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Abstract

Thermal Effects in Deep Sub-Micron VLSI Interconnects and

Implications for Reliability and Performance

by
Kaustav Baneijee

Doctor of Philosophy in Engineering-Electrical Engineering andComputer Sciences

University of California at Berkeley

Professor Chenming Hu, Chair

An mvestigation of thermal effects in deep sub-micron VLSI interconnect structures has

been carried out and their implications on reliability and performance have been analyzed.

Thermal effects are becoming an increasingly important issue in all high performance circuits due

to increasing current density and power consumption. They are emerging as a key factor

determining thedesign, performance, and reliability of future ICs.

This study begins with the development of suitable characterization and thermometry

techniques to supplement the theoretical modeling and simulation work with experimental data.

Anovel thermometry technique, namely Transient Resistive Thermometry (TRT), together with a

variation utilizing the Kelvin technique has been developed to facilitate systematic studies of

thermal characterization in various interconnect structures in a modem VLSI technology. These

techniques provide contactless temperature measurements by monitoring the temperature induced

change of the resistivity of the material under study. They provide accurate estimation of

spatially averaged temperatures with excellent temporal resolution within nanosecond timescales

and also allow precise identification of thermal failures in the intercoimect stractures, thus

helping the optimization ofinterconnect process design and reliability. A second thermometry

technique called Scanning Joule Expansion Microscopy (SJEM) has also been advanced to

facilitate thermal mapping of deep sub-micron VLSI strucmres with sub-100 nm spatial

resolution.



The TRT technique has been used to characterize and model thermal effects in VLSI

metallization arising due to ultra short-duration high-current pulses during peak current and

electrostatic discharge events. Amodel that takes into account heat diffusion under non-steady

state conditions has been formulated to generate design guidelines for metal interconnects.

Several IC manufacturers including TI, IBM, and INTEL have incorporated this model in their

design process. Additionally, a new latent interconnect failure mode in AlCu lines has been

discovered that significantly degrades their electromigration performance.

The TRT technique has also been shown to be an effective characterization tool to study

the dynamic thermal response oflow dielectric-constant materials used as inter-layer insulators in

advanced interconnect systems. It offers a unique way of comparing the thermal characteristics

(including thermal conductivity) of various dielectric films. The high-current behavior of thin

Titanium and Cobalt silicide films used in advanced CMOS technologies has also been

characterized and modeled using theTRTtechnique.

Using the TRT technique a new failure mode in deep sub-micron silicided barrier

contacts has been identified for the first time.

The impact of thermal effects on the silicide-Si contact-resistance of small-geometry

contact structures has been quantified. It has been found that contact-resistance sensitivity to

temperature and current is a strong function of the silicide thickness, and is independent of the

contact-plug material.

This research ends with an extensive study of circuit and interconnect performance

implications arising due to thermal effects. The increasing influence of thermal effects on the

design (driver sizing) and optimization ofthe interconnect length between repeaters for signal and

power lines has been demonstrated.

Professor Chenming Hu
Dissertation Committee Chair
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Chapter 1

Introduction

1.1 Thermal Effects in VLSI Interconnects: An Overview

As VLSI technology scales, interconnects are becoming the dominant factor determining

system performance and power dissipation [1], [2]. Thermal effects are an inseparable aspect of

electrical power distribution and signal transmission through the interconnects in VLSI circuits

due to self-heating (or Joule heating) caused by the flow ofcurrent. Thermal effects significantly

impact interconnect design and reliability.

The ever-increasing demand for speed and functionality of Si-based advanced high

performance microprocessors, digital signal processing (DSP) chips, application specific

integrated circuits (ASICs), and the increasing density of memory (DRAM) devices has caused

aggressive scaling of ICs beyond 0.5-pm minimum feature size [3], [4]. These technology nodes,

commonly referred to as deep sub-micron^ (DSM) allow VLSI circuits to meet the required

device density and various circuit performance specifications [5] - [7]. This trend has resulted in

a dramatic reduction of the interconnect metal pitch and increased the number of metallization
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Figure 1.1 A schematic cross section of a multi-level interconnect scheme employed in present

VLSI circuits. The metal pitch is defined as (IF + 5) and the aspect ratio is defined as

(H/W).

levels to accommodate the increasing number of wired circuits per chip. A schematic cross-

section of a multilevel interconnect scheme is shown in Figure 1.1.

This aggressive interconnect scaling has resulted in increasing current densities [8] and

associated thermal effects. Furthermore, low dielectric constant (Low-k) materials are being

introduced as an alternative insulator to reduce interconnect capacitance (therefore delay) and

cross-talk noise to enhance circuit performance [9]. These materials can further exacerbate

thermal effects owing to their poor thermal properties.

Apart from normal circuit conditions, ICs also experience high current stress conditions, the

most important of them being the electrostatic discharge (ESD), that causes accelerated thermal

failures [10]. Semiconductor industry surveys indicate that ESD is the largest single cause of

failures in ICs [11]. Figure 1.2 shows an ESD failure in an NMOS output transistor of an

advanced CMOS process after ESD stress at 3.5 kV (Human Body Model) HBM stress.

Interfacing between multiple power supply chips, as well as between multiple power supply

blocks within a chip, also causes high current conditions at the I/O circuitry [12].
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Figure 1.2 An ESD failure in an NMOS output transistor of an advanced CMOS process after a

3.5 kV HBM ESD stress. (Courtesy of Dr. Ajith Amerasekera, Texas Instruments

Interconnects are also known to experience similar stress conditions during testing for latchup

robustness. The need to understand high current behavior of VLSI circuits has increased in

importance due to their continuous scaling. Technology scaling of interconnects have also

evolved rapidly in recent years, leading to new interconnect and dielectric isolation materials.

There is an increasing need to comprehend high current, ESD and thermal effects in these

structures in order to provide robust design guidelines.

1.2 Trends in VLSI Scaling and Implications on Thermal Effects

In this section various interconnect technology scaling trends will be discussed to illustrate

their impact on thermal effects. As VLSI circuits continue to be scaled aggressively, a rapid

increase in functional density and chip size is observed as shown in Figure 1.3. This has resulted
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Figure 1.3 Present and projected functional density and chip size of microprocessors for different

technology nodes and year of first product shipment as per NTRS [13]. The functional

density is expected to increase from 3.7 million in 1997 to 180 million in 2012.

in increasing number of interconnect levels and reduction in interconnect pitch in order to realize

all the inter-device and inter-block communications. Figure 1.4 shows this trend with

interconnect levels increasing further in the near future, from 6 levels at the 250 nm node to 9

levels at the 50 nm node. This increase in the number of interconnect levels causes the upper

most interconnect layers to move further away from the Si substrate making heat dissipation more

difficult. Furthermore, the critical dimensions of contacts and vias are also decreasing with

scaling as shown in Figure 1.5 resulting in higher current densities in these structures.

Compounded with the introduction of low-k dielectrics as altemative insulators, whose thermal

conductivities are also much lower than that of silicon dioxide (Figure 1.6), it is envisioned that

thermal effects in interconnects can potentially become another serious design constraint.
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materialsused (or being introduced) in high performance circuits.

A simple analysis to demonstrate the implications of technology scaling on technology

performance is now presented. This analysis is instructive since these in turn have important

implications on thermal effects and on reliability requirements for interconnects. Consider an

interconnect segment of length / between two inverters asshown inFigure 1.7 (a). Figure 1.7 (b)

shows the equivalent distributed RC representation. Here the inverter on the left that is driving

the interconnect is represented as a voltage source controlled by the voltage K, at the input

capacitance. is the equivalent transistor resistance, Cp is the parasitic capacitance composed

mainly of the drain capacitance of the transistors. Ci is the load capacitance or the input

capacitance of the second inverter. Also, c and r are the capacitance and resistance per unit

length of the interconnect line. Using this simple model the performance of a technology canbe

most simply summarized by the delay time for a logic signal, which is given by equation (1.1)

t, =R,Xc^+C,)+{R,^c +rC,)l +̂ rcl'
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Figure 1.7 a) Schematic representation of an interconnect segment of length / between two

inverters, and b) an equivalent distributed RC circuit.

Rtn Cp, and Cl are functions of the transistor design and the circuit design W/L ratios used.

The interconnect resistance per unit length, r, depends on the resistivity of the interconnect metal

while c depends on the dielectric constant of the surrounding insulating material, interconnect

metal pitch, interconnect geometiy, and underlying insulator thickness [15]. The three terms on

the right hand side of equation (1.1) represent the intrinsic stage delay, the load delay, and the

interconnect delay contributions, respectively. The factor of half in the interconnect delay arises

due to the distributed nature of the interconnect [16].

Now if s is the scaling parameter, which can be defined as the ratio of the feature size at a

newer technology node to the feature size at an older reference technology node, then s is always

less than one. There are two simplified scaling scenarios for interconnects:

• Scale metal pitch {W+ S) at constant metal thickness (H) (Figure 1.1)

• Scale metal pitch and the metal thickness



Under the first scenario, the load delay, line delay and current density will scale as 7A, 1/s', and

1/s respectively. Under the second scenario, the load delay, line delay and current density will

scale as l/s\ l/s\ and l/s' respectively. In either case, it can be seen that interconnect delays

begin todominate technology performance, and that current density increases with scaling.

The interconnect scaling requirements drive several technology enhancements. Use of low-k

materials lowers the interconnect capacitance per unit length c (particularly intra-level) in

equation (1.1) and therefore lowers the total interconnect delay {O.Srcl^). Lower interconnect

capacitance also helps in minimizing cross-talk noise. Furthermore, lower interconnect

capacitance also helps inreducing the dynamic power dissipation (Prf^„) during the switching of

gates in digital circuits, which canbe estimated by [16].

(1.2)

where a is the activity factor or switching probability, C is the total capacitance, Vis the power

supply voltage and/is the clock frequency of the circuit.

Hence, it is the minimization of interconnect capacitance that is driving the introduction of

low-k dielectric materials. Similarly, lower interconnect resistance and higher current density

requirements drive the use of new metallization (namely Cu). Since these low-k materials also

have lower thermal conductivity than silicon dioxide (Figure 1.6), heatdissipation becomes even

more difficult. Thus VLSI technology scaling has important implications on thermal effects as

discussed in this section. The various trends in technology scaling that causes increased thermal

effects in interconnects can be summarized as:

• Increasing current density

• Increasing number of interconnect levels

• Introduction of Low-k dielectric materials

1.3 Impact on Interconnect Reliability and Design

Thermal effects impact interconnect design and reliability in the following ways. Firstly,

they limit the maximum allowable RMS current density, (since the RMS value of the current



density is responsible for heat generation) in the interconnects, in order to limit the temperature

increase. Secondly, interconnect lifetime (reliability) which is limited by electromigration (EM)

(transport of mass in metals under an applied current density), has an exponential dependence on

the inverse metal temperature [17]. Hence, temperature rise of metal interconnects due to self-

heating phenomenon can also limit the maximum allowed average current density, since EM

capability is dependent on the average current density [18]. Thirdly, interconnect failure under

high current stress conditions including electrostatic discharge (ESD) is also a reliability concern

[19], [20]. Interconnect failure due to ESD is becoming an important issue as VLSI scaling

continues. As the number of wired gates (G) per chip increases (see Figure 1.3) the number of

I/O pins {Np) also increases as per Rent's Rule [16], which is given by

Np = K-G'' (1.3)

where K is the average number of I/Os per gate, and p is the Rent exponent that can vary from

0.1 to 0.7. As a consequence of this increasing I/O pins, the package floor planning is changing

from peripheral package connections to array grids in order to accommodatethe increased I/O pin

count [20]. In the array architecture, the interconnect widths between external pads and the ESD

structures must decrease to preserve chip wirability and to prevent timing delays in critical paths

and in the receiver and driver networks. This trend can increase the susceptibility of

interconnects to ESD failure. Furthermore, technology scaling and the transition to new

interconnect and dielectric materials (discussed in section 1.2), necessitates a growing need to

comprehend the high current behavior of these structures and analyze their failure mechanisms in

order to provide robust design guidelines.

1.4 Dissertation Objective

The broad goal of this research is to develop suitable thermometry and diagnostic

techniques, characterize high-current and thermal effects in various interconnect structures,

formulate analytical models, and to provide insight into their failure mechanisms and their

implications on reliability and performance. The outcome of this work will have significant
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implications on the design of deep sub-micron VLSI interconnect structures and on developing

electromigration, ESD protection circuit, and I/O bufferinterconnect design rules.

Since a modem VLSI interconnectscheme consists of metal lines, contacts, vias and silicide

films, this dissertation will analyze thermal effects in all these interconnect stmctures. It will also

introduce novel thermal characterization techniques and present new information on physical

mechanisms leadingto their reliabilitydegradation or failureunderhigh-current stressconditions.

Characterization work will be supplemented with analytical modeling to optimize interconnect

and interconnect process design, which will in turnhelp in optimizing interconnect reliability and

performance.

1.5 Organization

After this introductory chapter describing the motivations behind studying thermal effects in

VLSI interconnect stmctures, a general treatment involving physical and mathematical

foundations of self-heating and thermal effects in interconnects is provided in Chapter2. This

chapter outlines the fundamentals of self-heating in metal lines and introduces the equations

describing heat conduction. It also explains the concepts behind the justification of analyzing

thermal problems analogous to electrical circuits. The next few chapters are focused on

characterization and modeling of high-current and thermal effects in specific components in an

interconnectscheme. Due of the discretenature of the problems addressed in this study, relevant

prior work is discussed separately in each chapter wherever applicable, and also a brief summary

is provided separately in each of these chapters.

Chapter 3 analyzes self-heating in intercormect lines under DC and short-pulse stress

conditions. It introduces the Transient Resistive Thermometry technique that is used in several

subsequent chapters (Chapter 4 and 6) to study high-current effects and failure mechanisms of

interconnect stmctures. The TRT technique has also been shown to be useful for thermal

characterization of thin dielectric materials. This technique can be used to evaluate the effective

thermal conductivity of various low-k inter-layer dielectric films used in DSM interconnect

processes. Chapter 4 describes the impact of interconnect scaling and employment of low-k

dielectrics on the thermal characteristics of the interconnect lines. The transient technique
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developed in chapter 3 is shown to be an excellent methodology to compare thermal

characteristics of different insulating dielectric materials. Chapter 5 describes the Transient

Kelvin Thermometry (TKT), a variation of the TRT that utilizes the Kelvin technique. The TKT

technique has been developed to study the self-heating ofsmall-geometry contacts and vias and in

particular to identify their failure mechanisms under high-current stress conditions. Chapter 6 is

an application of the transient resistive thermometry technique to study self-heating effects in thin

silicide films and their failure mechanisms.

Chapters 7-10 each addresses a distinct problem related to thermal effects. Chapter 7

analyzes effects of temperature on the TiSi2-Si contact resistance in small-geometry silicided

contacts and also characterizes their high-current behavior and identifies their failure mode using

the transient Kelvin thermometry technique.

In Chapter 8 another novel thermometry technique based on an atomic force microscope,

Scanning Joule Expansion Microscopy, developed by the microscale thermophysics group at

Berkeley, is used to study the thermal characteristics of sub-micron vias and to obtain a spatial

temperature distribution over the via.

Chapter 9 analyzes the impact of self-heating and high current density during highly

accelerated EM tests on the sensitivity of reliability ranking of different intercoimect processes.

Chapter 10 is devoted to analyzing the implications of thermal effects and technology

scaling on interconnect design and performance. In this chapter reliability (EM and thermal)

driven interconnect design rules are compared to performance driven design rules to quantify the

increasing influence of thermal effects on the design and optimization of the signal line length.

Finally, Chapter 11 draws the major conclusions of this study and also outlines future

research directions related to thermal problems in high performance circuits.



Chapter 2

Basic Concepts for Analyzing Self-Heating
Effects in Metal Interconnects
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In this chapter some fundamental concepts in Joule heating (self-heating) will be reviewed

along with an introduction to the heat conduction equations for interconnects. The basis for

analyzing thermal problems as electrical circuits will also be discussed in detail. Various

electrothermal analogs will be defined and their relationships to interconnect geometry and

thermal properties of the materials involved in ICs will be established.

2.1 DC Electrical Conductivity of a Metal

It is useful to understand the various parametersrelated to electrical conductivity of metals at

a micro level since they are needed in analyzing joule heat generation. Consider a metal wire of

length Z,, cross sectional area A, and resistivity /?, at uniform temperature. The resistivity is

defined to be the proportionality constant between the electric field E at a point in the metal and

the current densityj that it induces.

E = fS (2.1)
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In general E and j are vector quantities and they need not be parallel, in which case yo is a tensor.

