires (if they are not well shielded) and deterioration of

reliability of logic level communication in signal wires. On the other hand, the electromi-

gration reliability failure can, in the extreme case, cause circuits to stop working.

The delay of the wires can be well approximated by the product of resistance (R)

and the capacitance of the wire (C), if inductive effects are not important. The wire

capacitance typically has three components: inter-level, inter-metal (within the same level

between metal lines) (Fig. 1.2) and the fringe component. The delay of longer wires is

more accurately modeled by RC product because this constitutive component is propor-

tional to square of the length. Whereas, for very short lengths, the wire delay is better

approximately by purely the loss-less inductive delay formula (length divided by the

speed of light in the medium) [6] and only increases linearly with length. Because the

wire resistance is increasing very rapidly compared to the inductance, the wire delays are

becoming more and more RC at even shorter distances. To model the RC delay of the

wires it is imperative to accurately model both the resistance and the capacitance accu-

rately.
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The second metric of importance, the power dissipation due to interconnects, is a

result of charging and discharging its capacitance and is given by the dynamic power

dissipation formula

fVCSP 2
intwint=  (1.1)

Here, Sw is the switching activity factor representing the probability of a particular

interconnect switching during a clock cycle, Cint is the total interconnect capacitance, V is

the voltage to which the interconnect charges and f is clock frequency. Thus, at a given

technology node, the interconnect power is heavily dependent on its total capacitance.

Fig. 1.2: Schematic showing the inter-metal and the inter-level components of capaci-

tance. Also showing aspect ratio (AR).

The third metric of capacitive cross talk, falls under the more general category of

signal transmission reliability related to both timing and logic level. Other potentially

H

W

CILD

CIMDAR=H/W
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important source of noise influencing signal reliability is the inter-symbol interference

(ISI) and is caused by impedance discontinuities in electrical transmission lines [7].

However, ISI is not addressed here. Cross talk is proportional to the ratio of the inter-

metal to the total capacitance [7] of the wire. Thus, from the cross talk perspective it is

more beneficial to lower just the inter-metal capacitance. Hence, sometimes an inhomo-

geneous backend dielectric approach is adopted, where, the inter-metal dielectric constant

is different (lower) than the inter-level dielectric constant.

Electromigration reliability is another very important figure of merit for metal

based interconnects. The current through metal wires leads to metal atom migration due

to momentum exchange between electrons and metal atoms [8]. This migration, over

time, leads to depletion of enough material so as to initially increase the wire resistance

and finally cause an open circuit [9]. On the other hand, it also causes excess metal atoms

to accumulate at a different location along the wire, which in extreme cases can cause a

short to the adjacent wire through metal hillocks. The primary factors, which influence

electromigration can be divided into those related to the physical structure of the metal

wire and those related to the conditions of operation. Certain crystal orientation of thin

films (metal wire) are more conducive to preventing electromigration. Among the cond i-

tions of operation, temperature and the current density play the most important role in

dictating electromigration (Black’s equation [8]) and their minimization is the key for

good reliability. The current density in a wire is dependent on cross-sectional dimensions

of the wire, if the driver resistance dominates and dictates the current. In the case of very

long wires and in the future (rising metal wire resistance), the wire resistance may

dominate over the driver resistance. In this case, the current will be dictated by the wire

dimensions, thus changing cross sectional area will change both the current and the area,

leaving current density unchanged to the first order. Hence, wire dimensions again play a

critical role in dictating electromigration reliability.
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The final figure of merit is the joule heating due to interconnects. It suffices to

mention here that a non-negligible and increasing resistance of the wires leads to an I2R

(I is the current) power dissipation in the form of heat. This raises the temperature of the

interconnects above the device temperature, especially if lower dielectric constant

material, which are also invariably poorer heat conductors, are used.

We notice from above discussion that almost all interconnect metrics for metal

based wires depend on their resistance and capacitance, which, in turn, is influenced by

the 1) physical dimensions (both resistance and capacitance) 2) dielectric constant

(capacitance) and 3) material resistivity (Resistance). To improve these figures of merit,

it is clear that one needs to lower both dielectric constant (k) and material resistivity.

Hence, there is a great thrust in the semiconductor industry toward lower dielectric

constant (k) materials in the future [2], [5]. To lower the material resistivity copper based

wires were recently introduced instead of the higher resistivity Aluminum based wires.

This also had an added bonus of better electromigration properties. What is slightly less

conspicuous is the choice of dimensions of the wires, as they may influence various

figures of merits in opposite directions.

To get more insight into the performance metrics trends as function of wire di-

mensions we plot them schematically on the same figure. Further, we make some

simplifying assumptions for calculating capacitance. We assume that the metal width is

half the pitch and the inter-level separation between metal wires is approximately the

same as the thickness (height) of the metal wire. We also neglect fringe capacitance and

assume parallel plate configuration. Using these assumptions, we get

)ARIMD
AR

ILD(l2IMDCILDCtotintC ε
ε

+=+=  (1.2)
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Here, Cinttot, CIMD  and  CILD are the total interconnect, the intermetal and the interlevel

capacitances, respectively (Fig. 1.2). AR is the aspect ratio defined as the ratio of wire

thickness to wire width (Fig. 1.2), l is the length of the interconnect and ε represent the

respective dielectric constants for IMD and ILD.

In Fig. 1.3 we qualitatively depict the trends for interconnect resistance, capaci-

tance, delay, power, cross talk and current density as a function of aspect ratio. Since

aspect ratio has two components (width and thickness), we assume that the width is fixed

due to the requirement of accommodating the wires in a limited area using finite number

of metal levels. Thus, the design freedom is in the thickness (height) of the wire. How-

ever, this freedom is also realistically limited to a certain maximum value by process

considerations. We find that the resistance of the wire comes down with an increase in

the aspect ratio because the wire area increases. The capacitance (hence the interconnect

power) reaches a minimum at an AR given by square root of ratio of ILD to IMD dielec-

tric constants, as is obvious from Eq. 1.2. For homogeneous dielectric, this ratio is 1.

Above this aspect ratio the power rises almost linearly with AR, as it gets dominated by

the IMD component. The delay of the wire is proportional to the product of the resistance

and the capacitance curves in the figure. It asymptotically approaches a constant value

with increasing AR. This is because the resistance and the capacitance trends exactly

cancel the AR dependence at high AR. Further, with the help of Eq. 1.2 the cross talk can

be deduced to be proportional to

2
IMD

ILD
talk

AR
1

1
X








+

∝

ε
ε

 (1.3)

From Eq. 1.3 it is obvious that the aspect ratio at which the power dissipation is

minimized results in a cross-talk that is half its maximum value. Finally, the current
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density of the wire is shown to be constant at low ARs and starts to drop at higher values.

This is because at low AR, the wire resistance can be higher than the driver resistance;

thus, dictates the current. In this scenario, an increase in area reduces current by the same

proportion, thus has no impact on the current density. Above a certain AR, the wire

resistance drops enough such that driver resistance dominates and current is unaffected

by wire dimensions. In this case, as AR increases, current density drops because area

increases. The aspect ratio at which the current density starts to drop in the figure is

dictated by the driver size and the length of the wire. For long wires the current density

drops at a higher AR.

Fig. 1.3: The qualitative trends for various interconnect figures of merits as a function

of aspect ratio (width fixed). These trends dictate the AR. Delay and electro-

migration pull toward higher aspect ratio, while power and cross-talk pull it in

the opposite direction.
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A simple model leading to Fig. 1.3 clearly shows the complexity dictating design

choices, in this case the AR of the wire (thickness, for fixed width). Although, the delay

can be reduced at higher AR; a larger AR results in both cross-talk and power increase. It

is clear that beyond a certain aspect ratio, even delay does not yield large improvements,

but, power and cross talk may become prohibitively large. Also, the electromigration

reliability requirement may force current density to be lower than a certain value, thus

may require a minimum AR. At 130nm technology node, AR ranges between 1.5 (local

wires) to 2.5 (global) for smallest width wires and it is projected to increase to about 2.3

for local and 3 for global at 35nm node. Again the figure helps explain that local AR is

lower because the power is more critical than delay in local interconnects since they are

so many of them and they run for shorter distances. Whereas, since global wires run

longer distance and are fewer, there delay is more critical than power, hence a larger AR.

Another important factor, which is clear from above discussion is with regard to

the choice of homogeneous vs. non-homogenous dielectric constant. If just the intermetal

dielectric capacitance is lowered keeping the interlevel material the same, it gives a

definite cross talk advantage. The downside is that the total capacitance is higher than

what can potentially be achieved. This leads to larger power and delay. However, because

the ILD capacitance is already a very small fraction of the total capacitance (~ 25% in

current wires), lowering it further does not yield large reduction in the total capacitance.

Besides, a lower ILD capacitance could result in less efficient heat conduction, resulting

in higher temperature and resistance, which may negate the capacitance advantage for

delay.

The curves in Fig. 1.3 can be further used to study trends with scaling. This will

shift the curves relative to each other and provide an insight into new optimum design

window for AR. However, we next, adopt a slightly different, still simplistic, approach to
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get an intuition into specifically just one critical interconnect performance metric under

scaling i. e. delay.

1.4   Delay of Signal Wires: A simple scaling model

We will discuss the delay performance under scaling for different types of signal

wires mentioned before i.e. local, semiglobal and global. These wires follow different

scaling trends because their lengths scale differently. The local wire length shrinks

proportionately to the gates, the semiglobal length remains about the same and the global

wire length increases as the chip size grows [10].

We start by examining two extreme cross section scaling scenarios for local

wires. In the first case we keep the height of the wire the same and only scale down the

width, thus increase the aspect ratio by the scaling factor. In the second case, we shrink

the height in the same proportion as the width, keeping the same aspect ratio (Uniform 3-

D shrink). The actual scenario is somewhere in between, whose results can easily be

deduced from above scenarios. We also assume our simplified capacitance model men-

tioned above and assume the scaling factor to be α.

For local wires when the height is kept constant with scaling, since length and

width shrink, resistance remains the same. Similarly, the IMD capacitance remains the

same, as the separation decrease compensates for the area decrease from length. The ILD

capacitance, on the other hand, decreases because both length and width decrease.

However, ILD capacitance is already a very small fraction of the total capacitance

(~25%) and as such its reduction does not influence the total capacitance by much. Thus,

to the first order total capacitance also remains constant. This results in the absolute delay
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of local wires remaining constant under scaling. However, because of the introduction of

lower-k materials as IMD in the future, the delay would go down, but only as fast as the

reduction in the dielectric constant.

In the second scenario of AR being constant, the resistance increases by α, the

IMD capacitance decreases by α, the ILD capacitance also decreases by α. Hence, the

RC delay remains constant under purely geometric considerations. However, because of

low-k, the delay would again only decrease as fast as the reduction in k.

The actual intermediate case where AR does increase but only slowly under scal-

ing, will also exhibit similar trend. This can be seen by realizing that if ILD capacitance

can be neglected to the first order, then the RC product is independent of metal height

(thickness). As, R and C follow opposite trends with height.

Thus, local wire delay is decreasing only as fast as the reduction in k. The gate

delay, on the other hand, characterized by fan out of 4 inverter delay (FO4) delay is

decreasing proportional to the gate length (500Lgate, Lgate in µm and delay in ps) [10],

provided the transistor current per unit width increases slightly with every generation.

Since the gate lengths are shrinking much faster than lowering of the dielectric constant

(a factor of 5 compared to a factor of 2 in about 10 years) [2], even the delay of local

wires, under scaling, is deteriorating compared to logic gate delay. A factor, which will

make the problem much worse has to do with our assumption of a constant metal resis-

tivity under scaling. It will be shown in detail in Chapter 3 that material resistivity of

Copper, especially for local wires will rise very sharply under scaling due to technologi-

cal factors.

The semiglobal and global wires will perform worse because they don’t have the

length shrink advantage that local wires do. Thus, it can be concluded from above simpli-
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fied discussion that all types of wires are deteriorating compared to gate delay even with

progressively lower dielectric constant material. Further, some wires such as global wires

are deteriorating even in absolute delay terms.

Above simplified discussion gives an idea of the shrinking window for balancing

various metal interconnect performance metrics as well as hint toward the deterioration of

delay of metal interconnects under scaling. It points to a need for a more detailed and

realistic modeling of the performance metrics under scaling. It also provides motivation

to at least examine some of the alternate interconnect technologies such as optical inter-

connect and compare them with metal based systems in the future.

1.5   This Work and Dissertation Organization

Keeping above goals in mind, we have divided this dissertation into two parts. In

the first part, which includes chapters 2, 3, 4 and 5, we deal with realistic, technology

influenced modeling of copper (Cu) interconnects, its performance and limitations. In the

second part (chapter 6), we explore optical interconnects as an alternate for certain chip

functions and compare its performance to metal-based interconnect systems.

We start in chapter 2 by building the tools, which will enable us to realistically

model Cu interconnect resistivity. As we will see in chapter 3, a realistic Cu effective

resistivity depends on modeling two effects: the diffusion barrier (needed for containing

Cu) effect and the surface scattering effect. The barrier effect depends on the cross

sectional area occupied by it. The accurate calculation of this area for different deposition

processes necessitates an accurate knowledge of barrier profile inside the interconnect

topography as well as the minimum required barrier thickness. We simulate the barrier
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profile for various barrier deposition topographies using our process simulator SPEEDIE

(Stanford Profile Emulator for Etching and Deposition in IC Engineering) [11]. In the

first part of chapter 2 we develop the SPEEDIE model for the currently prevalent barrier

deposition technique called Ionized physical vapor deposition (IPVD) and verify the

model against experiments. The SPEEDIE modeling of IPVD also requires a calibration

of an important process called the sputter yield curve. A generic methodology to back

track this yield curve is developed and is exemplified using experiments in a high-density

plasma chemical vapor deposition (HDP-CVD) process. However, this can be easily

extended to any deposition process, which uses plasma ions including IPVD. Having

developed these SPEEDIE modeling tools, we use them in chapter 3 for barrier profile

simulations to calculate barrier area. The second factor in dictating barrier effect i.e. the

minimum required barrier thickness, depends on the quality of the barrier. A few experi-

ments were designed to study this and are eluded to in appendix A.  In the second part of

chapter 2, we experimentally study the surface roughness of Cu seed layer, which influ-

ences the extent of elastic scattering form Cu interface, hence effects Cu resistivity.

In Chapter 3, we do an in-depth analysis of effective Cu resistivity trends in the

future. The effective Cu resistivity rises for all types of signal interconnects with scaling.

The increase in this resistivity, as mentioned before, occurs because of surface scattering

and the barrier effect and is controlled by technological constraints. These constraints

include the quality of the Cu interface, the technology used to deposit the barrier as well

as the ability to engineer a good quality barrier whose thickness can be minimized. Along

with establishing the Cu resistivity trends in the future under different technology as-

sumptions, we also compare it with aluminum resistivity. We further deduce the Cu

resistance per unit length trends from these calculations and compare them against

resistance obtained using ideal Cu resistivity.
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In chapter 4, we apply the realistic resistance modeling to assess its implication on

performance of global signaling interconnects. Among performance metrics, we primar-

ily focus on the latency of these interconnects. An efficient circuit technique to reduce the

delay and increase the bandwidth of RC wires is the use of repeaters. We examine the

delay of global wires with repeaters using realistic resistance trends and characterize chip

edge delay in future in terms of clock periods. We also assess the relative importance of

inductance effects on global interconnects in the light of realistic resistance trends.

Further we briefly discuss signal integrity issues.

Having focused primarily on latency issues in chapter 4, in chapter 5, we turn our

attention to power issues with global interconnects.  In particular, we examine not only

the power dissipation due to global wires but also, the penalties of using repeaters in

terms of both area and power. If we were to truly study the limits of metal interconnects,

we need to take a comprehensive view and examine all the interconnect metrics at the

same time. Repeaters, although, improve delay of wires, can have serious power penal-

ties. We first develop a methodology to assess the number of repeaters and subsequently

calculate the extra power and area usage because of them. In this chapter, we further

develop an efficient optimization technique for repeaters, which can save a large amount

of power at the expense of a small delay penalty (Delay-power tradeoff curve). We

calculate the power dissipation due to the global wires with repeaters in the light of this

efficient power saving technique as a function of future nodes.

The Chapter 6 deals with alternative interconnect technology of optical intercon-

nects in the context of both signaling and clock distribution applications. Having

performed an in-depth analysis of realistic limitations of electrical interconnects in terms

of both power and latency, we are now well equipped to compare them to alternate

interconnect technologies. However, since so far our focus was primarily on global

interconnects for signaling, we start with giving a background on figures of merits for



Chapter 1: Introduction

16

clock distribution interconnects and prospects for metal-based interconnects for this

purpose. This discussion also serves as a motivation for optical interconnects for clock-

ing. Subsequently, we identify optical receiver as an important component for delay,

power and bandwidth of an optical link. We extensively model an optical receiver and

study its future delay and power trends under scaling. We also address the waveguide and

transmitter delays. Equipped with the models for all the constitutive components of an

optical link, we carry out an extensive comparison of optical interconnects with metal

based interconnects for both clock distribution and global signaling in terms of figures of

merit which are important to the specific application. Finally, in chapter 7 we draw

conclusions.
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Chapter 2

Tools for Realistic Interconnect Modeling

2.1   Introduction

In this chapter we discuss the required tools for realistic modeling of an important

interconnect parameter which, in turn, dictates many interconnect figures of merits as

discussed in the first chapter. This parameter is the resistance. The resistance of copper

(Cu) wires depends trivially on its dimensions as well as its resistivity. As will be seen in

detail in chapter 3 that the material resistivity of Cu (usually assumed to be constant) is

also likely to change (increase) with shrinking interconnect dimensions. This increase is

because of two primary effects: the barrier effect and the surface scattering effect.

In the first part of this chapter (section 2.2) we will deal with developing tools for

barrier effect modeling. Cu needs a four-sided barrier to prevent it from diffusing into the

neighboring dielectric and shorting the adjacent wires. This is usually a relatively high

resistivity material and takes area away from low resistivity interconnect cross section.

The area consumed by the barrier depends on both its profile as well as its minimum

thickness requirement. The barrier profile (conformal vs. non-conformal) depends on the
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specific deposition technique such as, Ionized Physical Vapor Deposition (IPVD) or

Atomic Layer Deposition (ALD). We obtain the barrier profile using our process simu-

lator SPEEDIE [1]. In section 2.2.1, we discuss the SPEEDIE model for IPVD and verify

it against experimental results (aluminum IPVD) to establish its credibility. Armed with

this confidence we will use the model to calculate the effect of barrier on future Cu

resistivity in chapter 3. The IPVD modeling, among other things, requires the knowledge

of an important curve called the sputter yield curve (discussed later in detail). This curve

is critical for modeling modern ion driven plasma deposition or etching systems, which

are extensively deployed in the manufacturing of current ICs. We use a high-density

plasma-chemical vapor deposition (HDP-CVD) based process to demonstrate the meth-

odology for extracting this curve (section 2.2.2). In addition to being useful for Cu

effective resistivity modeling, these models can be used to simulate different process

technologies and provide a handy tool for evaluating the potential of an equipment in

meeting the process requirements. In section 2.2.3, we briefly discuss the other barrier-

related factor, which impacts Cu resistivity i.e. minimum barrier thickness. Experimental

structures in the form of 3-D MOS capacitors were developed to establish barrier integ-

rity for varying thicknesses in a geometry similar to real interconnects.

In section 2.3, we address surface roughness of Cu films, which directly impacts

its resistivity through the surface scattering effect. Here, we explore the dependence of

surface roughness of Cu films as a function of various experimental parameters in a

metallo-organic chemical vapor deposition (MOCVD) process. The film roughness was

measured using atomic force microscopy (AFM). We finally summarize in section 2.4.
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2.2   Tools for Barrier Effect

2.2.1   IPVD Profile Modeling

2.2.1.1   Introduction

Ionized Physical Vapor Deposition (IPVD) [2], [3] is a popular metal deposition

technique, which has emerged due to a need to attain reliable metal contact/vias in high

aspect ratio damascene [4], [5] Cu processes.  The continued scaling of devices has led to

a consistent increase in the aspect ratio of contacts, vias, and trenches, as discussed in the

first chapter. IPVD, as an innovative extension of Physical vapor deposition (PVD)

process, presented a cost effective technique to achieve liner or barrier deposition in high

aspect ratio structures. In this process the sputtered neutral atoms from the metal target

are mostly ionized en route toward the wafer surface, using a RF coil. A directional

distribution of ionized metal atoms at the wafer surface is, subsequently, obtained by

accelerating them vertically using the plasma sheath. Such an anisotropicity of metal ions

leads to a better bottom fill for vias and trenches as compared to what is obtained with the

conventional Physical Vapor Deposition systems.

We model IPVD for the aluminum (Al) deposition process, as an example and

simulate the profile using SPEEDIE. The extension to barrier deposition process in the

next chapter is based on the credibility of these results. The modeled profiles are com-

pared with the experimental profiles for trenches of sizes 0.4, 0.65 and 0.8µm and for

vias of sizes 0.75 and 0.9µm. Maximum and minimum bottom fill for these structures are
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used as the means to obtain a quantitative comparison of the profiles. Maximum and

minimum bottom fills are defined as the maximum and minimum height, respectively, of

Al inside a trench or a via, as illustrated in Fig. 2.1a. On the basis of the accuracy of the

results, bottom fill projections are also made for 0.5 and 0.18µm vias, and for 0.3 and

0.18µm trenches.

Fig. 2.1: (a) Figure depicting the definition of minimum and maximum bottom film. (b)

Schematic of various components of flux in an IPVD process.

2.2.1.2   IPVD Process Modeling

IPVD process modeling can be divided into two parts: Equipment level and VLSI

feature level simulations. The current work focuses on the VLSI feature scale simulation.

Previous work has demonstrated that plasma deposition processes can be accurately

modeled using analytic flux calculations for trenches [6-11]. This effort extends the

previous work by incorporating a possibility of using general flux distribution functions
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for the neutral and ion species. It also extends the flux equations to include calculations

for contacts/vias. Additionally, the model incorporates the effects of high temperature

surface diffusion caused by substrate heating [12].

The components involved in the IPVD process modeling are illustrated in Fig.

2.1b. They include deposition by both neutral (nearly isotropic) and ionized (anisotropic)

metal particles. In addition, we also incorporate metal resputtering. If the incoming ions

have enough energy, they resputter particles previously deposited along the feature. The

resputtered particles, in turn, may re-deposit elsewhere on the VLSI feature or may re-

enter the gas. For sputtering ions having energy in the 100s of eV range, first collision

effects dominate resputtering. These effects result in a forward ejection distribution for

sputtered particles. Such a distribution can be approximated by nth power of a cosine

function; the defining axis of the distribution being dependent upon the incident ion angle

relative to the surface normal as shown in Fig. 2.1b [13], [14]. The current work uses an

ejection cosine distribution with n=1. This value is more accurate for the ions striking the

surface at small incident angles. The re-sputtered particles are followed to determine if

they re-deposit elsewhere on the surface and are accordingly taken into consideration for

flux calculations.

Film profile development is simulated by dividing the cross section of a trench or

a via into multiple segments. Three dimensional calculations for the gas phase fluxes,

shown in Fig. 2.1b for either via or trench, are used to integrate the total flux at different

points along the segments. The angular distribution functions for the neutral and ion

species, which are necessary for flux calculations, may be entered as measured data or

may be estimated from gas transport simulations. For the current work, a simple Monte

Carlo simulator was used to estimate the neutral and ion flux distribution. The local

deposition rate at each point on each segment is, then, set to
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rate =
(Sc *Γneut. ) + Γion( )− K sputter * Y(θave )* Γ ion( )+ Γredeposit( )+ (Γnet _diff . )

density
   cm/s  (2.1)

Where Γs are the local particle fluxes in #/cm2s and density is the Al film density

in #/cm3.  The net diffusion flux is calculated using a surface curvature driven diffusion

model appropriate below 350 °C [15], [16].  Sc is the sticking coefficient of the Al

neutrals and is defined as the probability that a neutral gas phase species impinging on

the substrate will remain on it.  Thus, 1-Sc represents the percentage of neutral species

that diffusely re-emit from the surface.  Because previous metal PVD processes have

shown negligible re-emission, a Sc of 1 is used [17], [18].  Ksputter is the energy depend-

ent sputter yield and is defined as the number of particles sputtered for each ion striking

the substrate at zero degrees relative to the surface normal.  It is estimated to be 0.2 from

the facet formations seen in Figs. 2.2 and 2.3.

Fig. 2.2: (a) SEM cross section image for 0.4µm trench after being deposited with Al

using IPVD.  (b) The simulated IPVD profile for a 0.4µm wide trench using

SPEEDIE.
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Fig 2.3: (a) SEM cross section depicting a 0.75 micron via after being deposited with

Al using IPVD under similar conditions as Fig. 2.2(a).  (b) The simulated pro-

file for a 0.75 micron wide via using SPEEDIE.

Y(θ) is the angle dependent sputter yield for ions striking the substrate. This curve

estimates the number of atoms sputtered per ion as a function of varying angle of inci-

dence. The model used in this work will be extensively discussed in section 2.2.2. This

model will be coupled with the data from ion beam measurements [19]. Y(θ) is normal-

ized such that Y(0) is 1.0.  Finally, θave is the angle between the incident ion and the

local surface normal as shown in Fig. 2.1b.

After the local deposition rates along the surface are calculated, the surface is ad-

vanced by a small time interval. This process is repeated until the final film thickness is

reached.  This class of simulator is referred to as a "3-2d" simulator. Such a nomenclature

reflects the fact that the gas phase flux calculations are performed in three dimensions for
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infinite trenches and cylindrical vias, but, the surface movement is accomplished on a

two dimensional cross sectional plane. 3-2d simulators have significant speed advantages

over full 3d simulators. Further, they use models and parameters, which are portable to a

full 3d implementation if such a study is desired for greater accuracy [20].

2.2.1.3   Experimental Considerations

We verified the simulation profiles against experiments. On one wafer, silicond i-

oxide (SiO 2) of thickness 1.15µm was deposited. Subsequently, multiple trenches of the

same depth were etched. On a second wafer, the deposition thickness of SiO2 was 1.3µm

and vias of the same depth were etched. Al was deposited in these microstructures using

IPVD. The depositions were performed with no substrate bias and at a temperature of

about 1000C. The experimental conditions used for the two wafers were identical except

for deposition times. The deposition time was such that it resulted in a flat surface film

thickness of 1.15µms on the wafer with trenches and that of 1.65µms for the wafer with

vias. On both wafers, the widths of the micro-structures were varied to give different

aspect ratio structures.  For trenches the widths were 0.8, 0.65, and 0.4µms and for vias

they were 0.9 and 0.75µms. Scanning Electron Microscopy (SEM) was used to get a

picture of cross sections of trenches and vias and to measure the maximum and the

minimum bottom fills.

2.2.1.4   Results and Discussion

Since the experimental conditions for all microstructures were the same except for

the deposition time, a uniform input file described by the parameters in the previous
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section was used to perform the simulations. The only variation in the input files was that

for trenches, the flat surface thickness was fixed to be 1.15µm, whereas for vias, it was

set to be 1.3µm. Fig. 2.2 shows a comparison between the simulation and the SEM cross

section for a 0.4µm trench. Fig. 2.3 depicts the comparison between a SEM cross section

and the simulation for a 0.75µm via. These are representative cross-sectional profile

comparisons.

From these figures, it is observed that the simulation and experimental profiles are

in good agreement.  Similar agreement in profiles was observed for trenches of widths

0.65 and 0.8µm and via of width 0.9µm. These results are quantified in the form of

bottom fills and are depicted in Figs. 2.4 and 2.5.

Fig. 2.4: (a) Comparison of the maximum bottom fills between the simulated and

experimental results for various trench widths and simulated projections for

smaller widths. (b) Similar comparison and projection for minimum bottom

fill for trenches.
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Fig. 2.4a shows a plot of experimental and simulated maximum bottom fill for

different trench widths.  It also includes a projection of fills for widths of 0.3 and 0.18µm

trenches. Fig. 2.4b is a similar graph except it plots minimum bottom fill.  In Fig. 2.5,

experimental and simulated results for maximum and minimum bottom fill are plotted

respectively in part (a) and (b) for different via widths. These figures also make projec-

tions of bottom fills for via widths of 0.5 and 0.18µms. All projections are made using the

same input file, thus, assuming the same experimental conditions.

Fig. 2.5: (a) Comparison of the maximum bottom fill between the simulated and

experimental results for various via widths and simulated projections for

smaller widths.  (b) Similar comparison and projection for minimum bottom

fill for vias.