The current density j is parallel to the flow of charge, whose magnitude is the amount of charge

per unit time crossing a unit area perpendicular to the flow. Thus for a uniform current / flowing

through the wire,y = I/A. Since the potential drop across the wire will be 1^ = EL, equation (2.1)

gives V= pIL/A, and hence the resistance of the wire (from Ohm's law, V= IR) is given by

R = p=- (2.2)
^ A

At any point in a metal, electrons are always moving in a variety of directions with a variety

of thermal energies. If n electrons per unit volume move with an average velocity v, then in the

absence of an electric field they are as likely to be moving in one direction as in any other, and

hence v = 0. However, in the presence of an electric field there will be an average electronic

velocity v, directed opposite to the field, which can be computed as follows.

Consider a typical electron at time zero. Let t be the time elapsed since its last collision. Its

velocity at time zero will be its velocity vo immediately after that collision plus the additional

velocity -eEt/m it has subsequently acquired. Since it is assumed that an electron emerges from a

collision in a random direction, there will be no contribution from Vq to the average electronic

velocity, which must therefore be given entirely by the average of -eEt/m. Since the average of t

is the relaxation time r, the average electronic velocity is given by

eEr
v = (2.3)

m

Now in a time dt the electrons will advance by a distance vdt in the direction of v. Thus n(vdt)A

electrons will cross an area A perpendicular to the direction of flow. Since each electron carries a

charge-e, the chargecrossingA in time dt will be (-nevAdt), and hence the currentdensity is (j =

-nev). Hence from equation (2.3) the current density is given by [21],

7 =

( 2 ^
net

(2.4)
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This relation is usually stated in terms of the electrical conductivity <t (inverse of the resistivity,

a=7/p)as [21],

ne r
j = (jE; <j= (2.5)

m

2.2 Physics of Joule Heat Generation

The basic physics behind Joule-heating or self-heating is presented in this section. Consider

that the metal wire of lengthL and cross sectional area A, described in the previous section is in a

staticelectric field, E. An electron in the metal wire experiences several collisions. The average

energylost to the ions per electronper collisioncan be calculated as follows. The force actingon

an electron would be F = -eF, and if the average distance traveled between collisions is x, the

average energy loss, will be Uayg = (-eE)x, where x = (average electron velocity, v) . (average

time between collisions, r). Therefore, from equation (2.3) it follows that

X =
eEr

m

and hence [21],

(eErf

(2.6)

^ (2.7)
m

Therefore the average rate ofenergy lost to the ions per unit volume is given by

(2.8)
m

Now the power loss, F, is simply the average energy loss per second, and using equation (2.1)

(2,4) and (2.5) it can be expressed as



P =

15

( 2 \
net E^{LA) = a{fyi)\LA) (2.9)

And since cr= Hp the power loss is given by [21],

P = I'̂ R (2.10)

This is the electrical power dissipation in a metal wire of resistance R when a current / flows

through it. This electrical energy gets converted to thermal energy (Joule heat) which raises the

temperature of the metal interconnects. Hence, for uniform current flow in a metal. Joule heating

can be expressed as

P=/F =/^/J =^ (2.11)
dt

Here Q is the heat energy generated.

2.3 Fourier's Law and Thermal Conductivity

The fundamental law of heat conduction (also known as Fourier's law) is consistent with the

second law of thermodynamics. It states that the quantity of heat (Q) conducted through a

homogeneous solid is directly proportional to the cross-sectional area (S) normal to the path

through the solid and the temperature gradient along the path [22], (see Figure 2.1).

Hence the rate ofheat flow (q) through the slab can be expressed as,

, = (2.12)
^ dt L dx ^ ^



ST-

S

cim.

Figure 2.1 Heat transfer by conduction through a plane slab of cross-sectional area S and length

L. The temperature on the left hand surface is Ti and on the right hand surface is Tj,

with Ti > T2, q is the rate of heat transfer.

where the minus sign indicates that a flow of heat can occur only in the presence of a falling

temperature gradient, consistent with the second law of thermodynamics. Insertion of a

proportionality constant yields the Fourier's law, which also serves to define the thermal

dt dx

conductivity K of the material. Therefore,

dQ/dt

S dTjdx

(2.13)

(2.14)

and has the units of Wm"'C''. Thisequation is used to formulate the heat conduction equation in

a Joule heated metal line in the next section. Strictly speaking K is not constant for the same

material but depends upon the temperature. However in the ordinary mathematical analysis it is

assumed that K is invariant with temperature. The thermal diffusivity kis related to /Tby [22],

(2.15)

where 5 is theaverage density of the material and c is the specific heat, k hasunits of m's"'.



2.4 Heat Conduction Equation in a Metal Line Heated by an Electric

Current

Consider a metal line of length Z, width w, and thickness d as shown in Figure 2.2. If this

line is Joule heated by a current of magnitude I, the simple 1-D heat flow equation can be

formulated as follows. In time At, the increase in volumetric heat stored must equal the

volumetric Joule heat generated and the net heat dissipation. Therefore, if the temperature rise of

the metal is AT, the heat balance can be expressed as

mcM =PAt +^M (2.16)

Here m is the mass and c„ is the specific heat of the metal respectively. Now, if S„ is the metal

density, it follows that

mcAT =S„,{Lwd)c„[T{z,t +At) - T{zJ)] (2.17)

PAt = j{z,t) pLwdAt (2.18)

• z + d/2

z-d/2

Figure 2.2 a) Schematic view of a metal line carrying current I. b) The cross sectional view.
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Also, the rate of (1-D) heat flow through the metal ofthermal conductivity K„ isexpressed as

dt
= KJwL)

dz z + d/2,t dz

Thus the 1-D heat balance equation is given by

SJLwd)c„\r(zj +^t) - T(z,t)] =

j(z,t/ pLwd^t +K„(wL)At

z-d/2,t

dT

dz z + d/2,t dz z-d/2,t

Dividing equation (2.16) by (LwdAt) it follows that

c^T T

dt dz'

(2.19)

(2.20)

(2.21)

For an interconnect line embedded in a dielectric (oxide) as shown in Figure 2.3, this 1-D heat

equation for the metal is valid only when the width of the metal line is much greater than the

oxide thickness above and below, w» toxi, tox:-

Qxidel

Metal

_

»w

Figure 2.3 A 1-D example of heat flow. Joule heated interconnect line embedded in oxide, w »

toxh tox2'
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2.5 Electrothermal Analog

Inorder to obtain the solution to a problem inconduction heat transfer it is often converted to

an equivalent electrical circuit, which is then analyzed using traditional circuit concepts. In this

section, the basis for employing this equivalence will beexamined indetail. Understanding these

equivalent electrical parameters is important since they have been widely used in the analysis of

thermal problems in various interconnect structures in thisstudy.

2.5.1 The Transmission Line Equation

The transmission line equation [23] serves as the basis for the electrothermal analog. It

consists of two parallel conductors, which comprise a network with distributed parameters.

Analysis of the transmission line involves four distributed parameters, three of which have

analogous thermal parameters. These are resistance, capacitance, and, conductance. Inductance

is an electrical parameter that does not have an analogous thermal quantity. In the present

analysis two of these parameters will be considered present, namely the resistance and the

capacitance. They are present as series and shunt parameters respectively. The entire

transmission line may be thought of as a cascaded network of lumped parameter "Tee"sections,

one of which is shown in Figure 2.4. Here the series impedance Z has been divided in half for

network symmetry and equals R/2. The shunt admittance, T, is the capacitance, C. These

parameters areconsidered invariant with time and alsoindependent of current andvoltage. Here

R and C are in termsof Ohms per unit lengthandFarads per unit lengthrespectively. If the

-•i

/ + —Ax

V + Ax

Figure 2.4 A single lumpedparameter "Tee" section of a transmission line.
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length of the transmission line between a- and a + ^ is considered (as inFigure 2.4), the drop in

voltage along the line in element a will be

V(x + Ax,t) - V(a, /) = - (RAx)I (2.22)

Similarly, the change in current along the element will be

dV
/(a + Aa,0 - t) = - (CAa) (2.23)

dt

Dividing equation (2.22) and (2.23) by Ax, one obtains, in the limiting case as Ax approaches

zero, the equations

V(x-¥Ax,t) - V(x,t) dVhm — 1—^ = =-RI (2.24)
Ax->o Aa oIa

and

I(x^6x.t)-I(x.t) (2.25)
Aa dx dt

Differentiating equation (2.24) with respect to a it follows that

= (2.26)
dx^ dx

and substituting this result in equation (2.26) yields the transmission line equation [23]:

d^V „„dV
—z- = RC (2.27)
dx^ dt

Now the heat conduction equation for a metal line carrying zero current, i.e., y = 0 in equation

(2.21), is given by



21

P\T

S„c„ = (2.28)
at dz

Comparison of equation (2.27) and (2.28) reveals that these equations are strikingly similar. The

analogous quantities in the electrothermal analog are therefore electric potential or voltage to

temperature and the reciprocal of the resistance-capacitance product to thermal diffusivity, i.e.,

1 K
V <-> T; and ^ = —— (2.29)

{RCy

where / is the length of the transmission line.

2.5.2 Limitations of the Analog

The resemblance of the transmission line equation to the Fourier equation shows that

transient heat flow problems can be handled by using transmission line theory. However, the

transmission line representation will yield an exact solution only when an infinite number ofTee

sections are considered. This, in reality, requires that the length of each Tee section be

infinitesimal. Fortunately, for most cases an infinitesimal Tee, or at least a Tee that yields a

solution of sufficient accuracy, is approached quite readily.

2.5.3 Concept of Thermal Resistance (or Impedance)

Intuitively, just as a potential difference between two points in a conductor sets up a current

flow, a temperature difference between two points in a material sets up heat flow. The thermal

resistance of a configuration (like Figure 2.1) can be determined by comparing the 1-D steady

state heat conduction equation (2.12) to Ohm's law.

Thatis, q=KS^ '̂ and /=—
L R

It can be observed that rate of heat flow {q) and current (7), which is the rate of charge flow,

are analogous quantities. The temperature difference AT = (TrT2) and voltage (V) are also
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analogous as established earlier in equation (2.29). Therefore, the thermal resistance (Re)

analogous to theelectrical resistance (R) has theunits °C/W andis defined as,

(2.30)

2.5.4 Concept of Thermal Capacitance

The flow of current through a capacitor is proportional to the change of voltage with time,

with capacitance (Q being the proportionality constant, defined by

I-C- am

Comparing equation (2.31) withtherateof heat energy gained by a material of mass w,density S,

volume u, and specific heat c, given by

dT - dT
q = mc— = cSv — (2.32)

dt dt

one defines the thermal capacitance (C^) as,

Cq = c5v (2.33)

in units of Joules/'C. Just as the concept of capacitance in electrical circuits is valid for time

varying voltage, similarly, it is meaningful to talk about a thermal capacitance only under

transient heat flow conditions (non-steady state).

2.5.5 Thermal Time Constant

In electrical circuits there is an associated electrical time constant given by the product of the

resistance (J?) and the capacitance (Q, that is a measure of the time required to reach steady-state

conditions. Similarly, in a thermal circuit, an equivalent thermal time constant (rg) is defined as



23

the product of the thermalresistance {R^ and the thermalcapacitance (C^). Hence, fromequation

(2.30), (2.33) and (2.15) and since u = LS, tq is given by

RC —Tq—R^'Cq —

in units of time.

r T ^

KS
(cSv) =— (2.34)

K

2.5.6 Electrothermal Analogs for VLSI Interconnect

Consider a metal line as described in Figure 2.5. Let P be the power dissipation by the line

due to Joule heating under a DC current stress. The steady-state 1-D heat flow equation for this

configuration is therefore given by

P = q = (2.35)
^OX

Here Kqx is the thermal conductivity of the oxide and (wL) is the surface area of the metal line in

contact with the underlying oxide. Hence the relation between power dissipation P, thermal

resistance (Re) and temperature rise (AT) is expressed as

AT =(Ti-To)=PRg (2.36)

where Re is the thermal resistance for this configuration given by

(2.37)

The distributed thermal circuit for the configuration is shown in Figure 2.6, This circuit can be

simulated using SPICE [24] and solved for V(t), which is equivalent to solving for temperature.

If the metal line in Figure 2.5 is stressed by an AC or any time varying waveform, capacitive

elements must be added to the circuit of Figure 2.6 as shown in Figure 2.7. These capacitances

defined in equation (2.33) can be written as

C,. = (2.38)



Oxide

Vo= Kef

Figure 2.5 a) Schematic view of an interconnectmetal line of lengthL, width w, and thicknessd

embedded in oxide. The underlying oxide thickness is to^- Heat flow {q) is assumed

to be 1-D and towards the underlying silicon which acts as the heat sink. The metal

line heated by a current is at an average temperature T,, while the silicon is assumed

to be at room temperature (or reference temperature) To. b) Equivalent DC lumped

thermal circuit. Rg is the thermal resistance of the interconnect line to the silicon

substrate.

where the subscript i stands for the material i.e., metal, oxide, etc. The thermal capacity of the

metal, C^, remains invariant irrespective of the heat flow pattern (1-D, 2-D, or 3-D). Whereas the

thermal capacity of the surrounding oxide depends on the heat flow model used. For the simple

case of 1-D heat flow (valid for w >> /<,.») from the metal line to the underlying Si substrate

(Figure 2.5), the thermal capacity of the underlying oxide is simply given by

Qx = f^ox^ox = ^ox(^^toxK (2.39)
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Figure 2.6 Distributed thermal circuit for the metal line of Figure 2.5 under DC (steady-state)

conditions. Rox2 and Rqxi are the effective thermal resistance of the overlying and

underlying oxide layers respectively. This circuit can be simulated using SPICE and

solved for V(t), which is equivalent to solving for temperature.

0x2 + Rm

2 4 4
1 mil ia.vi
1 2 2

10

R 0x2 ' ^m R, Rnvi R R, R,0X1 ^0X1 ^0X1 ^0X1 ^0X1

5 5 5 10
AAA^A/yV*•VW •A/ySQ^WSQ^VSA^^WSn-yVSq^^^
tIttIttttt
0x2 I i ^oxl ^oxl ^oxl ^oxl ^oxl
1 [ 2 2 J 5 5 5 5 5

I *-.1 Ioxide metal oxide

Figure 2.7 Distributed thermal circuit for the metal line of Figure 2.5 under AC (or transient)

stress conditions. Rox2(Cox2) and Roxi(Coxi) are the effective thermal resistance

(capacitance) of the overlying and underlying oxide layers respectively. This circuit

canbe simulated using SPICE and solved for V(t), which is equivalent to solving for

temperature.
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A simple relation for the thermal time constant of VLSI interconnects can be derived

irrespective of the heat flow model employed. For the general case, the effective thermal

resistance {Recff) and the effective thermal capacity {Cee^ can beexpressed as

^eejf - Co^ff - (2.40)
^ox^eff

Hence the thermal time constant (r^) is given by

'̂ d - ^eeff^Oeff - [^ox^ejf^ox^ox)" ~ (2.41)^ \ UA ffJJ ux ux /

^ox^ejjf ^

Therefore the thermal time constant of interconnect lines depends only on the underlying

dielectric thickness and its thermal diffusivity. Hence, for a typical level one metal line lyingon

an oxide layer of -1.0 pm thickness, the thermal time constant is of the order of a few

microseconds. Also, it can be easily deduced that for higher level interconnect lines the thermal

time constants will be larger than those for the lower level lines.

2.5.7 Thermal Circuit for Packaged VLSI Interconnect

A packaged isolated interconnect line with a heat sink is shown schematically in Figure 2.8.

The equivalent DC lumped thermal circuit is also shown. The voltage-current equation for the

circuit is given by

''m - Vslnk =iK +Rsi-pkg-.int) (2-42)

The thermal equation (from equation (2.36) and (2.37)) is given by

Tm-TsMk =J
'' t ^

"• +R.,. (2.43)

Therefore by plotting (Tm- Tsi„i) vs Ux and extrapolating to tox = 0, Rsi.pkg-sink can be calculated

from the intercepts to the y-axis as shown schematically in Figure 2.9.
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HeatSink

Figure 2.8 a) Schematic view of a packaged interconnect metal line of length L, width w, and

thickness d embedded in oxide. The underlying oxide thickness is tox- Heat flow (q)

is assumed to be 1-Dand towards the underlying heat sink. The metal line heated by

a current is at an average temperature T„, while the heat sink is assumed to be at

some temperature Tsi„k. b) Equivalent DC lumped thermal circuit. Rox is the thermal

resistance of the oxide layer, and Rsi.pkg.sir,k is the thermal resistance from the silicon

to the sink.
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Figure 2.9 Temperature rise of the packaged interconnect line with respect to the heat sink

plotted as a function of the underlying oxide thickness can provide the value of

Rsi-pkg-«nh from equation (2.43).