The Root Mean Square (RMS) bottom fill error for simulated vs. experimental

data for structures down to 0.4µm is about 5%. Also, it is seen that for approximately

equal depths and widths of trenches and vias, trenches have larger fillings than vias. The

reason for such a difference is that via has a more restricted solid viewing angle at its

bottom.  Consequently, it collects less flux at its bottom than trenches.
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The slight faceting seen at the top corner of the deposited Al surface is caused by

the angle dependent sputter yield Y(θ). Since Y(θ) is higher at angles greater than zero,

facets tend to form on the top corners of deposition profiles [1], [6].  However, the facets

remain small because of a low incident ion energy. The bottom fill projections for

0.18µm trenches and contacts/vias show poor bottom fill.  This is because ion energy is

low and the resulting distribution could be broad. In case of a higher bias on the substrate,

the ions would become more directional in the plasma sheath. This directionality would

cause the bottom fill to increase.

2.2.1.5   Summary

The Al deposition profiles using IPVD process was accurately modeled and

simulated for VLSI trenches and contacts/vias having widths between 0.4 and 0.9µms.

The accuracy was established by comparisons against experimental results. Simulations

of minimum and maximum bottom fill for trenches and contacts/vias match experimental

data to within a 5% RMS error. Having, thus, established the credibility of this simulator

and model, we will use this IPVD model along with previously verified PVD and colli-

mated PVD models to deduce barrier profiles and evaluate its impact on Cu resistivity for

interconnects. We, next, examine in detail the extraction methodology of the critical yield

curve, whose model was used in above simulations.



Chapter 2: Tools for Realistic Interconnect Modeling

30

2.2.2   Method for Angular Sputter Yield Extraction

2.2.2.1   Introduction

An angular sputter yield curve is critical for all plasma-based processes, which

utilize ions. In this section we use High Density Plasma Chemical Vapor Deposition

(HDP CVD) as a prototype for studying this curve, while keeping in mind that a similar

curve can be used in IPVD model. HDP-CVD is an oxide deposition process of signifi-

cant importance. It is primarily useful for gap-fill in higher aspect ratio processes. In this

process the oxide is sputter-etched by incoming moderately high-energy ions (primarily

argon ions), as it is been deposited through chemical vapor deposition (CVD) [21]. Such

re-sputtering has the potential of preventing pinch off and the subsequent void formation.

Gap fill process is further aided by re-deposition and a consequent redistribution of the

sputtered oxide inside the microstructures. In HDP-CVD, ions play a crucial role in

determining the final topography of oxide. Their energy and incidence angle with respect

to the surface normal determines the amount and the direction of the re-sputtered oxide

molecules, which, in turn, effects the surface profile.

The sputter yield of a material, as was hinted before, is a function of both ion en-

ergy as well as its angle of incidence. Extensive experimental data on the dependence of

yield on ion energy at normal incidence, including that of argon on SiO2, has been

acquired [22], [23]. Various theoretical models and simulation programs, although

focusing on single atomic species, have also been developed to predict dependencies of

yield on ion energy [24-26]. The current work, however, focuses on examining the effect

of varying ion incidence angle on the sputter yield of SiO2. This is a critical parameter

for most ion-based processes for accurate profile predictions.
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We introduce a novel method for obtaining the angular sputter yield curve. The

yield extraction method constitutes the usage of a new test structure. The usefulness of

this structure arises because its shape enables the simultaneous extraction of key model-

ing parameters in the form of etch rates at crucial angles as well as the maximum and

normal incidence etch rate. These parameters ultimately lead to the angular yield curve.

The test structure is fully compatible with semiconductor manufacturing and requires no

equipment modification. The extraction methodology as well as its applicability to a

specific process condition is demonstrated in an example. Finally, the extracted yield

curve is compared with angular yield curves in the literature.

2.2.2.2   Yield Extraction and Modeling

The first step in the extraction of the yield curve is the preparation of the test

structure. This structure, having SiO2 at the top, is then sputter-etched in an HDP-CVD

reactor. Post sputter-etched oxide topography is used to extract key parameters, which

determine the closely related angle dependent etch rate curve. This curve is, then, used to

determine the yield curve. Finally, the validity of the yield curve is ascertained by back

simulating the test structure oxide topography using this curve on SPEEDIE. The method

for obtaining and validating the yield curve is summarized by means of a flow chart in

Fig. 2.6.

The angular sputter yield is closely related to the angle dependent etch rate. Sput-

ter-etch rate of a material at any given angle is proportional to the product of the total

number of ions and the ion yield (the number of atoms sputtered per ion) at that angle.

This relationship can succinctly be given by  
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R(θ) =
Γi0 * cos(θ)*Y(θ)

Density
 (2.2)

Here, θ is the angle that the normal of the local surface makes with respect to ion

direction (ions are assumed to have no spread), R(θ) is the etch rate at the local sur-

face, Γ i0 * cos(θ)  is the ion flux normal to the local surface, Y(θ) is the angular yield and

density is the density of oxide.

Fig. 2.6: A flow chart depicting the sequence of events required to extract the angular

sputter yield curve under the proposed extraction methodology.

Various, physically based, fitting formulae pertaining to the yield curve have been

presented before [26], [27]. In this work, we present a simple model for the etch rate

curve, which can be completely and accurately determined by experiments. We, subse-

quently, derive the yield curve from it. The angle dependent etch rate is modeled by two
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parabolic functions: one having an upward concave and the other having a downward

concave curvature. These two functions have the following mathematical representation.

                                       R1 = b * θ2 + R0  (2.3)

                                       R2 = Rmax − c(θ − θmax )2  (2.4)

 where,                          c =
Emax

θ 0 − θmax( )2       (2.5)

Here, R’s are the variables representing the etch rate, Rmax is the maximum etch rate, R0

is the etch rate at normal ion incidence, θmax is the angle at which the maximum etch

rate occurs and θ0 is the angle after which there is no etching (Fig. 2.7a). These parame-

ters completely determine the parabola with a downward concavity and half determine

the concave up parabola. The value of the parameter b would completely determine the

concave up parabola. This value is determined by forcing the slopes of the two parabolas

to be equal, thus, ensuring only one intersection point between them. The combination,

thus obtained, represents a typical etch rate curve and the four parameters ensure the

uniqueness of it. These four parameters along with a sample etch rate curve are depicted

in Fig 2.7b.

The processing of the test structure is relatively simple and is summarized in Fig.

2.8. It involves an anisotropic etch of poly-crystalline silicon (referred hence forth as poly

silicon), followed by an isotropic oxide etch to give poly silicon overhangs. This step is

followed by the overhang etch which also results in etching of the base silicon. Subse-

quently, a conformal poly silicon is deposited which, in turn, is followed by the final step

of conformal oxide deposition. The exposed oxide cross section is approximately semi-

circular in shape and presents all angles for etching with a narrowly spread ion

distribution.
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Fig. 2.7: (a) Depiction of extraction of the four critical parameters from the initial and

final test structure profiles. (b) Etch rate curve obtained by fitting two para-

bolic functions. Figure also depicts the critical parameters which completely

determine the curve.

The comparison of oxide profile on the test structure before and after performing

a sputter-etch in the HDP-CVD system renders the four parameters earlier identified as

being critical for a complete determination of the etch rate curve. Fig. 2.7a is a graphical

representation showing the extraction mechanism of these parameters. The parameters

identified were R0, Rmax, θmax and θ0. R0 is determined by knowing D0, the distance

etched on the flat top surface and the etch time. Rmax/R0 = Dmax/D0 yields the value of

Rmax; θmax and θ0 can be directly measured from the final profile. The angular etch rate

curve is finally divided by the etch rate at zero degrees (R0) to obtain the normalized etch

rate curve.
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Fig. 2.8: Pictorial depiction of various steps involved in the preparation of the test

structure.

Normalized yield at an angle, defined as the total yield per ion at that angle di-

vided by the yield at zero degrees, was obtained from the normalized etch rate curve.

From Eq. (2.2) it follows that

                                       
R(θ)
R(0)

= cos(θ) *
Y(θ)
Y(0)

 (2.6)

Thus, dividing the normalized etch rate curve by cos(θ)  leads to the normalized yield

curve. Fig. 2.9 shows both the normalized etch rate and yield curves on the same graph.

The normalized yield curve and other input parameters corresponding to the ex-

perimental conditions along with the geometry of the oxide test structure are put in the
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input files of SPEEDIE. A good match between the simulated and the final experimental

profile for the test structure validates the angular yield curve. If the simulated profile is

different from the experimental profile, the yield curve parameters are modified slightly

and the structure is re-simulated. This variation in yield parameters is based on the

physical understanding of the effects of such variation, keeping the objective of matching

the experimental profile in perspective. The process is iterated until a reasonable agree-

ment between simulated and experimental final oxide profile is achieved. The normalized

yield curve is thus obtained and verified.

Fig. 2.9: Figure depicting both normalized etch rate and yield curves on the same graph

emphasizing the difference between them due to a factor of cosine.

2.2.2.3   Experimental Results

The above described yield curve extraction methodology was implemented for

particular experimental conditions. First, the test structure was prepared according to the

procedure outlined in the previous section. The intermediate oxide layer thickness of the
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test structures was 4.2µm. The original poly silicon opening to perform the isotropic

oxide etch was 8µm. This was deliberately kept large to minimize the redeposition

effects. The Scanning Electron Microscopy (SEM) pictures depicting partial view of the

test structure is shown in the Fig. 2.10. A poly silicon overcoat has been used to enhance

the contrast of the SEMs. It can be observed from Fig. 2.10 that the poly silicon overhang

etch also resulted in the slight etching of silicon, marked on the SEM as a notch.

Fig 2.10: SEM depicting the partial view of the test structure.

The test structure was put in an HDP-CVD chamber with the oxygen flow turned

off. The source power and the substrate bias power were 1500W and 1000W respec-

tively. The  substrate bias was about -150 Volts. The pressure was kept to 3-4mTorr and

the flow rate was 440sccm of argon. The sputter-etch was performed for 2 minutes. Fig.

2.11a and b show the SEM pictures of the test structure before and after sputter-etch.

Notch in the test structures

Partial View Full View
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Fig. 2.11: (a) SEM depicting the test structure before sputter-etch. (b) Same test struc-

ture after sputter-etch was accomplished.

 The initial and the final experimental oxide profiles of the test structure were,

next, superimposed to get the critical parameters for the etch rate curve according to the

procedure outlines in previous section (Fig. 2.7a). It was observed that under above

experimental conditions Rmax/R0, the ratio of the maximum etch rate to the etch rate at

the flat surface, as measured from Dmax/Dmin is 2.05, the angles θmax and θ0 are 48o and

75o, respectively. Angle θ0 was measured at the point where the initial and the final

profile were approximately the same, hence, corresponding to a position where no

etching occurred (Fig. 2.7a). These parameters yielded a normalized etch rate curve

shown in Fig. 2.12a. The normalized angular yield curve was derived by dividing the etch

rate curve by the cosine factor from Eq 2.6, and is shown in Fig. 2.12b.
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Fig. 2.12: (a) Normalized etch rate curve as extracted from the experiments. This curve

corresponds to Rmax/R0 = 2.05, θmax = 48o, θ0 =75o. b) Corresponding normal-

ized yield curve as a function of angle of ion incidence.

The ratio of maximum yield to the yield at normal ion incidence (Ymax/ Ymin) =

3.4, the angle at which the maximum yield occurs (θmax)= 48o, The cut off angle beyond

which no sputtering occurs (θ0) =75o. These parameters corresponded to the experimen-

tal conditions described above; specifically, for a substrate bias of -150V.

The normalized yield curve obtained above along with other appropriate experi-

mental conditions were used for simulating the test structure geometry using SPEEDIE.

The initial and the final simulated profiles are shown in Fig. 2.13a. Fig. 2.13b shows the

initial experimental profile and the profile obtained after sputter-etch for the test struc-

ture.
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Fig. 2.13: (a) SPEEDIE simulated oxide topography using the extracted angular sputter

yield curve. Figures show the initial and the final oxide topography. b) The

experimentally obtained initial and final oxide topography.

On comparison of Figs. 2.13a and b, it can be observed that the simulated oxide

final profile obtained using the extracted yield curve is in reasonable good accordance

with the experimentally obtained final profile. This similarity between simulations and

the experiment validates the extracted yield curve. Thus, Fig. 2.12b indeed corresponds to

the normalized yield curve at the given experimental conditions.

2.2.2.4   Discussion and Comparison with Previous data

The proposed extraction methodology presents a possibility of error in the yield

curve because of neglect of the redeposition of the sputtered oxide. However, this error

was minimized by using a wide opening (8µm) test structure.
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The normalized angular yield curve for the argon sputter of SiO2 along with the

etch rate curve obtained under these conditions are compared with such curves obtained

previously with different methodologies [19], [28]. These comparisons along with

corresponding ion energies are shown in Fig. 2.14. For the current work the ion energy is

estimated to be about 285eV, while in reference 19 and 28, they are given to be 300 and

575eV respectively.

The maximum sputtering ion energy of 290eV corresponding to an average en-

ergy of approximately 285eV was estimated from the measured dc bias of 150V as

follows [29]. Using the measured ion density of about 1e12 cm-3, the electron Debye

length was calculated to be approximately 0.015mm. Also, using the dc bais, the ampli-

tude of the rf voltage was calculated to be approximately 140V using [30]. This gave a

sheath thickness of about 0.2mm using the Lieberman formulation for a capacitively

driven sheath [30]. The sheath thickness will be slightly higher if it is calculated using the

Child-Langmuir sheath formulation. Using the sheath thickness and the dc bias, the ion

transit time in the sheath was calculated from an average formulation given by Barnes et.

al. [31]. The ion transit time of about 13.4ns leads to the ratio of the ion time and the rf

period (13.5 MHz) to be about 0.18. Barnes et al. have shown that this ratio corresponds

to a two-peaked bimodal distribution for ion energy. The first peak occurs at energies of

the order of electron temperature, and the extent of the second, dominant, peak corre-

sponds to an energy equal to the sum of dc bias and rf voltage amplitude. Thus, the

maximum energy of the second peak was around 290eV. This fact was supported by our

Monte Carlo simulator [32]. Since the threshold energy for sputtering of SiO 2 is more

than the first peak, it is safe to assume that most of the sputtering is done by the higher

energy peak. Finally, the spread of the distribution given by full width at half maximum

was about 15eV (273-288eV) from our Monte Carlo simulator, with the maximum ions at

285eV, giving a reasonably tight distribution. Hence, the ions can be treated as mono-

energetic at about 285eV for sputtering purpose only.
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Fig. 2.14a shows the comparison for the etch rate curve, while 2.14b depicts the

comparison for the yield curve. For comparison the etch rate curves were directly taken

from the literature [19], [28] and normalized, while the normalized yield curves were

extracted from the etch rate curves given in the literature by dividing by a factor of

cosine.

Fig. 2.14: (a) Comparison of normalized (a) etch rate and (b) yield curves for sputtering

of SiO2 using different methods. The biases used for different methods were

also different.

The different ion energy used in these works contributes to a difference in the

above curves. The two figures extracted from reference [19] and [28] show that as the ion

energy is increased the peak for etch rate occurs at higher angles. The yield and etch rate

determined in the current work fits into this trend. The ion energy of 285eV was lowest

among all the compared works and the corresponding peak occurred at the lowest angle.

Another reason contributing toward the slight discrepancy between curves could be

because of the phenomena of plasma induced charging. The charging behavior will be

vastly different in our experiment and the ones done with ion beam [19]. This occurs
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because the low energy ions due to bimodal peak in our experiments (absent in ion beam

experiments), although, don’t contribute toward sputtering directly, can play a significant

role in plasma charging.

2.2.2.5   Summary

The accuracy of angular sputter yield curve, since it has a significant impact on

profile evolution, is essential for plasma processes such as IPVD and HDP-CVD. We

have developed an extraction methodology for this curve. This curve is potentially useful

for our IPVD simulations above, and also, in general, for processes involving ions. Note,

that for IPVD simulations above we used the same model for yield curve as described in

above section, however, got the critical parameters using ion beam data [19].

2.2.3   Minimum Thickness for Cu Diffusion Barrier

The experiments were designed to quantify minimum barrier thickness for Cu as

well as study the barrier property differences at the sidewall vs. the bottom of trenches.

These structures utilized a 3-D trenched MOS Capacitor with the gate constituting of the

barrier followed by Cu. The idea is to bias temperature stress (BTS) the barrier to observe

the shift in flat band voltage of the MOS capacitors due to injection of Cu ion into the

gate oxide. Since the aspect ratio of the trench was varied from a large to a small value,

thus, varying the ratio of the sidewall to the bottom contribution, these structures can give

us a good measure of the barrier property at the sidewall vs. the bottom. Because this

experiment is a subject for future work, the design of the structures involved in it, along

with mask and processing steps are discussed in detail in Appendix A.
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2.3   Tools for Surface Scattering Effect: Cu Surface

Roughness studies

2.3.1   Introduction

Cu is commonly deposited in modern IC interconnect dual damascene stacks by

means of a process called electroplating. However, a conductive Cu layer is required for

plating. Metallo-Organic Chemical Vapor Deposition (MOCVD) is a possible means for

conductive/seed layer deposition. The surface morphology of the seed layer is critical as

they may dictate the nature of electron surface scattering, which in turn, will effect the Cu

resistivity as the dimensions shrink (Chapter 3).  The study of roughness of these films is

also important as smoother films have been reported to give larger grains and a stronger

(111) texture for plated Cu [33]. Both these properties in plated Cu help reduce electro-

migration.

Here we examine the effect of deposition pressure and temperature on the rough-

ness of MOCVD Cu films. We also quantify the trend for roughness as a function of

thickness of the film. Further, as an attempt to understand the mechanism of surface

roughness, we examine the correlation of roughness to nucleation delay, defined as the

time to initiate continuos, layer by layer growth. With above purpose, we also study the

step coverage of Cu in trenches at various temperatures to establish if shadowing effects

during film growth contribute to the observed roughness trend with temperature. From

bottom step coverage measurements and using a constant sticking coefficient model in
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the process simulator SPEEDIE, the sticking coefficient for MOCVD Cu is determined at

various temperatures.

2.3.2   Experiments

The experiments were performed in a CVC, Connexion ®  MOCVD, 8 inch,

cluster tool module using CupraSelect as the metallo-organic, liquid, precursor [34]. The

precursor metered by a liquid pump evaporates in the vaporizer and enters the chamber

through the showerhead along with the carrier gas. The precursor flow rate was fixed at

0.2 cc/min. In the first set of experiments, the pressure was fixed at 2Torr and the wafer

temperature was varied from 1750C to 2500C in steps of 150C. In the second set of

experiments, the pressure was varied from 0.5 to 2Torr at two temperatures: 1750C and

2350C. For each set of conditions, three different deposition times were examined. All Cu

films were deposited on 500 angstroms of PVD TaN films. Finally, trench structures

were etched in SiO 2. TaN followed by CVD Cu was deposited in them at 2Torr and at

temperature varying from 1650C to 2650C to characterize the step coverage.

2.3.3   Results and Discussion

The slope and the x intercept of the plot of thickness vs. time gives the deposition

rate and nucleation delay, respectively. These are plotted in Figs. 2.15 and 2.16 as a

function of temperature. The deposition rate shows an Arhenius type of relation at low

temperatures but saturates at higher temperatures possibly because of transition to the

mass transport limited regime. Nucleation delay increases with temperature indicating a

decrease in nucleation rate with increasing temperature.
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Fig. 2.15: Deposition rate vs. 1000/T showing saturation at high temp. due to transition

to mass transport limited regime.

Fig. 2.16: Plot showing an increase in nucleation delay with temperature but little

difference at high temperature.
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Atomic Force Microscopy (AFM) pictures at 1750C and 2350C are shown in Fig.

2.17 and 2.18, respectively. The pictures at larger thickness and temperature depict

rougher films. The plot of root mean square (rms) roughness with thickness, extracted

from AFM, for all temperatures at 2Torr is shown in Fig. 2.19. The figure shows that

roughness increases linearly with thickness in the observed range of about 200nm to

1µm. The normalized rms roughness (roughness per unit thickness), as shown in Fig.

2.20 increases from 2.8% at 1750C to 3.7% at 2300C, with the rate of increase being

higher at higher temperatures.

Fig. 2.17: (a) AFM image of MOCVD Cu deposited at 1750C and corresponding to

average thickness of 180nm. (b) Same temperature but average thickness of

795nm.

(a) (b)
(a) (b)
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Fig. 2.18: AFM image of MOCVD Cu at 2350C temperature and 1.25µm average

thickness.

Fig. 2.19: Plot of rms roughness vs. thickness at temp. from 175 to 2350C at 2Torr

pressure.
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Fig. 2.20: Plot of normalized roughness vs. temperature showing a higher rate of in-

crease at higher temperature.

An increase in nucleation delay at higher temperatures could possibly explain this

trend. However, at higher temperature the change in nucleation delay is insignificant

compared to the corresponding change in roughness, suggesting a more important factor

at work. One possibility is temperature dependent shadowing effect in which the thicker

parts of the film truncate the flux view angle to the adjacent thinner parts, thus, reducing

flux at thinner areas. A resulting greater growth rate at thicker areas, thereby, exacerbates

the difference in the heights and increases roughness. The discrepancy in fluxes is

lessened by a temperature dependent diffuse reemission. In this case, reemission, charac-

terized simplistically by a constant sticking coefficient, may decrease (sticking

coefficient increases) at higher temperature making shadowing more severe and increas-

ing roughness.

Fig. 2.21 shows SEMs for Cu step coverage in a 3.6 aspect ratio trench deposited

at 165 and 2650C. Deposition at 2650C shows less bottom step coverage. Fig. 2.22
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quantifies the deterioration of bottom step coverage with temperature. By profile match-

ing between SPEEDIE and experiments, the sticking coefficient vs. temperature was

obtained and is plotted in Fig. 2.23. A constant sticking coefficient and a single precursor

was assumed. The profile matching was within 10% rms value. Fig. 2.24 shows an

example of an experimental profile at 2200C and its corresponding matched SPEEDIE

profile. The sticking coefficient increases from 0.01 to 0.11 as temperature increased

from 165 to 2650C, possibly causing an increase in roughness with temperature.

Fig. 2.21: (a) and (b) SEM showing step coverage of MOCVD Cu at 165 and 2650C,

respectively.

The trend of increase in sticking coefficient (Sc) with temperature is opposite to

the commonly observed reduction in Sc with temperature. Usually, because of an increase

in the surface energy of atoms at higher temperature, high energy tail of the distribution

can overcome the binding energy and come off. However, in our case a higher tempera-

ture may facilitate a higher reaction rate (reaction limited process), thus decreasing the

surface coverage. This, in turn, will lead to a higher Sc at a higher temperature.

(a) (b)
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Fig. 2.22: Bottom step coverage of MOCVD Cu film in a 3.6 aspect ratio trench at

different temperatures.

Fig. 2.23: Sticking coefficient (Sc) derived using constant Sc model in SPEEDIE and

experimental results.
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Fig. 2.24: Figure showing an example of profile matching between SPEEDIE and

experiments to obtain Sc at 2200C and 2Torr.

Finally, roughness with thickness at other pressures was studied. These results are

shown in Fig. 2.25. Below 2Torr, roughness still increases with thickness, but the trend

exhibits a deviation from linearity. Although highest pressure of 2Torr seems to give least

roughness, in general, pressure does not seem to effect roughness substantially.

Thus, with the motivation of minimizing surface roughness to reduce its effect on

scattering dependent increase in Cu resistivity, we have explored the effect of tempera-

ture and pressure on surface morphology. Although, the correlation between surface

roughness and degree of elastic scattering is not quantified per say in this work, it is well

known that such a correlation does exist (chapter 3). Hence, it is imperative to minimize

Cu film roughness.
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Fig. 2.25: The plot of rms roughness vs. thickness at various temperatures and pressures.

2.4   Summary

In this chapter, we have explored some of the tools necessary to get a realistic as-

sessment of Cu resistivity in the future. These fall in the broad category of barrier and

surface scattering effect. For barrier effect, adequate SPEEDIE models exist for all

barrier deposition processes, except IPVD. Here we develop IPVD process. After dis-

cussing the IPVD model and verifying it with experiments, we delve into greater detail

on one the important curves needed for IPVD modeling, i. e. the sputter yield curve. We

use a model for this curve and suggest a test structure, which can efficiently extract the

parameters required for the curve. We demonstrate this methodology with HDP-CVD

process, which is only used as a prototype. Although, the IPVD simulations themselves

use the exact same sputter yield curve model, the parameters for the curve in its case
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were obtained from elsewhere. However, they can very well be obtained from the test

structure suggested above. Although, the entire process modeling developed in this

chapter is specifically used for Cu resistivity assessment in future, it can also be very

useful for studying other aspect of process development related to feature scale profile

evolution.

Finally, we study the most important parameter related to surface scattering of

electrons in Cu: surface roughness. The surface roughness dictates the degree of elastic

collisions of electron. Elastic collisions do not effect the resistivity (Chapter 3). We

quantify the dependence of Cu seed layer roughness using the prevalent MOCVD depo-

sition technique and also perform experiments to understand the reasons for roughness as

a function of various process parameters. This understanding will be useful to minimize

it.
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Chapter 3

Realistic Resistance Modeling for Future

Copper Interconnects

3.1   Introduction

Several mitigating solutions, with varying degree of effectiveness and penalties,

have been proposed at the physical design, circuit and materials level to tackle the

increasing concern due to interconnects. The physical design level approach is to pro-

gressively increase the number of wiring levels in the future. This leads to more relaxed

dimensions for longer wires at the top metal levels. However, an excessive growth in

metal levels increases process complexity and cost. At the circuits’ level, among other

solutions, inserting periodic repeaters serves as a powerful tool to mitigate the increase in

line delays [1]. However, repeaters have the penalty of increasing area and power con-

sumption. Finally, the materials based solution constitutes replacing aluminum and

silicon-di-oxide (SiO 2) with copper and low dielectric constant (low-k) materials, respec-

tively. This material set replacement helps increase the speed of interconnects by

reducing resistance and capacitance per unit length, with Cu having an added benefit of
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better electromigration properties to handle increasing current densities. However,

because these solutions only partially solve the interconnect problem and have penalties,

they are likely to only extend the life of the existing paradigm by a few years. It is critical

to accurately assess both the efficacy of these solutions as well as evaluate their penalties.

This assessment will help determine the need and the required time frame for alternative

solutions (such as asynchronous timing and 3-D technology) in order to keep up with the

Moore’s law.

In the past, various attempts to estimate the performance gains arising from new

solutions have been made [2]. However, a realistic assessment on the prowess, limitations

and the life of these innovations, which accounts for technological and reliability induced

practical constraints, has, thus far, not been adequately addressed. The primary goal of

this chapter is to estimate the impact of both technology and certain reliability dependent

factors on interconnect resistance. The only aspect of reliability relevant in this work is

copper diffusion into neighboring dielectric. The interconnect effective resistivity is a

critical parameter in evaluating the performance and penalties in the light of aforemen-

tioned innovations. Falsely exaggerated performance can be predicted using ideal Cu

resistivity. Various levels of technological achievements are assumed to evaluate future

resistivity and resistance trends. The realistic copper resistivity is also compared with

realistic aluminum resistivity to evaluate true Cu performance advantage.

We start of by discussing the motivation for practical resistivity modeling in sec-

tion 3.2. Section 3.3 and 3.4 discuss the underlining theory for such modeling and the

simulation methodology respectively. Section 3.5 addresses results in the form of effec-

tive copper and aluminum resistivity trends in the future. The results obtained are

compared and discussed for global, semiglobal as well as local tiers. Finally we summa-

rize and conclude in section 3.6.
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3.2  Motivation for Modeling with Practical Constraints

With the advent of copper technology, there is a danger of a simplistic, ideal, in-

terconnect resistivity assumption of 1.7µΩ-cm for performance and design constraint

determination. Even the international technology roadmap for semiconductors ITRS’99

assumes the effective resistivity of copper to be relatively constant at 2.2µΩ-cm [3] with

scaling in the future. In fact, it assumes that technological solutions will be found to bring

this value back down to about 1.8µΩ-cm after year 2008 [3]. In reality, interconnect

stacks are complex structures, hence, lead to non-trivial resistivity values which are not

only different from simplistic room temperature values, but are highly variable depending

on the dimensions, technology and reliability criteria. A systematic quantification,

inclusive of these practical constraints, thus, becomes imperative to predict accurate

future resistivity trends.