The electrothermal analogs defined in this section are used in all the subsequent chapters. It

should be kept in mind that heat conduction problems couldbe approached in several ways. The

classical approach is described in great detail in [22], where the heat conduction equation is

solved to obtain a general solution, from which a particular solution may then be evolved from

theboundary conditions. Another approach proposed by Heisler uses a graphical technique [25].

In addition, the heat conduction equations can also be numerically solvedusing finiteelement

method. This technique is most rigorous and suitable for analyzing 2-D or 3-D heat conduction

problems in complex systems where analytical modeling is very difficult. The finite element

approach has been employed to addresscertainproblems in Chapter3 and Chapter 10.



Chapter 3

Interconnect Heating and Failure under
Short-Pulse Stress Conditions
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3.1 Introduction

In this chapter self-heating and failure mechanisms of multi-level VLSI interconnect metal

lines under short-pulse current stress will be analyzed in detail. Themotivation behind studying

interconnect heating by short-duration pulses is multifold. Firstly, short-pulse stresses are a

superset of ESD type stress conditions forhighpulse amplitudes (> 1 A). Secondly, as shown in

this research, they can bevery effectively used to study high-current and thermal failures in deep

sub-micron interconnect structures. This is due to the preciseand incremental transferof thermal

energy that can be achieved with short-pulses. Short-pulse stressing is a unique approach for

studying theevolution of thermal damage in interconnect structures since continuous high-current

stress conditions (DC, AC, or pulsed) always result in catastrophic failure modes, which convey

little information on the failure process. Due to the relevance and significance of interconnect

heating under short-pulse stress conditions to ESD phenomenon, a brief introduction to ESD is

provided in the next section.
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3.2 Electrostatic Discharge (ESD) in Integrated Circuits

ESD is a high-current (/ > 7 A), nanosecond time-scale (At < 200 ns) phenomenon that

causes irreparable damage to IC devices ofall categories [10], [26]. It is now considered amajor

reliability threat to deep sub-micron IC technologies [27], [28]. ESD events are triggered

whenever a "charged human" or a "charged machine" comes in contact with an IC resulting in a

transient discharge of static charge through the IC. The equivalent circuit models used to

describe these events are known as the "human body model" (HBM) {I- ] A, At - 100-200 ns)

and the "machine model" (MM) {1-2-3 A, At < 100ns)respectively. ESD events could also be

triggered due to charge build-up in the chip itselffollowed by a discharge through internal paths

upon contacting the socket. The equivalent circuit for this type of events is known as the

"charged device model" (CDM)(/ > 10 A, At < 1 ns).

However, the most common and well-known manifestation of ESD is in the form of HBM

where a charge of about 0.6 pC can be induced on a body capacitance of 100 pF, leading to

electrostatic potentials of 4 kV or greater. An equivalent circuit for ESD HBM is shown in

Figure 3.1. The current waveform for the HBM is shown in Figure 3.2 [29]. Thepeak current is

approximately determined by theratioof the peakvoltage to the 1.5 Kfi resistor representing the

human body resistance, where the device impedance is negligible under ESD. This high current

pulsegenerated during an HBM ESDeventcauses IC failures. The damage is usually thermal in

nature. Protection devices at the I/O pins are usually designed to withstand a minimum of 2 kV

(or 1.33A peak current) HBM stress to meet reliability specifications.

High Voltage
Supply

High Voltage
Rg Relay 1.5 KQ

Q DC =}= 100 pF
Voltmeter

Figure 3.1 Equivalent circuit for the Human Body Model.

Device

Under Test
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Figure 3.2 Current waveform for Human Body Model. The rise time of the waveform is < 10 ns

and the decay time is - 150 ns.

3.3 ESD Reliability Due to Interconnect Failure

Over the years there has been much work done in the areas of ESD circuit design and the

operation of protection circuit elements such as diodes, MOS and Bipolar transistors, gate oxides

etc [26]. However, there is very limited information on the high current (ESD) and self-heating

effects in interconnect structures including metal lines, vias, contacts, and silicides.

Protection circuits at the I/O pins are usually designed to minimize damage caused by ESD

events. For improving reliability, ESD testing on these circuits is usually done by exposingthem

to typical discharge pulses to which the IC may be exposed during manufacturing or handling.

Metal interconnections in the protection circuits are heavily stressed during these events due to

excessive joule heating. The continuous drive to scale down IC devices for achieving higher

circuit density and faster speed have reduced the dimensions of both the devices and the metal

lines that form the interconnection system betweenthe devicesand also to the power lines in the

chip. This reduction in line dimension has increased their susceptibility to ESD damage.

Interfacing between multiple power supply chips, as well as between multiple power supply

blocks within a chip, can also cause high current conditions at the I/O circuitry [12],Error! Nota

valid link.. Furthermore, short time-scale high-current conditions arise in certain field
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programmable gate arrays (FPGAs) devices that employ metal-to-metal voltage programmable

links (VPLs) to make permanent connections between logical elements [31], [32], [33],

Thermally accelerated metal failures in ESD protection circuits have been recently reported [34].

There is anincreasing need tocomprehend ESD effects inmetal interconnects inorder toprovide

design guidelines for building robust interconnects and I/O buffers.

3.4 Interconnect Failures Due to High Current Pulses: Prior Literature

Kinsbom et al., [35], reported lifetime measurements of unpassivated A1 conductors

subjected to"continuous" high current density pulses asa function ofthe current density and duty

cycle. They reported a sharp decrease in time-to-fail for current density above 2xl0' A/cm^.

They attributed the failure of the Al lines to a combination of electromigration, temperature

cycling and chemical reaction between Al and Si02. Pierce [36], proposed a theoretical model

for unpassivated metallization bumout under electrical over-stress based on the assumption that

failure occurred when the metal reached its melting pointdue to joule heating. He also assumed

adiabatic conditions for pulse duration up to /js. Kim and Sachse [37], reported a systematic

study of the fracture strength of unpassivated metal lines deposited on window grade quartz

substrates for a single shot current pulse. Their experiments showed that the temperature to

initiate fracture in Al films was - 300 °C. Maloney [38], [39], used passivated AlSi and AlCu

lines and attributed failure to a combination of melting and evaporation. His calculations of

temperature rise were again based on the adiabatic assumption. Murguia and Bernstein [40],

derived a simple relationship (/" / = l(f A's/cin*) between the critical current density, y, tocause

failure under short-pulse stress, and thepulse width, /, based on the failure temperature of 300°C

as per reference [37]. They also assumed adiabatic conditions. Detailed simulation results of

passivated multilayered interconnect heating under transient conditions by Gui et al. [41],

demonstrated the limitations of the model in [40], for pulse widths > ~ 2ns.



3.5 Sample Fabrication

A quadruple level AlCu(0.5%) metallization system fabricated in a state-of-the-art sub-0.5

pm industrial CMOS process flow was used in this study [42]. The stacking sequence was

Si/-1.4-|am PETEOS+BPSGoxide/Ml/ILDl/M2/ILD2/M3/ILD3/M4/passivation. Each metal

level was isolated, i.e., they were not stacked vertically on top of each other. The interlevel

dielectric (ELD) was (~ 1 pm) oxide. The passivation was composed of 1.0 pm thick oxide and

nitride layers. Each metallization level was multilayered (see Figure 3.3) with the stacking

sequence TiN (50 nm)/AlCu (0.6 jM?i)/TiN (150 nm) excepting metal 4 where the AlCu thickness

was doubled to 1.2 pm. All the metal lines were {W/L = WOO fmi/3 fjm) standard NIST

recommended Kelvin structures. A reactive sputtering process was used to deposit the TiN and

AlCu layers. The initial 50-nm layer of TiN is used to provide a controlled bottom interface for

the AlCu, and it also serves as the barrier layer. The top TiN layer is used as an antireflective

coating and to improve electromigration characteristics.

AlCu 0.5%)

Figure 3.3 Schematic cross-sectional view of the multilayered TiN/AlCu(0.5%)/TiN

metallization used in this study.
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3.6 Interconnect Thermometry Techniques

In order to characterize self-heating in VLSI interconnects development of suitable

thermometry techniques is essential. Thermometry techniques are generally categorized

depending on whether they employ electrical or optical signals. Much of the recent work on

thermometry of transistors and interconnects has been based on either high-resolution optical

diagnostic techniques, or the scanning probe microscope. Optical methods use radiation

interaction with the surface of the interconnect and offer good temporal and spatial temperature

resolution. An excellent summary of these techniques is provided in [43]. However, mostof the

optical techniques, such as the laser-reflectance thermometry [44], [45], infrared thermography

[46], [47], fluorescence thermal imaging [48], and liquid-ciystal thermometry [49] - [51], are not

well suited for VLSI interconnect thermometry. This is due to the fact that VLSI interconnects

are buried under layers of dielectric (such as oxide) and passivation materials (such as silicon

nitride), which does not allow direct interaction of the radiation with the interconnects without

alteringthe structure or special samplepreparation. Electrical thermometry techniques known as

scanning thermal microscopy [52] - [54], which are either based on the scanning tunneling

microscope (STM) [55], or the atomic force microscope (AFM) [56], also suffer from similar

problems. Presence of passivation layers or stacks of dielectric materials that isolate and protect

interconnect structures prevent any direct contact between STM or AFM tip and the interconnect

surface.

In this study resistive thermometrywas employed since it does not require thermal contact to

the interconnect structures and any special sample preparation. It simply uses the temperature

dependence of the resistivity of the interconnect material to provide a spatially averaged

temperature rise in the intercormect [42], [57]. The basic idea behind this technique is outlined in

the next section.

3.7 Resistive Thermometry

The electrical conductivity of most metals is dominated at room temperature (300 K) by

collisions of the conduction electrons with lattice phonons and at liquid helium temperature (4 K)
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by collisionswith impurity atoms and mechanical imperfections in the lattice. The net resistivity

(p) is temperature dependent [21], and is given by the Matthiessen's rule:

P(T)^ Pl(T) + p, (3.1)

where pi is the lattice resistivity caused by the thermal phonons and is temperature dependent,

and pi is the intrinsic resistivity caused by scattering of the electron waves by static defects that

disturb the periodicity of the lattice, and is often independent of temperature. At T = 0 K,

vanishes and p/(0), known as the residual resistivity can be extrapolated. The lattice resistivity

Pl(T) = p(T) - Pi(0), is the same for different specimens of a metal, even though p,(0) may itself

vary widely. A linear relationgives the temperature dependence of the net resistivity:

p(T) = p^{\ +a{T-Tj) (3.2)

where po is the resistivity at some reference temperature To. The parameter a is known as the

temperature coefficient ofresistance {ICR) defined by.
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Figure 3.4 Temperature dependence of resistivity remains linear up to the melt temperatures for

pure A1 and for AlCu(0.5%).
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P(T)-Pq 1
n (T T\Po V-Tq)

The linear dependence ofresistivity on temperature is shown in Figure 3.4 for pure A1 [58], and

for AlCu(0.5%) based onthis work. Substituting equation (3.1) in (3.3) it follows that

a =
Pl(T)-P,(TJ

_Pl('^o)-^ Pi(^) (r-T-o)
(3.4)

The presence of the residual resistivity pi(0) in the denominator of equation (3.4) causes slight

variation inthe extracted TCR values for different specimens ofthe same metal. The temperature

dependence of the resistivity causes the resistance of metal interconnects to be temperature

dependent. This is the basis for resistive thermometry.

3.8 Transient Resistive Thermometry (TRT) Technique

Inorder to characterize self-heating of the interconnect metal lines under short-pulse stress

conditions, transient temperature measurements in nanosecond timescale is necessary. The

transient resistive thermometry has beendeveloped for this purpose [42], [57].

3.8.1 Basic Concept

The basic idea behind this technique comes from resistive thermometry. Consider a current

pulse of duration {At) and amplitude I going through a metal line as shown in Figure 3.5. If this

currentpulse causesself-heating of the line resultingin a temperature rise {AT) above the ambient

(reference) temperature To, then theresistance of the line will increase because of thetemperature

sensitivity of the metal resistivity as explained in the last section. Also, the resistance rise will be

linear with respect to temperature due to the linear dependence of resistivity on temperature as

shown in equation 3.2. The lineresistance can be calculated from the instantaneous voltage pulse

that develops across the line during the pulsing event. Since the magnitude of the current pulse

remains constant and the pulse duration is very small, the voltage across the line rises linearly

with time, as discussed in section 3.9.3. Theidea is illustrated in Figure 3.5. Ifand /?/are the
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Figure 3.5 The current and the instantaneous voltage pulse across the metal line.
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initial and final resistances of the metal line at the beginning and at the end of the pulse

respectively then,

Rq=— and Rf= —
° / 'I

(3.5)

and since the TCR for this line can be extracted from a separate experiment that involves

measurement of the temperature dependence of the line resistance using a small DC current (or

resistance thermometry), the transient temperature rise can be calculated using

Ar=(r-r„)=
T̂CR

Rf -Rq

R.
(3.6)

0 ;

3.8.2 System Design

In this section the experimental set up needed for transient resistive thermometry (TRT) of

interconnects is explained in detail. A block diagram in Figure 3.6 shows the overall system. A

temperature controlled probe station is required to carry out all the temperature dependent

measurements and the subsequent short-pulse measurements. A high frequency probe card and

coaxial cables are used to minimize electrical noise. A transmission line is employed to

generated constantcurrentpulses of high magnitudes (> 2 A) [23]. This is necessary because it is



very difficult for commercially available pulse generators to provide controlled square pulses into

low resistance (~ 20 Q) devices. The transmission line pulsing scheme is very useful for

generating ESD type current pulses. The high voltage power supply is capable ofcharging the

transmission line up to 4000 volts, provided the 1MQ resistor is robust enough. Voltage used to

charge the transmission line can be varied to generate current pulses with different amplitudes.

Two switch boxes are employed to facilitate charging and discharging ofthe transmission line.

High Voltage power Supply

HP I
4156A I

Semiconductor

Parameter Analyzer
Hg-wetted,

Relay 1 Mn

SWITCH BOX 1

350 O

Ch ll cvj E
I—^ t- >

h 100:1 ^ E

iOMn

SWITCH BOX 2

54111D

Digitizing Oscilloscope

Tektronix

Current

Probe

Coaxial Cable

^^^tracisior^
Probe Station

Temptronic
03600

Temperature
Controller

Figure 3.6 Block diagram illustrating thetransient resistive thermometry system.

Probe

Card
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The resistors in series with the device under test (DUT) (2 KO and 350 (2 inside switch box

2) can be chosen depending on the resistance of the line being tested, to maintain constant current

pulse. A mercury-wetted relay is housed inside switch box 1 to prevent voltage ringing. The

probe head (or switch box 2 in Figure 3.6), which houses the unit for the voltage to current

conversion, also includes a Tektronix CT-2 current probe and a contact for a oscilloscope probe

for voltage measurement. The CT-2 current probe consists of a current transformer and an

interconnecting cable.

The current transformers have a small hole through which a current carrying conductor is

passed during circuit assembly. The current probe converts the current pulse to a voltage pulse

(1mA<->ImV) and can handle up to 36 A of maximum pulse current. It has a bandwidth of 1

GHz, and hence for pulses with rise times > 5 ns, this is more than adequate for accurate

waveform measurements. Inside the probe head an additional contact is also available for a

semiconductor parameter analyzer (or curve tracer), to enable frequent monitoring ofdegradation

characteristics of the DUT after each pulse stress. The probe head allows great flexibility to the

system since it can be easily connected to any wafer-level probe card (or even

Micromanipulators), and can be placed within inches from the DUT. Voltage pulse

measurements are more difficult due to the inductances in the ground loop of the measuring

circuit. The probe head has about 5-10 cms in the ground loop, which is an effective maximum

inductance of 50 nH (since Z, = 5 nH/cm). This results in a voltage drop across the oscilloscope

probe during the fast of the current pulse. Hence, there is some voltage ringing measured

across a short circuit, during the initial 5 ns of the pulses. The voltage drop due to these stray

inductances can be estimated from the relation

Vr=L— (3.7)
'• dl '

where L is the inductance in the ground loop (~ 50 nH). Therefore, for a 100 ns current pulse of

amplitude 1 A, and a rise time of ~ 10 ns, Vl ~ 5V. However, since final voltage rise at the end

ofthe currentpulse is used for the temperature calculations, this inductive voltagedropduringthe

first few nanoseconds does not influence the measurements. To capture these extremely fast
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pulses adigital storage oscilloscope (HP 5411 ID) with abandwidth of250 MHz and a sampling

rate of 1 GS/sis used, which is adequate for the intended measurements.