With aggressive scaling suggested in ITRS ‘99 (Fig. 3.1), dimension dependent

effects, begin dramatically influencing interconnect resistivity. The extent of dimensional

role in resistivity is dictated by technological constraints. Among the dimensional effects,

two which have the most impact in increasing effective resistivity, are the effects of

current carrying electrons getting scattered from interfaces [4], [5] and grain boundaries

[6], and the fractional reduction in the copper cross section area owing to a non-

negligible area consumed by the highly resistive diffusion barrier. The effective resistiv-

ity is defined as the resistivity which would enable calculations assuming a consummate

occupation of the designated interconnect cross section area by copper and can be trivi-

ally used in performance/circuit/design calculations without concerns of barrier.
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Fig. 3.1: ITRS ’99 dictated dimensions for local, semi-global and global interconnects.

Aforementioned effects are heavily controlled by certain technology and reliabil-

ity dictated parameters, specifically, 1) the interconnect operation temperature, 2) the

interface quality between the barrier and copper, 3) minimum barrier thickness require-

ment and the 4) cross sectional barrier profile in the interconnect. Interconnect

temperature will be determined by the advances in the low thermal resistance packaging

technology and the ability to technologically engineer a low dielectric constant material

with good heat conduction properties. Interface quality, on the other hand, could be

determined by technological factors such as pre-deposition surface treatments [4] as well

as deposition process conditions which may dictate the extent of mono-layer wetting,
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consequently, the surface roughness at the interface [7]. We characterized both the

nucleation delay (related to monolayer wetting) and surface roughness in the previous

chapter. Minimum barrier thickness requirement is dependent on, technologically engi-

neered, barrier integrity and reliability and in usual case of dual-damascene integration is

determined at the via layer. However, in this work we assume this to be optimistically

determined at the metal wire layer. Finally, the barrier profile is influenced by the choice

of deposition technology. The various possibilities include Atomic Layer Deposition

(ALD), collimated Physical Vapor Deposition (cPVD) and Ionized Physical Vapor

Deposition (IPVD).

The barrier and the surface scattering effects would become increasingly domi-

nant in the future. The barrier does not scale as rapidly as the interconnect dimensions

because of reliability constraint. This will lead to a progressively larger fraction of the

cross section area being occupied by the high resistivity barrier, thus, an increase in

effective resistivity of the interconnect stack. On the other hand, with dimensional

shrinkage, the bulk mean free path of electrons will become comparable to the wire

dimensions, leading to a non-negligible scattering rate from the interface. To compound

the problem, the operational temperature is also likely to rise owing to a larger chip

power density in the future. The interconnect temperature may further rise because of an

increase in self-heating of interconnects [8] arising from both a higher current density and

use of poor heat conducting, lower dielectric constant materials. It is instructive to note

that each of the above two effects could act uniquely/differently on aluminum and copper

and may rescind the advantages of copper in the future. The remaining part of the chapter

focuses on modeling above effects and establishing reliable resistivity future trends as a

function of different barrier deposition technologies and thickness, operational tempera-

tures, and barrier/copper interface quality. In modeling the electrons scattering effect,
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grain boundary scattering is not included in this work. It will only serve to further in-

crease effective resistivity and degrade interconnect performance.

3.3   Theoretical Background

The rapidity of increase in resistivity with dimensional shrinking specifically due

to electron surface scattering effect depends on the interconnect operation temperature

and on the copper/barrier interface quality. Operational temperature not only directly

impacts resistivity by dictating phonon density, thus, the electron collision probability

with phonons, it also, in so doing, dictates the relative importance of electron collision

with surface compared to bulk phonons. At a high temperature, for same dimensions, the

surface scattering effect will be less; however, the bulk resistivity would be higher.

Interface quality, on the other hand, determines resistivity by dictating the extent of

elastic collisions suffered by electrons at the interface. Elastically scattered electrons do

not contribute to increase in resistivity since, upon collision, they conserve momentum in

the direction of the current flow. The fraction of electrons, which suffer elastic collisions

at the interface resulting in specular scattering, is modeled by an empirical parameter, P,

which varies between 0 and 1. A P value of 1 does not change copper resistivity,

whereas, P value of 0, signifying complete diffuse scattering, has the most detrimental

effect on resistivity. This effect is schematically depicted in Fig. 3.2.

The mathematical formulation governing the theory of scattering from the sur-

face/interface has been comprehensively dealt with before [9]-[11], and results in the

following equation for surface scattering dependent resistivity, ρs.
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   (3.1)

Here, ρ0 is the bulk resistivity at a given temperature, X is the integration variable, λmfp is

the mean free path in the bulk film at a given temperature, d is the smallest film thick-

ness, and k is the ratio of thickness to bulk mean free path (d/λmfp).

 Fig. 3.2: Schematic showing electron surface scattering and the parameter, P, used to

characterize the interface quality.

As expected, Eq. 3.1 indicates that ρs/ρ0 is greater than 1. k is a critical parameter,

which brings in both dimensional and an implicit temperature dependence. Eq. 3.1 also

indicates that a smaller k value would lead to a larger surface dominated resistivity. At

higher temperatures, bulk mean free path will be smaller, hence, k will be larger, leading

to a smaller ρs/ρ0 value. However, ρ0 is larger to begin with at higher temperatures. An

interesting observation with regards to a comparison between copper and aluminum is
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that for materials with higher intrinsic resistivity, hence, smaller mean free path, the

effect of dimensional shrinking will be subdued owing to a larger value of k.  Conse-

quently, copper with a smaller intrinsic resistivity would be more heavily influenced by

surface scattering than aluminum.

The barrier dictated increase in resistivity would be directly dependent on the area

occupied by it. The extent of fractional area consumed by the barrier for a given inter-

connect dimension would be determined by both the minimum barrier thickness

requirement and the barrier profile. The minimum barrier thickness will depend on the

effectiveness of the barrier to stop copper diffusion, whereas, the barrier profile will be

dictated by the barrier deposition technology. A highly conformal barrier technology such

as ALD, would minimize the barrier area, whereas, less conformal PVD based technolo-

gies would require thicker barrier at most points to ensure minimum thickness at the least

coverage points, leading to a larger cross-sectional barrier area. This effect is illustrated

in Fig. 3.3.

Fig. 3.3: Schematic interconnect cross section, depicting the effect of barrier deposition

technology on profile.
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The less conformal technologies will become increasingly unsuitable in the future

as their ability to ensure minimum coverage on higher aspect ratio wires will steadily

deteriorate [14]. The equation governing the barrier dictated resistivity is

        (3.2)

Here, ρb is the effective resistivity because of barrier, ρ0 is the bulk resistivity at a given

temperature, Ab is the area occupied by the barrier, AR is the aspect ratio and w is the

width of the interconnect. Eq. 3.2 assumes no conduction through the barrier. This is a

reasonable assumption since the barrier resistivities can be of the order of 100s of µΩ-cm

compared to single digit copper resistivity. From Eq. 3.2 it is obvious that as Ab in-

creases, ρb increases. As far as comparison between copper and Aluminum is concerned,

since Al does not need a four-sided barrier, this effect would degrade Cu resistivity a lot

more.

3.4   Resistivity Simulation Methodology

Resistivity trends were evaluated using ITRS ‘99 dictated future interconnect di-

mensions. The calculation methodology is depicted by means of a flow chart in Fig. 3.4.

For estimating the barrier effect on effective Cu resistivity, we started with simulating

barrier profile as a function of different technologies using our process simulator

SPEEDIE.  SPEEDIE is capable of simulating deposition profiles arising from diverse

deposition technologies. Further, the IPVD model, which builds on the existing PVD

models was developed in the previous chapter. In this work, profiles using PVD, c-PVD,
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IPVD and ALD were simulated on ITRS dictated dimensions from year 1999 (180nm

node) to the year 2011 (50nm node) at local, semiglobal and global tiers. The deposition

time was varied for each of the simulated geometries until the required minimum barrier

thickness was obtained inside a given geometry. Two different minimum thicknesses of 5

and 10nm were used. Various input parameters for SPEEDIE corresponding to various

deposition conditions were estimated based on the knowledge of the physical mechanism

of the processes and the literature documented values of the parameters. For example, for

all the deposition processes, the sticking probability of neutrals atoms (barrier material)

on the surface was taken to be 1 [13], [14]. The distribution of neutrals was assumed to

be slightly more directional than isotropic and was modeled by a cosine to the third

power (cosine being perfect isotropic). If ions were present in a process they were

assumed to be completely directional. The yield curve which quantifies the number atoms

sputtered per incoming ion was obtained using the model described in the previous

chapter [15]. The ionization fraction for IPVD was assumed to be about 85%, which is

reasonably common in current plasma based IPVD systems. Using the SPEEDIE gener-

ated barrier profiles coordinates, the actual area consumed by the barrier was obtained for

each technology node and tier. Subsequently, Eq. 3.2 was used to calculate the barrier-

dictated resistivity. The last two steps were done by using commercial numerical soft-

ware package, MATLAB. PERL script was used to interface SPEEDIE with MATLAB.

For aluminum interconnects, only a 5nm barrier at the bottom is considered in these

simulations, as is commonly used for aluminum texture development. The methodology

used here is independent of the barrier material as the barrier is assumed to support no

current. Also, the deposition profile is believed to be independent of the material to the

first order, because of relatively similar deposition parameters encountered for various

barrier materials.
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Fig. 3.4: Flow chart showing the methodology used to extract the resistivity trends for

different barrier technologies, temperature and interface characteristics.

The surface scattering governed resistivity Eq. 3.1 was numerically evaluated. P

was varied from 0 to 1 in steps of 0.25. Calculations were done at room temperature and

1000C. The mean free path in Cu and Al was obtained from [4], [16]. Finally, the future

resistivity trends were established at all tiers by combining both Eqs. 3.1 and 3.2 and

were plotted as a function of barrier deposition technology, barrier thickness, interface

quality (P value) and temperature. The effect of barrier thickness on interface scattering

was found to be negligible; i.e. the dimensions for surface scattering were assumed to be

the dimensions of the interconnect, neglecting the barrier thickness.

3.5   Results and Discussions

Sample SPEEDIE profiles for a 10nm minimum barrier thickness, IPVD, c-PVD,

PVD, and ALD on a year 2004 geometry for local and global interconnects are shown in

Fig. 3.5.
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Fig. 3.5: Sample SPEEDIE profile for the year 2004 interconnect geometries clearly

showing the effect of barrier deposition technology on its profile.

As seen from these typical profiles, PVD and the ALD barrier consumed the largest

and the least area, respectively. ALD technology was assumed to a give complete con-

formality with a 100% step coverage. Figs. 3.6a and b show Cu and Al effective

resistivity for global interconnects at 1000C with various, 10nm, barrier technologies for

P=0.5 and 1, respectively. Fig. 3.7 shows similar trends for local and semiglobal inter-

connects with P=0.5 and a temperature of 1000C. From Figs. 3.6 and 3.7, it is seen that

global wire resistivity rises most slowly with years. This occurs because the larger

dimensions of global wire results in both a lesser fraction of cross sectional area con-

sumption by the barrier and in lesser electron surface scattering. Further, it is also

observed that the effective resistivity depicts least variation with the ALD deposition

technology in the future due to its conformal properties.
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(a)        (b)

Fig. 3.6: Effect of barrier technology and P value on Cu resistivity of global wires.

Barrier thickness (BT)=10nm, temp.=1000C. (a) P=0.5, (b) P=1.

Fig. 3.7: Future Cu and Al resistivity trend for different barrier technologies. For Cu,

P=0.5, BT=10nm, temp.=1000C. (a) local wires, (b) semi-global wires.
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A very low temperature (77K) Cu effective resistivity trend for different barrier

deposition technologies is shown in Fig. 3.8. The resistivity, in general, is found to be

much higher for lower P and higher temperature. Similar effective resistivity trends for an

aggressively reduced minimum barrier thickness of 5nm at 1000C are shown in Fig. 3.9.

Fig. 3.8: Cu resistivity trends at 77K temperature, global wires, P=0.5, BT=10nm.

Al resistivity rises slower than Cu because of reasons discussed earlier. This may

lead to a higher copper effective resistivity than that of aluminum in the future. The cross

over, where copper effective resistivity is higher occurs faster for local and semiglobal

interconnects. For instance, with P=1 for aluminum and P=0.5 for Cu, local interconnects

with a 10nm minimum thickness barrier, will exhibit a cross over in 2009 (between 70

and 50nm technology node) with ALD barrier. With less conformal barrier deposition

technologies, this cross over can occur as early as year 2004 (Fig. 3.7).
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Fig. 3.9: Cu resistivity future trends for minimum 5nm BT, and no barrier at 1000C,

P=0.5. (a) local wires, (b) global wires.

Even with the best barrier deposition technology of ALD, under conservative op-

erating temperatures of 1000C and for a reasonable copper P value of approximately 0.5

[5], in year 2011, the effective resistivity rises to 2.9, 3.45 and 3.95µΩ-cm, for global,

semiglobal and local interconnects, respectively (Fig. 3.10). The large increase in resis-

tivity with temperature is quantified in Fig. 3.10, which depicts resistivity vs. year at

room temperature and at 1000C. Since in the future, the exact temperature of the inter-

connects would highly depend on the thermal conductivity of the packaging and the low

dielectric constant materials, these technologies can play a pivotal role in dictating

performance.
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Fig. 3.10: Effect of P and temperature on Cu resistivity for ALD barrier deposition

technology; BT=10nm, (a) global wires, (b) semi-global wires.

The resistance per unit length was evaluated by dividing the effective resistivity

by the appropriate roadmap suggested cross section area. Since the concept of effective

resistivity already considers the barrier, it enabled us to use aforementioned simple
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shows the impact of technology on resistance per unit length values for global, semi-

global and local wires in year 2014 (35nm node). It only depicts a subset of possible

scenarios originating from practical constraints. In Table 3.1 the wire temperature of

1000C and the barrier deposition technology of ALD was assumed. It seems likely that

ALD barrier technology would be fully commercial by that time. If a different technology

is used the resistance values would be much higher consistent with the resistivity trends.

It is obvious from Table 3.1 that in comparison with a nominal barrier thickness of 10nm

and P=0.5, a barrierless technology with a P value of 0.5 would give a much bigger

resistance improvement as opposed to an interface with P=1 with a 10nm barrier thick-

ness.

Fig. 3.11: Cu wire resistance per unit length for ALD barrier under different P and BT.

Temp.=1000C, (a) global interconnects, (b) semi-global interconnects.
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Table 3.1: Showing the resistance per mm at 35nm node with ALD barrier and respective

percent underestimation with ideal resistivity.

3.6   Summary

In this work we have modeled resistivity of copper interconnects and described

how it will vary as the interconnect dimensions are aggressively scaled in the future. In

particular, the modeling is done in the light of technology and reliability governed barrier

and the surface scattering effects, which will become progressively dominant and nega-

tively impact the effective copper resistivity in the future. The technological and

reliability constraints considered in this work are barrier thickness, barrier profile,

interconnect operation temperature and the barrier/copper interface quality. The resistiv-

ity trends are obtained at all three tiers of interconnects and comparisons are made with

aluminum interconnects. Resistance per unit length values, at the 35nm technology node,

using reasonable technological constraints, were found to be 90%, 145% and 192%

Practical

Constraint

Global

Resist. ( Ω/mm)

Semi-global

Resist. ( Ω/mm)

Local

Resist. ( Ω/mm)

Year 2014 Year 2014 Year 2014

None: ideal
r =1.7mW-cm

628 1773 3275

P=0.5, BT=10nm 1192 (190%) 4351 (245%) 9564 (292%)

P=1, BT=10nm 1123 (179%) 3942 (222%) 8490 (259%)

P=0.5, BT=0 908 (145%) 2668 (151%) 5030 (154%)

ρ=1.7µΩ-cm
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greater than that obtained using ideal copper resistivity for global, semiglobal and local

wires, respectively. These trends will further degrade at higher temperatures. Although, a

temperature of 1000C is assumed for above values, the interconnect temperature in the

future could be higher. Electron scattering through grain boundaries, although not con-

sidered in this work, will further increase interconnect resistance. A barrierless

technology is found to improve effective copper resistivity more significantly as opposed

to improvement obtained by developing an interface with P=1. The resistance per unit

length is found to be much worse for any barrier deposition technology less conformal

than ALD. It is also shown that because these effects are less dominant in aluminum, at

some point copper effective resistivity will become higher than that of aluminum; this

cross over will happen faster for smaller dimensioned local and semiglobal wires. De-

tailed implications of the effect of resistivity trends on performance are addressed in the

next chapter.
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Chapter 4

Metal Interconnects with Realistic Resis-

tance: Latency

4.1   Introduction

The scaling of interconnects coupled with the trend of larger number of them

having longer lengths in the future will lead them to have a higher resistance and capaci-

tance, thus, a much larger RC delay. In the future, global wires will not only get slower

compared to increasing device speeds, but will also get slower in absolute terms. This

deterioration in interconnect performance could result in them quickly becoming per-

formance bottleneck. Various solutions including new materials such as copper (Cu) and

low dielectric constant material (low-k) as well as periodically stacked repeaters are

employed to alleviate the problem. Repeaters reduce the interconnect delay, increase the

wire bandwidth and reduce cross talk. However, they have the penalty of increasing chip

area and power; and power itself may limit chip performance in the future.
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In this chapter we apply the realistic resistivity trends obtained in the previous

chapter (chapter 3) to assess the efficacy of the proposed solutions (Cu, low-k and

repeaters) for mitigating the interconnect problems. It was shown that scaling would

dramatically deteriorate the effective Cu resistivity. We will address the penalties of these

solutions, in particular, the power and area penalty arising from repeaters in the next

chapter (chapter 5). To our knowledge, it is the first effort to achieve these goals using

non-ideal resistivity for copper. Significant underestimation of the interconnect problem

and overly optimistic assessment of the impact of the deployed solutions can result if

ideal copper resistivity is used in analyzing performance. When appropriate, we compare

our results with those obtained using ideal copper resistivity to highlight the discrepancy

arising from the simplistic assumption.

Among various interconnect metrics, in this chapter we primarily focus on la-

tency. We only qualitatively discuss the cross talk issues. The third important metric

related to interconnect power is discussed in the next chapter. In section 4.2, we examine

issues related to interconnect latency. This includes characterizing delay with and without

repeaters using practical resistance trends, to evaluate realistic advantage of repeaters.

Using our resistance projections, we, further, examine the length scales at which it is

necessary to incorporate interconnect-inductance in delay calculations. Finally, we

explore the possible way in which the increasing interconnect delay can hinder perform-

ance. In section 4.3, we qualitatively discuss the role of resistance modeling on signal

transmission reliability. Finally, we summarize and conclude in section 4.4.
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4.2   Delay and its Impact Using Realistic Resistance

Trends

4.2.1   Delay of RC Wires

In this section we develop future global wire delay projections using ITRS’99

data [1]. These interconnects are most critical as they get longer with successive techno l-

ogy node. The delay is critically based on resistance per unit length modeling described

in the previous chapter [2], under various technological scenarios. Most subsequent

calculations assume reasonable technological conditions. This includes the surface

scattering parameter (P) value of 0.5 [3], a chip temperature of 1000C, a minimum metal

barrier thickness of 10nm and either the best available Atomic Layer deposition (ALD)

based barrier or the currently prevalent Ionized Physical Vapor Deposition (IPVD) based

barrier.

The capacitance per unit length, needed for delay calculations, is obtained using a

simplistic parallel plate model consisting of inter and intra-level contributions along with

a fringe component. This fringe component is assumed to be approximately constant over

future technology nodes and is taken to be the same as its current value of about

0.04pf/mm [4]. The inter-level dielectric thickness is assumed to be the same as the metal

thickness and the intra-level dielectric thickness and wire width is assumed to be half of

the pitch. The capacitance trends account for the lowering of dielectric constant with

future technology nodes as per ITRS. An average dielectric constant value is used for the

case where a range of values is suggested in the roadmap for a given technology node.

Further, the capacitance values shown here represent the worst switching scenario when
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two adjacent wires, on the same level, are simultaneously switching in the apposite

direction as the signal line, hence doubling the intra-level capacitance contribution. The

worst case capacitance per unit length is, thus, given by,

C
AR

AR
Cw d fringe=

+





 +2

1 2
0

2

ε ε  (4.1)

Here, Cw is the wire capacitance per unit length, εd is the dielectric constant as-

sumed to be homogeneously distributed both between layers and between metal lines

within a layer, ε0 is the permittivity of free space, and AR is the aspect ratio of the wire

defined as the thickness to width ratio of the metal. The capacitance per unit length using

above formulae is shown for global wires in Fig. 4.1.

Fig. 4.1: Worst case capacitance per unit length for global wires in future. Also show-

ing the inter-metal capacitance contribution.
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The figure also explicitly shows the intra-level (inter-metal) capacitance contribu-

tion. The gradually decreasing capacitance trend is a result of two competing factors:

scaling induced increase and a low-k material induced decrease in capacitance. Using the

resistance per unit length [2], Rw, the capacitance per unit length values, Cw, and the

following formula [5], the RC delay per square length, τl, is plotted in Fig. 4.2.

τ l w wR C= 0 4.  (4.2)

Fig. 4.2: RC delay per square length for global Cu interconnects under various practical

constraints. BT is barrier thickness.

It is found that delay as high as 99ps/mm2 will be obtained at 35nm technology

node (year 2014) using aforementioned realistic technology parameters and the best ALD

barrier. This delay is severely underestimated to be 52ps/mm2, if the ideal copper resis-

tivity of 1.7µΩ-cm is assumed.
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Next, interconnect line delays with and without repeaters is calculated. Repeaters

help by converting the length dependence of wire delay from quadratic to linear. They

also reduce the dependence of delay on resistance and capacitance per unit length of the

wire from linear to square root; thus, somewhat absorbing the shock of scaling induced

increase in resistance per unit length. Finally, they introduce a square root dependence on

the progressively decreasing transistor delay, which helps to counter the increase in wire

RC product. The expression for delay of a driver of resistance Rd and diffusion capaci-

tance Cd driving a load, CL through an interconnect with Rw and Cw resistance and

capacitance per unit length, respectively, has five components, namely,  RdCd, RdCw,

RdCl, RwCL and RwCw. For long global lines without repeaters, the interconnect delay

term (RwCw) tends to dominate. Hence, only this term is considered in calculating the

delay without repeaters.

On the other hand, the delay of an optimally buffered (with repeaters) link is ob-

tained by first considering the stage delay defined as the switching delay of a repeater

(inverter) driving the subsequent inverter and is given by [5], [6].

( )T b x R C C b x R C R C l a x R C lstage tr L p tr w w L s w w s= + + + +( ) ( )( ) ( ) 2  (4.3)

Here, Tstage is the delay per stage, Rt r is the resistance of the inverter transistors,

CL is the input capacitance of next inverter, Cp is the diffusion capacitance of the driving

inverter, ls is the length of the wire between two inverters. The voltage at the output of the

repeater is assumed to switch instantaneously when the input reaches a certain fraction, x,

of the total swing [6]. a(x) and b(x) are switching model dependent parameters and for

x=0.5, a(x) is 0.4 and b(x) is 0.7 [7]. If the total length of the line is L, then, the number

of stages equal L/ls. The total delay from the driver to the load is, then,
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( )( )T
L
l

T
L
l

R C C C l R C l R C ltotal
s

stage
s

tr L p w s w L s w w s= = + + + +* . . .0 7 0 7 0 4 2  (4.4)

We assume that the NMOS transistor in the inverter is sized S times the minimum

width transistor and that the PMOS FET is twice the size of NMOS FET. We further

assume that the diffusion capacitance is approximately the same as the gate capacitance.

If Cnmos is the capacitance of the minimum width NMOS transistor of a generation and ro

is its resistance then Rt r=r0/S, CL=Cp=3SCnmos. Substituting these values in Eq. 4.4 we get

an equation in terms of unknowns, repeater size (S) and spacing (ls). The equation can be

independently optimized with respect to each of these parameters and yields the follow-

ing results.

( )( )4FOwwwwnmosototal tCR4.0L2CRCrL5t ==  (4.5)

l
r C
R Copt
o nmos

w w

= 324.  (4.6)

S
r C

R Copt
o w

w nmos

= 058.  (4.7)

Here, ttotal is the optimized total delay, lopt is the optimal spacing between repeat-

ers and Sopt is the optimal width to length ratio of the NMOS transistor. In Eq. 4.5, tFo4 is

the fan-out of four, inverter delay. In units of ps, tFo4 is estimated to scale as 500Lgate,

where Lgate is in µm and is approximately the same as the technology node [5].

Fig. 4.3 shows a plot of delay vs. the length with and without the repeaters. Delay

is plotted for two different years i.e. 1999 and 2011, corresponding to 180 and 50nm
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technology node, respectively. Figure contrasts the delay results using ideal resistivity

with that obtained using realistic Cu resistivity with reasonable constraints and both ALD

and IPVD barrier. It is observed that repeaters substantially mitigate the increase in delay.

An interesting observation is that with ideal copper resistivity, the delay per unit length

with repeaters remains approximately unchanged in the future. This is because the

decreasing transistor gate delay compensates almost exactly for the increase in the

interconnect resistance and capacitance. However, if technological constraints are incor-

porated, the interconnect resistance rises much faster, giving an overall increase in the

delay per unit length in the future. This is depicted in Fig. 4.3 by the, non-overlapping,

year 1999 and 2011 curves with the IPVD barrier technology.

Fig. 4.3: Global wire delay vs. wire length with and without repeaters for various

technological constraints.

Without repeaters

2011
1999

With repeaters

ALD ALD

Ideal ρ Ideal ρ

Ideal ρ

IPVD
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Fig. 4.4 shows the future chip-edge long delay without repeaters under different

technology constraints. The non-repeated wires with practical constraints result in delays

of about 120-130 clock cycles across chip, at 50nm node. This translates to only about

250µms of distance in one clock cycle. On the other hand, ideal Cu resistivity yields non-

repeated, across–chip delays of about 60-70 times the clock period.

Fig. 4.4: Global wire delay vs. technology node without repeaters under various barrier

technologies: P=0.5, temp.=1000C, barrier=10nm. Clock period is superim-

posed.
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 Fig. 4.5 shows the delay of a chip-edge long wire with repeaters, in terms of

clock period for future technology nodes (years). Non-repeated wire delay with ALD is

partially superimposed for comparison. Repeated wire delay is plotted for ideal as well as

realistic resistivity with ALD and IPVD barriers. It is seen that despite substantial reduc-

tion in delay with repeaters, across-chip latency still reaches about 9.4 clock cycles at

35nm node with realistic resistivity using ALD barrier. With IPVD barrier this number is

about 10.9 clock cycles, and is quite underestimated to about 6.8 clock cycles with ideal

Cu resistivity. The discrepancy between ideal and practical resistivity calculations,

although substantial, is still lesser compared to the case without repeaters because of only

a square root dependence of repeated wire delay on resistance per unit length. These

delay numbers are for worst case switching scenario.

Fig. 4.5: Chip-edge long repeated global wire latency in terms of clock cycle, using

various reasonable technology constraints on resistivity. Non-repeated wire

latency with ALD barrier superimposed partially.
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The repeated delay with ALD increases approximately 8 times from about 1.2

times the clock period at 180nm node to 9.4 times clock period at 35nm node. This 8X

rise in latency occurs due to three independent factors: 1) 3X increase in clock frequency,

2) 1.45X increase in chip edge and 3) 1.81X increase in delay per unit length of repeated

wire. The last component is explicitly plotted in Fig. 4.6 for three different Cu resistivity

scenarios, i.e. ideal, with ALD barrier, and with currently prevalent IPVD barrier. As

pointed earlier, the delay per unit length hardly changes with ideal resistivity, however

visibly increases with practical resistivity constraints. Even with the best ALD barrier,

repeated wires delays of about 66ps/mm and 85ps/mm are observed at 50 and 35nm

nodes, respectively. For the sake of comparison with an alternate technology, 85ps/mm is

about 26 times slower than the free space velocity of light.

Fig. 4.6: Effect of practical resistivity modeling on repeated wire latency per unit

length. P=0.5, temp.=1000C, barrier thick=10nm.
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4.2.2   Significance of Inductance Effects in Delay Calculations

So far our treatment of delay is solely based on a RC behavior of on-chip wires. It

is important to evaluate the importance of inductance in these calculations. A significant

effort has been invested in this direction [8]-[11].  An accurate assessment of the impact

of inductance, critically requires using realistic wire resistance parameters. The use of a

smaller wire resistance value can lead to a misleading and exaggerated effect of induc-

tance. The inductance for delay calculations can be ignored and RC delay model becomes

more accurate as the length of a wire becomes greater than a critical length [12]. The

critical length, lcrit, below which inductance has to incorporated in delay calculations,

depends on relative values of resistance, Rw, capacitance, Cw, and inductance, Lw, per

unit length values. It can be evaluated by simply equating the RC and the LC delays of a

wire and is given by [13].

l
R

L
Ccrit

w

w

w

=
2 77.