Figure 3.7 shows a simplified schematic circuit of the TRT system. The transmission line is

charged by the high voltage supply. The distributed L-C elements of the transmission line

produce apulsed voltage source with impedance equal to the line impedance (=^ )resulting in
a simple square waveform [23]. Inorder to suppress any reflections from low resistance devices

(< 50 Q) a polarized matched load (RJ + Diodes) is connected to one end of the transmission

line. The front end ofthe transmission line isalso terminated with a {R2 = 50 Q)matched load to

yield a rectangular pulse and to prevent unwanted reflections. The resistor R3 is the sensing

resistor, and itconverts the discharge voltage toa current stress across the interconnect, and since

the value of RS is chosen such that it is much greater than the resistance of the device under test

{Rdut), a constant current pulse is ensured. The relation between the pulse duration {At) and

transmission line length (/) is given by

A 2/A/ = — (3.8)
c

where c is the propagation velocity of electromagnetic waves (=20 cm/nsec). Hence inorder to

generate a 100 ns pulse the transmission line must be 10 m in length. Hence, different cable

lengths can be used for generating various pulse widths. Note that the idea of charging and

discharging the transmission line is similar to that of charging and discharging a capacitor.

However, a charged capacitor and thedevice under testproduce exponential R-C waveforms that

are oftendisturbed by parasitic elements (especially if R^yjis low).

In the TRT system the voltage from the transmission line is delivered to the DUT via another

coaxial cable (see Figure 3.6) which is around 1 m long. This coaxial cable only introduces a

small delay forthetransmission line pulse. Voltage to current conversion through R3 takes place

very close to theDUT, thereby preventing capacitance loading effects of thecoaxial system from

degrading the current pulse.
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Figure 3.7 A simplified schematiccircuit diagramillustrating the transient resistive thermometry

(TRT) technique employing a transmission line to generate short-duration constant

current pulses.

Finally, since resistance is being calculated based on very short duration current pulses it is

important to check if the extracted line resistances usingpulsed measurements match up to the

DClineresistances in orderto ensure that skineffect[59], is not influencing the data. Skin effect

is normally observed at high frequencies at which the current gets confined almost entirely to a

very thin sheet at the surface of the conductor. The thickness of this sheet, known as the skin

depth, determines the effective cross sectional area of the conductor and its resistance. The

resistance values were found to be identical under pulsed and DC stress and also theoretically

checkedusing the formula for skin depth (S)given by.

S =
COfiCF

(3.9)

Here the frequency / = Q}/27r, and and <t are the permeability and conductivity of the

interconnect material respectively. It was found that for skin effect to start impacting the line

resistance, the thickness of aluminum lines must be > 3 pm for 1 GHz (1 ns) pulses. Since the

dimensions of the AlCu lines used in this study were < 3 pm, and thesmallest pulse duration was

50 ns, skin effect is not expected to impact the measurements.
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3.8.3 Equivalence of the Constant Current Square Pulse and ESD

Typical HBM and MM ESD events actually involve a double exponential or a sinusoidal

waveform respectively [29]. Since the constant current square pulse is used in this study to

propose design guidelines forESD protection circuit and I/O buffer interconnects, it is instructive

to note their equivalence to actual ESD waveforms, as shown in [60]. Hence, the failure

thresholds, failure mechanisms, and the electrical response of metal interconnects under high

constant current pulse stress can be correlated to the ESD stress conditions. Furthermore, the

constant current pulsetechnique increases the reproducibility of the ESDstressconditions.

3.9 Interconnect Heating and Failure under Short-Pulse Stress

3.9.1 Comparison with Electromigration

Before proceeding with the characterization results of interconnect heating and failure under

short-pulse stress conditions, it is important to comprehend the fundamental differences between

interconnect failures under these stress conditions and those due to electromigration. Table 3.1

lists the typical stress conditions and the mechanisms responsible for interconnect failures under

electromigration and short-pulse events [61]. Interconnect failures due to electromigration are

always diffusion driven, even under highly accelerated wafer-level electromigration test

conditions. Interconnect temperatures and current densities needed for electromigration aremuch

lower than those that fail under short-pulse stress conditions, as will be shown in this section.

Also, under short-pulse stress the failure mechanism is simply metal fusion, which is thermally

driven.

Furthermore, for electromigration failures, stress has to be applied overhundreds of minutes

or hundreds of hours depending on themagnitude of the stress conditions. In comparison, short-

pulse failures are almost instantaneous, with failures occurring within a time scale, that is much

smaller than the thermal time constant of the interconnects which is of the order of a few

microseconds.
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XqI thermal time constant (several us)

Table 3.1 Typical stress conditions and failure mechanisms forelectromigration and short-pulse

(ESD) driven failures in AlCu.

3.9.2 Temperature Calibration and Steady-State Measurements

Initially the temperature dependence of resistance of AlCu lines was experimentally

measured using a small DC current. This data was used to extract the value ofTCR for the AlCu

lines using equation 3.3. The TCR was found to be 0.0031±0.0001 ®C''. For self-heating

extraction, lines were stressed with increasing amounts of current (DC) at room temperature and

the rise in resistance due to self-heating was converted to a spatially averaged temperature rise

using the temperature dependent resistance measurements. While calculating this temperature

rise, the entire length of the line is assumed to be uniformly heated due to fact that its length is

much larger than the characteristic diffusion length (~25-50 pm for A1 [62]) for heat flow along

the length ofthe line. Furthermore, the temperature gradient {AT) across the thickness {dAt) ofthe

metal lead, which can be expressed as

,2 _ »2
at = Pai "Ai

2K Al

(3.10)

isnegligible due to the high thermal conductivity (Kai) ofAl. The DC self-heating results for the

quadruple level (TiN/AlCu(0.5%)/TiN) interconnects under study are shown in Figure 3.8 [42].

The thermal impedance {Re) increasedfrom 150®CAV for metal 1 to about250 ®CAV for metal 4.
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Figure 3.8 Self-heating of the quadruple level metal system under DC (steady-state) conditions.

The effective thermal impedance of the interconnect to the Si substrate can be

extracted from equation 2.37 {AT= P Re^.

This is due to the increasing underlying oxide thickness for higher metal levels. Thus it can

be observed that under DC (steady-state) conditions the net underlying oxide thickness has a

strong influence on the temperature rise as expected from equation 2.37.

3.9.3 Pulsed Measurements

Identical structures from each metal level were subjected to current pulses of different widths

(50 ns - 1 |is) and amplitudes using the TRT system described in Figure 3.6. The thermal time

constants for the metal lines can be estimated using equation 2.41 and are of the order of several

microseconds. The time dependence of the resistance and temperature of a level 1 line during a

200 ns constant current pulse stress is shown in Figure 3.9. It can be observed that the TRT

technique offers excellent temporal resolution of temperature risedueto self-heating under short-

pulse stress conditions. The resistance values are obtained from the voltage pulse across the

interconnect for a constant current pulse stress. Their time dependence can be observed to be

linear. Usingthe temperature dependence of resistance calibrated earlierusingDC measurements

(see Figure 3.8), the time dependence of the spatially averaged temperature of the metal line

during the pulse can be calculated and is shown along the second y-axis.
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Figure 3.10 The time dependence of resistance and temperature of a 3 pmX 1000 pm AlCu line

during a 1 ps constant current pulse stress obtained using the TRT technique. The

sharp rise in resistance beyond 950 ns indicates a phase change.
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Forcurrent pulses that heat the metal lines past their melting point, the resistance rises very

rapidly with time, due tothe molten AlCu. This can beseen inFigure 3.10 for pulse duration of 1

ps that caused temperature rise of- 1000 ®C. The temperature rise after the melting temperature

(~ 660 ®C) was calculated using the temperature dependence ofresistivity ofliquid A1 as shown

inFigure 3.11 [58]. It can beobserved that the resistivity in the liquid phase also varies linearly

with temperature like the resistivity of solid Al. However the resistivity of liquid A1 is an order

of magnitude larger than that of solid Al. As a result of this the resistance of the line increases

very sharply after ~ 660 °C as seen in Figure 3.10.

In Figure 3.12 the maximum resistance and temperature rise above initial room temperature

value, {ARmax/Ro - 7, where, ARmax'̂ ^ Rf- Ro), for each metal level has been plotted against the

current density, fora 200 nspulse [57]. It canbe observed that metal 1,2, and3, lines with equal

dimensions (and therefore equal thermal capacity) have almost identical resistance (or

temperature) rise unlike the DC case shown in Figure 3.8. This indicates that under short-pulse

stress, the total underlying thickness of the insulator doesnot influence the temperature rise of the

metal lines.
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Figure 3.12 Maximum instantaneous resistance and temperature rise of the metal lines stressed

by a 200 ns pulse, plotted against the current density J. The last data point on each

curve indicates the final open circuit failure.

This can be understood from the fact that the metal lines do not reach a steady state under

there short-pulse stress conditions since the heating time is much smaller than the thermal time

constants of the metal lines. Metal 4, with a thicker AlCu shows higher self-heating due to its

smaller surface area to volume ratio. Also, for all the metal levels y rises superlinearly with J,

the current density, and they all fail when y goes beyond a critical value {ycrii)- Similar joule

heating behavior wasobserved for theotherpulse widths. Thevalues ofYcnt were independent of

the pulse width and the metal level.

3.10 Finite Element Simulations

Finite element (FE) simulations have also been conducted to determine the temperature rise

of the metal lines during the short-pulse stress conditions [63]. The finite element technique

numerically solves the 2-D (or 3-D) transientheat equation. The simulations are also intended to

checkwhether or not the metal linesmayactually melt during these pulses since this information



is importantto understand the failure mechanisms of the metal lines, which are outlinedin the last

section.

3.10.1 Simulator Calibration

A 2-D FEmodel was setup to describe the cross section indetail as shown in Figure 3.13. In

the FE model it is possible to select any metallization level to be included in the actual

simulations. The test lines, surrounding dielectric material, and their thickness were selected to

match the experimental structure. Hence, the metal lines were 3 pm/1000 pm and multllayered

with the stacking sequence TiN/AlCu(0.5%)/TiN. The material data for the models were mostly

taken from the literature. The measured resistance rise under various DC loads (Figure 3.8) was

used to calibrate the simulator. One data point per level 1 and level 4 was chosen for this

calibration of the finite element models with respect to thermal conductivity of the surrounding

dielectric and the heat film coefficient between passivation and air. Figure 3.14 depicts the

excellent agreement between the experimental and simulation results. Deviations are randomly

distributed and are within 5 %.

level 4

level 3

level 2

level 1

SeEMBUiNi*

SSSSSSS3

liwm mm

Figure 3.13 2-D finite element model showing the generated mesh for the quadruple level test

structure used in this study. W = 3 pm for all levels, example shown for metal 4.
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3.10.2 Simulation of Transient Interconnect Heating

Applying the calibrated models, a level 1 metal line was selected for transient simulations.

For comparison with experiments, the effect of pulse width on the self-heatingbehavior in metal

1 was obtained as shown in Figure 3.15a. It can be observed that the critical currentdensity Jcrit

decreases with increasing pulse duration due to the increasing pulse energy with time.

Furthermore, it can be observed that for a current density of 47 MA/cm^^ the maximum

temperature rise is—200 °C and —1000 ''C, for 100 nsand 400 nspulses respectively.

The simulated temperatures during 100/200/400/500 ns pulses of amplitude 850mA {J =

47 MA/cm^ is shown in Figure 3.15b. The simulation results show good agreement with the

experimental results of Figure 3.15a. They support the temperature measurements by the TRT

technique, andmost importantly shows thatmetal lines canindeed be heated beyond theirmelting

point under short-pulse stress conditions. Furthermore, the simulation results confirm the
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experimentally obtained failure temperature of 1000 as shown by the 400 ns and 500 ns

curves. Even when the rapid increase in the line's electrical resistivity during melting was not

considered (dotted curve in Figure 3.15b), the temperature increased well beyond 660 ®C. In this

case the latent heat offusion caused delays in temperature evolution at the melting point. The

500 ns pulse (shown only up to 1000 °C in Figure 3.15b) led to temperatures above 1500 °C for

the chosen current density. This also is consistent with the experimental self-heating curve for

500 ns shown in Figure 3.15a, where it never crosses the dotted line marking the chosen current

density for simulations. The simulated value ofthe maximum temperature rise simply indicates

that the line would have been heated to 1500 ®C at this current density. But in reality it would

suffer open circuit failure once the temperature reached 1000 °C as seen from the experimental

curve. A recent study performed by a group of industrial researchers have also confirmed the

critical temperature rise during transient heating ofpassivated TiN/AlCu/TiN lines by a square

current pulse using RC network simulations [64].
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3.11 Interconnect Heating and Failure Model under Short-Pulse Stress

Conditions

In this section a general analytical model for interconnect heating under short-pulse stress

conditions will be formulated. The model uses the open circuit failure temperature rise in

passivated TiN/AlCu/TiN mealization obtained from experimental data, but the concept behind

the model can also be applied to Cu interconnects.

Since it was experimentally observed that the resistance of the metal lines increases linearly

with time during all the pulsing events (also see Appendix A for analytical reasoning), the input

pulseenergy canbe calculated usingthe equation [42], [57],

£(1)= fi m =I^ j -A/ ljlg +Xy) (3.11)
0

Here, /= current through the metal line, F= voltage developed across the line, Af = pulse width,

Ho = initial resistance of the unstressed line andR/= maximum resistance of linereached during

thepulsing event. Since the lineartemperature dependence of resistance is given by

Jly =£„(! +TCJt AT) (3.12)

where AT is the temperature rise, and the resistance rise is defined as,

r = — - = TCRM (3.13)
^0

it follows that,

Ro +Rf=Ro(2 +r) (3.14)

The thermal capacity (Cg)of the heated line is defined by

E(t) =Cg-AT =Cg-^ (3.15)

can be obtained from the self-heating data. By plotting y vs pulse energy, the thermal capacity

can be extracted from the slopes ofy vs energy curves shown in Figure 3.16 for a 200 ns pulse.
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Figure 3.16 Resistance rise (y) vspulse energy for various metal lines stressed bya 200 nspulse.

Difference in slopes between metal 1,2, 3, and metal 4 is due to the bigger thermal capacity of

metal 4. The thermal capacity of metal 1, 2 and 3 from Figure 3.16 is 15.09x10"^ J/^C. This is

larger than the thermal capacity ofthe TiN/AlCu/TiN stack (C„ = 8.25x10"^ J/^C). The difference

between the theoretically and experimentally determined values of the thermal capacity suggests

thata thinsheath of oxide around themetal is heated during theshort pulse stress.

The thermal capacity of the oxide sheath (Coxide-sheath) can be calculated from

^0 ^oxide-sheath (3.16)

where.

^oxide-sheath ^ox ^ox ^ox ^ox ^ox (3.17)

Here niox and are themass and volume of theheated oxide-sheath respectively, and Cax and Sox

are the heat capacity anddensity of theoxide respectively. Assuming a rectangular oxide sheath

as shown in Figure 3.17,thevolume of the oxidecanbe expressed as.

(3.18)
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Figure 3.17 Schematic cross section of Metal lineandtherectangular heated oxide sheath.
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where L, W, and are the length, width and thickness of the metal stack, and d^x is the thickness

of the heated oxide sheath. Hence, differences between Ceand C„ can be used to calculate the

thickness of the oxide sheath. From heat diffusion theory the thickness of the oxide sheath is

expected to beproportional to thesquare rootof thepulse width [22], [65], thatis
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Figure 3.18 Pulse width dependence of the oxide sheath thickness.
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This is confirmed by the linear dependence of dox with as shown in Figure 3.18. It can be

observed that the thickness of the heated oxide sheath around the metal lines increases with

increasing pulse width {At). The effective heat diffusivity, aa, can be extracted from this graph,

and was found to be~ 2.73 xlO'̂ cm'/s. This value is in rough agreement with those reported for

deposited thin silicon dioxide films at high temperatures [66] - [68]. The TRT technique can

therefore be employed to measure the effective thermal conductivity of various inter-layer

dielectric films used in DSM interconnect processes.

A simple expression relating the critical current density to cause open circuit failure with the

pulse duration can be derived as follows [57]. Consider a critical pulse of magnitude /<.„>. Let

Rcrit be the resistance of the line at the end of the critical pulse and by assuming a linear

dependence of temperature fromRo to Reru, the critical resistance rise Ycrih is definedas,

Yen. = = tCR Ar„, (3.20)

Then thecritical energy £<.„•„ causing open circuit failure canbe approximately expressed as,

^crit ® ^crit ("^0 ^crit ^̂ ^^^0^"^ 7crit) (3.21)

Equation (3.21) slightly overestimates the critical energy but it makes the analysis simpler and

provides a conservative estimate for the maximum allowable current (/„,-,), leading tosafe design

guidelines (see Appendix A).

During the critical pulse, the energy absorbed by the aluminum metal, barrier/capping TiN

layers and the surrounding oxidesheath, £5, can be expressed as.