 (4.8)

Incidentally, lcrit is also approximately the length at which a low loss LC line ex-

hibits attenuation equal to 1/e of its original value. There also exist a driver and wire

characteristic-impedance dependent second condition, which dictates the importance of

inductance [8]. However, in this work, we only discuss the above condition related to lcrit,

as it has a direct dependence on wire resistance. The critical length, lcrit, for global wires,

as a function of future technology nodes, is shown in Fig. 4.7. Cw used in Eq. 4.8 is

calculated assuming grounded adjacent wires. The lcrit
 may vary slightly depending on the

switching conditions of adjacent wires. The figure contrasts lcrit obtained using ideal and

technology constraint Cu resistivity. A large error in lcrit is observed with ideal resistivity,

because of a linear dependence of lcrit on Rw. Three different inductance values of 0.2, 1

and 2nH/mm are used for this calculation. Inductance values of 1nH/mm or less are
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typical in an on-chip environment [12]. These values are expected to remain in this range

and may even decrease in the future at higher frequency [12] as at higher frequency

return current path tends to be closer to signal to minimize inductive reactance (ωL)

dominated impedance. Fig. 4.7 shows that for a typical inductance of 1nH/mm, at 180nm

technology node and for realistic resistance values, minimum pitched global wires greater

than about 4.6mm can be treated as RC lines for delay purposes. This number reduces to

about 0.45mm at the 50nm technology node showing that wire delay is progressively

becoming RC in nature. Inductance effects can be more pronounced in wider wires, such

as those used for clock distribution, because of their lower resistance.

Fig. 4.7: Critical length below which inductance becomes important for global wires.

For ALD, P=0.5, temp.=1000C, barrier thick=10nm.
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Inductance can also be significant in calculating delay for repeated wire, if the

optimal distance between the repeaters is shorter than the critical length given by Eq. 4.8.

The critical inductance above which the inductance would impact repeater optimization

can be approximately evaluated by equating the lopt from Eq. 4.6 with the lcrit for induc-

tance from Eq. 4.8. Thus we have,

L R tcrit w FO= 0 09 4.  (4.9)

Note, this result is independent of capacitance. Lcrit is plotted vs. technology node

in Fig. 4.8. The figure shows that, in the future, larger inductance value will be required

for its impact to become important since the resistance is increasing rapidly with scaling.

Fig. 4.8: Critical Inductance above which it becomes important to incorporate it for

repeater optimization in global wires. For ALD and IPVD, P=0.5,

temp.=1000C, barrier thick.=10nm.

Fig. 8 Critical Inductance above which inductance becomes 
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Fig. 4.8 also demonstrates the importance of realistic resistance modeling to de-

termine critical inductance parameter. For example, at 50nm technology node with ALD

technology, for significant inductance impact on repeater optimization, inductance

greater than 1.2nH/mm will be required. This value is erroneously predicted to be about

0.7nH/mm with an ideal copper resistivity.

4.2.3   Impact of Delay on Performance

A multi-clock cycle communication, by itself, allows a very narrow band of clock

frequencies, using conventional global synchronous timing [14]. A simple solution to get

around this problem is to interpose flip-flops along global wires, thus pipeline the wire.

Here, the signal latency in terms of clock cycle would directly dictate the depth of

pipelining, hence would effect the power dissipation in the system. Since power is

quickly becoming performance bottleneck, this latency can, thus, indirectly also become

critical for performance. Fig. 4.5 depicts that the global wire latency is worse than

obtained using ideal resistivity. One of the radical alternatives of global synchronous

timing with deeper wire pipelining is to revert to different on-chip timing schemes such

as source synchronous or pipeline timing which tend to be popular for chip to chip

communication. In this timing implementation, the clock period is limited by the uncer-

tainty (skew and jitter) in delay as opposed to the actual delay [14]. Here too, a realistic

resistance modeling will play a critical role in evaluating the prowess of this technique.

For example, unless the signal lines are very well shielded, a large source of jitter will

arise from variability in interconnect delay due to switching state dependent inter-metal

capacitance. A simultaneous switching transition opposite to the signal line on the

adjacent lines can cause the inter-metal capacitance to increase, thus maximizing the line

delay; whereas, a simultaneous transition in the same direction eliminates the inter-metal
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capacitance completely and decreases the delay. Thus, the worst case difference in delay

even on repeated wires will be proportional to product of square root of wire resistance

and difference of square root of total wire capacitance in the two extreme switching

scenarios. Thus, accurate wire resistance directly effects the clock frequency in this

timing scheme.

Another very important factor affecting performance related to interconnects is

the within-die variability of interconnect parameters especially that of wire resistance

[15].  Among other sources, resistivity itself is becoming a dominant source of delay

variability [15]. An effective resistivity dependent on above technological factors will

further contribute to resistivity variation and affect interconnect performance.

4.3   Signal Transmission Reliability

Reliable data transmission through a medium is a very significant consideration in

digital systems. The data reliability constrains the maximum tolerable noise and defines

the noise margin for a data link. The noise sources for wires can be broadly categorized

into those caused by power supply variation, cross talk (intra-level, signal return), inter-

symbol-interference (ISI), and transmitter/receiver offsets [14]. In addition there are those

sources which are statistically modeled such as cross talk between perpendicular wires at

adjacent level (inter-level), shot noise, thermal noise and 1/f flicker noise [14]. Among

these sources, intra-level interconnect cross talk and the resistance governed attenuation

of the signals are significant. A considerable effort has been invested in modeling the

intra-level cross-talk [16], [17]. In the interest of brevity, it suffices to mention here that

the on-chip wire cross-talk could be significantly affected by wire resistance, depending

on the relationship of the driver rise time and the interconnect step response [13]. In such
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a case, realistic resistance values, being as large as almost twice that obtained using ideal

copper resistivity at the 35nm technology node [2], would make the cross talk problem

much worse than previously assumed, thus, making it harder to meet the noise budget.

4.4   Summary

In this chapter we successfully examined various performance metrics of on-chip

copper interconnects using realistic future resistance trends. These resistance trends are

especially important in the case of metrics, which depend strongly on the wire resistance,

such as latency. The modeling of the resistance trends using technological and reliability

constraints is described in chapter 3. We primarily analyzed the interconnect latency

metric for global wires. This included a discussion on latency with and without repeaters.

We also briefly discussed the importance of considering inductance as well as the impact

of latency on performance. The role of accurate interconnect resistance model for these

calculations is also depicted by comparing the results with those obtained using an

erroneous ideal, bulk, resistivity of copper. Finally, signal transmission reliability is

considered by qualitatively discussing the impact of realistic resistance on it.
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Chapter 5

Metal Interconnect Performance: Power

Dissipation

5.1   Introduction

In the last chapter, we extensively examined the global signaling interconnect

merits related to latency and briefly touched upon the signal integrity related issues. In

this chapter, we draw our attention to two other important interconnect metrics related to

power and area, again in the context of global signaling wires. The power will not only be

quantified for future global signaling wires, but also due to penalty of stacking repeaters.

Further, an efficient power-delay optimization, which can save large repeater power at a

small delay expense, will be developed, and total power (wire and repeater) will be

quantified using this methodology. Area merit will only be discussed to the extent of

analyzing the area penalty because of via blockage due to repeaters.

As discussed earlier, a circuit level solution to the wire delay and bandwidth

problem is to insert periodic repeaters. The advantages due to optimally spaced and sized



Chapter 5: Metal Interconnect Performance: Power Dissipation

102

repeaters have been previously quantified [1], [2] and have been further examined in the

light of realistic resistance modeling of copper in the previous chapter [3]. To illustrate

the effectiveness of repeaters, we recapitulate in Fig. 5.1, the delay of a chip-edge long

wire for different technology nodes, based on ITRS projections [4]. Both repeated and

non-repeated wire delays are shown normalized to clock cycle. Fig. 5.1 also shows a

curve for power saving repeaters with a delay penalty (DP), which will be discussed in a

later section. It is seen that the delay of wires is reduced significantly by using repeaters.

It must be noted, however, that the repeater solution comes at the cost of increased area

and power consumption, which may become prohibitively high in the future.

Fig. 5.1: Delay (normalized to clock cycle) for a chip-edge long wire for non-repeated

and optimally repeated wires. Also shown is the delay of a wire with delay

penalty (DP) of 25% compared to delay optimal repeaters.
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Various types of repeaters and configuration have been previously proposed based

on different merits [1], [5], [6]. There is also a possibility of repeaters utilizing low

voltage swing for reducing power dissipation [7], although they introduce circuit com-

plexity. The simplest repeater consists of just a single inverter per stage. Alternate

designs based on buffers having two inverters per repeater stage are also used because

they avoid the possibility of logic inversion. The buffer based repeaters lead to both a

higher delay and higher power dissipation than optimized inverter based repeaters [7].  In

this work we consider inverter-based repeaters because of their lower delay and less

power overhead. However, this analysis can be extended to buffer based repeaters also.

As will be seen later, the power dissipation due to global wires can be easily de-

duced once we have obtained repeater power penalties. We ignore short circuit power due

to repeaters, since it is usually small (<20%). If it grows in future, this would be an

optimistic analysis. Toward the goal of quantifying the power and area penalties due to

repeaters, we, first, develop a methodology to obtain the number of repeaters at future

technology nodes in section 5.2. This estimation requires an accurate knowledge of the

wire length distribution as well as the critical wire length above which the repeaters need

to be inserted. In calculating the wire length distributions using Rent’s rule [8], we

distinguish between instruction and data cache memory areas and the random logic areas

on the chip. This distinction is important owing to a different nature of wire distribution

in these areas. We ignore the repeaters in the memory area, hence, give an optimistic

picture of penalties. Subsequently, we use the length distribution along with a realistic

modular design based approach [6] for calculating aforementioned critical length. In

section 5.3, we, first, calculate the extra power dissipation due to delay optimized repeat-

ers. Next, with the motivation of saving power, we examine repeaters that are sub-

optimally spaced and sized from the delay perspective. For a particular power saving

compared to the delay optimal case, we develop a formulation, which gives the minimum

delay penalty. This includes coming up with closed form analytical solutions governing
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the most efficient tradeoff between delay and power. Using this formulation, we project

power dissipation due to repeaters at future nodes and compare them with the delay-

optimized power numbers. In section 5.4, we discuss the area penalties due to repeaters.

The dominant impact of repeaters in terms of area may arise from the need to connect to

the silicon substrate from the top-level metal layers, where repeaters are needed. This

connection through a via, blocks the routing of the wires on underlying layers, hence,

forces the wires to be routed around them. The penalty due to this effect is quantified at

future technology nodes. While the chips are usually wire-limited, the actual silicon area

occupied by the repeaters may still be a concern owing to their large sizes. Hence we also

characterize this area in our work. Finally, we summarize in section 5.5. The future trends

in this paper are based on the ITRS data [4] and also incorporate technologically con-

strained realistic copper resistivity [9]. Where appropriate, comparisons are drawn with

the results obtained using ideal copper resistivity.

5.2   Methodology for Estimating Number of Repeaters

Optimal repeaters were addressed in detail by Bakoglu [2]. The particular equa-

tions shown below for delay and optimal size and space were detailed in the previous

chapter. These equations assume that PMOS is sized twice the size of NMOS and the

diffusion capacitance of the transistor is same as the gate capacitance.

( )( )44.025 FOwwwwnmosototal tCRLCRCrLT ==  (5.1)

l
r C
R Copt
o nmos

w w

= 324.  (5.2)
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S
r C

R Copt
o w

w nmos

= 058.  (5.3)

Here, Ttotal is the optimized delay using the repeaters, lopt is the optimal spacing

between the repeaters and Sopt is the optimal width to length ratio of the NMOS transistor.

Cnmos and ro are the capacitance and resistance of the minimum sized NMOS transistor,

respectively. Rw and Cw are the resistance and capacitance per unit length of wires

respectively. TFo4 is the fan-out of four-inverter delay, and is estimated to approximately

scale as 500Lgate in ps [1]. Here, Lgate is in µm and is assumed to be the same as the

technology node dimensions. Lgate will typically be slightly less than the technology node

in which case our delay results will be slightly pessimistic; however, the difference is not

expected to be significant.

Estimating the number of repeaters per chip-edge long global line is relatively

simple and can be obtained by dividing the chip-edge by lopt from Eq. 5.2. This is plotted

as a function of future technology nodes in Fig. 5.2. It is observed that the number of

repeaters per wire increases rapidly in the future. This figure also points to the impor-

tance of using realistic copper resistivity [9] for these calculations. If ideal copper

resistivity is used, the repeater number per wire is under-predicted by almost 50% at the

50nm technology node. In Fig. 5.2 we take barrier thickness to be 10nm, temperature to

be 1000C and P=0.5. We, further, show two curves corresponding to Ionized Physical

Vapor Deposition (IPVD) and Atomic Layer Deposition (ALD) barrier deposition

technologies. From here on, unless otherwise stated, the aforementioned parameters

along with ALD deposition technique will be referred to as “reasonable” parameters for

obtaining realistic copper resistivity.
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Fig. 5.2: Showing the increase in the number of optimally spaced repeaters on a chip-

edge long global wire in the future, based on ITRS ‘99 dimensions.

To estimate the area and power overhead incurred due to repeaters, we need an

estimate of the total number of repeaters on the entire chip. The repeater number calcula-

tion for future nodes requires 1) an accurate wire length distribution for all parts of the

chip, 2) a demarcation method that decides the length boundaries between various wiring

tiers (local, semi-global and global), as well as the length beyond which repeated wires

are faster, 3) the dimensions of the wires. The first two conditions are needed to calculate

the total number of wires requiring repeaters along with their respective lengths, where

as, the third condition dictates the number of repeaters per wire. Each of these conditions

will be addressed individually in the ensuing discussions.

A number of approaches have been presented in the past to predict the impact of

scaling on the wire length distribution [10], [11].  Efforts have also been made to estimate
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the number of repeaters on chip and the area consumed by them [12], [13]. A realistic

estimate of the wiring distributions, however, necessitates a distinction between the cache

memory and logic blocks on a chip. This has not been addressed adequately in the past.

The need to treat these blocks differently arises owing to a very different nature of wires

in these blocks. Random logic based stochastic wiring estimation methodologies cannot

be applied to the memory area because memory contains a very regular wiring array. In

our work, we partition the problem into logic and memory blocks and calculate both the

area and the number of transistors in each block. We subsequently use the stochastic

methodology proposed by Davis et. al. [8] to estimate the wire length distribution in the

random logic area. Further, we do not need to address wire distribution in the memory

locations since we do not consider repeaters in these areas. We assume that the repeaters

in the logic area will dominate. Including the memory repeaters will only make the

penalties due to repeaters worse.

We, first, compute the total memory area in the following manner. From the ITRS

roadmap data [4], we know the size of the on-chip memory at each technology node.

Also, we assume that the on-chip instruction and data cache is made of a standard 6T

SRAM cell. Each memory bit-cell (6T SRAM cell) occupies about 4.65um2 at 180nm

node and 3.45um2 at 150nm technology node [14]. This gives a size of approximately

600?². Here λ is the design parameter, such that, 2λ refers to the technology node in µm.

600?² cell area is not expected to vary substantially with technology node as it depends

on tight layout considerations. Fig. 5.3 shows the memory area in both absolute terms and

as a fraction of total chip area at future technology nodes. It also shows the logic area

obtained by subtracting the memory area from the total chip area. A large memory area

points to the importance of giving a special consideration to it for determining the region

where stochastic distribution can be safely applied (random logic block). According to

ITRS, the number of memory transistors is as much as 90% of the total transistors for

high performance microprocessors. This number remains constant across the technology
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nodes since memory and logic transistors both double every two years. However, the

fraction of chip area occupied by memory increases to as high as 62% at 35nm techno l-

ogy node (year 2014). This increase is a result of the memory capacity increasing faster

than an increase allowed by the transistor scaling within a constant area.

Fig. 5.3: Fractional chip area occupied by on-chip memory along with the absolute

memory area and the logic area as a function of technology node.

After obtaining the area occupied by random logic, we are left with the problem

of estimating the wire length distribution in this area. We assume a memory-logic archi-

tecture as schematically shown in Fig. 5.4. This simplified architecture assumes a square

logic block, which enables us to use the conventional stochastic wire length distribution

[8] without complications. Although “real life” architectures can be different with various

possible floor plans, in the absence of an obvious candidate, there is not much merit in

considering some other complicated block shape and distribution. As far as the memory-
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logic interface is concerned, the memory word-lines are directly driven by the decoder

logic that is at the interface. Thus, any long lines in the logic will terminate at the decoder

logic. These lines would have already been included in our stochastic wire length distri-

bution and the repeaters on these lines appropriately counted. Similarly the sense-amps

for the read operation and the logic required for the write operation on bit lines is also

abstracted to be at the interface. Thus, for repeater calculations, we can restrict our

attention to the square homogeneous block of logic, partitioned as described above.

Fig. 5.4: Schematic depicting the memory-logic placement assumed in this work.

Fractional areas of memory and logic are not to scale.

The second step in repeater calculations, after obtaining the wire length distribu-

tion, is to estimate the various length demarcations between local, semi-global and global

tiers, especially, between the semi-global and the global tiers. A number of approaches

have been suggested in the past. This includes the delay based demarcation approach

[10], [11], [15]. Such an approach calculates the maximum length at a tier by constrain-

ing maximum delay at that tier to be a certain fraction of clock cycle. A second approach,

based on modular design, assumes the maximum length of semi-global wires to be the
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same as an edge of a module, which contains approximately 50,000 logic gates. More

recently, the suggestion of this modular design approach, is further refined to add another

functional hierarchy called the isochronous region [6]. These authors suggest that 50K

gates will constitute a module within which all the wiring is done using only local wires.

The modules will be further grouped into isochronous regions characterized by a single

fast local clock and connected by semi-global wires. Finally, the connection between

various isochronous regions will accomplished using fat global wires. A slower global

clock is used for communication between isochronous regions.

We choose the approach proposed in [6] because it incorporates the notion of

having separate local and global clocks for the purpose of demarcation. Also, the idea of

having isochronous regions operating on local clocks connected together by a network of

global wires operating on global clock parallels the present board level design scenario. It

is reasonable to believe that future designs would adapt to such a methodology. Thus,

using this methodology, we deduce that the wires longer than the isochronous region

edge are global wires and those between the 50K module edge and isochronous edge are

semi-global wires. The extent of isochronous region is the distance that can be traveled

on a non-repeated semi-global wire within 90% of the local clock cycle.

Finally, we need to estimate the wire dimensions at future technology nodes for

repeater number calculations. We use the ITRS dictated pitch which scales down at future

nodes and assume the width of wires to be half that of pitch. There have been suggestions

that the ITRS dictated pitch should only be used as the minimum pitch for its respective

tier, and in some other cases, that the global wires do not have to scale at all, and can be

held at a constant pitch for future technology nodes [6], [16]. However, both these

suggestions will lead to large number of metal levels, which, in turn, will lead to a

deteriorating yield and a greater chip cost. Concerns have already been made about the
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increasing signal wires leading to a rapid increase in the required number of metal layers

[11].

To examine this issue in a greater detail, we compute the number of metal layers

required to accommodate the signal wires, based on our chosen demarcation methodol-

ogy and the wire pitch suggested in ITRS. We do our calculations for two different

Rent’s exponents of 0.55 and 0.6. While the Rent’s exponent of a processor chip varies

from 0.5 to 0.67 [1], [16], the values we consider are typical for high-end microproces-

sors [15], [16]. We assume a routing efficiency of 40% [16].  Fig. 5.5 shows the required

number of metal layers according to our calculations, along with the ITRS projections for

the total number of metal layers available in the future. Note, that the number of metal

layers we calculate is only for the signal wires. Additional layers would be needed to

accommodate power/ground and clock wires. It is evident from the figure that for a

Rent’s exponent of 0.6, even with the ITRS dictated aggressive wire scaling, the allocated

metal levels are not sufficient to accommodate the wires at far future nodes. With Rent’s

exponent of 0.55, the signal wires barely fit in the allocated metal levels for all types of

wires, at far future nodes. For the present and near future technology nodes, the allocated

metal layers appear to be in excess of what is required with the ITRS dictated wire pitch.

Thus, larger pitch wires can be accommodated. In fact, one can find an average metal

wiring pitch for which the number of metal layers is just sufficient. However, owing to a

large number of wires on the chip, slight increase in the pitch will lead to a rapid increase

in metal levels. Thus, we don’t expect a significant deviation in the average wire pitch

from the ITRS dictated pitch. Hence, while for far future technology nodes, the assump-

tion of ITRS dictated wiring pitch is definitely reasonable, even for present and near

future technology nodes the discrepancy is not expected to be significant.
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Fig. 5.5: Number of metal layers needed to accommodate signal wires at future nodes.

Also shown is the ITRS projection for total available metal layers.

5.2.1   Delay Optimized Repeaters

In our methodology, we do not assume repeaters at the semi-global tier. To esti-

mate the number of delay optimized repeaters at the global tier, we assume that all wires

which have length greater than lopt, the optimal length given by Eq. 5.2, will have repeat-

ers to minimize delay. It can be argued that even if the repeated wire delay is less than

non-repeated wires, repeaters should only be inserted along latency/bandwidth sensitive

communication channels. If this occurs then we overestimate repeaters due to this as-

sumption; however, since we ignore repeaters in the memory area and at semi-global tier,

these assumptions offset the former one.

The minimum global wire length given by isochronous region edge can be greater

or less than lopt. Upon computing the isochronous region edge for future technology

nodes, we find that it decreases from about 7mm at present to approximately 1mm at the
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50nm node. In contrast, lopt goes down from about 2mm to 0.4mm (~0.4mm at 50nm

node) and is always less than the minimum global wire length. Thus, it is beneficial from

delay perspective to have all global wires repeated. We call the length, beyond which

repeaters are inserted, as the crossover length. In this case, this length is the same as the

minimum global wire length. However, if lopt were greater than minimum global wire

length, then, the crossover length would be the same as lopt. For a wire of length l, the

number of repeaters on that wire is given as:

0, if  l < lcrossover

nrepeater(l)  =  (5.4)

      1)( −










optl
l

round  ,  otherwise

Where, lopt is obtained from Eq. 5.2 and the round function signifies the rounding

of the fraction to the appropriate integer. Using the statistical wire length distribution and

the number of repeaters at a given length from Eq. 5.4, we compute the total number of

repeaters, Nrepeater by integrating nrepeater(l) over the distribution. This is shown in Fig. 5.6,

where we plot our results for two different Rent’s exponents, 0.55 and 0.6. We also show

the repeater number results obtained using realistic values of copper resistance with

reasonable parameters and ALD barrier.

From Fig. 5.6, the total number of repeaters on the chip can be as high as 5.5 mil-

lion at the 50nm technology node with reasonable copper resistivity and a Rent’s

exponent of 0.55. These numbers are compared at the 70nm technology node in Table 5.1

with previously obtained repeater numbers [5], [13]. We see that our prediction of about

0.85 million repeaters, for a Rent’s exponent of 0.55, lies between the two numbers

predicted by reference [5] and [6], where as, a Rent’s exponent of 0.6 yields results which
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match very well with [5]. The repeater estimate obtained in [6] is quite less because the

global wires are not scaled and are kept at a constant pitch at future nodes in this work.

This, in turn, results in a larger optimal repeater spacing, thus, a fewer number of repeat-

ers. However, such a scheme of not scaling global wires may require a large number of

metal layers for even reasonable Rent’s exponents of 0.55, as can be deduced from

previous discussions. Further, even with the motivation of lowering wire resistance, this

scheme may not be beneficial beyond a point when the wires become skin effect limited.

Fig. 5.6: Total repeaters on the chip, based on ITRS ’99 dimensions, different Rent’s

exponents and for ideal as well as realistic copper resistivity values.
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Table 5.1: A comparison of the number of repeaters obtained using different approaches.

The numbers shown are at the 70nm technology node.

5.2.2   Power Saving Repeaters

Optimal placement and sizing of the repeaters leads to a large reduction in the

delay, but may consume large power and area, as will be discussed in subsequent sec-

tions. Also, sometimes due to layout restrictions the repeaters cannot be placed at their

optimal locations [5], and cannot be optimally sized. In this work, we refer to power-

saving repeaters as inverters based repeaters, which from delay perspective have been

sub-optimally placed (lager than optimal spacing) and sized (smaller than optimal) with

the motivation of reducing power dissipation. These types of repeaters will be treated in a

greater detail in the next section. It suffices to mention here that for a given power saving

with respect to delay optimal repeaters, an optimum spacing and sizing can be found that

minimizes the delay penalty. This presents and optimistic analysis from power perspec-

tive, since when repeaters are spaced further and sized smaller, the rise time will

deteriorate. This, in turn, will lead to a larger inverter short circuit power. The short

circuit power is not included in this analysis. With the new values of spacing, one can

estimate the total number of power saving repeaters using the same methodology as

described above.

Number of

repeaters

Estimated by [5]

Number of repeat-

ers

Estimated by [6]

Our approach, p =

0.55

Our approach, p =

0.6

1.6 million 0.2 million 0.85 million 1.61 million
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5.3   Power Penalty due to Repeaters

5.3.1   Delay Optimized Repeaters

To estimate the power consumed by repeaters, we first estimate the extra capaci-

tance resulting from their insertion. This is given by the following equation:

)6( nmosoptrepeaterrepeater CSNC =  (5.5)

Where,  C Cnmos g= ( )2λ  (5.6)

Here, Cnmos  is the capacitance of the minimum sized gate, Cg is the NMOS gate

capacitance per micron for a transistor, and is expected to stay constant at about 1.75

fF/µm at all technology nodes [1]. The factor of 6 in Eq. 5.5 arises because PMOS is

assumed to be twice as large as NMOS and because the diffusion capacitance is assumed

to be the same as the gate capacitance. An interesting fact worth mentioning here is with

regard to the total capacitance of all the repeaters placed optimally on a single wire. This

capacitance can be obtained by multiplying a single repeater capacitance (6SoptCnmos) by

the number of repeaters on a wire (L/lopt), where, Sopt and lopt can be obtained using Eqs.

5.2 and 5.3. The value, thus obtained, comes out to be independent of the wire resistance,

and is approximately given by:

    linerepperline CC 07.1=  (5.7)

Where, Crepperline is the total capacitance of all delay optimized repeaters on a sin-

gle wire and Cline is the total capacitance of a single wire. Thus, the repeaters have the
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effect of approximately doubling the power consumed by all those wires, which have

them. The wire resistance, however, also plays a role in dictating the total power con-

sumption of all the repeaters on a chip, as it dictates the crossover length of the wires

beyond which repeaters are inserted. The total power dissipation due to repeaters is

clockrepeaterwrepeater fVCsP 2=  (5.8)

Where, Crepeater can be obtained from Eq. 5.5, sw is the switching activity factor

(duty cycle), and V and fclock are operating voltage and frequency, respectively. With a

reasonable switching activity of 0.15 [17], we calculate the power dissipation due to

repeaters for different technology nodes. The results are shown in Fig. 5.7. From the

figure, it is evident that the added power dissipation due to repeaters is a serious problem

in the future. At 50nm technology node (year 2011), with a reasonable Rent’s exponent

of 0.55 and using ideal copper resistivity, this power dissipation is about 50Watts, which

is around 30% of the total ITRS budgeted chip power. For the same technology node, a

realistic copper resistivity, yields a power dissipation of about 60Watts. The power

numbers are much worse for Rent’s exponent of 0.6.

We can, now, use the power calculated for repeaters in Fig. 5.7 to get the dissipa-

tion due to all the global wires without the repeaters. It will be approximately the same as

the total power dissipation due to repeaters shown in Fig. 5.7. This is because, in our

calculations, all global wires needed repeaters and because total capacitance of delay

optimized repeaters on a single wire is approximately the same as the wire capacitance

(Eq. 5.7).

Fig. 5.7 shows that the increase in power is not smooth over future technology

nodes. This is because there are competing factors that dictate power consumption, and

the trends for some of these factors, as given in ITRS [4], are not smoothly varying.
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While the total number of repeaters and clock frequency increase with the technology

node, Sopt, capacitance per smallest gate, and the supply voltage decrease. We also

observe that the total power dissipation of repeaters increases with a larger realistic Cu

resistivity because the crossover length in Eq. 5.4 reduces. This leads to more wires with

repeaters on them, hence, an increase in the repeater number and power dissipation due to

them.