"^mc
iJM

(3.22)

Here, mismass, c is specific heat, and Lf, is the latent heat offusion ofaluminum. Subscripts i,j,

and kare for AlCu, TiN, and oxide respectively. While using equation (3.22) the specific heats of

AlCu, TiN and oxide are taken to be independent of temperature due to their small increase in

value with temperature [69]. A mean value was therefore used in all the calculations.
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Furthermore, since the thermal diffusion lengths in metals and oxide are much larger than the

thickness of these materials being heated, they can be assumed to be at the temperature ATcru

above the reference temperature atthe end ofthe pulse. Equation (3.21) can be expressed as

^crit ^ ^crit ^^ /crit) (3.23)

where subscript i is used forAlCu. Furthermore, equation (3.22) canbewritten as,

Es =['"iCi +mjCj+mtCi]r„„{TCRY +miL^ (3.24)

Since theJoule heat energy generated bythecritical current pulse must equal theenergy absorbed

by the interconnect structure, the right hand sides of equation (3.23) and (3.24) must be equal.

Hence,

JL =<l>\ Ef' + ^2 Et ^ +^3 (3-25)

where <f>i is a constant depending onmetal thickness, material constants and ycrit- Theconstants (j>2

and <l>3 have dependence on oxide properties too, including a diffusion constant {aa) that can be

extracted fromFigure 3.18. and (f>s are independent of metal length, and givenby.

4
cm

2 ^rcruiECny 2L(W +d,)^] A'

<l>3 =̂ ^kCkrcn,{TCRy ALa^] Ay (2,26)
^ / cm
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(327)

Here di is the thickness of AlCu. For AlCu line with dimensions {W= 3 pm, and di= 0.6 pm,

and ds = 0.2 pm} ^2, and are ~ 5 X 10®, ~ 5 X lO", and ~ 1X 10''* respectively. For pulse

widths < 10ns, nearadiabatic condition is reached and the firsttermdominates. Forpulsewidths

between 10ns and~ 1 ps, boththe first and the second terms are significant. The ^jterm which

arises from theDCthermal conductance will become significant for longer pulse widths (> 1 ps).

Further, (f>2 and (f>3 will become increasingly important for narrower line widths.

Thecritical current density values obtained using this relation are in excellent agreement with

the experimentally observed values as shown in Figure 3.19. This model canbe used to provide

interconnect design guidelines for high current robustness. The adiabatic approximation of

equation (3.25), i.e., is also plotted. It is clear that heat dissipation into the

surrounding oxide is significant under pulsed conditions of approximately 100 ns and hence the
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^2 term must be included in the model. In Figure 3.19 we also compare an earlier work [40], that

proposed atheoretical relationship Jcru'̂ —l(f and it is shown to be lower than the experimental

values. The model in [40] did not take into account any heat dissipation into the surrounding

oxide, nor the latent heat of fusion of aluminum and was formulated using a critical temperature

value of 300 °C based on work in [37], where unpassivated metal lines deposited on window

grade quartz substrates were studied under pulsed stress. This is much lower than the 1000 °C

which is extracted from the present experimental work. Detailed thermal simulations using

transmission line models of joule heating undera high current pulse, by Gui et al [41], had also

indicated that the model from [40] has limitations for pulse widths biggerthan~ 2 ns.

It should be noted that in thepresent work the heated oxide sheath is assumed to have square

edges, but to be more realistic the edges should be cylindrical, since heatdissipation from a point

source is circular. This will slightly reduce the volume of the heated oxide sheath, which will be

given by

yo.= AL^itdl^-v2L{W-^d;id„, =[tLdl^ +2L{W+d,)d„\ (3.28)
By comparing equation (3.18) and (3.28) it can be observed that the volume contributed by the

four comers of the heated oxide sheathgives rise to (f>3 in equation (3.26). Hence, the cylindrical

comers will only reduce the (f>3 term in equation (3.26) by around 20%. However, in order for this

to impact the Jcri, values, pulse widths much longer than 1 ps must be involved which are

comparable to the thermal time constant, and the concept of heated oxide sheath will not be valid

for such pulse widths.
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3.12 Interconnect Design Rules for High-Current Robustness

From equations (3.21) and (3.22), the critical value of the current pulse can be written as [57],

ĉrit ^ {iJJc J

which can be expressed as.

^crit
fV(Wa,-i-a,KJ

At

(3.29)

(3.30)

Here, ai and az are constants that depend only on the thickness and material properties of the

metal and the oxide and They are independent of the length of the line. This result is valid

for line lengths much greater than the thermal diffusion length in Al (25-50 pm), as discussed

earlier.

Finally, the model developed in the form of equation (3.30) can be used to determine the

critical current for open circuit metal failure in terms of the pulse width and the line width as

shown in Figure 3.20. These curves provide design guidelines for ESD/EOS protection circuit

interconnects. For example, a typical Human Body Model (HEM) ESD pulse, which can be

described as a -100 ns/1.3 A event [18], would require the width of the metal line to be greater

than-2.5 pm. Similarly for an electrical overstress (EOS) event of 1 ps the minimum linewidth

shouldbe more than -7 pm. Hence a safe design guideline for these stress conditions wouldbe

—10 pm. A recent study from IBM has shown that the model can also be applied to design

damascence Cu interconnects [20].
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3.13 Failure Modes under High-Current Short-Pulse Stress

3.13.1 Open Circuit Failure Mechanism

As illustrated in section 3.9 high-current short-duration or ESD type pulses can heat up the

metal lines well beyond theirmelting points and a maximum temperature rise value of 1000 °C

(see Figure 3.11) is observed for all the metal lines at various levels. This critical value for

temperaturerise agrees with those obtained using finite element simulations, as shown in section

3.10. The open circuit failure of the lines wasusually accompanied by cracking of theprotective

oxide/nitride layers. The fracture strength of silicon nitride is around 1 GPa [70]. At around the

failure temperature the thermo-mechanical stress generated by the expansion of the molten AlCu

exceeds the fracture strength of the oxide/nitride layers. Therefore all the lines fail when the

temperature risesbeyond thatcritical value. SEM micrographs of metal 1and metal 4 lines(fV=

3 pm) showing passivation fracture is shown in Figure 3.21. It is interesting to note thatmetal 1,

which has a thickeroverlying dielectric than that of metal4, failed at the sametemperature. This

is due to the fact that fracture strength is independent of the thickness of the thin film
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Figure 3.21 SEM micrograph showing open circuit failure mode of passivated TiN/AlCu/TiN

metallization. Themolten AlCu can be seen to have broken through theoxide/nitride

passivation layer.
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Figure 3.22 TEM micrograph ofanAlCu line that has failed due topassivation fracture showing

voids along the line.

material [71]. Similar failures were observed for metal lines at other levels. Furthermore, no

preferential failure site is observed, as expected. Figure 3.22 shows a TEM micrograph of a

section of a metal line that failed due to passivation fracture. It can be observed that there are

several voids created in the line, which are likely to result from the sudden loss of material at the

time of opencircuit failure viafracture of the oxide/nitride layers.

3.13.2 Latent Damage: Impact on EM Reliability

A potential reliability hazard has been identified that significantly degrades interconnect

lifetime due to enhanced electromigration in lines subjected to BSD type stress conditions [42].

This "latent damage" is introduced by high-current short-duration pulses that heat the metal lines

past their highest equilibrium solid-solution temperature. The metal lines offer no visible clue of

any damage. Furthermore, no change in line resistance can be observed, even with a Kelvin

measurement after the pulse stressing. However, the electromigartion lifetime of these stressed

lines were found be significantly lower that of the unstressed ones. This reliability degradation
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effect was verified by comparing electromigration lifetimes of pulsed and unstressed AlCu metal

lines.

Accelerated wafer level EM tests were performed on unstressed AlCu lines and then on two

groups of pulsed lines. One group of lines were stressed by a pulse that caused a temperature rise

of~ 950 °C, which was just below ATcta. The other group was stressed by a pulse that caused a

temperature rise of~ 700 °C. All the lines from both these groups showed no visible damage or

any significant change in resistance after the pulsing. However the EM lifetime data revealed that

the pulsed lines from the first group had lifetimes reduced by a factor of 3. The EM lifetime

degradation was even more for the second group of pulsed lines and the MTTF (mean time to

fail) was reduced by a factor of > 4.

In order to identify the mechanism responsible for this reliability degradation, detailed

microstructure analysis were performed. Figure3.23 shows a TEM micrograph of an unstressed

3.0 |xm AlCu line. It canbeobserved that the grain size is ~ 1.5 pm A TEMdiffraction analysis

is also shown below. The diffraction "spots" confu-m theinformation from theTEM micrograph,

that the unstressed lines have small number of large grains. Similar analysis was performed on

AlCu(0.5%) lines stressed above their equilibrium solid solution temperature (~ 660®C) [72], but

well below the critical temperature of 1000 °C. It can be observed from Figure 3.23 that these

lines have very different microstructure. A large number of small grains can be seen. This is

well supported by theTEM diffraction rings, which arise due to large number of diffraction spots

resulting from the randomorientation of a largenumber of grains.

The change in microstructure of the stressed lines without any noticeable change in their

resistance can be explained using solidification physics [72]. The heating during theESD event

is followed by quenching, since the thermal time constant is usually of the order of a few

microseconds. This rapid cooling from a molten or partially molten state after pulsing, results in

theformation ofa large number of small grains throughout theline or in localized segments. This

happens due to the combined effect of heterogeneous nucleation (which introduces a high

nucleation rate) and extremely small growth time. Large number of small grains result in the

formation of a increased number of grain boundaries throughout the line, which aids the diffusion

of metal atoms under an applied electric field, causing enhanced EM.
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Inaddition tograin size reduction, the distribution ofCu within the grains will also affect the

EM failure times. After resolidifying, the AlCu lines are likely to have a gradient in Cu

concentration due to constitutional supercooling [72], which will force the grains to contain

increasingly higher concentration of Cu during the progress of the resolidification process, with

the last few grains containing the highest Cu concentration.

The difference in the observed MTTF of the two groups of pulsed lines can be attributed to

localized melting caused by the pulses that heated the lines to ~ 700 °C, since the spatially

averaged temperature rise wasjust above the melting point. The pulses that heated the lines more

strongly to ~ 950 °C, likely caused more uniform melting of the line which resulted in a more

uniform grain sizedistribution in the line after resolidification. In thecase of localized melting,

segments with smaller grain sizes are created in the line. These introduce a gradient in the

microstructure and the effect of electromigration under suchmicrostructural gradients is expected

to be even more severe [73].

A recent study done in the industry has confirmed this new interconnect damage mechanism

introduced by short-duration high-current pulses [64]. Therefore, this EM lifetime degradation

effect on reliability needs careful consideration.

It should be noted that another report [74], concludes that there is no EM lifetime degradation

in passivated multilayered AlCu lines after a short-pulse stress during which the temperature rise

was well below an arbitrarily chosen (300 °C) value for the failure temperature. This value for

the failure temperature is inapplicable for an actual IC interconnect system since it is based on

[37], where unpassivatedsingle layer A1 lines deposited on windowgrade quartz were tested.



action patte



Figure 3.24 a) TEM micrograph showing the microstructure of a stressed AlCu line, b) The

corresponding TEM diffraction pattern showing rings arising due to large number of

small grains.
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3.14 Summary

In this chapter self-heating behavior of passivated TiN/AlCu/TiN lines under short-pulse

stress conditions have been presented in detail. A transient resistive thermometry technique has

been developed for the fast temperature measurements. The TRT technique has been applied to

obtain excellent temporal resolution of temperature rise in interconnects under short-pulse stress.

It has been demonstrated that self-heating under short-pulse (ESD) conditions is not completely

adiabatic and heat diffusion into the surrounding oxide is important. It has also been shown that

under these conditions, interconnect heating is independent of total underlying dielectric

thickness and only a thin sheath of surrounding oxide gets heated. Our characterization of

passivated TiN/AlCu/TiN metal system under short-pulse stress conditions have demonstrated

that, at thepoint of open circuit failure, the temperature rises to ~ 1000 ®C. This temperature rise

has been confirmed by solvingthe transientheat equationfor the interconnect systemusing finite

element analysis. An analytical failure model under ESD type stress conditions have been

formulated that incorporates heat dissipation into the surrounding oxide sheathand the latent heat

of fusion of the A1 metal. The model has shown excellent agreement withexperimental data and

has been applied to generate design guidelines for high current robustness including ESD/EOS

and I/O buffer interconnects.

The opencircuit failure has beenshown to be due to the fracture of the overlying passivation

layers and independent of the overlying dielectric thickness. A latent interconnect failure

mechanism has been identified for the first time. This failure mode have been shown to occur

due to microstructural changes introduced in the lines thatare stressed beyond the liquidus point

of AlCu (0,5%) but below the open circuit failure temperature. The microstructural change has

been shown to be undetectable by resistance measurements or physical inspection, but has been

shown to cause significant electromigration lifetime degradation, which is a new IC reliability

hazard.
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4.1 Introduction

As discussed in Chapter 1, aggressive scalingof Si based IC devices motivated by the desire

for faster circuit speed and higher packing density has increased the functional complexity of

VLSI circuits. This has in turn, reduced the intercoimectmetal pitch and increasedthe number of

metallization levels. Reduction in metal pitch however degrades interconnect RC delay which

tends to curtail the benefits of interconnectscaling [1]. Low dielectric constant (Low-k)materials

have been introduced [9], [75] - [80], as an alternative intra-level or interlayerinsulatorto reduce

interconnect capacitance (therefore delay) and cross-talk noise to enhance circuit performance.

Recently it has been demonstrated that thermal effects, instead ofelectromigrationitself, will start

to dominate interconnect design guidelines for advanced high performance interconnects [81],

[82]. Furthermore, as discussed in Chapter 3, metal lines can also suffer from thermal damage

under short duration high-current stress conditions such as during an ESD event. In Chapter 3, a

model for interconnect heating and failure under these conditions was presented.
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Characterization of the effect of interconnect scaling and low-k dielectric material on the thermal

behavior of the IC metal is desirable to provide thermal design guidelines in the near future. The

purpose of this chapter is to analyze the thermal implications of interconnect scaling using low-k

dielectric structures and to demonstrate the usefulness of the TRT technique developed in Chapter

3, in comparing the thermal characteristics of different dielectric materials.

4.2 Minimization of Interconnect (RC) Delay using Low-k Dielectric

The implications of technology scaling on technology performance was discussed in Chapter

1, and it was illustrated why interconnect delays are beginning to dominate technology

performance. Theminimization of the total interconnect delay given by O.Srcf in equation (1.1)

is driving the introduction of low-k materials. It is instructive to examine a simple first order

interconnect RC delay model proposed in [1]. The interconnect line resistance R{ = rl) can be

expressed as

Metal Layer N+1

Metal Layer N

Metal Layer N-1

Figure 4.1 Schematic cross-sectional diagram of a multilevel interconnect system showing line-

to-line (Cu.), the vertical layer-to-layer (C^), and line-to-ground {Clg)capacitances.

R^lpLjPH (4.1)
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where p is the resistivity of the interconnect material, L is the interconnect length, H is

interconnect height and also inter layer dielectric thickness, P is interconnect pitch {=W+S), and

W= S, as illustrated in Figure 4.1. C is the total parallel plate capacitance comprising of the

lateral line-to-line capacitance, Cu, and the vertical layer-to-layer capacitance, Cy. Assuming

thatthe line-to-ground capacitance (Qc) equals Cy, and ignoring the effects of fringing fields for

simplicity, C can be expressed as

C=2(Qi +Q )=2/I {2LH/P + LP/2H) (4.2)

where k is the relative dielectric constant and So is the permittivity of free space. Hence the

product ofR and C is given by [1], [76],

RC=2pke^ (42,7/'̂ + (4.3)

It can be observed from equation (4.3) that as P decreases the RC delay will increase and by

introducing materials with lower values of k, the RC delay can be lowered. For example, the

substitution of Si02 {k = 4) with air (A: = 1) will lower the RC delay by about 75% [76].

Furthermore, for interconnect spacing S < 0.3 pm, C is dominated by C^. In fact, almost 90% of

C is expected to be contributed by Cu. at sub-0.25 pm feature sizes [83]. Hence, reduction of Cu

is more important for reducing RC delay. Therefore, interconnect processes with low-k as intra

layer dielectric only (gap-fill), have been introduced [84].

4.3 Sample Fabrication and Experiments

A double level metallization system fabricated using a state-of-the-art 0.25 pm CMOS

process flow, which employed two different intra-level dielectric processes was used in this

study. The standard dielectric process had Si02 (k ~ 4) as the insulating material everywhere,

while for the low-k process, a dielectric (HSQ) with k ~ 3 was used as the gap-fill insulator for

the level 1 metallization only [85]. The schematic cross section is shown in Figure 4.2. The

metal system was multilayered with the stacking sequence ofTiN/AlCu/TiN, and with all layer
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Figure 4.2 Schematic cross section of the two intra-layer dielectric processes used in this study.

thickness equal to that of the quadruple level metal system described in Chapter 3. All the metal

lines were standard NIST recommended 1000 pm long test structures with varyingline width (3.0

pm, 1.5 pm and 0.75 pm). The TRT technique introduced in Chapter 3 was used to generate

constant current pulses of varying widths (At=100ns, 200ns and 500ns) and magnitudes. The

voltage, and hence the resistance of the metal lines were observed to increase linearly with time

duringall the pulsingevents in agreement with experimental observations in Chapter3.