 Fig. 5.7: Power dissipation due to repeaters vs. tech. node for reasonable Rent’s

exponents and using ideal as well as realistic copper resistivity values.

5.3.2   Power Saving Repeaters

The exorbitant power consumption due to delay optimized repeaters even for a

moderate Rent’s exponent at future technology nodes (Fig. 5.7) can be of serious con-
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cern. A simple method to reduce repeater power is to decrease the repeater size and/or

space them further apart. Both these solutions lead to a delay penalty. In this section, we

first characterize the delay penalty as a function of power savings, compared to the delay

optimal repeaters. Next, for a particular power saving compared to the delay optimal

repeaters, we develop a formulation, which optimizes the separation and sizing of repeat-

ers such that the delay penalty is minimized.

The expression for delay due to repeaters which are spaced distance l apart and

whose NMOS transistor is sized, S, (channel width to length ratio) can easily be obtained

by applying Elmore delay model to a simplified RC network for a stage (one repeater to

the next) and is given by:

       





 ++++

++
== SCReb

S
Cbr

lCaR
l

Crfeb
Lt

l
L

nmosw
wo

ww
nmos

stagerp )1(
)1)(1( 0τ  (5.9)

Here, L is the length of the wire, a and b are switching model dependent parame-

ters and are typically 0.4 and 0.7 respectively, if we assume that the output of the

repeaters switches when the input reaches half of the voltage swing [18]. Parameter e is

the ratio of the PMOS to the NMOS size and f is the ratio of the diffusion capacitance to

the gate capacitance of the transistors. The other parameters are as defined for Eqs. 5.1,

5.2 and 5.3. The Eq. 5.9 can be optimized independently with respect to S and l to give

minimum delay. This yields:

( ) nmosowwstagerpopt CrCRebfeabLt
l
L

++++== 1)1)(1(2τ          (5.10)

     



Chapter 5: Metal Interconnect Performance: Power Dissipation

120

ww

nmoso
opt CR

Cr
a

feb
l

)1)(1( ++
=          (5.11)

         
nmosw

w
opt CR

Cr
e

S 0

1
1
+

=          (5.12)

Note, for the typical value of e=2 (PMOS sized twice of NMOS), f=1 (diffusion

capacitance is same as gate capacitance), and above stated a and b values, the above

equations reduce to Eqs. 5.1, 5.2 and 5.3. Now, in an attempt to reduce power we de-

crease S and increase l such that  S = xsSopt and l = lopt/xl. Here, xs and xl are less than one

and denote the fractional change in sizing and spacing from delay optimal values. The

total delay for power saving repeaters in terms of these parameters can, now, be written

as
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Note, for xs and xl equal to 1, Eq. 5.13 reduces to 5.10. The delay penalty ex-

pressed as a ratio of delay of sub-optimal (xs and xl not equal to 1) repeaters to that of

delay optimized repeaters can be written as
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We next examine the power consumption of a single repeated wire due to wire

capacitance and the capacitance of all the repeaters on it. This power for the sub-optimal

case (general form) is given by

 ( )AxxLCfVsfVxx
l
L

SCefLCsP lswclockwclockls
opt

optnmosww +=











+++= 1)1)(1( 22

           (5.16)

Here, sw is the switching activity factor defined earlier, V is the power supply

voltage and fclock is the clock frequency. The first and the second terms in the parenthesis

correspond to the wire and the repeater contributions, respectively. For the delay optimal

case, where xs = xl  = 1, the ratio of the capacitance of all the repeaters on a single wire to

the wire capacitance turns out to be equal to A. For a reasonable value of f=1, A comes to

be 1.07 from Eq. 5.15. This result agrees with Eq. 5.7.

The amount of power saving obtained per wire by increasing spacing to lopt/xl and

reducing the size of repeaters to xsSopt (power saving repeaters) can, next, be expressed as

the ratio of the total power per wire in the power saving repeaters to the that in the delay

optimized repeaters. This is easily obtained using Eq. 5.16 and is given by

( )
( )A

Axx
P
P ls

opt +
+

==
1

1
δ          (5.17)

We now propose that using the expressions for delay penalty from Eq. 5.14 and

power savings from Eq. 5.17, one can find xs and xl , such that, for a given, required

power saving, minimum delay penalty is incurred. Stated another way, a given power

saving for repeaters compared to the delay optimal case can be obtained by modifying

either spacing or sizing or both. Each combination yields a different delay penalty.
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However, there exists a unique spacing and sizing of repeaters, which results in the least

delay penalty. This minimum delay penalty can be achieved by substituting xl in terms of

δ and xs from Eq. 5.17 into the expression for delay penalty, β , from Eq. 5.14, and

minimizing β  with respect to xs. Thus, the minimum β  and the corresponding xsopt and

xlopt are obtained after some simplification to be the following

δ
δ

β
11

1
min −+

+−
=

A
A

         (5.18)
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Note, the minimum delay penalty (βmin) can also be expressed in terms of the

fractional decrease in power due only to the repeaters on a single wire (η) instead of δ.

Since the power dissipation per wire, due to just the repeater capacitance of the wire

depends on the ratio of S to l, η becomes just the product of xs and xl. Using this and Eq.

5.17 to relate δ and η, and substituting in the expression for βmin  from Eq. 5.18 leads to

the following compact expression after simplification:

)1(
)1)(1(

min A
AA

+
++

=
ηη

β          (5.21)

Eqs. 5.18-5.21 can, thus, be used to minimize the delay penalty for a given power

saving for repeaters, or maximize the power savings for a given delay penalty.
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We first plot the delay penalty vs. desired power saving ratio in Fig. 5.8 using Eq.

5.14. Here, the power saving is obtained by using only the size variation (S) at a fixed

repeater spacing. The figure consists of different curves, with each curve corresponding

to a different repeater spacing value (l) ranging from lopt to 3lopt. The power ratio in this

figure is the ratio of the repeater powers only (excluding wire capacitance). We observe

different delay penalties at the same desired power saving depending upon the l value.

This points to the possibility of an optimization. It is interesting to point out that at any

given value of repeater spacing, l, the minimum delay penalty is always incurred at the

Sopt size. However, both the value of this minimum delay penalty and the corresponding

power saving varies depending on l.

Fig. 5.8: Delay penalty (DP) vs. power saved with power saving repeaters. Different

separation (l) used; for each l, the power saving occurs due to decrease in re-

peater size.
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It is important to mention here that there have been attempts in the past to reduce

power dissipation due to repeaters through various techniques such as the area optimized

repeaters [6], [19]. In [6] the product of cube root of the width (proportional to S) and

delay was taken to be the objective function for minimization, instead of just delay.

Rationale is that since the width is proportional to the power dissipation in a repeater,

such an objective function grants some weight to the power in addition to the delay. This

minimization leads to an optimal spacing same as lopt, a size of 0.5Sopt and a delay

penalty, β  of 12.5% for a 50% power saving on the repeaters [6]. The particular data

point is shown in Fig. 5.8. This figure also indicates that for the same power saving

incurred, there actually exists a different combination of S and l which gives a lower

delay penalty of about 6%, thus indicating that the objective function used may not yield

the best optimization. Stated another way, if 12.5% of the delay penalty can be tolerated,

the amount of power savings on repeaters can be much larger than 50% i.e. about 65%, as

shown in the figure. Thus, the optimization that we propose leads to a more general

solution that allows for a range in power-delay trade-off. Because of this fact, we are able

to explore potentially better trade-off.

Next, Fig. 5.9 shows the optimized curve for delay penalty-power saving tradeoff.

In Fig. 5.9a the normalized power (η) on the x-axis is only due to repeaters, whereas, Fig.

5.9b shows the delay penalty plotted against normalized total wire power, δ, which has an

additional wire capacitance. The figures also show the corresponding fractional change in

spacing and sizing required (compared to delay optimal repeaters) to achieve this optimi-

zation. We observe that with our proposed optimization it is possible to save large

repeater power for moderate delay penalties.



Section:  5.3   Power Penalty due to Repeaters

125

Fig. 5.9: Optimized delay power tradeoff curve for repeaters. (a) minimum DP (βmin)

for a given wire power saving (δ);  (b) βmin in terms of the repeater power

saving (η). Superimposed corresponding size and spacing of repeaters to

achieve the respective minimum DP.

We now apply the optimal trade off formulation to estimate the total power sav-

ings due to all the repeaters on a chip. Fig. 5.10 shows the total power dissipation due to

repeaters as a function of technology node. Specifically, it compares the power saving

using optimized formulation for different tolerable delay penalties (compared to delay

optimal case). The actual tolerable delay penalty will depend on architectural considera-

tions and a 25% delay penalty curve is shown in Fig. 5.1. For Fig. 5.10, a reasonable

Rent’s exponent of 0.55 and a practical copper resistivity with reasonable parameters is

used. It is seen from the figure that even for a small delay penalty of 5%, repeater power

dissipation is reduced by approximately 50% (from 61Watts to about 30Watts at 50nm

node), thus illustrating the effectiveness of the proposed optimization. The savings

saturate rapidly for larger delay penalties and are 62% and 80% respectively for a 10%

and 25% delay penalties.

Fractional power saving compared to delay optimal
              case (wire+repeater power), δ

F
ra

ct
io

na
l c

ha
ng

e 
 c

om
pa

re
d 

to
 d

el
ay

 
   

   
   

   
   

  o
pt

im
al

 c
as

e

Minimum Delay Penalty, βmin

Repeater Seperation fraction, x lopt 

Repeater Size fraction, x sopt 

Minimum Delay Penalty, βmin

Repeater Seperation fraction, xlopt 

Repeater Size fraction, x sopt 

F
ra

ct
io

na
l c

ha
ng

e 
co

m
pa

re
d 

to
 d

el
ay

 
   

   
   

   
   

  o
pt

im
al

 c
as

e

Fractional power saving compared to delay optimal
               case (only repeater power), η

 (a)  (b)



Chapter 5: Metal Interconnect Performance: Power Dissipation

126

Fig. 5.10: The power dissipation due to power saving repeaters as a function of future

nodes; plotted for different delay penalties (DP). Rents exponent of 0.55 was

used.

An important point to mention here is that the particular optimization for delay-

power tradeoff is done using only a single wire. The power savings are a result of in-

creased repeater spacing and reduced repeater sizes. However, as we pointed our earlier,

increased spacing between repeaters can bring about a decrease in the number of repeat-

ers on the entire chip in two distinct ways. First, it decreases the number of repeaters for a

fixed length wire. Secondly, it might increase the crossover length of the wires (beyond

which they need repeaters), thus, decreasing the number of repeaters. This would happen

in cases where the optimal repeater spacing, lopt, is larger than the minimum length wires

on the global tier, thus, the crossover length is given by lopt. While the methodology we

0.18 0.15 0.12 0.1 0.07 0.05
Technology Node (µm)
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choose does not lead to this possibility, we consider this case for the sake of complete-

ness. In such a case, for a more accurate optimization the constraining equation for power

has to be modified to the following instead of Eq. 5.17.
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P
δ          (5.22)

Here, n(x) is the number of wires at length x and is given by wire distribution

function obtained using the Rent’s rule. The equation Eq. 5.22 embodies the global power

dissipation due to all repeated wires on the chip. The reason we can use Eq. 5.17 instead

of Eq. 5.22 is that our crossover length is dictated by the minimum global wire length and

not by the spacing between repeaters. Thus, for our case the lower integration limits in

Eq. 5.22 are identical for numerator and denominator, which cancels the integral and

reduces it to Eq. 5.17. However, for repeater spacing greater than minimum global wire

length, we should use Eq. 5.22 along with the expression for delay penalty in Eq. 5.14 to

maximize power saving for a given penalty. The solution would involve numerical

methods and is discussed below.

To create a scenario where the minimum global wire length is less than optimal

repeaters spacing, we use a demarcation methodology, where all the wires outside the

50K gates boundary are considered to be global wires. For the case mentioned above, we

perform the numerical optimizations using Eq. 5.22 and Eq. 5.14 and find that the addi-

tional improvement over per wire optimization using closed form solutions is less than

3%. Fig. 5.11 helps us better understand the reason for such a small difference. In this

figure, we plot the different components contributing to power saving while varying xs to

get an optimum point. This is done at the 50nm technology node and a fixed delay

penalty of 10%. The three components of fractional power saving are xs itself, xl (related
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to xs through delay penalty constraint), and the crossover length (effects the number of

repeaters). The minimization of the product of all three curves, corresponding to a global

numerical optimization, leads to a value 0.34 times the delay optimal power (i.e. a saving

of 66%) and is marked point A in Fig. 5.11. Where as, the optimal xs for per wire, local,

optimization corresponds to a point where xs and xl product is minimum. For this xs, the

total fractional power saving on the entire chip due to repeaters comes to be 0.35 and is

marked as point B in the figure. Thus, the power saving results using local, closed form

solutions for optimization are within 3% of the ones numerically obtained using global

optimization. The basic reason for this is that the curves are quite shallow near the

optimum points, as seen in the figure. We also observe that the nature of the curves

remains the same for different technology nodes and different delay penalties. Thus, for

all practical purposes, the closed form optimization solutions, described by Eqs. 5.18-

5.21 are sufficient for all the cases including when repeater spacing is greater than

minimum global wire length.

Fig. 5.11: Various components, which go into minimization of repeater power for a

fixed DP (10% here). Numerical (global optimum), closed form (per wire)

solutions compared.
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5.4   Area Penalty Due to Repeaters

We now consider the area penalties associated with inserting repeaters on a chip.

Repeaters may lead to an increase in the chip area owing to two reasons. Firstly, the

optimal size of the repeaters tends to be very large. This might lead them to consume

large enough area to make the chip size bigger unless the chip is wire limited. Secondly,

repeaters are needed for global wires, which are mostly at the top metal levels. A con-

nection from the top metal levels down to the silicon substrate where repeaters physically

reside, using vias, forces the wires on the lower metal levels to be routed around them.

This routing blockage can cause an increase in silicon chip area for wire limited chips.

Both the effects are independent, and are considered as such. All area calculations are

done for delay optimal repeaters.

5.4.1   Silicon Area Occupied by the Repeaters

The total silicon area occupied by all the repeaters on a chip can be calculated

using the following formula:

A N Srepeater repeater opt= 12 2λ          (5.23)

Where, Nrepeaters is the total number of repeaters on the chip, the gate length is 2λ,

and Sopt is the optimal size of the repeater, expressed as the ratio of the width of the

NMOS transistor to its length. This calculation also assumes a repeater (inverter) will

have a PMOS sized twice that of NMOS. The area per repeater of 12Soptλ2 in Eq. 5.23 is

simply obtained by taking the product of width and length of the transistors. This may
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seem to be a simplistic assumption since logic gate areas can be limited by wiring tracks

rather than the transistor area. Sophisticated models that take these layout considerations

into account for calculating logic gate area exist in the literature [13], [20]. However, for

large logic gates, the transistors would indeed dominate the silicon area and our estimate

would be reasonable. Calculations using Eq. 5.3 show that Sopt is large and lies in the

range of 500-150 for the future technology nodes. The area consumed by the repeaters as

a percentage of budgeted chip area, for future technology nodes, using reasonable Rent’s

exponents of 0.55 and 0.6 is shown in Fig. 5.12.

Fig. 5.12: The percentage of the ITRS budgeted device area occupied by repeaters for

different Rent’s exponents (p) using ideal as well as realistic copper resistivity

values.
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The area fraction increases in the future because of the increase in the number of

repeaters on each wire, as well as because of an increase in the number of wires that have

repeaters on them. It is also observed that the fractional repeater area does not increase

monotonically with technology node. This is because, although, the numbers of repeaters

increase, Sopt and the feature size (2λ) decrease in the future. Also, the total chip area,

according to ITRS, does not increase smoothly. It is seen that the device area penalty due

to repeaters is not significant. At 50nm technology node (2011), for a Rent’s exponent of

0.55, repeaters consume less than 1% of the budgeted chip area.

5.4.2   Via Blockage Due to Repeaters

Via blockage due to repeaters is directly proportional to the total number of re-

peaters. Each repeater contributes two vias, one connecting from the wire down to the

repeater and the other from repeater back up to the wire. Thus, the number of vias due to

repeaters is simply twice the number of repeaters on the chip. All these vias pass through

the local and intermediate wiring levels and hence can lead to significant amount of

blockage.

For our via blockage calculations, we use an analytical expression presented in

[21]. The fraction of lost wiring area due to vias is given as:
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         (5.24)

Here, Ac is the chip area, Pw is the metal wire pitch, Nv is the number of vias, ? is

via covering factor [22], and ? is as defined before. It should be mentioned here that
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while this expression holds for the semi-global and the local tiers, it is not completely

accurate for global tiers, since the lower global metal layers do not contribute toward

blockage on the upper global metal layers. Thus the overall via-blockage factor would be

slightly less than the above value, though the difference is not expected to be substantial.

Using minimum pitch wires, a via covering factor of 3 [21], [22], and number of

vias to be twice that of number of repeaters, we compute the via blockage due to repeat-

ers for future technology nodes and show it in Fig. 5.13. It is seen that the blockage is

moderately significant. At the 50nm technology node, and for a Rent’s exponent of 0.55,

the blockage is about 5.6%, while it is about 8% for a Rent’s exponent of 0.6.

Fig. 5.13: The % area increase in the chip due to via blockage caused by repeaters on the

global wires for different Rent’s exponents (p).
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5.5   Summary

In this work we have quantified the power dissipation metric of global signaling

interconnects as well as the area metric in the context of repeater penalties. We have

calculated both the power dissipation due to global signal wires, in the future, using

reasonable Rent’s exponents as well as the extra power dissipation due to delay opti-

mized repeaters.  The signal wire power was indirectly deduced from the repeater power

dissipation by realizing that the delay optimized repeaters simply approximately double

the wire capacitance. In addition to examining penalties associated with delay optimized

repeaters, closed form solutions governing efficient delay-power trade off for repeaters

are developed. Using these expressions, the power savings for future nodes under various

delay penalty constraints is quantified. Finally, we address the area penalty due to both

the via blockage and repeater device area. While device area consumed by the repeaters

is negligible at less than 1%, via blockage is somewhat more significant, around 6-8%.
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Chapter 6

Optical Interconnects and their Compari-

sons with Metal Interconnects

6.1   Introduction

An optical communication channel consists of the transmitter, transmission me-

dium and the receiver. We have divided this chapter into three major sections. In section

6.2 we motivate the need for optical receiver modeling from the perspective of possible

implementation of optical interconnects in two future on-chip interconnect systems: clock

distribution and global signaling. The discussion uses the background on and a survey of

the existing electrical schemes for on-chip clock distribution and global signaling, and

their problems/limitations in the future to motivate a need for alternative solutions such

as optical interconnects. Although, optical interconnects hold enormous promise in terms

of bandwidth and speed, the power dissipation is a very critical consideration for on-chip

applications. The receiver performance is crucial in deciding the potential for optical

interconnects. Section 6.3 of this chapter is devoted to optical receiver modeling, and

receiver performance prospects with scaling, from power dissipation, delay and band-
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width point of view. Finally, the last section (section 6.4) uses the optical receiver

modeling to do a systems level comparison of optical and electrical interconnects for both

clock distribution and global signaling applications.

6.2   Motivation for Optical Interconnects

6.2.1   Clock Distribution Networks

6.2.1.1   Introduction

Synchronous timing schemes, running various components of a chip using a sin-

gle distributed clock are employed in the current high performance chips. The continuing

trend toward a larger chip area coupled with a shorter clock period; hence, a reduced

tolerance for timing uncertainty is making it more difficult to synchronize the entire chip.

Although, asynchronous clocking techniques can relieve some of the stringent require-

ments of synchronous operation, the cost and the complexity associated with these novel

techniques can be a significant hindrance in their introduction [1], [2]. This is especially

true if the life of conventional clocking schemes can be extended using alternative

technologies.

The on-chip clock can be envisioned to be composed of two distinct components:

The interconnect network which deals with distributing the clock to various locations on

the chip, and the device component such as latches (clock elements) which receive the

clock. Our emphasis in this work will be on the clock distribution network. The primary
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figures of merit for a clock distribution network are the timing uncertainty, the power

dissipation, and the area consumption. An efficient clock distribution network minimizes

the timing uncertainty and at the same time dissipates least possible power and consumes

small area. Two other clock distribution figures of merit which directly affect timing

uncertainty and power dissipation are the clock slew rate and its duty cycle stability. The

manner in which they impact timing uncertainty and power will be discussed in a later

section. Finally the design time considerations and the ease of timing verification are also

important clock merits, as they figure in the cost of the chip.

The amount of timing uncertainty at the clock elements is a direct consequence of

the clock distribution network and is of primarily two types. The first pertaining to a

difference in arrival time of the transitioning clock edge at different spatial locations on a

chip. This type of timing uncertainty is referred to as skew (Fig. 6.1) [3].

Fig. 6.1: Demonstrating the concept of positive and negative skew. Taken from E. G.

Friedman, Proceedings of the IEEE, vol. 89,no. 5, may 2001.
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The second class of uncertainty pertains to the arrival of the clock edge at a single

location at irregular times. This is referred to as jitter. The jitter is of two types: long term

and cycle to cycle. The cycle to cycle jitter is usually a zero mean, high frequency

variation.

Minimization of timing uncertainty is important because of two primary reasons.

First has to do with the speed of the chip since timing uncertainty directly eats into the

clock frequency and results in its reduction. This occurs when the clock triggering edge

arrives earlier at the clock element (example: a latch) downstream in the direction of the

data flow (positive clock skew in Fig. 6.1). The earlier clock arrival at the latch, which is

receiving data compared to the one which is sending it, effectively shortens the allocated

time during which the combination logic can be performed and the data can to be trans-

ferred between the two latches. Thus, this condition can be expressed as

setupskewclock(max)iclogintqc TTTTTT −−<++−        (6.1)

Thus,

setupskew(max)iclogintqcclock TTTTTT ++++> −       (6.2)

The symbols are as defined in Fig. 6.2 [3]. Tlogic(max) is the maximum time it takes to do

logic if there are multiple logic paths. The above equations can be easily deduced from

the figure. While this problem is not detrimental to the chip functionality, it restricts the

clock frequency (Eq. 6.2). The second reason for minimizing the timing uncertainty of

clock has to do with the proper functionality of the chip. This occurs when the clock

arrives later at the data-receiving latch compared to the data-sending latch (negative clock

skew in Fig. 6.1). If the data travels fast enough to the receiving latch such that the hold

time criteria is violated on the previously latched data, it will corrupt the existing data.

This is known as the race-through condition or short path violation. Thus for race cond i-

tion we have,



Section:  6.2   Motivation for Optical Interconnects

141

holdskew(min)iclogintqc TTTTT +>++−        (6.3)

Thus,

hold(min)iclogintqcskew TTTTT −++< −         (6.4)

Here Tlogic(min) refers to the fastest logic path timing. The race condition is likely to occur

between latches that are placed in physical proximity and hence, among other timing

uncertainties, it is more susceptible to local skew. The data race problem cannot be

solved by reducing the clock frequency. It is usually tackled by delay padding which

involves artificially introducing delay for data between two latches such that the hold

condition on the downstream latch is not violated.

Fig. 6.2: Schematic to help visualize race condition and clock frequency limitation due

to skew. E. G. Friedman, Proc. IEEE, vol. 89, no. 5, may 2001.
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The second clock metric of paramount importance is clock power. The perform-

ance of the future high-end chips is likely to be limited by their power dissipation. The

paradigm of scaling will continue to exacerbate the power problem severely from many

different angles. On one hand, the device leakage power, including sub-threshold, and

gate leakage will rise in the future [4]. On the other hand, the dynamic power will also

increase not only due to a larger number of devices and interconnects on the chip (as seen

in earlier chapter), but also owing to the burden of keeping the speeds of electrical

interconnects compatible with increasing clock frequencies using power hungry solutions

such as repeater and latch insertions (deeper levels of pipelining). The latch insertions

along long interconnects will be necessary as across-chip communication would take

several clock cycles [5]. In fact, some estimates which don’t even account for the sub-

stantial interconnect power dissipation and merely concentrate on device power (both

dynamic and static) have shown chip power densities to increase to about 200 W/cm2 at

35nm technology node [4], about an order of magnitude more than the power densities in

current chips.  Including the interconnect power would substantially increase these power

density estimates. Even with some revolutionary heat extraction methods, this will

probably lead to a significant increase in the chip temperature over current values.

Today’s chips already run at about the limits of temperature they can tolerate (approxi-

mately 120 0C). A higher temperature would degrade both reliability through greater

susceptibility to electromigration failures and performance through increased intercon-

nect resistance and poorer device characteristics. The situation presents an impending

power crisis, which threatens to significantly slow down or even halt the progress of the

chip industry. Since clock traditionally accounts for 35% to 70% of the total chip power

in the high-end chips [6-8], it becomes imperative to examine this figure of merit in great

detail and minimize it.

 The third clock distribution figure of merit is the area occupied by it. Although,

typical distribution networks occupy about 3-5% (3% for alpha 21264 processor [7],
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3.5% of metal level 5 and 4.1% of metal level 4 for IA 64 Intel [9]) of upper level metal,

it is not as critical a property as power and timing uncertainty. In future, however, be-

cause chip sizes tend to be interconnect limited and because distribution schemes which

achieve good timing uncertainties are also area intensive (for example power and ground

shielding to minimize cross talk noise and metal grids for lower skew), clock distribution

area considerations cannot be neglected.

6.2.1.2   Conventional Clock Distribution Problems and Existing Solu-

tions

The traditional clock distribution network can be broadly divided into global and

local network. This is abstracted in Fig. 6.3 [10]. The global network which is responsible

for distribution of a phase locked loop (PLL) generated on-chip clock to various local

clock pin locations in different corners of the chip is usually done with either balanced

and buffered trees, metal grid structure, delay matched wires or a combination of these

three schemes [1], [7], [9], [11]. The balanced trees such as H-tree or an X-tree have

advantages of having zero nominal skew and low interconnect capacitance, hence power.

However, in real chip environment the balanced trees, without corrective measures,

present substantial skew for reasons discussed below. A metal grid structure has higher

power dissipation due to a larger interconnect capacitance, however has some advan-

tages. First, it is less sensitive to spatial and temporal clock load variation due to

averaging effect. Thus, it is also very conducive to a last minute physical relocation of

clock loads. Secondly, it makes the global clock available everywhere rather than at

specific locations as in H-tree. The local clock distribution from the clock pins to the

individual latches is mostly done by delay matching the wires within the jurisdiction of a

macro clock pin (Fig. 6.3). This distribution, also consisting of local clock buffers, is
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usually embedded within the functional units and is done using lower metal levels (local

interconnects) [9]. The global distribution network contributes to a large fraction of the

timing uncertainty. The following sections discuss the numerous sources of timing

uncertainties and power problems using electrical interconnects. They also discuss the

various solutions deployed by various chip manufactures to get around these problems.

Fig. 6.3: Demonstrating the domain of local and global clock distribution network in an

abstract form. Taken from F. Mahony (with permission), Stanford University.
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6.2.1.2.1   Clock Skew

The sources of skew can be broadly classified into those resulting from 1) intra-

chip process variations, 2) intra-chip temperature variations, 3) spatial variation of clock

loads across-chip due to fundamental asymmetry in a chip floor-plan, and 4) differential

power supply noise due to IR drops across the power/ground distribution.

The process variations can be further classified into those coming from transistor

parameter variations, primarily in the buffers inserted in an electrical clock distribution

network, and those due to interconnect parameter variations. Buffers in the distribution

network are inserted to compensate for propagation induced deteriorating clock slew

rates and to minimize delays in on-chip RC wires. The buffer transistor parameter varia-

tions can be in the threshold voltage, oxide thickness and in the channel length. All these

factors contribute to a variable delay through the buffers across the chip, leading to clock

skew. The interconnect width, height and spacing (both inter-level and inter-metal

dielectric) can also vary across the chip because of process reasons such as dishing during

Chemical Mechanical Polishing [12]. This in turn, leads to variation in resistance and

capacitance thus, a variation in delay. The second prominent source of skew is the

temperature variation across a chip. It occurs because certain on-chip functional units,

such as, cache may locally dissipate lower power compared to more logic-intensive areas

such as floating point units. This spatial variation in temperature can lead to a difference

in delay through physically separated clock distribution paths, as it can vary both the

interconnect resistance and the threshold voltage of the buffers in the distribution net-

work. The third source of skew due to a spatial variation in the capacitive loading of the

clock occurs because of a large difference in latch densities across the chip. This also

leads to a variation in the clock delay at different points on the chip because of difference

in the capacitive load that each clock path is driving. If not corrected, by itself, it can be

the largest cause of skew [12]. The final component of skew is the differential variations
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in power supply due to finite IR drops in the power/ground distribution network. This

variation in differential supply at different locations on the chip causes a variation in the

delay of the buffers inserted in the global clock distribution network.

Various chip-manufacturing companies have traditionally used different ap-

proaches to minimize the skew problems. These are discussed in light of four examples

from four different high-performance chips: Alpha 21264 by Compaq [7], [13], Ultra

Sparc III by SUN [14], Power4 by IBM [2], [6], [11], and IA-64 architecture by Intel [9],

[15].

The alpha 21264 chip (600MHz, 2.2volts, 72-90Watts, 314mm2) uses a combina-

tion of X-tree and H-trees to distribute the global clock to sixteen main buffers in a

window pain configuration for each quadrant of the chip. Each of these buffers distribute

the global clock to distributed clock drivers using delay matched RC trees, which subse-

quently drive a single, global, metal grid. In the logic intensive sections where the latch

density is high, the global grid drives smaller area grids (major clocks) through two

inverters and the local clock is extracted from these smaller grids. Whereas, in the

sections of chips such as cache, the local clock is directly tapped from the global grid.

The grids driven by windowpane configuration ensure lesser susceptibility to process

variation induced skew, however, the power consumption was high because of large

capacitance of the grid structure. The worst case simulated skew in the global clock was

about 72ps at 100 0C and 1.8V (measured was 65ps at 0 0C and 2.2V) [7].

 The Third generation SPARC V9 microprocessor (1GHz, 1.6volts, 80Watts,

244mm2) uses a similar approach to clock distribution as the alpha chip. The on-chip PLL

drives a balanced tree network, which, in turn, drives a global grid. The global clock is

gated for testability and for controlled grid loading to form a unique clock over each of

the major blocks on the die. These blocks have local grids, which reduce the skew
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further. Overall skew was less than 80ps and included the skew due to load, process,

temperature and voltage variations on the chip [14].

The approach taken by IBM is quite different and relies on a scaled H-tree driving

about 16-64 sector buffers. These buffers subsequently drive a tuned H-tree, which, in

turn, drives a global grid. The power4 design specifically uses 64 sector buffers. The H-

tree up to the sector buffers is length matched using wire-folding [11]. The clock-load

variation induced skew problem is mitigated by tuning the H-tree using an IBM proprie-

tary clock routing tool. The H-tree levels driven by the sector buffers use wire width

variations for tuning as opposed to length matching. This technique gives lower capaci-

tance, thus saves power and wiring track resources compared to the length matching

technique. This design gave power4 chip a measured skew in global distribution of about

70ps [11]. The power dissipation was about 115W out of which 70% was in the clock [6].

The major cause of the skew was determined to be due to buffer delay variations rather

than interconnect model and process variations. The tree tuning approach successfully

counters the load variation induced skew along with exploiting the benefits of a regular

H-tree with predictable transmission line properties through dedicated current paths [2].

However, it suffers the drawback of not being able to account for process variations [9].

Intel has tried to address this problem in its IA-64 architecture chips using a de-

skewing technique [9]. They further stress that a balanced clock tree that spans an entire

chip is unlikely and that a local path tuning approach would require a detailed analysis of

clock routes after the implementation is complete, which will adversely impact the design

time. Not to mention this approach is susceptibility to future process shifts [9]. In IA-64

architecture with 800 MHz clock frequency, the global core clock is distributed using an

H-tree to 8 locations with each location having a cluster of 4 deskew buffers [9]. Except

2, each of these 32 deskew buffers drive one of the 30 regional clock grids through

regional clock drivers. At the global level, in addition to the global core clock, a reference
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clock with uniform chip wide load and reduced buffering is also distributed using an H-

tree. The output of the regional grid is aligned to the reference global clock using a delay

locked loop (DLL). Additional delay is added to the reference clock at its root so that its

timing matches with the average delay of the feedback clock. Since the regional clock

loads are well matched and buffers are fewer in the reference clock (less susceptibility to

process variation) and because of matching of each regional clock to the reference

through DLL, skew is minimized. Hence, these are called deskew buffers. Since, the

skew removal process utilizes active electronics, it can account for process and load

variations. The measured global skew was 28ps whereas, it is projected to be 110ps

without deskewing [9]. The source of skew in this technique is the residual skew in the

reference clock, the uncertainty of the phase detector in the DLL and the mismatches of

the feedback clocks [9]. Although, the deskewing techniques do solve the global skew

problems to a large extent, they introduce additional complexity and extra power dissipa-

tion due to additional reference clock distribution and DLL components such as phase

detector, low pass filter and variable delay components.

From above examples, it is evident that the skew till now has been tackled with

reasonable success, albeit, using different methods by various chip manufactures. How-

ever with scaling because of increasing chip area, worsening performance of electrical

interconnects at higher frequencies and smaller dimensions, as well as reduced skew

budget constraints, even the skew budget may become increasingly challenging to meet.

On the other hand, jitter is fundamentally a more difficult problem, primarily due to its

high frequency nature.
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6.2.1.2.2   Clock Jitter and Slew Rate

It used to be that the primary source of jitter was the on-chip Phase locked loop

(PLL) which takes in the slow off chip clock and generates a faster on-chip clock. How-

ever, with scaling and advancements in PLL design, PLL jitter is reducing, however,

other sources of jitter are becoming more critical. For example the PLL peak to peak jitter

in the third generation SPARC V9 was about 62ps [14]. Among sources of jitter other

than PLL, the most important ones are the 1) capacitive coupling induced interconnect

cross talk, 2) the buffer jitter due to common mode supply variation, and 3) the data-

dependent capacitive loading of the clock elements. The switching state variation on

adjacent wire relative to the switching state of the clock wires can greatly alter the

interconnect capacitance hence, the delay of the wire. Since, the switching states vary

from clock to clock cycle, it is a high frequency phenomena, hence contributes to cycle to

cycle jitter. The second important cause of jitter is the common mode variation of the

supply voltage due to inductive Ldi/dt high-frequency noise. This causes a variation of

the signal transition threshold voltage, which, in turn, leads to the transitioning edge

being detected at different points in time, thus a high frequency jitter. The final cause of

jitter is the variation in gate capacitance of the latches depending on the data. In this

instance, there is a temporal variation in the clock loading depending on the data stream,

as opposed to a spatial variation as in the case of skew. In fact, the input capacitance is

known to vary by an order of magnitude depending on the data [7].

The clock slew rate, dependent on the rise time, is important because it effects

both timing uncertainty and power dissipation in the buffers. The effect of any common-

mode supply noise induced threshold voltage variation on buffer jitter is determined by

the clock slew rate. A slower clock edge for the same variation in signal transition

threshold voltage will lead to a larger jitter. Slew rate also effects timing uncertainty by

dictating the inductance effects such as amount of voltage ringing and overshoots as well
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as reflections in the modern high frequency interconnects. In addition, it dictates the short

circuit power dissipation of the buffers inserted in the clock distribution network. This

power is dissipated when both the NMOS and PMOS transistors are partially “on” for a

short time during an input transition, and Vdd is shorted to ground. This power tends to be

about 20% of the total dynamic power [13] and will increase if the slew rates deteriorate.

Typically, the slew rate problems are addressed by packing the interconnects with

closely spaced buffers. However, this leads to more buffers, thus a larger accumulated

jitter from them. Hence, there is a tradeoff in terms of number of buffers. Less buffers

cause larger jitter per buffer because of slow slewing clocks, whereas large number of

buffers cause lower jitter per buffer but total jitter accumulates.

6.2.1.2.3   Clock Power

As discussed earlier, this figure of merit for clocks has become increasingly im-

portant and problematic. It is problematic because it dissipates huge fraction of the chip

power and because chip performance is increasingly limited by power dissipation. The

clock power arises from the global distribution network, the local distribution network

and the clock loads (flip-flops). Most of this power is the dynamic power dissipation

required in charging and discharging of various capacitances. The distribution network

capacitance also includes the capacitance of the buffers in addition to that of intercon-

nects. In addition to the dynamic power, short-circuit power, as discussed earlier, is also

dissipated in the buffers of distribution network. With local clock power saving mecha-

nisms such as clock-gating/conditioning [7], and with aggressive skew reduction

techniques such as use of dense metal grids, a significant fraction of the clock power can

be in the distribution network. For example in the Alpha 21264 processor 2.2nF capaci-
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tance is in the global clock, 3nF is in major clocks and 6nF is in local clocks including

latches [16]. This gives about 46% of total 33W of power dissipation, in the network

before the local distribution network.

The commonly employed power saving solution by industry is that of clock ga t-

ing, where large portions of the chip are switched off when not needed. This can save

substantial power dissipated in the local clock network and clock loads. However,

employment of clock gating comes with its penalties. First, the clock load is higher

compared to the inverter, when the clock is on [7]. Secondly, clock gating complicates

timing verification and can lead to increased clock path delay variation [7]. Finally, it

worsens the power distribution problems by increasing the supply noise. When the

portions of a chip are turned on, the Ldi/dt noise in the distribution lines worsens. This

problem will particularly be much worse in the future as will be discussed in the subse-

quent section.

6.2.1.3   Scaling Behavior for Conventional Electrical Clock Distribution

Systems

The problems related to clock distribution using conventional electrical intercon-

nects will become more challenging both from the timing uncertainty and from the power

perspective. We examine this in a greater detail in the current section.

Although, various existing designs have solved the skew problems in the global

clock distribution with electrical interconnects with reasonable success, there are a few

problems with scaling these designs. Firstly, they do not address the high frequency jitter

problems, which can become large in the future primarily due to a larger number of
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buffers. Even Intel’s active deskewing mechanism cannot handle high frequency varia-

tion because of a low pass response of DLLs. Secondly, many of the solutions employed

push the problem to power, which is now becoming the performance-limiting factor.

Finally, there is doubt to their adequacy even in meeting just the skew budget in the

future. The tolerance to skew will reduce proportionately with the clock period in the

future and because of a larger chip area, the process variations both due to buffers and

interconnects are likely to increase, causing larger skew. In fact, the entire timing budget

is shrinking in the future, however, the skew and jitter trends using electrical intercon-

nects tend to be going in the reverse direction.

In the future the delay through the clock distribution path will steadily increase

due to both a larger chip area, as well as because of deteriorating electrical interconnect

properties due to both scaling and higher frequency operation. The resistance, thus the

RC delay of the future wires, will rise significantly because of scaling [17] and because

of greater skin effect at higher frequencies. While the increase in the delay of the signal

wires can be partially gotten around using deeper pipelining and exploiting locality in

communication along with repeated wires (still very power hungry solutions), in clocks

this delay is detrimental [18] as the uncertainties scale with delay. The wire delay prob-

lems are further compounded by the slew rate problems. Both because of higher

frequency operation (higher transition rates) and because of deteriorating resistance of the

wires, a significant high frequency attenuation will be observed in the wires. This will

result in rapid slew rate deterioration.

The deterioration in delay and slew rates can be slowed down to some extent by

stacking buffers more closely and at appropriate locations. Although, ideal buffer place-

ment is and will increasingly become more difficult to achieve [2]. Even ideal buffer

placement will have its own set of penalties. Stacking buffers closely will increase the

number of buffers. This will lead to a greater accumulated jitter from the buffers. The
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number of buffers will also increase because the chip area is increasing and so will the

length of the distribution paths. Apart from the total skew and jitter increase due to more

buffers, even the individual buffer timing uncertainty is likely to increase. A factor

countering this is a lower buffer delay with scaling, however, both the common mode and

differential mode power supply noise will deteriorate in the future. This is because the

current drawn by the chip will dramatically rise as the chip power increases and supply

voltage drops concurrently. The steep rise in current will increase both the IR drops in

power distribution network, which will effect skew, as well as increase the Ldi/dt noise.

All in all this will lead to a dramatic rise in the timing uncertainty due to buffers which

were introduced to compensate for deteriorating electrical interconnect properties.

A further problem facing electrical interconnects that will become increasingly

important in the future arises from more prominent transmission line effects. Reflections,

ringing and overshoot problems because of impedance mismatch become significant as

the inductive properties of the wire become dominant at higher frequencies as well as

because the number of nodes, thus, potential impedance discontinuities will increase in

balanced tree distributions. These problems can be overcome by more stringent intercon-

nect width matching at the branching points. However, this will add to the complexity

and the cost of the design. Further a better control and predictability of R, L and C

parameters will cost a lot of real estate [11] since it will require well defined return paths

and proper shielding. This will also add to complexity and cost.

Having discussed the timing uncertainty related future problems with electrical

interconnects for clock distribution, we now focus on the power problems. The power in

the clock will rise in future on two separate accounts. First, due to scaling induced greater

functionality and the resulting need to switch both a larger interconnect and device

capacitance per clock cycle at a higher frequency. This increase in power is only margin-

ally mitigated by a slow reduction in the supply voltage. The second distinct reason
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contributing toward greater clock power is that often times, the distribution schemes

which, minimize timing uncertainty, tend to dissipate more power. Also, because the

timing uncertainty tolerance is shrinking in the future, the clock power will increase in

the distribution system at a higher rate than that resulting from just an increase in the

interconnect infrastructure to support greater functionality. The latter problem is funda-

mentally an electrical interconnects problem, which do not naturally lend themselves

conducive to a lesser timing uncertainty with scaling. In fact, their properties deteriorate

with scaling and higher frequency operation.

Above problems and limitations related to both the timing uncertainty as well as

the clock power present a strong case for examining alternative, novel clock distribution

designs and their comparison with the future performance of conventional electrical

distribution schemes. Various alternatives are being studied. For example, the alternative

clock distribution in electrical domain includes the distributed PLL design [18], package

level clock distribution [19], as well as salphasic clock distribution [20]. Apart for these

metal wire based solution, alternate technologies such as wireless clock distribution [21],

[22] and optical clock distribution are also possibilities. We focus on the optical clock

distribution here.

6.2.1.4   Optical Clocking as a Possible Solution

On-chip optical clock distribution can potentially present advantages compared to

the conventional metal interconnects and some of the alternative novel distribution

schemes, on both power and skew accounts. Further, it could provide a scalable solution,

which may justify the insertion cost. On-chip optical clock distribution is conducive to a

low skew and jitter link because the transmission medium does not utilize buffers, which
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draw upon problematic power distribution network and are susceptible to process varia-

tions. Neither does the speed of transmission depend on temperature variation on the

chip. Jitter is further not dependent on the capacitive coupling of wires with other inter-

connects, as is the case of electrical interconnects. A lower jitter in optical links is

especially very advantageous over electrical links because there are not many solutions to

get around jitter problems, and jitter due to electrical links is becoming more dominant

than that due to PLL. The only source of skew and jitter in optical interconnects would

come from transmitter (modulator and laser) and the receiver. These skew and jitter

sources can be further diminished using novel techniques such as short optical pulses

[23]. Finally, optical solution is very scalable because unlike in electrical distribution, the

delay does not degrade rapidly with high frequency, neither is there a deterioration of

clock edge rates as sufficient transmission bandwidth is available. Most importantly, the

independence of the transmission medium from the ever-deteriorating power supply noise

provides a great benefit.

Optics may also be useful in saving clock power which, as already discussed, is a

major power consumer on a chip. Since optical interconnects are envisioned to replace

the global clock distribution, there is some skepticism about substantial power saving

resulting from this replacement. It has been argued that most of the clock power dissipa-

tion is in the local distribution and clock loads [2]. However, as discussed earlier and also

quantitatively exemplified using the alpha design [7], a substantial power dissipation can

arise in the distribution network especially when clock gating is used. Not to mention that

with power being the performance bottleneck, even small amount of power saving along

with highly reliable timing can make a strong case for optics. The degree of effort put in

saving power in current microprocessor design is obvious by the specific custom sizing

of certain latch cells in Intel’s IA-64 design to save just 10% of power in the data-path

[24] (typically 10-20% of total chip power). Apart from above possible implementation

of optics, there is also the possibility of driving the latches directly using backside optics



Chapter 6: Optical Interconnects and their Comparisons with Metal Interconnects

156

to possibly save power in both the global and the local clock distribution network, as well

as in the latches. This could be implemented, for example, using free space optics from

the backside of silicon substrate. However, the power dissipation per receiver for this

implementation has to be extremely low.

Many possibilities and choices exist for implementation of optical systems. The

transmission medium could be either free space using mirrors or diffractive optics, or on-

chip wave-guides in the regular tree configurations. Cost and packaging issues could

dictate this choice. The operational wavelengths could be 850nm, 1300nm or 1550nm.

The material system could be silicon (Si), germanium (Ge), Si-Ge, or III-V compounds in

conjunction with silicon CMOS. Both these technologies can be implemented either in 2-

D or in 3-D with either monolithic integration or using wafer bonding techniques. Further

the level to which optical distribution should be carried out (ex. global vs. local using

direct latches) is also an open-ended issue. Each of these possibilities should be carefully

examined for its cost, ease of integration and compatibility with conventional CMOS and

its power and timing advantages to get the best possible optical solution. For example, in

one possible implementation, the electrical global distribution including trees and the

grids can be replaced and optical clock can be brought directly to the local clock pin

macro. Optical receiver density can be increased in logic intensive units with larger clock

loads compared to cache units. Since these receivers would directly be tapped by local

macros, buffered and distributed locally within the macro using an already laid out local

routing, we basically get a global clock with very low skew and jitter and with potentially

large power savings due to elimination of metal grids. Further, no changes to the cell

design would be required since the local clock distribution was left unaltered.

Since the majority of the power in an optical clock distribution network will be in

the optical receivers, it is critical to model the receiver system using appropriate con-

straints. This modeling can be used to project the performance in the future and facilitate
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comparisons with alternative technologies. This will be addressed in section 6.3 of this

chapter.

6.2.2   Global Signaling

Apart from clock distribution, there is also a potential for large gains using optical

interconnects for on-chip signaling, especially long distance signaling at the global level.

These gains can potentially arise from an improved power, communication latency and

bandwidth. Although, most importantly optical interconnects could save power expended

in long distance communication. Since power is quickly becoming the performance

bottleneck, this would be of paramount importance. The power in the global long dis-

tance communication is rising as a result of two distinct factors. First, because the total

capacitance of the global interconnects is increasing due to both an increase in the length

and the total number of interconnects at the global level. With the current design para-

digm, future chips would tend to have large number of functional units communicating

with each other, which would require many global interconnections. The second reason is

that the natural tendency of electrical interconnects is to deteriorate with scaling and to

make them acceptable from latency and bandwidth perspective, repeaters are inserted.

The repeaters do solve the bandwidth problems [25] and delay problems to some extend,

although not completely. However the accumulated capacitance of the delay optimized

repeaters is about the same as that of the wire on which they are inserted. Hence, they

double the capacitance of the wire, doubling the dynamic power dissipation due to all the

wires, which use them (chapter 5). Besides, the latency for a chip edge wide communica-

tion using electrical wires with repeaters still rises with scaling, albeit slowly, and

increases to about 7.5 clock cycles at 35nm technology node [5] compared to slightly
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more than a single clock cycle currently. Thus, the solution to get around latency problem

in electrical wires is effective, but doesn’t solve the problem completely. More impor-

tantly, however, it is power hungry. To further exacerbate this problem, these repeated

global wires would have to be pipelined deeper with scaling because of multiple clock

cycle and increasing latency, leading to even larger power dissipation. A detailed model-

ing of these wires using Rent’s rule has shown a power expenditure of about 120W just

on global communications using repeated electrical interconnects, at 50nm node (chapter

5). The repeater power can be mitigated at the expense of some delay penalty, however,

even with 20% delay increase at best these wires are still estimated to dissipate about

75Watts at 50nm node (chapter 5). Apart from potentially reducing the global communi-

cation power and latency, optical interconnects will also provide immunity from cross

talk issues and transmission line issues such as reflections and ringing.

To facilitate a comparison between electrical and optical interconnect systems

both for global signaling and clock distribution, it is imperative to model the optical

receiver, as it greatly impacts the power and delay of an optical link. In the case of global

signaling application it is also important to model the transmitter. For clock applications

the transmitter could be off-chip, hence may not be critical. Thus, we first undertake the

optical receiver modeling in the following section.
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6.3   Optical Receiver Modeling

6.3.1   Introduction

This optical receiver modeling in this section builds upon the receiver modeling

done by Krishnamoorthy et. al. [26]. The receiver design is relatively simple. Although

more sophisticated receivers, which can probably better some of the performance specifi-

cations of this configuration, can be made using dedicated circuit design. This particular

configuration, owing to its simplicity, was conducive to studying future scaling trends in

optical receivers. This optoelectronic-integrated receiver consists of a photo-detector

followed by a transimpedance front-end amplifier with only one gain stage within the

feedback. Subsequent gain stages are stacked after the front-end to amplify the signal to

the supply voltage. Other designs such as integrating receivers are also possible. The

transimpedance configuration is schematically depicted in Fig. 6.4. A CMOS inverter is

chosen to be the gain stage for reasons outlined in reference [26].

The current work adds to or is different from [26] in following respects. 1) Short

channel effects are incorporated in the receiver front-end and subsequent gain stage

transistors. This makes a large difference because the intrinsic gain of the transistor given

by the product of the transconductance and the output resistance of a transistor, falls

slowly with scaling. 2) A provision has been made to vary the front-end transistor width

to minimize the power with Signal to Noise Ratio (SNR) and the bandwidth constraints.

Note, the width of the front-end transistors and subsequent stages was fixed in [26]. 3)

The feedback resistance was assumed to be made of a PMOS transistor operating in the

triode region with the gate tied to Vdd to provide maximum linearity in the resistor. The

feedback capacitance varied with the feedback resistor according to operation in the
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triode region of a PMOS transistor. 4) A single ended receiver as opposed to a differential

receiver is used in this work to minimize detector capacitance. The negative swing is

achieved by having a small current source equal to the current supplied by the photo-

detector. 5) The predictions made in this work are more futuristic down to 35nm techno l-

ogy node and use transistor and various other chip related parameters as outlined in the

International Technology Roadmap for Semiconductor ITRS ’99 [27]. 6) Care has been

taken to ensure that optical power is no higher than what will violate small-signal as-

sumptions. 7) A power algorithm, which minimizes the receiver power dissipation

accounting for the fact that the power depends on both the width of each gain stage as

well as the number of stages, was used.

Fig. 6.4: The schematic of the front-end with additional gain stages used in this work.

The amplifiers were simple inverters.

Optical power
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6.3.2   Constraints and Requirements for the Receiver

The optical receiver modeling was done with the following constraints. 1) First, a

receiver bandwidth sufficient for the clock frequency of various technology nodes,

according to ITRS, was required. 2) Second, a sufficient digital SNR (DSNR) was

required. DSNR is more relevant for signaling applications as it directly dictates the

signal transmission reliability through the bit error rate (BER). However, even for clock

application, since it cannot tolerate any error, the DSNR requirements are extremely

stringent. Further, if the chip design in the future is such that the global optical clock

feeds into a PLL for the generation of a faster local clock, then the global clock DSNR

may affect the jitter at the output of the PLL in the local clock. In this case the exact

constraint on DSNR will be dictated by jitter requirements. For our modeling purpose, we

have chosen a DSNR of about 7.9. This corresponds to a BER of 10-15 for a random data

sequence. For clock application, the DSNR requirement is not expected to deviate much

from this number. 3) The final constraint on the receiver was to achieve an output voltage

swing equal to the supply voltage for the particular technology generation (Vdd). The

variables that were designed using above constraints were the width of the amplifier

transistors, the feedback resistance of the front-end and the number of gain stages.

6.3.3   Assumptions for the Receiver Design

In addition to the type of design described above, following assumptions were

used for modeling the performance of this transimpedance optical receiver. 1) The major

source of power dissipation in the receiver is assumed to be the static power dissipation

arising from biasing of the amplifier. This is directly dependent on the transistor width. 2)

The PMOS of the inverter was assumed to be twice that of NMOS to compensate for the
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lesser intrinsic drive current in the PMOS. 3) The next assumption is related to biasing.

The front-end with the feedback is self-biased. The bias point is assumed to be approxi-

mately Vdd/2 with in the bounds of accuracy of PMOS and NMOS current drive

matching. The subsequent gain stages are assumed to be biased by the previous stages at

Vdd/2. If the need arises, subsequent stages could be explicitly biased. 4) The transistor

sizing of all the gain stages is assumed to be identical and equal to that of the front-end

stage. Although, because the intrinsic gain of the stage, gmR0, is independent of the width

and because smaller width causes lower power dissipation, it is possible to lower power

by sizing subsequent gain stages smaller. However, the size is kept the same to ensure

that process variations do not lead to large voltage offsets, which could cause a higher

BER. Also, the delay associated with driving the final load with smaller stages will be

excessive. 5) The bandwidth of the receiver was assumed to be limited by the pole at the

input of the front end (dominant pole). This seems reasonable because of a large detector

capacitance compared to the gate capacitance of the transistors. This assumption will be

revisited and verified later. 6) The stability is not assumed to be an issue because of a

single gain stage within the feedback. 7) The noise model used in this work was deve l-

oped in reference [28]. The noise sources considered were the amplifier noise due to

drain current, the thermal noise, and the dark current and leakage current noise. The shot

noise was assumed to be negligible compared to other noise sources. 8) The detector-

induced dark current was assumed to be 1nA and the responsivity of the photodetector

was taken to be 0.5 Amps/watt. 10) Finally, it was assumed that the DSNR is not deterio-

rated substantially by subsequent gain stages.
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6.3.4   The Design Equations

6.3.4.1   Bandwidth Constraint

We start with the bandwidth constraint. Since the bandwidth is assumed to be

dictated by the input pole of the front end, it is given by [26]

)]1A(CCC[R
1A

CR
1A

B
finpgdfTf +++

+
=

+
=        (6.5)

Here, B is the 3dB bandwidth in radians per second, Rf is the feedback resistance,

A is the gain of the inverter with the feedback, CT  is the total capacitance looking into the

input of the front-end and is the parallel combination of Cd, the detector capacitance,

Cinpg, the input gate capacitance of the inverter (both PMOS and the NMOS capacitance),

and Cf, the feedback capacitance. The Eq. 6.5 is inverse of the RC product where Rf is

reduced and Cf is increased by a factor of A+1 because of Miller effect from the feedback

impedance.

The input gate capacitance is the parallel combination of the gate to source ca-

pacitance of the NMOS and the PMOS. The gate to source capacitance in the saturation

operation regime of the transistor is about two-thirds of the gate oxide capacitance in

addition to the overlap capacitance. Thus,
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3
2
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Here, Cgsnmos and Cgspmos are the gate to source capacitances of the NMOSFET

and the PMOSFET of the inverters, Cox is the gate capacitance per unit area of the MOS

transistor, Lgate is the transistor gate length, W is the width of the NMOSFET and loverlap is

the overlap distance between the source drain and the gate. This is taken to be about 30%

of the gate length on one side and includes the effect of fringe capacitance. The pure

overlap component is taken to be 20% of gate length. This number comes about by

assuming the overlap distance to be about 50% of the source drain extension depth,

which in, turn is about 40% of gate length [27]. The fringe component would be small

compared to the overlap component, but was taken to be 50% of it in the worst case. The

factor of 3 in Eq. 6.6 is because PMOS is twice the size of NMOS.

Next, we consider the feedback capacitance, Cf. This capacitance originates from

two sources: first, from the gate to drain capacitance of the FETs ; second, from the

capacitance of the feedback resistor. The gate to drain capacitance for the PMOS and

NMOS FET in saturation region is simply the overlap capacitance of the transistors.

Whereas, the relationship between the resistance and the capacitance of the feedback

resistor can be easily derived using triode operation equations of a PMOS transistor

biased at Vdd. The total feedback capacitance is the parallel combination of these two

capacitances and is given by
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Here, Vdd and Vt are the supply voltage and the threshold voltage of the transistor respec-

tively, µeffpmos is the effective mobility of the PMOS, which accounts for the mobility

deterioration due to vertical electric field. The rest of the symbols are as defined before.

The only remaining parameter in Eq. 6.5, which has not been elaborated is the

gain with feedback, A. A is the product of transconductance of the inverter and the

parallel combination of inverter output resistance and feedback resistance as seen at the

output.

)
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Solving equation (6.9) leads to
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Note from here on gm and R0 refer to the transconductance and output resistance,

respectively, of the inverter, as opposed to that of a single transistor. Thus, gm is taken to

be the sum of the transconductance of NMOS and PMOS, whereas, R0 is considered to be

the parallel combination of NMOS and PMOS FET output resistance.