4.4 Thermal Characterization under DC Stress Conditions

Initially the DC joule heating was measured for all the structures. Figure 4.3(a) shows the

effect of interconnect scaling on the self heating of metal 1 lines. The self-heating gets more

severe for smaller line widths for a given input power. This result is due to the fact that under DC

conditions mostof thejoule heat generated is dissipated through the underlying oxide layerto the

Si substrate which acts like a heat sink. Scaling reduces the effective surface area in contact with

this underlying oxide. Figure 4.3(b)shows the same effectwith low-kdielectric. Apart from the

increase in self-heating with decreasing linewidth the temperature rise (AT) is higher for a given

input power (P). These results indicate that the thermal impedance {R^ defined in equation

(2.36) increases as line width decreases and that interconnect structures with low-k materials have

evenhigher thermal impedance that getsworse withscaling as shown in Figure 4.4.
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Figure 4.3 Effect of interconnect scaling on the self-heating of metal 1 lines under DC stress

conditions for the a) standard dielectric process,and b) the low-kdielectric process.
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4.5 Thermal Characterization under Pulsed Stress Conditions

4.5.1 Standard Dielectric Process

The TRT technique developed in Chapter 3 is used to analyze the self-heating characteristics

of the metal lines under short pulse stress conditions. Figure 4.5(a) shows the self-heating of

3pm metal lines for a 100 ns pulse for the standard dielectric process. It is observed that the

metal lines are heated well beyond their melting point. The open circuit failure occurs at a ATof

1000 °C as observed in Chapter 3. Similar heating behavior is observed for other pulse widths.

In agreement with experiments in Chapter 3, AT is identical for both metal 1 and 2. This shows

that the underlying oxide thickness has no impact on the AT(contrary to self-heating under DC

conditions) and that the lines have identical thermal capacities. Such behavior arises due to the

fact that the pulse widths are much smaller than the thermal time constants of the interconnect

structures, as explained in Chapter 3. As a result, the total underlying oxide thickness doesn't

influence the self-heating of metal lines under these short time current pulses. Figure 4.5(b)

demonstrates thiseffect, where the inputpulseenergy defined in equation (3.11) is plotted against

AT. Since the inverse of the slope of this line gives the thermal capacity of the metal system,

which is defined in equation (3.15), it can be observed that the thermal capacitiesofmetal 1and 2

are identical.
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The minimum energy required to melt the given volume of the 3 )im wide AlCu line was

calculated to be 8 (jJ, including the latent heat of fusion. However, it can be observed from

Figure 4.5(b) that the energy dissipation capability of the interconnect structure is much larger.

This suggests that a thin sheath of surrounding insulator also gets heated during the pulse and the

failure temperature is much higher than the melting temperature, in agreement with the results in

Chapter 3.

4.5.2 Low-k Dielectric Process

Figure 4.6(a) shows similar self heating effect for the low-k dielectric process. Contrary to

the standard dielectric process it can be observed that metal 1 heats up and fails more quickly

than metal 2. To comprehend this observation the AT is plotted as a function of pulse energy in

Figure 4.6(b). It can be observed that metal 1 requires less energy to heat up to a given

temperature. This is due to the dissipation of a smaller fraction of heat energy into the

surrounding dielectric. The different thermal response of the low-k interconnect structure is

explained below.

The thermal capacity of metal 1 as extracted from Figure 4.6(b) is smaller than the thermal

capacity of metal 2. This is expected since the low-k material has a lower thermal conductivity

and therefore the thermal diffusion length into the low-k material is shorter. Due to this smaller

thermal capacity effect in the low-k dielectric structures the fraction of the pulse energy that goes

into the dielectric is lower and thus the metal fails at a lower current density (or pulse energy).

This was observed for all the otherpulse widths as well and the resultsare summarized in Figure

4.7. Note that the critical current densities decrease with increasingpulse widths, as observed in

Chapter 3. It should also be noted that the open circuit failure temperature is nearly constant (-

1000 ®C) for all the pulse widths and for both processes inagreement with the results inChapter

3. Furthermore, the effect of the low-k dielectric gets stronger for longer pulse widths. This is

due to the fact that as heat diffusion timeincreases, the effectof the lowerthermal conductivity of

the low-k material becomes more prominent. Figure 4.8 clearly show that the increase in thermal

capacity with pulse width is lower for the line with low-k intra-level dielectric.
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low-k intra-layer dielectric process.
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The lower thermal capacity ofthe line with low-k isdue to the smaller thermal diffusion length in

the lateral direction (Ld.iaterai), which (from heat diffusion theory) can beexpressed as

•"d-lateral
oc

^low-k

pc
(4.4)

Where is the effective thermal conductivity, p is the density, and c is thespecific heat of the

low-k dielectric material.

Therefore, the effective thickness of the heated insulator sheath around the metal line with the

low-k dielectric is smaller, as shown in Figure 4.9. It can also be observed that the standard

dielectric provides a larger sheath thickness, and therefore a bigger extra thermal capacity. Asa

result of the smaller thermal capacities of the low-k process the critical current densities for

failure arealsorelatively smaller for allpulse widths as shown in Figure 4.10. TheJcr/, values are

~ 10% lower for the low-k structures and gets further reduced for longer pulses which carry more

energy.

4000

3500"
Standard Dielectric

' 3000

•?= 2500

Si 2000

Low-k Dielectric

[Pulse Width] '̂̂ [ns] '̂̂

Figure 4.9 Effective thickness of the heated dielectric sheath around the 3.0 pm metal lines are

lower for the low-k process.
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Figure 4.10 The critical current density in a 3.0 (xm wide metal lead with the low-kprocess is

smaller than that with a standard dielectric process.

4.6 Implications of Interconnect Scaling

The effect of interconnect scaling on the heating of metal lines with short duration pulsed

current is shown in Figure 4.11. It canbe observed that the widermetal lead{W=3 pm)heatsup

more quickly as compared to the narrower lines. This is due to the smaller surface area to volume

ratio for the wider lead. Hence smaller J is needed to reach the same AT. Similar effects were

observed for the other pulse widths.

Furthermore, as shown in Figure 4.12(a) the thermal capacities decrease with narrower line

widths as expected and the low-k structures have even smaller thermal capacities as discussed

earlier. Figure 12(b) plots the ratio of the experimentally extracted total thermal capacity to the

thermal capacity of the metal against various line widths. It can be observed that this ratio

increases with scaling which explainsthe results of Figure4.11.
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Figure 4.11 Effect of interconnect scaling on their self-heating characteristics under short pulse

stress conditions.

Finally, in Figure 4.13, the effect of interconnect scaling using low-k dielectric on pulsed

failure thresholds is illustrated. The values are —10-30% lower for the low-k structures and

show a tendency tobe getting even lower for sub-micron lines with longer pulse widths.
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Figure 4.12 Effect of interconnect scaling using low-k dielectric material on a) the thermal

capacity of the metal lines under two different pulse widths, and b) the ratio of the

total thermal capacity to themetal thermal capacity shown for 100 ns pulses.
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Figure 4.13 Effect of interconnect scaling using low-k dielectric material showing their

increasing impact on J^rit with pulse duration.

4.7 Summary

In this chapter the effects of interconnect scaling using low-k dielectric material has been

analyzed under DC and pulsed stress conditions. It has been shown that a low-k dielectric

process, which uses the low-k dielectric for gap fill only, raises the DC thermal impedance of

metal lines by about 10%. The TRT technique developed in Chapter 3 has been employed to

study the dynamic self-heating behaviorofmetal lineswith low-kdielectricprocess. The thermal

impedance undershortcurrent pulse increases evenmoreandthe criticalfailure currentdensity is

reduced by 10 to 30% depending on line and pulse widths. The TRT technique is particularly

useful for studying the thermal characteristics of intra-layer and inter-layer dielectric materials,

since heat diffusion during short duration stress is limited to small distances from the metal,

which helps avoid the influence of other underlying dielectric materials on the thermal

characteristics of the metal line. These thermal characteristics will have significant implications

on the design of deep sub-micron VLSI interconnects that employ low-k dielectrics and must be

considered while developing electromigration, BSD/EOS and I/O buffer interconnect design

rules.



Chapter 5

Failure Mechanisms of Contacts and Vias

under High Current Stress Conditions
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5.1 Introduction

As discussed in Chapter 1, increasing complexity of VLSI circuits has reduced the

interconnect metal pitch and the width of diffusion regions. The reduction in the width of

diffusion regions and metal pitch has consequently resulted in smaller contact and via critical

dimensions as illustrated in Figure 1.5. Therefore the current density is increasing in these

structures. Recently it has been demonstrated that thermal effects, instead of electromigration

itself, will start to dominate interconnect design guidelines for advanced high performance

interconnects [81], [82]. Furthermore, metal lines have been reported to thermally breakdown

under ESD events [19].

Characterization of Interconnect heating and failure, under high-current (ESD) conditions

have been presented in Chapter 3 and the effects of these high pulsed currents on interconnect

scaling using low-k dielectric have been analyzed in Chapter 4. Aggressive scaling can cause

considerable self-heating in contacts and vias due to increasing currentdensities, whichcan lead
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to either a breakdown ofthe structure or a degradation ofperformance. Furthermore, failure of

contacts and vias under high-current (ESD) conditions can also become a reliability hazard.

Characterization of high-current and ESD effects on contact and via structures is desirable to

achieve improved understanding of their failure mechanisms and to provide thermal design

guidelines in the near future.

In order to characterize these high-current effects on contact and via structures, it is necessary

to develop suitable thermometiy and diagnostic techniques. High-current characterization under

DC conditions is not very useful in identifying the failure modes since failures are usually

catastrophic. The TRT method (described in Chapter 3) is an attractive alternative. However,

due to the vertical geometry of the contact and via structures, the precise measurement of their

resistance must involve a four-point (Kelvin) measurement [86]. Kelvin measurements under DC

stress are typical, but transient measurements during a single short-duration pulse are relatively

difficult and require careful calibration.

5.2 Prior Work

In general there is little information on the high current behavior of contacts and vias and

their failure mechanisms under these conditions. One study by Fu and Pyle [87], on TiN/TiSi2

barrier contact failures under DC stress reports a critical temperature of465 °C and attributes the

failure to the maximum current carrying capacity of the underlying diffusion region, which

became intrinsic past this critical temperature. The increase of intrinsic carriers for a current

bigger than the critical value was believed to cause rapid heating of the diffusion region that

eventually lead toa failure ofthe TiN/TiSi2 diffusion barrier. No physical evidence was provided

tosupport the proposed failure mechanisms. The critical temperature estimated in[87] was found

to be independent of the type of impurity dopant in the diffusion region. Another study on

metal/Si contact failure under DC stress proposed localized melting near the metal-silicon

interface and subsequent metal migration along Si(electro-thermomigration) close to the Si-Si02

interface to be the cause of failure [88]. But it was also pointed out that the presence of a p-n
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junction is necessary to initiate metal migration between contacts. Furthermore, this study did not

involve silicided diffusion or contacts.

The diffusion regions involved in the present work always have a much bigger cross sectional

area as compared to the contact itself. Therefore the current density in a single contact structure

increases more rapidly than in the diffusion region causing greater self-heating in the contact.

This is especially important for self-heating during short pulses where there is minimal heat

dissipation due to the non-equilibrium nature of the heating. Hence an estimation of the upper

limit of temperature rise in the contact along with an understanding of degradation mechanism is

necessary for providing design guidelines for advanced high performance interconnects.

5.3 Sample Fabrication

A number of different contact structures made of CVD-W and Force-Fill (FF)-Al in a state-

of-the-art sub-0.25 pm CMOS process were analyzed in this study. The contact sizes were 0.3,

0.35 and 0.4 pm in diameter. Contacts were patterned on pre-silicided diffusion and poly-Si,

using deep ultra-violet (DUV) lithography and the oxide was etched in a high-density plasma

(HDP) etcher. Prior to contact liner/barrier metallization, the wafers were cleaned in dilute HF.

Following the liner deposition a thin layer (20 or 40 nm) of TiN barrier was sputter deposited

before the contact plug formation. W-plugs were formed by CVD tungsten deposition and

etchback. A1 plugs were formed via force-fill process [170]. The different types of diffusion

layers underneath the silicide included n+/p+ Si and poly-Si of 3.0 pm width. Furthermore,

structures with multiple contacts were also examined. Figure 5.1 shows the layout of a single

contact structureon Si. Figure 5.2 showsthe schematic cross sectionofa singlecontact structure

on Si and poly-Si.

The vias were made of CVD-W with a thin TiN barrier. A schematic cross section of a W-

plug via is shown in Figure 5.3. Structures with variation in the number of vias (1 through 9)

were used to analyze their high current behavior.
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Figure 5.2 Theschematic cross sectional view of thecontact structures ona) Si and b) poly-Si.
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Figure 5.3 The schematic cross sectionalview of a via structure used in this study.

5.4 Transient Kelvin Thermometry (TKT) Technique

The transientKelvin Thermometry technique has been developed to characterize high-current

effects in contacts and vias [89]. The system design for the TKT measurements is very similar to

the design of the TRT technique described in Chapter 3 (see Figure 3.6). The HP 54HID in the

TRT system is replaced by a Tektronix TDS 684B, which is equipped with fourchannels. Figure

5.4shows thesimplified TKT system. A Kelvin type set upwas employed to capture the voltage

pulse across the contacts/vias using a digitizing oscilloscope. The voltage across thesestructures

was observed to vaiy linearly with time during all the pulsing events in agreement withprevious

workon metal lines [42], [57]. The instantaneous voltagepulse across the contacts and vias were

captured using a difference mathfunction channel on theTDS 684B as shown in Figure 5.5.



Charged Transmission
Line 10 ns/m

Tektronix IDS 684B Digitizing Oscilloscope

Figure 5.4 The schematic view of the simplified TKT system.

1: Voltage pulse across pads 1 and 2 (V12) 4: Voltage pulse across pads 4 and 2 (V42)

2: Current Pulse 5: Voltage pulse across contact (V5= V32-V42)

3; Voltage pulse across pads 3 and 2 (V32)

Figure 5.5 Voltage pulse across contacts/vias captured using a difference math function in a

digitizing oscilloscope. The difference between pulse 3 and 4 is electronically

calculated and displayed as pulse 5.
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5.5 Characterization of Contact Structures

The TKT technique described above is employed to study the high current behavior of

contacts. For all contact sizes as pulse width increases the critical current density Jcnt decreases

as shown in Figure 5.6. These critical currents were determined at that current level after which

there was an irreversible increase in the resistance of the contact as measured with a parameter

analyzer so as to avoid joule heating. No visual damage was observed since resistance increase is

used as failure criteria. At the critical point the resistance rises past 1.6 times the initial resistance

corresponding to a temperature rise past ~ 800 °C, which was computed using the measured

temperature dependence of the contact plug resistance using DC current.

At this critical point the resistance of the contact structure suddenly increases by more than

100%. As shown later by TEM analysis this resistance rise is caused by the interface

degradation.

^ 0.8<

0.3 pm / W-Contact

Failure Threshold

200 ns

500 ns

100 ns

O.OE+00 5.0E+07 1.0E+08 1.5E+08 2.0E+08

J (A/cm )

Figure 5.6 Resistance rise factor as a function ofcurrent density for single 0.3 pm W-contacts

shown for various pulse widths.
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Furthermore, for a given metal width fV, as the contact area increases, I^rir increases but J^-r

decreases as shown in Figure 5.7. This is due to decreasing heat dissipation (oc surface area) with

increasing thermal capacity (oc volume) of the contact metal, in agreement with our observations

on scaled interconnect lines in Chapter 4. It can also be observed that for 3 x 0.3 pm multiple

contact structures Jcri, is lower than for any of the single contact structures. This is expected,

since for a multiple contact structure the heat dissipating capacity is reduced due to thermal

coupling between adjacent columns and hence /m; per contact is lower causing lowering ofJcr/f.