We discover from Eq. 6.5-6.10 that given B, (dictated by the clock frequency of a

particular generation), the transistor parameters, the supply voltage of that generation,

and the detector capacitance, there are only two unknowns in Eq. 6.5, i. e., Rf and the

width of the transistor, W. By substituting Eqs. 6.7, 6.8 and 6.10 into 6.5 we can explic-

itly solve for Rf in terms of the other unknown, W. Carrying out this substitution and

simplifying leads to
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It is important to note here that apart from the explicit dependence of the right

hand side of Eq. 6.11 on W, there is also a dependence on W through Cinpg given by Eq.

6.6, and through gm and R0.

6.3.4.2   DSNR Constraint

Having found one equation relating Rf and the transistor width, we get a second

equation relating these parameters through the digital signal to noise ratio (DSNR)

constraint. Once we have that equation, we can substitute for Rf from Eq. 6.11 into it and

explicitly solve for transistor width. The DSNR in terms of currents is given by [29]

offon

offon II
DSNR

σσ +

−
=                (6.12)

where, Ion and Ioff are the average signal current when a “1”  and a “0” bits are transferred,

respectively, σon and σoff are the root mean square current noise at the input when a bit

“1” and a bit “0” is transferred, respectively. We assume that in the case of “0” bit, the

average current is zero, i.e. dark current is negligible compared to the on current. Also,

since the shot noise is assumed to be negligible, the noise sources are approximately

signal independent. Hence σon is assumed to be approximately same as σoff. Thus, Eq.

6.12 reduces to
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Ion is given by

bitspon PRI =               (6.14)

Where, Rsp is the responsivity of the photodetector and Pbit is the average optical power

per bit. Note, this power is different from average optical power over large number of

bits. The expression for root mean square noise consists of contributions from thermal

noise, dark and leakage current noise, and the front-end drain current FET noise. The

general expressions for noise were initially developed by Smith and Personick [30], [31].

However, these expressions assume equalized linear channels with well-behaved rectan-

gular input pulse and raised cosine filtering at the output. For the transimpedance

receiver, more rigorous noise expressions were developed in [28] and further discussed in

[26].
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Where,
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Here, k is the Boltzman constant, T is the temperature, q is the electronic charge,

Il is the sum of the photodiode dark current and the transistor leakage currents, CT  is as

defined in Eq. 6.5, Γ is the excess channel noise factor due to short channel effects [26],

[32] and Cinter is the sum of Cd and Cinpg.  Cout  in Eq. 6.17 is the output capacitance of the

front-end gain stage. This is given by the diffusion capacitance at the drain for both

PMOS and NMOS FETs in parallel with the load capacitance of the next stage.

loaddspmosdsnmosout CCCC ++=               (6.18)

The diffusion capacitance is taken to be approximately half of the gate capaci-

tance value [25]. Further, since the transistor sizing is assumed to be identical for all

stages, load capacitance is the same as Cinpg.

The first term under the square root sign in Eq. 6.15 is the thermal current noise

due to the resistor, the second term is the current noise due to the leakage and the dark

current, finally the third term is the FET drain current input referred noise. Eq. 6.15

neglects the 1/f flicker noise as encoding schemes can be used to reduce this problem

[26].  Eq. 6.13 along with Eqs. 6.14-6.18, gives us the second equation with two un-

knowns, Rf and W. We can solve for width by substituting Eq. 6.11 in 6.13.

Subsequently, we can use Eq. 6.11 to solve for Rf. After we have followed this procedure,

we would have obtained two (width and Rf) out of the three unknowns in our design. The

only unknown remaining is the number of gain stages. We obtain this using the Vdd

voltage swing requirement at the output of the receiver.
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6.3.4.3   Voltage Swing Constraint

The voltage swing is dictated by the input resistance, as the operational frequency

is comparable to receiver bandwidth. Hence,
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Here, Vfront is the voltage swing at the front-end input with a “1” bit, CT  is as defined

before, f3dB is the 3-dB bandwidth taken to be 0.7 times bit rate (BR). Such a choice gives

just sufficient bandwidth for operation. Also, note that the on current (Ion) is half of the

photocurrent because of the current source.

The gain of the additional stages was taken to be simply the product of the output

resistance and the transconductance of the inverter transistors.

0mA RgA =          (6.20)

We now constrain the output of the receiver to be equal to Vdd. Thus, we have,

N
Afrontddout )A)(A(VVV ==          (6.21)

Here, N is the number of additional gain stages. The product of Vfront and A is the voltage

swing at the output of the first transimpedance stage, where A being the gain of the first

stage as define in Eq. 6.10. From Eqs. 6.21 and 6.19, we can obtain, N, the number of

additional stages required as
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If N is not an integer, then it is taken to be the next higher integer. With the num-

ber of gain stages, N, from Eq. 6.22, and Rf and W from before, we have all the

parameters for our design, which respects the SNR, bandwidth and the Vdd output swing

constraints. The important thing to note here is that the width obtained here only gives the

minimum width allowed with these constraint. However, the width can be larger than this

minimum and the receiver can still meet the constraints. This is because as the width gets

larger for the same Rf, the drain current noise reduces and DSNR improves, whereas, the

bandwidth may also improve or in the worst case, may remain the same, at least as long

as the detector capacitance still dominates the front-end input capacitance. The drain

current amplifier noise reduces with increasing transistor width up to a point where the

input gate capacitance of the transistor is the same as the sum of all the other capacitances

at the input [30], [31]. At this width, the noise is minimum and this fact is extensively

exploited in the telecommunication industry. However, the static power consumption

tends to be very high at these large widths, thus, renders it unsuitable for on-chip appli-

cations. On the other hand, the reason for bandwidth improvement with width can be

intuitively observed from Eqs. 6.5 and 6.9 and by making some simplifying assumptions.

We will use the fact that a larger width than the minimum calculated through above

equations, can still meet our constraints, to further explore the possibility of total receiver

power minimization.
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6.3.4.4   gm and Ro calculations using short channel equations

In this section we focus on gm and R0 calculations for the inverter using short

channel equations. These values are needed in above equations for calculating Rf and

transistor widths. We start with the short channel equation for the drain current of an

NMOSFET [33] in the saturation regime.
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Here, Esat is the velocity saturation electric field defined as the field at which the

actual carrier velocity is half of what it would have been if a linear interpolation is

followed. Vgs, Vds, Vdsat, and Vt are the gate to source, drain to source, saturation and the

threshold voltages respectively. Cox, W and Lgate are as defined before, the oxide capaci-

tance per unit area, width of the transistor and the gate length of the transistor. ∆L is the

reduction in the channel length because of pinch off after saturation and is semi-

empirically given by [33]
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and the fitting parameter lfit is given by

2
1

j
3
1

oxfit XX22.0l =          (6.27)

here, Xox is the thickness of the gate oxide and Xj is the junction depth. Note that

using Eqs. 6.24-6.27, it is easily seen that when the source drain voltage is same as the

saturation voltage, as expected, ∆L collapses to zero. The only other parameter that

remains to be determined is µeff. Accounting for the deterioration in the mobility of the

transistor due to the vertical gate electric field, this is empirically given by [33].
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Here, µ0 is the surface mobility without the vertical electrical field and θ is a fitting

parameter. θ  is calculated by using the drain current values (Ion) from ITRS along with

Eqs. 6.23-6.28. Both the gate-source and source-drain voltages were assumed to be Vdd

for its generation at the ITRS on-current values.

From above equations, first the transconductance of a transistor was calculated by

taking the partial derivative of drain current with respect to gate to source voltage. After

some simplification, we obtain
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Note, that in the long channel theory, only the first term in the parenthesis of Eq. 6.29 is

included, which erroneously gives a better transconductance.

The output resistance of the transistor was calculated by taking the inverse of the

partial derivative of the drain current with respect to source drain voltage. After some

simplification, we obtain.
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Using Eqs. 6.29 and 6.30, the inverter gm and R0 were evaluated by adding the gmtrans of

both PMOS and the NMOS and by obtaining the parallel combination of R0trans of PMOS

and NMOS, respectively. Note, both gm and R0 have to be evaluated at the bias point,

which is chosen to be at Vdd/2 in our design. Also, it can be verified that at a voltage of

Vdd/2 for gate to source and gate to drain, the transistors are indeed in saturation.

6.3.4.5   Power calculation

Now, we have all the equations to calculate the design parameters: minimum tran-

sistor width, feedback resistance and the number of gain stages. The total power of the

optical receiver system is the product of all gain stages and the power dissipation per

stage. Thus,

perstagereceiver P)1N(P +=          (6.31)
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Where, N is the number of stages in addition to the first feedback stage, and is

given by Eq. 6.22. The power per stage is the static power dissipation in a transistor

biased at Vdd/2. Thus,

dddperstage IVP =                    (6.32)

where, Id is given by Eq. 6.23 at Vdd/2 and is a linear function of the width, W.

For calculating the power, we can use the minimum width obtained using above

equations. However, using this width only guarantees the minimum power per stage,

which may not translate to minimization of total receiver power. This is true because as

the width of the transistor increases, although, the power per stage goes up, there is a

possibility that the gain of the front end may also go up especially, if R0>>Rf  (width of

the transistors is small). A sufficient increase in the gain, thus produced, may result in a

reduction in the number of gain stages, hence a possible decrease in total receiver power.

An effect, which counters this tendency, is the reduction in the input voltage swing due to

increase in input capacitance. This is especially true if detector capacitance is small and

the transistor gate capacitance contributes significantly to total input capacitance. To

account for the possibility of a lower total power at a width larger than the minimum

width, we increase the width in small increments starting with the minimum width and

calculate corresponding receiver power dissipation. Finally, we compare and choose the

width corresponding to the least power. This ensures absolute power minimization

satisfying the SNR, bandwidth and voltage swing constraints. We subsequently refer to

this as the power saving algorithm. As a sanity check, the final parameters corresponding

to minimum receiver power are used to verify if the constraints are indeed satisfied.
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6.3.4.6   Delay calculations

Since the input pole at the front-end is assumed to be dominant, the delay of the

first stage will dominate. The 10-90% delay of this stage is calculated to be about 2.2

times the product of resistance and capacitance looking into the input of the first stage.

The factor of 2.2 can easily be derived by analyzing the step response of a linear first

order RC network. The RC product at the input of the first stage is the inverse of the 3dB

bandwidth in the radians per second given by Eq. 6.5. Thus, the delay will be dictated by

the bandwidth for which this receiver is designed. The receiver could have been designed

for higher bandwidth (lower delay) by increasing transistor width and reducing output

resistance, however, it would burn more power. Thus, there is a delay-power tradeoff.

One has to be careful with the dominant pole assumption when exploring this tradeoff

because as delay is reduced the input pole may get pushed out closer to other poles and

may no longer be dominant.

6.3.5   Results

6.3.5.1   Receiver Power Dissipation

6.3.5.1.1   100nm Technology Node

We first discuss the receiver power dissipation results at 100nm technology node.

The relevant transistor and other needed parameters were taken from ITRS. The 3dB

bandwidth requirement for the receiver is taken to be 70% of the clock frequency of
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2Gbits/sec. The bandwidth of 0.7 times bit rate is the minimum bandwidth requirement

for binary on-off keying (OOK). It can be obtained by equating the expression for 10-

90% rise time of a linear RC circuit to half the bit period. Fig. 6.5 plots the power con-

sumption of the receiver as a function of input optical power at different values of

detector capacitances. The detector capacitance is varied from about 250fF to 750fF. In

practice, detector capacitances of the order of, or even less than about 250fF capacitance

have already been demonstrated [34].

Fig. 6.5: Power dissipation per receiver vs. IOP at different detector capacitances.

 It can be seen from Fig. 6.5 that power dissipation as low as about 2mW per re-

ceiver can be obtained at detector capacitance of about 250fF and at optical power greater

than 145µW. At slightly lower values of optical power between 40-140µW, the receiver

power dissipation is about 2.9mW with the same detector capacitance. It has recently

Cdet=0.75pF

Cdet=0.5pF

Cdet=0.25pF

Technology Node= 100nm
Bit Rate=2 Gbits/sec
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experimentally been shown that transimpedance receivers dissipating as little as about

3mW of power can be built in 250nm technology [35]. Our results fall in the similar

range. The input optical power can also be expressed in terms of energy per bit at a given

bit rate. For example, a range of 0-500µW considered in this work corresponds to 0-

250fJ/bit at clock frequency of 2Gbits/sec.

We also observe from Fig. 6.5 that the receiver electrical power dissipation de-

creases with increasing input optical power. There are two reasons for this trend and they

are independently seen to be acting in Fig. 6.5. The more obvious reason is that the

increase in input optical power increases the photocurrent, hence the input voltage at the

front-end. This increase, above a certain optical power, leads to a drop in a gain stage as

can be seen from Eq. 6.18. The drop in the input stages is manifested in the discontinuous

receiver power reduction at various optical power in Fig. 6.5. This is shown to occur at

powers of about 140, 280 and 410µW for detector capacitances of 0.25, 0.5 and 0.75pF,

respectively. Fig. 6.6 explicitly shows the number of stages vs. input optical power for

different detector capacitances. The number of stages shown here include the first input

stage with the feedback. They drop from 4 to 3 at different input optical powers for

difference capacitances.
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Fig. 6.6: Drop in gain stages with increasing IOP. Results from a larger input voltage.

The second, subtler, reason for a drop in receiver power dissipation with optical

power is manifested in a smoother reduction at low optical power (Fig. 6.5). This trend is

a result of power reduction of individual stages without the change in the number of

stages. To illustrate this further, we show the typical DSNR trend as a function of the

incident optical power (IOP) and the width of the front-end transistor (Fig. 6.7). The

figure also shows the minimum DSNR, which is used to obtain the width of the transis-

tors. It is obvious from the figure that at higher IOP, the width required to achieve the

minimum DSNR is reduced. This is because as the optical power increases, a constant

DSNR affords a larger noise tolerance. Since the drain current amplifier noise goes

inversely with gm (thus, the transistor width), at higher optical power, a lower width

transistor is sufficient to satisfy the DSNR constraint. This gives a lower power dissipa-

tion per stage.

Cdet=0.75pF

Cdet=0.5pFCdet=0.25pF

Technology Node= 100nm
Bit Rate=2 Gbits/sec
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Fig. 6.7: Digital SNR vs. front-end transistor width for different Input optical Power

(IOP). DSNR constraint was used to obtain transistor size.

The width, thus obtained, as a function of IOP is explicitly shown in Fig. 6.8. The

saturation in the width at higher IOP is due to amplifier gain consideration and will be

discussed below. A reduction in the width leads to a higher output resistance of the

inverter, which will, in turn, reduce bandwidth. Thus, in order to maintain the bandwidth

constraint, Rf will be reduced as shown in Fig. 6.9. Interestingly, as seen from Fig. 6.9, at

very low IOP, Rf actually increases slightly with optical power. This is because at these

optical powers, the transistor width is so large that its capacitance is comparable to that of

the detector. Hence, it plays a role in the bandwidth determination. As the IOP increases

at these low power values, a reduction in input transistor capacitance more than makes up

for the increase in inverter output resistance, hence Rf increases slightly to make up for

the difference. As the IOP rises further, the input gate capacitance of transistors contrib-

ute lesser (owing to smaller width) to the total capacitance of the input pole, hence, now,

Rf
  has to decrease to make up for increasing output resistance.

IOP=30µW

IO
P=

20
0

µW

IOP= 140
µ W

IOP= 90µW

IOP= 60µW

Cdet=1pF,
Technology node=100nm
Bit rate=2Gbits/sec

DSNR constraint 
for this work
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Fig. 6.8: Minimum front-end transistor width vs. IOP for various detector capacitances.

Obtained using DSNR constraint at low IOPs.

A result of both a reduction in the transistor width and Rf with optical power (Fig.

6.8 and 6.9), leads to a rapid decrease in the front-end gain, which is approximately

proportional to gm and parallel combination of R0 and Rf. Thus, in essence, while trying

to maintain the bandwidth and DSNR constraint, we are trading gain for lower receiver

power dissipation. However, there is a limit to how much reduction in front-end gain we

can tolerate before our assumption of DSNR being dictated solely by the first stage,

breaks down. Thus, we set a minimum gain tolerance to be about two in our calculations.

This choice is arbitrary; however, it will not impact our calculations significantly. The

optical power at which we get the minimum gain is referred to as the critical optical

power. At higher optical power, the width and Rf are held constant. This always ensures a

certain minimum front-end gain, while having the minimum possible width, which

satisfies DSNR and bandwidth constraints.

Cdet=0.75pF

Cdet=0.5pF

Technology Node= 100nm
Bit Rate=2 Gbits/sec

Cdet=0.25pF
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Fig. 6.9: Feedback resistance vs. IOP for various detector capacitances. Obtained using

DSNR and bandwidth constraints.

The width, thus, used for higher than the critical optical power indeed corresponds

to the minimum possible because a smaller width, although will still satisfy DSNR, but

cannot satisfy both the bandwidth and a minimum front-end gain requirement, simultane-

ously. This is because lowering the width would require lowering Rf to make up for the

bandwidth, which, in turn, will result in a dramatic lowering of front-end gain due to both

width (gm) and Rf. Thus, with this approach, as the optical power increases over the

critical optical power, power dissipation per stage, bandwidth and front-end gain will

remain unchanged, while DSNR would become larger than the minimum required.

Above can be clearly seen in Fig. 6.5. The power dissipation comes down smoothly with

IOP at its lower values until some critical IOP at which the front-end gain reaches the

required minimum. Above this optical power, the power dissipation is flat and subse-

Cdet=0.75pF

Cdet=0.5pF

Cdet=0.25pF

Technology Node= 100nm
Bit Rate=2 Gbits/sec
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quently only changes discontinuously at points when IOP reaches high enough to reduce

a gain stage.

Fig. 6.5 also shows that the receiver power dissipation reduces with lowering of

the detector capacitance. The primary reason is that a lower detector capacitance leads to

a larger voltage swing at the input of the front-end (Eq. 6.19). This tends to reduce the

number of subsequent gain stages, thus receiver power. The second reason is that a lower

detector capacitance increases the bandwidth; hence, affording a larger inverter output

resistance. This, in turn, leads to lower transistor width, while still meeting the bandwidth

and the DSNR constraint.

Having obtained the minimum possible width satisfying our constraints, we at-

tempt to address the possibility of total receiver power minimization at widths larger than

this value, using aforementioned power saving algorithm. Fig. 6.10 compares the power

obtained using, as is, minimum width and that obtained using the power saving algo-

rithm. For most optical power values, the power dissipation is the same in the two cases,

i.e., the total receiver power is indeed minimized at the minimum width. However, at

optical powers close to when there is a gain-stage reduction, the power dissipation is

lower and the transition is smoother using power algorithm. The reason for minimization

of total  receiver power dissipation at minimum width for most IOPs is that increasing the

width impact variables, which have competing influence on total receiver power and the

negative influence is more dominant at most IOPs. The power dissipation per stage

increases with width, while, the number of stages can either increase or decrease de-

pending on whether the resulting increase in the gain of the front-end compensates for the

reduction in input voltage swing. Since the gain increase is not substantial before it

saturates to open–loop inverter gain value and because it is continuously been compen-

sated by loss in input voltage swing, it is usually not enough to drop a stage. However, at

optical powers close to, but slightly less than, the point where the gain stage drops, only a
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small gain increase is needed to drop a stage. In this case, the power increase per stage

due to width increase is more than compensated by the power reduction due to a stage

drop, and the optimal width for lowest total receiver power is found to be higher than the

minimum width. Since only these points close to transition may benefit from the power

saving algorithm, that too by a small amount (Fig. 6.10), and because power algorithm is

computationally very expensive, for most part, we calculate the power dissipation in our

analysis with the minimum width only. An interesting subtlety to note is that just in-

creasing the width starting from minimum width and keeping Rf the same may not find

the absolute least power dissipation point. Since at larger width because of larger band-

width, there is room to increase Rf which will help boost the gain. However, the error in

neglecting this will be very small.

Fig. 6.10: Difference between receiver power dissipation obtained with minimum width

and with power algorithm.

At minimum width

Using power algorithm

Technology Node=100 nm
Bit Rate=2 Gbits/sec
Cdet=250 fF
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6.3.5.1.2   Effect of Scaling

The effect of technology scaling of transistors on receiver performance is de-

picted, next, in Fig. 6.11. All future voltage, bandwidth and transistor parameters were

taken from the ITRS. The figure plots the power dissipation per receiver vs. input optical

power at future technology nodes for 250fF detector capacitance.

Fig. 6.11: The optical receiver power dissipation performance as a function of future

technology nodes. Parameter values from ITRS.

 It is observed that the receiver power dissipation is lower at future nodes at

higher IOP. At lower IOP the power dissipation at future nodes is actually higher. How-

ever, since we expect that in future the available optical power will increase because of

stronger laser sources, it is reasonable to believe that the future technology is very

conducive to lowering receiver power. The receiver power in the future is reduced

100nm

150nm
35nm

Cdet=250fF
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because of improved transistors and lowering of Vdd; however, this is offset by a larger

bandwidth requirement to accommodate faster clock speeds. Receiver power as low as

about 1.2mW is possible at 35nm technology node at IOP of about 370µW. The fact that

the power dissipation is scaling down, or at worst keeping about the same, while meeting

demands of higher bandwidth in the future, presents a very promising prospect for optical

interconnects in the future. With dedicated or alternate receiver design, it may be possible

to further reduce power dissipation. Because of this scalability of optical receivers, the

insertion cost may be justified.

6.3.5.1.3   Validity of the Dominant Pole Assumption

Once we have calculated all our design parameters using input pole as the domi-

nant pole, it is important to go back and verify this assumption. We find that if the

diffusion capacitance of the inverter can be made about half its gate capacitance using

smart layout techniques, then the input pole RC product is about 3.3 times the RC prod-

uct of the next pole at 180nm node. This dominance increases to about 12 times at the

35nm node. The input pole dominance is about 33% less if the diffusion capacitance is

the same as the gate capacitance. Thus, we find that this assumption gets better progres-

sively with technology node. Even at current or near future nodes, the error in power

calculations is not likely to be large.

6.3.5.2   Delay

The delay of the receivers is more critical for signaling applications. The receivers

should exhibit a certain minimum delay, of the order of inverse of bit rate, for proper
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functioning. This minimum required (maximum allowed) delay can be obtained from

above receiver analysis since they were constrained by the bit rate dictated bandwidth.

Above analysis for receiver power can alternately be interpreted as the power dissipation

for the maximum allowed delay at various input optical power. It is possible to reduce the

delay further if a higher power dissipation can be tolerated. Since we observe that the

assumption of dominant input pole is valid with a greater accuracy at future technology

nodes, we explore the power-delay tradeoff at the futuristic 50nm technology node. We

obtain this tradeoff by simply designing our systems for higher bandwidth (Eq. 6.5), and

calculating the power dissipation using aforementioned equations. From bandwidth, we

can subsequently deduce the delay, as described before. Fig. 6.12 shows the power

dissipation vs. IOP for increasing bandwidth.

Fig. 6.12: Effect of increased receiver bandwidth demand on its power dissipation at

50nm node.

BR=7Gbits/s
BR=6Gbits/s
BR=5Gbits/s

BR=4Gbits/s

BR=3Gbits/s

Technology Node=50nm
Cdet=250fF
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The bandwidth is varied to accommodate bit rates varying from 3 to 7Gbits/s. It is

seen that higher bandwidth requirement indeed raises the receiver power dissipation. At

high IOP, a factor of two increase in the clock frequency costs about the same factor of

increase in the receiver power dissipation. Fig. 6.13 shows the delay power trade off for

various IOPs. They are obtained using slices at various optical power in Fig. 6.12 and

converting bandwidth into delay. The delay-power tradeoff curves are plotted for IOP of

75, 160, 330 and 415µWs.

Fig. 6.13: Delay vs. Power tradeoff for a transimpedance optical receiver at 50nm node.

 We see that in general, the delay decreases with higher power dissipation toler-

ance and at higher input optical power. However, these changes are not continuos in

certain regions and sometimes at higher IOP, the delay remains the same for the same

power dissipation. This is because the power dissipation vs. IOP curve (Fig. 6.12) be-

comes flat after certain input optical power. We also calculate the behavior of the delay-
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power tradeoff curves as a function of future technology nodes (Fig. 6.14) and observe

that they improve with scaling. These curves will be further used in system level calcula-

tions to compare optical interconnects with metal based electrical interconnects.

Fig. 6.14: Variation of Optical receiver delay with power for future technology nodes.

As far as verification of the dominant pole assumption goes, it is valid to a greater

degree at lower bandwidths (higher delays), however, even under worst case (bandwidth

of 7Gbits/s) at 50nm node, the dominant pole is about 3.2 times the next pole. The error

from this causes the delay to be slightly underestimated as it gets smaller. At high delays

(low bandwidth), the input pole dictating RC product at 50nm is about 8 times that of

next pole, hence is truly dominant.
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6.4   System Level Performance with Optical Receivers

6.4.1   Clock Distribution Power

In this section we use the above modeled optical receiver power dissipation to es-

timate the power in a global optical clock distribution system, and compare it with the

conventional electrical and an alternative wireless scheme. The other clock merits such as

timing uncertainty and slew rates, although, not explicitly quantified in this work, are

likely to be better compared to the future electrical schemes as qualitatively discussed

before. We assume that the optical clock is generated off-chip and is brought to 28 spine

locations at the sector buffers using a guided optical H-tree. Here, it is converted to

electrical signal using optical receivers and is subsequently distributed as such by con-

ventional means. Fig. 6.15 shows a schematic of an ideal H-tree, along with the concept

of level of penetration of an H-tree. Nth level of penetration will have a hierarchy of N

H’s before getting to a receiver and will have 4N total receivers. The specific implemen-

tation used in this work for 28 spine locations is only one possible example. There are

other possibilities such as carrying the signal to deeper levels of H-tree with guided optics

or using free space optics for distribution.
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Fig. 6.15: An idealized schematic of an H-tree clock distribution. Also showing the

concept of level of penetration. For optics there would be splitters at each

node. These will contribute to optical power loss.

Fig. 6.16 compares the power dissipation of the optical clocking scheme with

three others at the 100nm technology node. The other schemes were a metal wire based

H-tree distribution, a metal grid based distribution system and a wireless based clock

distribution. The data for these three schemes was taken from [21]. For all three schemes

both Al along with dielectric constant of 4 and Cu with dielectric constant of 2 was

considered. For 28 Spine locations using Cu (Al) at 100nm technology node, this refe r-

ence calculated the H-tree distribution capacitance with buffers to be about 0.74nF

(1.05nF), the metal grid capacitance to be about 1.15nF (2.35nF), and an equivalent

capacitance for a wireless based distribution to be about 1.28nF (1.35nF). These numbers

yielded a dynamic power dissipation of about 2.1 (3), 3.3 (6.8) and 3.7 (3.9) Watts,

respectively at this node. Compared to this, the optical clocking system can yield a power

Level 1 of penetration
Level 2 of 
penetration

Optical Receivers
at spine locations

Optical clock source
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dissipation of as low as about 60mW, at a feasible 250fF detector capacitance and optical

power greater than 140µW. Although, the electrical interconnect based system capaci-

tance in above reference seem to be on the high side, even an order of magnitude error

will still make optical system superior, in terms of power dissipation.

Fig. 6.16: Comparison of power consumed at the global clock distribution level (to 28

spine locations) using various schemes. Date for metal grid, H-tree and wire-

less was taken from reference [21].

The implementation details, specifically, the level of penetration of optics, will

depend on both the relative power and timing uncertainty advantages over electrical

distribution. The power advantage will be dictated by the relative rate of increase of

power dissipation with penetration depth for optical distribution and the part of electrical

distribution that it is replacing. The electrical power increases with penetration depth of

H-tree both due to increasing wire and buffer capacitance. Whereas, the optical clock
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power increases because of a larger number of receivers as well as a greater power

dissipation per receiver due to loss in optical power with penetration. To demonstrate this

optical power loss and to calculate the IOP at each receiver as a function of penetration

depth, we use the data from the sate-of-the-art experimentally fabricated Si/SiO 2

waveguides [36].  Fig. 6.17 plots the optical power loss with penetration depth for guided

H-tree.

Fig. 6.17: Various optical power loss sources using waveguides along with their relative

contributions as a function of level of H-tree.