It was also observed that contacts to poly silicon substrates had a lowerJt.„, thanthose to Si

substrates as shown in Figure 5.8. This is due to thepoly Si being isolated from the Si substrate

byanoxide layer, which causes lower heat dissipation into the substrate during the pulsing events

At = 100 ns Failure Threshold

3 X0.3 pm

0.35 pm

0.4 pm

0.3 pm

O.OE+OO 5.0E+07 1.0E+08 1.5E+08 2.0E+08

J (A/cm^)

Figure 5.7 Effect of contact size and number on the resistance rise factor for 100 ns pulses

(results shown for W).
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Contacts to n and p type diffusion regions had similar which indicated that the contact

degradation is insensitive to the sheet resistivity of the underlying diffusion region for silicide

strapped diffusions. Also, the type of dopant impurity has little effect on the thermal conductivity

of Si- This result is in agreement with previously published work on TiN/TiSi2 barrier contact

failure under DC stress [87]. In addition, the rise in contact resistance arises primarily due to the

failure of the TiN/TiSi2 interface as against contact spiking proposed in [90].

At = 100 ns / 0.3 pm W-Contacts

Failure Threshold

n-type
Poly-Si

n-type Si

O.OE+00 5.0E+07 1.0E+08 1.5E+08 2.0E+08

J (A/cm^)

Figure 5.8 Heating and failure of W-contacts on n typeSi andPoly-Si.
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Figure 5.9 Heating and failure of single 0.4 ^m, Wand A1 contacts under 500 nspulsed stress.

Analysis ofcontact structures made of A1 showed similar current carrying capability and the

results are shown for 0.4 pm single contact structures in Figure 5.9. Equal failure thresholds of

Wand A1 contacts indicate that the W/TiN orAl/TiN interfaces are not the weakest link amongst

the three interfaces involved at the bottom of the contacts. Again, this result also supports the

conclusion that contact degradation isnot dependent onthe material used to fill the contact plugs.

Instead, it is the nitride/silicide interface that suffers degradation because the TiN/TiSi2 interface

resistances dominate the resistance of the contact.

Furthermore, for all contact structures the failure thresholds were also found to be

independent of the direction of the current (electron) flow because the failure mechanism is

thermally driven. In order to verify this breakdownmechanism, contact structures made of A1 but

with a thicker TiN liner were pulsed under similar stress conditions. The result in Figure 5.10

shows that the contact with the thicker TiNlinerheats up and fails more rapidly compared to the

contact with thinner TiN liner. This is due to the thicker TiN film in contact with the silicide

layer, which forms a larger quantity of high resistivity interface material. This confirms that the

TiN has an important role in the failure mechanism.
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Figure 5.10 Effect of TIN liner thickness on the robustness of 3 x O.Bfxm A1 contacts under 500

ns pulsed stress.

5.6 Contact Failure Mechanism

Figure 5.11 shows TEM micrographs of an unstressed and stressed W-contact structure

showing the TiN/TiSi2 interface. Both structures had a 200 A TiN liner. It can be observed from

Figure 5.11(b) that an interfacial reaction product has formed underneath the contact area, which

is likely thecause for the riseof thecontact resistance. The voids seen in the contacts are simply

artifacts ofTEM sample preparation using focused ion beam (FIB), which caused overthinning of

the samples. It is also observed that the failure mode observed for contact degradation in this

work was independent of the direction of the current pulse (or electrons), contrary to previously

published work on silicided contact wearout under DC stress [91]. This result is expected, since

Si depletion or accumulation under contacts subjected to DC stress is mainly driven by

electromigration, which is knownto have a dependence on the direction of electron flow [92].
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In Figure 5.12 the TEM micrographs show damage under pulsed stress for contacts to n+

poly-Si. It can be observed that the poiy-Si underneath the contact also suffers significant

damage. In Figure 5.12(a) the poly underneath the contact has a different contrast and the TiSi2

has been consumed. The differences observed in the failure mechanisms of contacts to Si and

poly-Si is due to the poly-crystalline microstructure of the poly-Si, which causes enhanced

diffusion of TiSi2 in poly-Si through the grain boundaries. In Figure 5.12(b) the substrate seems

to be heavily damaged. Due to more severe joule heating, in addition to the TiSii diffusion into

the poIy-Si, the W has moved down through the weakened barrier into the poly-Si.

Figure 5.13 shows a TEM micrograph for a stressed A1 contact to n+ Si. It can be observed

once again that the TiN/TiSi2 interface area has reacted. This is in agreement with our conclusion

that the breakdown initiates at the interface.
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Al-plug
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Figure 5.13 TEM micrograph showing 0.4 \im Al-contact structure to n-i- Si stressed by a 100 ns

pulse.



5.7 Characterization of Via Structures

Thermal breakdown of vias under high-current stress conditions has also been investigated.

A via structure connects two levels of metal. It was observed that, for all via sizes, as pulse width

increases Jmi decreases. This is due to the higher energy in longer pulse widths that result in a

higher temperature rise. The critical temperature rise is more than 1000 °C for via failure as

compared to - 800 °C for contacts. In comparison to contacts, where failure is always

characterized by a degradation of the TiN/TiSi2 interface, vias exhibit catastrophic damage once

the critical value of the current is exceeded. Figure 5.14 shows a SEM micrograph of a stressed

single W-via structure. It can be observed that unlike the contact structures the via has undergone

severe damage as a result of excessive joule heating.

'"jf-Pamaged Vi

Figure 5.14 SEM micrograph showing a 0.4 p.m single W-via damaged under high pulsed current

stress.
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In the case of interfacial reactions, the change of via resistance due to the formation of any

metal-metal compounds is expected tobe much less than that ofmetal-Si compounds in contacts.

This can explain the absence of a resistance rise in the case of vias. Instead, failure occurs due to

an open circuit, which iscaused by the eventual thermal runaway and catastrophic damage of the

structures. Again, via failure under short duration pulsed stress exhibited no dependence on the

stress polarity, indicating that this is not an electromigration induced failure that have been

reported under continuos stress conditions [93], [94].

Furthermore, as shown in Figure5.15, the critical current density decreases as number of via

is increased. This is due to incresed thermal coupling between the neighboring via columns.

Figure 5.16shows that vias display greater robustness to high current degradation and failure than

contacts. This is due to their lower resistance path as compared to the contacts, which have the

higher resistance TiN/TiSi2 interface in the current path. The vias also have metal layers at the

top and bottom, which helps themto dissipate heat more quickly. Hence, the via structures have

lower self-heating and better heatconduction compared to thecontact structures.

0.4 urn W-Via

2 4 6 8

Number of Vias

10

Figure 5.15 Criticalcurrent density of 0.4 pm W via structures under 100ns pulsedstress.
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Figure 5.16 Critical current density to cause degradation/failure is higher for vias as compared to

contacts.

5.8 Summary

In this chapter, a new failure mode ofsilicided barrier contact structures made ofW and Al,

under high-current stresshasbeenidentified using the transient Kelvin thermometry technique. It

hasbeenshown that the critical current is independent of theplugmaterial but strongly dependent

on the pulse width, and the cross sectional area of the contact. It is also shown that for contact

structures, the critical current is influenced by the thermal conductivity of the underlying

material, and is independent of the electrical propertiesof the underlying diffusion, such as sheet

resistivity. Using extensive microstructure analysis it has been shown that contact failure under

high-current stress conditions is characterized by a breakdown of the TiN/TiSi2 interface due to

interfacial reaction, whichresults in the formation of a new phase witha higher resistivity. This

interface degradation, being thermally driven, occurs past a constant critical resistance rise, which

is independent of contact size and number. The corresponding critical temperature rise is —800

°C. Furthermore, thermal coupling between adjacent contacts/vias in multiple contact/via

structures has been shownto stronglyinfluence the self-heating behaviorand failure thresholds.
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In addition, contact and via failures under short time joule heating has been found to be

independent ofthe direction ofthe current flow. Vias have been observed to fail catastrophically,

once the threshold current limit is exceeded. TEM and SEM micrographs detailing the

degradation of contacts/vias have been provided. Hence, an understanding of the failure

mechanisms has been developed that can be used for further analysis and for designing

interconnect structures for high current robustness.
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Chapter 6

Thermal Effects in Thin Silicide Films

6.1 Introduction

Continuous scaling of VLSI devices intothe deep sub- micron region has ledto theincreased

use of silicided metalization schemes for low-resistivity gates, interconnections and contacts

between the metal and Si [95], [96]. Currently, self-aligned silicide (salicide) processes are

widely used in advanced CMOS technologies [97], [98], as shown in Figure 6.1. In addition to

lowering the gate sheet resistance (and therefore RC delay), they also reduce the source/drain

parasitic resistance, by forming ohmic contacts in the source/drain regions of MOS transistors,

thereby increasing the drive current of the transistors. Furthermore, silicided diffusion structures

are frequently used as resistors in I/O buffers and ESD protection circuits. These silicide films

are often subjected to high current stress in MOS devices and as well as during electrostatic

discharge (ESD) andelectrical overstress (EOS) events. The thickness of the silicide is known to

significantly impact ESD performance [99]. In Chapter 5, failure of CVD-W and force-fill A1

contacts to silicideddiffusions under high currentstress conditions was shownto initiatedue to
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the degradation of the silicide under the contact plug. The silicide thickness also affects the

contact resistance sensitivity to temperature and current as will be shown in the next chapter.

In this chapter, characterization and modeling of high current effects in the two most

commonly used silicides namely, TiSii, and CoSi2, under DC and short-pulse stress conditions

are presented. The transient resistive thermometry technique developed in Chapter 3 isemployed

for the short-pulse characterization. This technique is shown to be an effective tool to evaluate

the electrical and thermal stability of these structures. Currently, there is limited information

available on the high current andself-heating effects [95], [96], [100], in these silicides.

This chapter will identify important parameters related to the high current behavior in

silicides and present analytical models. Furthermore, failure mechanisms of the silicide films will

be identified. An understanding of these high current effects will enable the impact oftechnology

scaling of silicide films tobe defined for the development ofdeep sub-micron technologies.

6.2 Sample Fabrication

TiSiiand CoSi2 films of different geometries and 50 nm thickness were formed using the

salicide process for a state-of-the-art, 0.18 pm, 1.5 V, CMOS technology on n+ Si and n+ poly-

Si. The various technology and process splits used in this work are summarized in Table I. The

sheet resistance values were measured with a four-point probe test structure. The TiSia films were

formed after the gate-etch, followed by either a Ge pre-amorphization implant (PAI) or a Mo

implant. The Ge PAI process, which requires a high-energy dose of Ge to amorphize the
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substrate, is used to increase nucleation density and achieve improved sheet resistivity [101],

[102]. In case of the TiSi2 process with Mo implant (pre-gate), the implant energy and dose are

lower and hence there is no amorphization of the substrate, but the presence of Mo itself

influences the silicide formation, resulting in low sheet resistance [103]. The Ge PAI or Mo

implant is followed by a deposition of ~ 30 nm of Ti, which forms the TiSi2 {C49 phase [104] -

[106]} upon RTP heat treatment in N2 at 750 °C for ~ 30seconds. A thin layer ofTiN also forms

on top of the silicide layer during this step, which is stripped. This is followed by an anneal at

900 °C for ~ 10 seconds to form the low resistivity C54 phase ofTiSi2 [104]- [106].

For the CoSi2 process [96], [107], [108], there is no implantation step after the gate-etch.

Instead, an 8 nm layer of Co and 50 nm of TiN was depositedand then annealed in N2 at 575 °C

for ~ 30 seconds to form the silicide and then annealed at 850 °C for another 30 seconds.

Figure 6.2(a) shows the schematic cross sectional viewof the silicide film on n+ Si [109]. A

lumped circuit representation of this silicide structure is shown in Figure 6.2(b). Thetemperature

coefficient of resistance (TCR) were measured to be 0.0029 ± 0.0001 and 0.0031 ± 0.0001 ®C''

for TiSi2 and CoSi2 films (formedon n+ Si) respectively at low DC current. The films were then

subjected to high DCandpulse stress. TheTRTtechnique was used forhigh-current short-pulse

characterization.

Silicide Thickness Si-Type Implant Species Sheet Resistance

TiSig 50 nm n+ Si Ge (PAI) ~ 3.0 f2/square

n+ polySi - 3.2 Q/square

TiSij 50 nm n+ Si Mo - 3.2 O/square

CoSig 50 nm n+ Si N/A - 5.2 Q/square

n+ polySi N/A - 5.5 Q/square

L/W = 25/5, 50/5, and 10/2

Table 6.1 Silicide technologies, processes and sample geometry used in this work [109].
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Figure 6.2 a) Schematic cross section of silicide structures on n+ Si used in this study, b) A

lumped equivalent circuit for the silicide structures.

6.3 Characterization and Modeling of High Current Effects in TiSi2

Films

6.3.1 Characterization of High DC (steady state) Conduction

Figure 6.3 shows the low DC current I-V characteristics for the TiSi2 (Ge-PAI) on n+ Si

structures with different L/W ratios. The curves indicate that under low current conditions the

silicide films display ohmic behavior.

The high current I-V curves for these structures under DC stress conditions is shown in

Figure 6.4. It can be observed that the I-V curves become non-linear in the high current regime

due to self-heating.
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Figure 6.4 High current I-V characteristics for the TiSia films on n+ Si showing non-linear

behavior.

6.3.2 Model for Resistance Variation under High DC Stress

Current conduction in thin silicide films underhigh DC stress conditions can be modeled as

following. The voltage, V, across the film under high current, /, can beexpressed as.

y =I-R =IRg{l +TCRAT)=l[R^ +B(IV)] (6.1)
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where Ro is the initial resistance of the film under low current stress, and AT= P.Re, asdefined in

equation (2.36). B is introduced as a parameter that depends on the sheet resistance, geometiy,

TCR, and thermal impedance ofthe structures and has the unit ofQ/Watt. Here, temperature rise

isassumed tobeproportional to the power dissipation, I -V. Equation (6.1) can be rearranged to

give [109],

R =
R.

I-BP
(6.2)

The analytical model developed as equation (6.2) has been used to explain resistance rise with

current and is shown in Figure 6.5. The values ofB were found to be 16.5, 55, and 23 OAVatt for

L/W = 25/5, 10/2 and the 50/5 respectively. Note that, B is linearly dependent on the geometry

(L/W) and thermal impedance of these structures. Although, the Ro is identical for the 10/2 and

25/5 structures, thermal impedance and hence B for the 10/2structure is higher due to the smaller

surface area in contact with Si. In order to separate the design geometry effects from materials

issues, B/Ro for identical L/W, may be used while comparing different technologies and process

effects.

^50 +
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0 30 4-
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L/W = 50/5

10/2

Q 20-; j
: TiSio on n+ SI 25/5

0 20 40 60 80 100

Current [mA]

Figure 6.5 The model for resistance as a function of current through the silicide is shown to be in

excellent agreement with data for various geometry.
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6.3.3 Characterization of High Pulsed Current Conduction

Figure 6.6(a) shows the high current I-V characteristics for a TiSi2 film (LAV=25/5) on n+ Si

measured with 200 ns pulses. The high current curve displays several characteristic regions as

explained below. The instantaneous voltage pulse shapes in the various regions are shown in

Figure 6.6(b). The voltage was always measured at the end of the pulse. The post-stress

resistance of the film was also monitored after each pulse with a small DC current. Figure 6.7

shows the instantaneous resistance as a function of the pulse current corresponding to Figure

6.6(a) with the different regions.

In the region from A to B {in Figure 6.6(a)} the curve is almost linear, as expected for a

constant resistance. Beyond point B the I-V curve becomes nonlinear due to self-heating of the

silicide film and the voltage pulse can be observed to rise linearly with time, similar to results

obtained in Chapter 3 for metal lines. At point C the underlyingp-n junction begins to avalanche

(at ~ 12.5 V determined experimentally in Figure 6.20) and the voltage pulse saturates. As the

magnitude of the current pulse is increased further, beyond point D, the voltage pulse begins to

fall with time after rising sharply. At this point the junction begins to melt and as a result the

silicide-Si interface begins to degradecausing an irreversibleincrease in the post-stress resistance

of the film.

This threshold point of damage is defined as At point E, the junction fails completely

due to spiking and the voltage level remains at a constant high value until the structure fails like a

fuse upon further increase in current. The effects beyond pointC leading to failure are discussed

in detail in section 6.5.
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Figure 6.6 a) High current I-V characteristics for a TiSi2 film under a 200 ns pulsed current

stress. Voltage is measured at the end of the pulse, b) The voltage pulse shapes in

the different regions of the I-V curve.
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6.3.4 Model for Resistance Variation Under Pulsed Current

The model for high current conduction under DC stress is now extended to include time

dependence. This model can be used to describe the I-V characteristics up or close to point C,

i.e., the onset of avalanching in the underlying p-njunction. Rewriting (6.1) as,

K=/ .R =/[j?o +F A7'] (6.3)

where F is a parameter that depends on the sheet resistance, geometry and TCR. The pulse

energy can be expressed as.