The loss arises from various sources. This includes the propagation loss in a

waveguide, bending loss, the splitter loss and the 3-dB loss because of halving of power

at each branching point. The breakdown is shown in the figure. A closed form solution

for the total H-tree length for calculating the propagation loss was simply obtained by

adding a geometric series. The loss increases with penetration depth both because of
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increase in the number of turning nodes as well as the length of the waveguides. We,

next, use Fig. 6.17 data (likely to improve in the future) to obtain IOP for various trans-

mitter power values (coupled on to the chip) (Fig. 6.18). We observe IOP levels greater

than 0.1mW with laser power of about 1.1W, even up to 4th level of penetration. This, in

turn, will lead to a low receiver power dissipation of less than 2.7mW from Fig. 6.5. We

can further conclude that the power dissipation in an optical H-tree increases with level

depth both because of an increase in the number of receivers and because of a decrease in

the available optical power to each receiver. A free space optical transmission system

may be able to do even better at deeper penetration levels by getting around the optical

power loss problems suffered by waveguides.

Fig. 6.18: The IOP as a function of penetration depth of H-tree for various available

transmitter powers at the start of the tree.
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In conclusion, we have shown using our receiver power dissipation modeling that

it is possible to get lower power clock distribution network than conventional schemes at

least at a certain penetration depth. We have also demonstrated that the power dissipation

per receiver will remain substantially low, even at much higher penetration depths.

6.4.2   Global Signaling

The important figures of merit for global signaling interconnects are delay and

power dissipation. In this section, we use the receiver delay-power tradeoff calculation to

model an optical system delay for global communications at 50nm node. We also model

the transmitter and the wave-guide delay since they are necessary for a complete optical

link delay calculation. Subsequently, we compare the optical system delay and power

with the best available metal (electrical) wire solution with repeaters at the futuristic

50nm node.

Fig. 6.19 shows a schematic of an optical signaling system with its constitutive

components, and the best available electrical signaling system with repeaters. The optical

system consists of the transmitter, the transmission medium (waveguide) and the receiver

with each component having delay and power dissipation. For electrical (Cu) wires,

repeaters considerably reduce the delay and make it linear with length. Without repeaters

Cu wires deteriorate dramatically in performance with future scaling as discussed in

chapter 4.

Optical system delay is modeled by, first, considering the transmitter delay. We

assume a typical 100fF optical modulator capacitive load [35] driven by an average sized

CMOS logic gate. Note at 50nm node, the modulator capacitance may be lower. Thus,

this value will give an upper bound on the transmitter delay. The delay of driving the
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modulator can be minimized by using an exponentially sized buffer chain, as shown in

Fig. 6.20.

Fig. 6.19: Schematic of electrical and optical system for global on-chip communication.

The transmitter delay, thus calculated, is dependent on the technology generation

and is found to be less 75ps at 50nm node. This was obtained by assuming a fan out of

four sizing for inverter chain. This sizing scheme approximately minimizes the delay.

The average CMOS driver gate was assumed to be 15 times the minimum width [37],

yielding about 0.75µm width for the NMOS at 50nm technology node. Assuming the

capacitance per micron to be about 1.75fF for NMOS [25], yields about 1.31fF for this

size NMOS. If PMOS is sized approximately twice to compensate for mobility, the total

driver input gate capacitance (~ output diffusion capacitance) is about 1.31x3fF~4fF. If a

4fF driver is driving a 100fF load it will approximately need two FO4 buffers (capaci-
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tance ~ 16fF and 64fF) to minimize delay. The total delay at the transmitter will then be

approximately (slightly less than) 3 FO4s inverter delay. The FO4 inverter delay is

approximately given by 500xLgate(in µm) in ps [25], yielding about 25ps at 50nm node.

Thus, the total transmitter delay will be less than 25x3=75ps at 50nm node.

Fig. 6.20: Schematic showing the methodology to minimize transmitter delay (ttrans)

using a buffer chain.

The waveguide delay is, next, modeled using three models: a simple 0-

dimensional, 1-dimensional and a full 2-dimensional model. The 0-D model exhibits no

dependence on waveguide dimensions and is simply the speed of light in the core of the

waveguide (c/ncore). The variation of mode propagation vector, β , {2π/(longitudinal

wavelength inside wave-guide)} with the free space wave vector, k0, is required for an

accurate wave-guide modeling and to establish proper delay dependencies on wave-guide

dimensions. β  defines a mode and a unique transverse electric and magnetic field profile.

We, first, obtain the β  vs. k0 relation in 1-D model for different thicknesses and for TE

(transverse electric) mode (Fig. 6.21a). The 1-D model assumes an infinite extent (no

variation of field) in one of the cross sectional dimensions. For practical cases, this model

approximates waveguides whose one cross sectional dimension is much smaller com-

pared to the other. The β  vs. k0 relation in Fig. 6.21a can be obtained by solving the wave

equation along with appropriate boundary conditions for electric and the magnetic fields

[38]. The group delay of a mode is defined as the distance traveled over its group velocity
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and is given by τg=L(∂β/∂ω)=(L/c)(∂β/∂k0), where the group velocity is given by

vg=∂ω/∂β . Thus, the delay through the waveguide, proportional to first derivative of Fig.

6.21a, is plotted vs. the guide width in Fig. 6.21b.

Fig. 6.21: (a) Mode propagation vector (β) vs. the free space vector (k0) in 1-D

waveguide. Necessary to obtain an accurate delay. (b) Delay per unit length of

a 1-D waveguide.

The delay asymptotically approaches the simplistic delay formula for large guide

widths. Further, the delay reduces dramatically at very small widths. However, the trade

off is that at small dimensions, the loss in optical energy also goes up. We, next, model

the delay in real waveguides with 2-D cross section by first calculating β  vs. k0 using the

effective index method [38]. The effective index method is schematically depicted in Fig.

6.22. It is a two step process. The first step constitutes the calculation of β1 assuming a 1-

D guide with the larger cross sectional dimension being infinite and smaller dimension of

the actual guide to be the 1-D guide thickness. The second step is to reverse the process

and assume the larger cross sectional dimension of the guide to be the 1-D guide thick-
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ness and the other dimension to be infinite. However, the core index in the second step is

assumed to be the effective index (defined as β1/k0) of the first step. The β  obtained from

this second step is the β  of the 2-D wave-guide.

Fig. 6.22: Schematic depicting the Effective Index methodology used to calculate the

mode propagation (β) vector (hence, delay) in a real 2-D waveguide.

 β  was obtained for 2-D guide and its delay per unit length was calculated by tak-

ing the first derivative. This delay per unit length vs. optical wire aspect ratio for different

waveguide thickness is shown in Fig. 6.23. The thickness of the wave-guide was varied

from 0.3 to 1µm. Interestingly, the delay through the wave-guide can possibly be lower

than that obtained using the propagation speed of light in the core (idealized delay in Fig.

6.23). In all these calculations, the core index was assumed to be about 3.5 roughly

corresponding to that of silicon. Whereas, the cladding index was assumed to be about

1.45 corresponding to a low-dielectric constant (k~2.1) material typically used as inter-

metal dielectric for Integrated circuits. The wavelength was assumed to be 1.55µm. For

completeness, the effect of change of cladding index (corresponding to SiO 2 ~2) and

wavelength is also characterized and is shown in Fig. 6.24a and b. The delay seems

relatively insensitive to these parameters.
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Fig. 6.23: Delay per unit length of waveguides as their dimensions are scaled. Idealized

delay is superimposed.

Fig. 6.24: (a) Waveguide delay variation with cladding refractive index. Useful in doing

a comparative analysis of polymer and SiO 2 waveguides. (b) delay variation

with change in free space wavelength.
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We now calculate the total optical system delay (transmitter +waveguide + re-

ceiver) for global signaling application and compare it with electrical interconnects. Fig.

6.25 depicts the total optical system delay vs. length at the 50nm technology node along

with the breakdown of contributions from the waveguide, transmitter and the receiver

delay. Different receiver power dissipation and IOP values were used. For simplicity the

delay of the waveguide was calculated using the 0-D formula, keeping in mind that this

delay can be further reduced at the expense of optical power loss, which will lead to a

higher power dissipation. The transmission time can be further reduced if free space

optics were used. Even for worst case receiver delay chosen here, the waveguide delay is

seen to dominate for wires longer than about 15mm. It is also interesting to note that the

delay with a much less receiver power dissipation of 1.8mW at a higher IOP of 340µW is

the same as with the receiver power dissipation of 3.1mW at an IOP of 75µW.

Fig. 6.25: Total system delay of an optical link at 50nm tech. node along with break-

down of contributions from waveguide, transmitter and receiver.
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The power dissipation in the optical interconnect link is assumed to be dominated

by the receiver. The modulator power dissipation consisting of the two components:

dynamic power in the driving buffer chain and the static power in the absorptive state of

the modulator, can be shown to be a small fraction of the receiver power, especially at

low IOPs [26] used in this work. The laser power source driving the modulators is

assumed to be off-chip, hence, does not contribute to the power dissipation of the optical

link.

Having characterized the delay and power for optical interconnects, we next com-

pare it with repeated electrical interconnects. The repeated wire delay was characterized

in previous chapters and accounts for surface scattering and barrier effect on Cu resistiv-

ity. While, the power dissipation of the repeated wires is the dynamic power due to both

the wire and the repeater capacitances. The delay optimized repeaters approximately

double the capacitance of the wire as was seen before. At 50nm node this power is

calculated to be about 1.7mW for a chip-edge long wire with a switching activity of 15%.

This power can be reduced at the expense of a small delay penalty using the efficient

optimization strategy discussed in previous chapter. This delay-power tradeoff for

repeaters will be used subsequently. In these calculations we have neglected the short

circuit power of buffers in the metal wires. This will only serve to make the power

dissipation in metal wires worse.

Fig. 6.26 compares the delay of Cu based electrical, and optical interconnects at

50nm node. The two electrical curves for both repeated and non-repeated wires represent

delay with ideal and practical Cu resistivity. The figure depicts that there exists a critical

length well within the chip size, beyond which, the optical interconnects are faster than

the fastest Cu interconnects with delay optimized repeaters. This length depends on the

receiver conditions and drops with increasing receiver power dissipation and/or IOP.

Thus, the optical interconnects are much faster, however, the power expenditure to get
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this speed advantage is an important consideration and is discussed next in the form of

power delay tradeoffs for the two systems.

Fig. 6.26: Delay comparison of optical and two types of electrical systems (with and

without repeaters) at 50nm tech. node. For both cases of optical receiver de-

lay, the detector capacitance=250fF.

Fig. 6.27 plots this tradeoff at 50nm node for both electrical (two switching ac-

tivities of 0.15 and 0.3) and optical systems for various lengths of interconnects. The

electrical repeated wire exhibits a minimum delay at a certain spacing and sizing of
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to a minimum value dictated by the wire capacitance (Fig. 6.27). Optical system tradeoff

curves shows that a larger IOP lowers the minimum power dissipation in the link more so

than lowering delay. This is because IOP effects receiver, which contributes fully to

power and only partially to delay.

Fig. 6.27: Delay vs. Power Tradeoff curves comparison between repeated electrical and

optical interconnects of different lengths at 50nm node. Detector cap. was

250fF. For electrical two different SA shown.

Fig. 6.27 also shows that for chip-edge long interconnects, an optical link yields a

much lower delay with comparable power expenditure. In fact, above a certain switching

activity, for long links, optical interconnects will not only always give a lower delay but

also a lower power dissipation.
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 For smaller link lengths, both power and delay drop proportionately in the case of

electrical interconnects. For optical interconnects, since the power is dominated by the

receiver, it is unaffected by length to first order; however, the delay component of the

waveguide drops and curves simply move down. Thus, for shorter wires, although,

optical links still may be faster, the power dissipation will be lower with repeated electri-

cal wires. Because of a larger number of shorter wires on chip, it is reasonable to

continue with repeated electrical wires to save power at the expense of delay. A final

point to note with respect to Fig. 6.27 is that certain future proposed architecture schemes

emphasize better wire planning which save wire area by utilizing them more efficiently

(higher switching activity). The optical links will be ideal for such architectures as they

completely outperform repeated electrical wires in both delay and power at a higher value

of switching activity.

Finally, we examine the change in the delay-power curves for both electrical and

optical links with technology scaling (Fig. 6.28). As seen from the figure the electrically

repeated wires (chip-edge long), show lower power but larger delay with scaling. This is

because capacitance per unit length and voltage drop more than compensates for increase

in the frequency and length. However, increase in the resistance of the wires makes the

delay increase. Whereas, for an optical link, the delay and power are both decreased

slightly with scaling. Only a slight delay decrease is a result of fall in receiver and

transmitter delay being compensated by the rise in waveguide delay due to larger link

length. It is seen that with scaling, the delay advantage with optical link increases,

whereas the power advantage diminishes, but remains positive for wires with higher

switching activity. Since longer wires are fewer, their power contribution is much less

significant than their delay contribution, hence there is an advantage of switching to

optical interconnects for these wires.
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Fig. 6.28: Effect of technology scaling on optical and repeated Cu wire delay-power

tradeoff curves.

6.5   Summary
We have successfully modeled the two important metrics for global signaling:

delay and power for both best available repeated electrical wires and optical intercon-

nects. For optical interconnects, this included modeling the receiver, transmitter and

waveguide. For signaling applications, subsequently, we compared the two extensively at

50nm node. We find that the optical interconnects for long links have advantages on both

the power and delay merits over even repeated electrical wires; while, the repeated

electrical wires have a power advantage and delay disadvantage at shorter link lengths.

For clock distribution application, an upper level global distribution with optics yields

much lower power dissipation compared to metal wireless based technique.
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Chapter 7

Summary and Future Recommendations

7.1   Summary

In this dissertation, we have, first, performed an in-depth study related to chal-

lenges and limitations of metal-based copper (Cu) interconnects, under future scaling, for

on-chip applications. Finally, having performed this study, we turned our attention to a

promising alternate on-chip interconnect technology based on optics. We modeled this

technology in the future and compared it with metal-based interconnects for specific

applications of global signaling and clock distribution.

In order to realistically assess the performance of metal-based interconnects, it

was imperative to model Cu resistivity in the future, under practical constraints. An

incorrect assumption of ideal Cu resistivity could lead to overly optimistic performance.

The barrier and the surface scattering effects conspire to increase copper resistivity in the

future. To successfully model these phenomena, we started by developing robust tools.

We first developed process models, which enabled us to simulate barrier profile for

various technologies. Subsequently, we verified them with experiments. We also got an
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insight into the surface roughness of Cu films as a function of various process conditions.

Surface roughness heavily influences the surface scattering effect. Armed with these

tools, we modeled Cu resistivity in the future, based on interconnect dimensions outlined

in the International Technology Roadmap for Semiconductors (ITRS’99). We found a

dramatic increase in resistivity, especially for interconnects involved in localized com-

munications. Even for global communication wires, the resistivity increases were

substantial even under relatively optimistic technological constraints. Using these trends,

we quantified both latency and power performance of global, repeater-stacked intercon-

nects for signaling applications. We found large latencies relative to future clock period

even with delay optimized repeated wires. Further, the power dissipation due to these

wires was found to be exorbitantly high. As a mitigating solution, we developed a for-

mulation, which very efficiently trades small delay for large power savings for repeated

wires. Finally, we used this formulation to recalculate power dissipation due to global

signaling wires along with their respective latencies.  Power dissipation was still found to

be large. We also briefly quantified the area penalties due to repeaters on wires arising

from via blockage. This was found to be non-negligible in the future. Finally, we also

qualitatively discussed the limitations of metal-based wires for clock distribution pur-

poses. This also served to motivate optical interconnects for on-chip applications.

We identified the optical receiver as a critical performance limiter for optical in-

terconnects. Hence, we modeled a typical transimpedance optical receiver and studied its

performance at future technological nodes. Subsequently, we modeled an entire optical

interconnect system including the transmitter and the waveguide. We both quantified the

power dissipation and latency in this system, as well as studied the tradeoffs between

them. Finally, we compared this system with the metal-based system for latency and

power in global signaling application and for power in the clock distribution application.

For signaling application, we found that long-distance on-chip links result in a substantial

latency reduction with optical interconnects for comparable area and power resources as



Section:  7.2   Future Recommendations

213

the metal based interconnects. Further, certain wire architectures are identified, where

even the power dissipation with optical interconnects would be substantially less, while

maintaining a clear latency advantage. For global clock distribution application, optical

interconnects are found to give lesser power dissipation in addition to giving lower

timing uncertainty.

7.2   Future Recommendations

As future possibilities, a multi-pronged attack needs to be executed to solve inter-

connect problems and ensure a continued performance increase in Integrated Circuits.

Investments need to be made in both improving metal-based interconnects to extend their

lives as far as possible, as well as in alternate technologies such as optical, wireless and

three-dimensional integration (more than one silicon device layer is used). Metal inter-

connect woes have to be tackled at technology, circuit and systems level. At the

technological level, effort needs to be put in developing both a barrierless technology as

well as a technology, which yields smooth interfaces to keep resistance to minimal

values. At circuit’s level, smart power saving techniques such as low–swing signaling

should be investigated. These techniques would be especially challenging as supply

voltage reduces to a few hundred mVs in the future. At systems level an incremental

approach is to exploit locality in communication, hence rendering performance less

sensitive to degrading interconnects. Less incremental approaches including interconnect-

centric architectures, which utilize wire activity factor better should be explored.  Further,

alternate timing schemes, which do not require chip-level synchronization, should be

investigated. There remain significant challenges in implementations of these techniques.

Significant effort should also be invested in alternate technologies such as optical inter-

connects. These technologies may find niches, where they can provide tremendous
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advantage at low cost. They could bring with them unique features such as wavelength

division multiplexing (WDM) in optics, which could provide radical improvements in the

long term, with slight modifications in architectures. Comparisons between these alterna-

tive technologies and improved metal-based systems (low-swing, barrierless,

interconnect-centric architecture) should be drawn in terms of performance, cost and

scalability. Also attention should be paid to a combination of improved systems archi-

tecture along with alternate interconnect technology.
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Appendix A

Copper Barrier Thickness and Integrity

A.1   Motivation/Introduction

The minimum thickness required for Copper (Cu) diffusion barrier is a critical pa-

rameter in dictating future Cu effective resistivity, as was discussed in chapters 2 and 3.

In this section we device a formulation along with a test structure, which can enable us to

determine the minimum barrier thickness. In addition, the novelty and the merit of this

structure lies in the fact that it can help decouple the relative integrity of the barrier at the

sidewall and the bottom in real trench structures.

One of the prevalent methods in the industry for testing the barrier thickness and

its integrity utilizes planar MOS capacitor structures as shown in Fig. A.1. A gate oxide is

grown on a silicon substrate. This is followed by the barrier and subsequently Cu deposi-

tion [1]. The barrier and Cu serve as the gate for the MOS capacitors. Subsequently, these

structure are bias temperature stressed (BTS), which includes applying high electric field

at an elevated temperature. This helps in accelerating the failure testing of the barrier by

facilitating the movement of the Cu ions through the barrier into the gate oxide. The
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number of ions ending up in the gate oxide depends on the quality of the barrier. This, in

turn, depends both on its thickness as well as its film structure. The presence of positive

ions in the gate oxide results in shift in the flat band voltage. This shift is measured

through the capacitance vs. voltage curves (C-V). The amount of shift is a direct indica-

tion of barrier integrity. This method of measuring barrier reliability is in the class of

non-intrusive and electrical methodologies. Another class of barrier integrity measure-

ment techniques includes direct Cu ion measurements, using various probing techniques

such as XPS or SIIMS. However, these techniques are intrusive and often suffer from a

variety of problems.

Fig. A.1: Schematic of planar MOS Capacitor for barrier integrity measurements. Also,

showing shift in flat band voltage after BTS due to Cu ions.

A drawback of the using planar MOS capacitors is that these structures do not ac-

curately represent the real-chip 3-D trench topography in which the Cu barrier resides.

Such a shortcoming can result in a scenario where a barrier, which is deemed suitable,

may fail on a real chip. This could result because of a large difference in the film proper-
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ties on the sidewall compared to the bottom of real trench interconnects. Planar capacitors

tend to more accurately represent the barrier quality at the bottom of trenches. These

geometry-induced differences in the properties are especially likely with physical vapor

deposition techniques such as IPVD (Ionized Physical Vapor Deposition), where sticking

coefficients tends to be high; thus the redistribution of the flux is unlikely. In addition,

the difference in the direction of incidence of direct flux with respect to surface normal

could lead to different film structure properties between bottom and sidewall of the

trench. Chemical Vapor Deposition (CVD) techniques, where there is less reliance on

direct flux and significant redistribution of already deposited flux due to low sticking

coefficient, are less likely to suffer from this problem.

   

There is a dearth of techniques, which can realistically assess the performance of

the barriers in real structures. Thus, at least for the PVD type of barrier deposition

techniques, it is imperative that such test structures be explored. We present one such test

structure called the 3-dimensional (3-D) trench capacitors, in this appendix. We start with

describing the concept of this structure, its design mask and process flow. Next, we

experimentally demonstrate the fabrication of control samples of these structures and

finally show the preliminary electrical results using them.

A.2   3-D Trench MOS Capacitors

3-dimensional trench MOS capacitor structures are extension of the prevalent pla-

nar MOS capacitor approach. However, they have the advantage of being able to

decouple the sidewall and the bottom barrier property. The idea is that we vary the aspect

ratio, defined as the ratio of thickness to width of the trench, and measure the flat band

shift for these different structures. If now, for example, higher aspect ratio (AR) trench
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capacitors exhibit larger flat band shift upon BTS, then we know that the sidewall prop-

erties are poorer than the bottom properties, and vice versa. This is shown by means of

Fig. A.2. Care is taken to ensure that the total capacitance of the different AR structures

exhibit similar total capacitances. This idea is based on the work performed earlier for a

different application in reference [2].

Fig. A.2: A 3-D version of the MOS capacitor. Also showing how it helps to decouple

the sidewall and the bottom barrier quality.

It was important, first to establish the control samples. In these samples no Cu and

barrier was used and the MOS gate was made using polysilicon. The control structure is

imperative to study the baseline shift in flat band possibly due to other metals such as

sodium. In this work we only demonstrate the proof of concept of these structures, iron

out the process flow and do electrical measurements with polysilicon controls. The actual
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measurement with Cu and barrier are not performed in this work and is subject of future

studies.

A.2.1   Experiments

The cross sectional process flow depicting how this structure was made, is shown

in Fig. A.3. Since a measurable capacitance (greater than the measurement resolution of

the machine) was needed many trenches were used in parallel.

Fig. A.3: Cross section process flow showing how the structure is made.

Gate metal Etch
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Various dimensions depicted in this process flow are shown in table A.1. The

easiest way to vary the aspect ratio (AR) was to keep the thickness or depth of the trench

the same (2.5µm, here) and vary its opening (bottom width). The width was varied from

0.6µm to 40µm with ten intermediate openings. This gave structures with AR from about

4 to less than 0.1. However, because of varying openings, the total capacitance of indi-

vidual trenches varied. To bring them to the same capacitance, we varied the number of

trenches combined in parallel for different openings. Thus, there were fewer trenches for

wider opening trenches. Having many smaller trenches as opposed to one big trench also

yields a lesser chance of disruption in functionality due to oxide defects. The spacing

between trenches was not very critical as long as it was enough not to cause full depletion

of silicon between trenches. However, we varied the spacing also and used three different

values of S=1, 1.5 and 2µm. The entire design in depicted in table A.1.

Table A.1: Table depicting the design parameters chosen for the test structure.

Cb

Cs
Cf

Cdevice= Cs+Cb
Cparasitic= Cpad+ Cover+Cf
Ctotal=Cdevice + Cparasitic

 Ctotal= 195 Pf
 Field Oxide= 1um
 Gate Oxide=70nm
 Trench depth=2.5um
 Barrier= variable
 Gate=200nm

Openning # of trencheCb Cs Cdevice Cparasitic Cs/Cb Cpar/Cb Cpar/Cs Cpar/Cdev
0.6 141 20.85 173.8 194.66 3 8.31 14.38 1.72 1.54
0.8 136 26.82 167.64 194.46 2.92 6.23 10.89 1.74 1.5

1 132 32.54 162.7 195.25 2.85 5 8.75 1.75 1.46
2 113 55.71 139.29 195 2.55 2.5 4.58 1.83 1.31
3 99 73.22 122.03 195.25 2.33 1.66 3.18 1.91 1.19
5 79 97.38 97.38 194.76 2.01 1 2.07 2.07 1
7 66 113.89 81.35 195.25 1.81 0.71 1.59 2.22 0.92

10 53 130.66 65.33 196 1.6 0.5 1.22 2.45 0.81
15 40 147.92 49.3 197.22 1.4 0.333 0.947 2.84 0.71
20 32 157.78 39.44 197.22 1.27 0.25 0.81 3.22 0.64
40 18 177.5 22.18 199.69 1.055 0.125 0.59 4.75 0.52
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Apart from the sidewall and bottom capacitances (actual device capacitances),

parasitic capacitances arise in this structure due to the field oxide between trenches (Fig.

A.3), pads and from overhang (Fig. A.4). Fig. A.4 shows the two level mask set which

was used for the process. The mask was made for Nikon stepper (nominal resolution of

0.6µm) at the Center for Integrated Systems (CIS). The first mask defined the trenches.

Subsequently after blanket gate deposition, the second mask defined the gate and the

probing pads, and further isolated the devices with various openings. Care was also taken

to lay out the trenches at an angle of 45 degrees with respect to wafer flat. This was to

ensure that the sidewall crystal orientation is the same as the bottom. Hence, the growth

rate of oxide both on the bottom and the side is the same.

Fig. A.4: Top view mask set used for test structure.

Pad parasistic
capacitance
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There were two processing issues, which were critical for these test structures.

First, the corners of the trenches had to be rounded enough such that there is no oxide

breakdown during BTS. Secondly, when the trenches were etched, it leaves an etch

residue at the silicon/oxide interface. This interface is the most critical interface for the

MOS device. Hence, it needed to be cleaned. Various techniques were tried to tackle

these two problems. To round trench corners different silicon etch chemistries were

employed. Also, oxide was grown at relatively higher temperature to ensure more uni-

formity, especially at the corners. To get rid of the etch residue, a sacrificial gate oxide

was grown. Since this consumes silicon, when removed, it leaves a clean interface for re-

growth of the final gate oxide.

Considerable effort was put in optimizing the silicon etch recipe. Initially, the

Lam poly etcher was used and HBr chemistry with and without chlorine was investigated.

However, it showed considerable microtrenching as depicted in Fig. A.5.  Microtrenching

is the formation of fang like structures at the bottom of the trenches. Numerous attempts

to remove microtrenching using a variety of power conditions and other etch controlling

factors were unsuccessful. At this point we shifted to the Applied Material P5000 etcher.

We next optimized the recipe and used relatively higher NF3 to HBr ratio at lower powers

than conventional shallow trench recipes. This resulted in less tapering of the wall (88

degrees) and no microtrenching (Fig. A.6).  For this etch process, oxide was used as the

hard mask.
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Fig. A.5: SEM pictures showing microtrenching during Si etch.

Fig. A.6: Cross section SEM pictures of Si etched trenches. Microtrenching eliminated

using HBr and NF3 chemistry in AMAT P5000 etcher.

Microtrenches
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A.2.2   Results

Fig. A.7 shows the plane view scanning electron microscope (SEM) pictures of

the test structures after they were finished. These test structures gave oxide capacitance

values very close to the targeted values in the design of about 200pF. These structures

also depicted normal MOS CV curves for all aspect ratios as shown in Fig. A.8.  Fig. A.9

a and b plot the flat band voltage and the oxide capacitance values, respectively for

various openings and for structures which are located at different places on the chip.

These parameters show very little variation from die to die. Flat band voltage remains

relatively constant across various openings and exhibits about 6-7% variation. Whereas,

oxide capacitance is even more uniform across different openings and varies about 5%

between 190 and 200pF.

Fig. A.7: Plan view SEM pictures of final test structures.
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Fig. A.8: Capacitance vs. voltage plots for 3-D MOS transistors with various openings.

Fig. A.9: a) Flat band voltage vs. trench width opening b) Oxide capacitance vs. open-

ing.
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Fig. A.10: C-V curves showing that the BTS has no impact on flat band voltage. Indi-

cating a clean device.

We next, BTS these polysilicon gate, 3D trench capacitors. The temperature were

raised to about 2500C and an electric field of 1.5MV/cm was applied. Fig. A.10 shows

the effect of BTS on flat band voltage for a 15µm opening trench. From this figure it is

obvious that the C-V curves before and after BTS almost coincide showing there was no

significant flat band voltage shift. This in turn suggests that the control structures had

very little sodium and other metals, and could be easily used as baseline. This exercise

demonstrated the proof of concept of these structures. In the future the real structures

with Cu and barrier could be used to test the barrier material reliability.
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