£=i/^-<-(fio +^)=QAr (6.4)

whereRq is the initial resistanceat the beginning of the pulse (t = 0) andR is the resistanceat the

end of the pulse. Ce is the effective thermal capacity of the structure. Substituting AT from

equation (6.4) in equation (6.3) gives [109],
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Figure 6.8 Highcurrent conduction model for TiSi2 films under pulsed stressconditions.
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where A= {Ft)l{2C^ in units of QAVatt or A*^. The model developed in the form of equation

(6.5) has been used to simulate high current conduction in the TiSi2 film for two different pulse

widths and the results are shown to be in goodagreement with data in Figure 6.8. For the TiSi2

film with L/W= 25/5, the values of A were found to be 5.8 and 8.0 O/Watt for 200 ns and 500 ns

pulse duration respectively. Increase in Xwith t is not linear since the effective thermal capacity

also increases with /, due to increasing heat diffusion into the surrounding.

6.4 Technology and Process Dependence of High Current Conduction

In this section, effects of technology and processeson the high current conduction under DC

andpulsedcurrent stressconditions willbe examined. Firsta CoSi2 technology willbe compared

with the TiSi2 technology discussed in the last section. Secondly, resultsof usingMo implant on

the high current effects in TiSi2 will be compared with that for the Ge-PAI TiSi2 process

discussed in the last section. Finally, high current effects in TiSi2 and CoSi2 films formed on n+

poly-Si will be analyzed.
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6.4.1 High Current Conduction in CoSiz Films

High current tests under DC and pulsed stress conditions were carried out on the CoSi2 films

formed on n+ Si by high temperature rapid thermal process (RTP) (see Table 6.1). Comparison

will only be made to the TiSi2(Ge-PAI) technology discussed in the last section.
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Figure 6.9 High current behavior of CoSi2and TiSi2 films under DC stress conditions along with

the model developed in section 6.3.
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Figure 6.10 Comparison of high current conduction between CoSi2 and TiSi2 films under a 200

ns pulsed stress condition.
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Figure 6.9 provides a comparison of high current conduction under DC stress conditions between

CoSiz and TiSi2 with L/W = 25/5. The high current model developed in the last section as

equation (6.2) is shown to hold for the CoSi2 film as well, though with a higher value ofB (= 30

Q/Watt) as compared to 16.5 Q/Watt for the TiSi2. B/Rq is slightly bigger for CoSi2 than TiSi2

(0.853 per Watt Vs 0.728 per Watt). This is due to the slightly higher TOR ofCoSi2.

Figure 6.10 shows the high current I-V curves (up to the avalanche voltage) for the CoSi2 and

TiSi2 films under a 200 ns pulsed stress condition. In Figure 6.11 equation (6.5) has been used to

simulate high current conduction in the CoSi2 film for two different pulse widths and the results

are shown in good agreement with data. For the CoSi2film with L/W = 25/5, the values of X were

found to be 10.5 and 14.8 Q/Watt for 200 ns and 500 ns pulse duration respectively.

6.4.2 Comparison of Mo Implant and Ge Pre-Amorphization Implant (PAI)

Figure 6.12 compares the effect of using Mo implant with Ge-PAI before forming TiSi2

films, on high current conduction under DC stress conditions. It can be observed that Mo implant

makes the silicide resistance more strongly dependent on the current. This is verified by applying

the model in equation (6.2) for Z,/IF=10/2, which gives a slightly higher value for B/Ro (= 2.485

W*') as compared to 2.317 W"' for the TiSi2 film with Ge-PAI. This result indicates that TiSi2

films with Mo implant have a slightly higher TCR.
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Figure 6.13 Effect ofMo implant on the high cuirent conduction under a 200 nspulse showing a

Stronger dependence of film resistance on the current

The effect of Mo implant on the high current behavior under pulsed condition is also shown in

Figure 6.13, for L/W=25/5. The Mo implanted TiSi2 film's resistance increases more rapidly with

current giving a higher value for A(=7.2 Q/Watt), the parameter from the model inequation (6.5),



as compared to 5.8 QAVatt for the Ge-PAI TiSi2 film. Here Ro is identical for the two cases.

Again, the values of Aindicate that Mo implant results in a higher TCR.

The higher TCR resulting in higher self-heating and the fact that Mo implanted TiSi, films

have lower thermal stability [102], would make them more susceptible to high current

degradation. This was found to be consistent with measured values oi I^ri, that were lower by up

to~25%.

6.4.3 High Current Effects in TiSi2 and CoSii Films on Poly-Si

The schematic representation of the test structure is shown in Figure 6.14. The temperature

coefficient of resistance (TCR) were measured to be 0.0025 ± 0.0002 and 0.0029 ± 0.0001 ®C"'

for TiSii and CoSi^ films (formed on n+ poly-Si) respectively using lowDC current. Figure 6.15

shows the high current curves under DC stress conditions for TiSi: films on n+ poly-Si for two

different geometries. Curves for TiSi2 on n+ Si are also included for comparison. It can be

observed that the films on poly-Si display larger sensitivity to current. This is due to the higher

thermal impedance of the oxide layer.

Figure 6.16 shows the high current effects under DC stress conditions in CoSi2 films on n+

poly-Si. Curves for the TiSi2 films are also included for comparison. The CoSi2 films display

even larger sensitivity of resistance to current, as expected. The model from equation (6.2) is

again shown to be valid and the values of B were found to be 85 and 345 QAVatt for the 25/5 and

10/2 TiSi2 films respectively, and 148 and 610 O/Watt for the 25/5 and 10/2 CoSi2 films

respectively.

TiSij or CoSij

i I
n+ poly-Si

Figure 6.14 Silicide structures on n+ poly-Si used in this study.
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Figure 6.15 High current conduction in TiSii films on n+ poly-Si under DC stress displaying

larger current sensitivity of resistance.
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Figure 6.16 Resistance sensitivity to current under DC stress is larger for CoSi2 films, compared

to that ofTiSi2, formed on n+ poly-Si.
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Figure 6.17 Thehighcurrent I-V curves forTiSi2 andCoSi2 films formed onn+ poly-Si under a

200 ns pulsed stress condition.

The high currentcurvesunderpulsed stress conditions are shownin Figure6.17 for TiSi2 and

CoSi2 films on n+ poly-Si. The curves display characteristics similar to that of a silicide film on

n+ Si {Figure6.6(a)}. However, since there is no underlyingjunction, the resistance of the films

continues to increase until the critical points. The snapback is believed to occur when the

structure begins to melt. The failure currents are lower than that of silicides on n+ Si. These

failure mechanisms will be discussed in detail in the next section. The highcurrentmodel under

pulsed current is shown to be in excellentagreement with the data in Figure6.18, all the way till

snapback. The Avalues, for a L/W=Q.SI5 and pulse width of 200 ns, were found to be 18 Q/Watt

(or A"^) and 38 Q/Watt for the TiSi2 and CoSi2 films respectively. The higher Xcompared tothe

n+ diffusion structures is due to the higher sheet resistance and lower thermal capacity of the

poly-Si structures.

Finally, the effects ofdifferent salicide technology and processes on the high current behavior

of thin silicide films are summarized in Figure 6.19 for L/W=25I5. The parameter B, from the

high current model under DC stress, in equation (6.2) and the parameter A, from the high current
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model under pulsed stress, in equation (6.5) are shown to be good monitors of the impact of

technology and process variations on the current dependence of resistance. The difference in the

values ofB for silicide films on n+ Si are mainly due to different sheet resistance and TCR. For

silicide films on poly-Si the difference is mainly due to higher thermal impedance. Likewise, for

silicide films on n+ Si, the difference in the values of X are due to different sheet resistance and

TCR, while for silicide films on poly-Si the difference is attributed to lower thermal capacity.
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Figure 6.18 High current conduction model under pulsed stress condition shown for TiSi2 and

CoSi2 films on n+ poly-Si.
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resistance [109].

6.5 Failure Mechanisms

6.5.1 Failure Mechanisms of TiSi2 and CoSi2 films on n+ Si

For studying the failure mechanisms of silicide films under high current stress conditions, the

TRT technique provides more insight into the physics ofdegradation. The high current DC stress

causes catastrophic failures, after which it becomes difficult to separate out one contributing

factor from another. This section will therefore focus on deciphering the causes of silicide film

degradation and failure under pulsed conditions.

It was shown in Figure 6.6(a) that in region CD, the voltage pulse increased linearly with

time, up to a point at which the underlying p-n junction carried significant current by avalanche

and the voltage pulse saturated. This is verified by stressing the p-n junction under the silicide

structure with a DC voltage as shown in Figure 6.20(a). Figure 6.20(b) shows the I-V

characteristics of the junction under a 200 ns pulse stress. The junction avalanche voltage is in

good agreement with that under DC stress {Figure 6.20(a)}. The voltage at the second

breakdown point in Figure 6.20(b) is ~ 32 V which is nearly twice the second breakdown voltage
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in Figure 6.6(a). This is due to the voltage drop across the high resistance due to the current flow

through the substrate.

Now, as the magnitude of the current pulse was increased beyond point D {in Figure

6.6(a)}, the instantaneous voltage pulse started to fall with time after rising sharply and the

resistance of the post-stress silicide film increased irreversibly. This threshold point in the I-V

curve was used to define lent- No electrical or physical degradation (from TEMs) was observed

until this point which indicates that the non-linearity in the I-V characteristics under DC and

pulsed stress conditions is due to self-heating of the silicide films.
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pulse stress.
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decreases rapidly.

In order to comprehend the real cause for the observed degradation, the post-stress

breakdown voltage of the underlying p-n junction was monitored with each pulse of increasing

magnitude. It was found thatat point D, where thepost-stress resistance of theTiSii film begins

to increase irreversibly, theavalanche voltage of thep-njunction begins to decrease slowly.

This is shown in Figure 6.21 for a TiSi2 film on n+ Si stressed with 200 ns pulses. The

decrease in the breakdown voltage indicates that Si in the junction region has melted and

polycrystalline formation is responsible for the lower breakdown voltage. This point canalsobe

termed as the "second breakdown" point, since there is an irreversible change in the junction

characteristics. The junction heating now causes the silicide to begin to melt and degrade due to

morphological changes after re-solidification, causing an irreversible increase in the resistance of

the structure.
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Figure 6.22 TEM micrograph showing a) unstressed silicide film, and b) morphological change

in a silicide film upon re-solidification after being stressed past the critical point by a

200 ns pulse.

Figure 6.22(a) shows a TEM micrograph of an unstressed silicide film and Figure 6.22(b) shows

a degraded silicide layer with distinct morphological changes. Figure 6.23 shows the post- stress

resistance rise of the L/W=25/5, TiSi2 and CoSi2 films monitored with a low stress DC

measurement after each pulse of increasing magnitude. The critical current for both types of
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films formed on n+ Si under a 200 ns pulsed stress condition. The letters indicate the

various regions in the high current curve from Figure 6.6(a) for the TiSi2film.

silicide are indicated with vertical arrows. These are points at which the resistance of the films

begins to increase. The irreversiblechange in the silicide resistance is introduced due to thermal

effects resulting from second breakdown [100], [110], in the underlying diffusion region. This

effect is introduced by current localization dueto the negative resistance coefficient of Si beyond

a critical ten^erature. This causes thesilicide film to melt at hot spots. Since the melting point

ofCoSi2 (~ 1326 °C) is lower than that ofTiSi2 (~ 1500 ®C) [111], and that CoSi2has higher

resistivity than TiSi2, the CoSi2 film degrades at a lower current. Beyond point E, thejunction is

spiked by the contact as shown by theTEM in Figure 6.24. The saturation point in Figure 6.23

(for TiSi2) agrees well with the junction short point in Figure 6.21. When the contact spike

reaches the junction, R/Ro saturates as shown in Figure 6.23. The current now flows from one

contact to another through the p substrate in parallel with the degraded silicide. The resistance in

that region is greater than 10(12) times the initial resistance of the CoSi2(TiSi2) film. This

indicates that the sheet resistance of the new material is ~ 10(12) times higher than that of the

silicides and is in rough agreement with that of a poly-Si film. This poly-Si film eventually fails

like a fuse as current is increased further.



Figure 6.24 TEM micrographs showing a) unstressed contacts and b) damaged contact spike into

the substrate.

6.5.2 Failure Mechanisms of TiSi2 and CoSi2 films on n+ poly-Si

Silicide films formed on n+ poly-Si degrade at lower current levels as pointed out in section

6.4.3, due to the higher thermal resistance of these structures. The post-stress resistance rise in

these films afterthe critical (snapback) points in the high current I-Vcharacteristics (Figure 6.17),

follow the behaviorof silicide films on n+ Si, shown in Figure 6.23. That is, the film resistance



100 nm

Re-solidified

TiSigand poly-Si

Figure 6.25 TEM micrograph showing a TiSiz film on n+ poly-Si showing a section that has

undergone morphological changes upon re-solidification.

saturates to a value (-12 times that of the unstressed film) before failing like a fuse. The

resistance rise is again associated with morphological changes in the film upon re-solidification

after melting during the high current pulsing. This is shown by a TEM micrograph in Figure

6.25. The micrograph clearly shows a section of the film that is still intact and a section that has

undergone morphological changes.

6.5.3 Geometry and Pulse Width Dependence of Icrit

The dependence of the critical current on the geometry of the films and pulse width can be

modeled as follows. Since, it has been shown that the silicide films reach melt ten:q)eratures, the

energy, E, required to melt a film of length L and width Wcan be expressed as,

E =a(y/L) (6.6)
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where a is a proportionality constant. The energy for a pulse ofamplitude /r„„ and duration r, can

be expressed as.

r T \

^crit ^crit 'R't—b 7^. 't
cm * (6.7)

Here b is proportionality constant. From equation (6.6) and (6.7), we get, under adiabatic

assumption.

W
1 = V' crit ^ (6.8)

where K depends on the material properties and the thickness of the silicide. /r„, is shown to be

linearly dependent on Wfor different silicides in Figure 6.26. It can also be observed that the

CoSi2 films havelower /cnv compared to TiSi2 films and poly-Si lowers these values evenfurther.

The pulse width dependence of is shown in Figure 6.27 for TiSi2 and CoSi2 films on poly-Si.

The adiabatic model from equation (6.8) is shown to be in good agreement with the data. Note

that the model in equation (6.8) will be less accurate for silicide films on Si, due to heat diffusion

into the substrate.
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Figure 6.26 Proportionality of /c„, to the film width, W, shown for TiSi2andCoSi2 films on n+ Si

and n+ poly-Si. The pulse duration was 200 ns.
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Figure 6.27 Pulsewidthdependence of Icrit forL/W= 25/5,TiSi2 andCoSi2 films on n+ poly-Si.

The model is based on equation (6.8).

6.6 Summary

In this chapter the high current behavior of thin TiSi2 and CoSi2 films used in advanced

CMOS technologies havebeencharacterized andmodeled under DCandpulsedstressconditions.

High current conduction in silicides hasbeenshown to be strongly affected by the technology and

process conditions. The non-linear resistance rise of silicide films under DC and pulsed high

current stress has been shown to be due to self-heating. Two physical parameters, B and X,

associated with DC and pulsed current stress, have been shown to be able to describe the

sensitivity of the films to high current conduction. At high current an abrupt lowering of the

resistance of silicided diffusions has been observed that can be important in the operation of

advanced ESD/EOS andI/O buffercircuits. The sudden resistance drop in these structures under

high current stress can be related to melting of the silicide structures. The critical current for this

irreversible degradation has been shown to be determined by the silicidefilm widthand the time

duration of thepulse. Furthermore, it hasbeen experimentally demonstrated that the CoSi2 films
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and silicides on poly-Si have a lower failure threshold under high current stress conditions.

Extensive microstructurecharacterization of the silicide films using TEM has been performed to

comprehend the evolution of silicide film degradation under high current stress. Thus, an

understanding of these high current effects has been developed along with the physics of the

failure mechanisms, which will enable the impact of technology design and scaling of silicide

films to be defined for the reliability ofdeep sub-micron CMOS technologies.



Chapter 7

Impact of Thermal Effects on Small-
Geometry Titanium Silicide-Si Contact
Resistance
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7.1 Introduction

As MOS transistors continue to be scaled in the deep sub-micron regime, the intrinsic

parasitic series resistance is known to become increasingly important in limiting device

performance [112]. Contact resistance (Rt) between the silicide and doped Si source/drain

regions of advanced MOSFETs constitutes a significant fraction of this parasitic series resistance

in the path of the drain current, thereby contributing to a loss in circuit performance. This

parasitic source/drain resistance is known to affect the MOS I-V characteristics [113]- [116]. As

discussed in Chapter 1, aggressive scaling of IC devices has resulted in smaller contact sizes and

higher current densities. Characterization and modeling of temperature and current effects on the

behavior of small-geometry-contact resistance is necessary to comprehendthe full impactof their

parasitic behavior on transistor and circuit performance. This is also desirable in order to

comprehend self-heating effects on Rf. Presently, Rc values are empirically determined for a



130

specific technology. There is an increasing need for a quantitative model, which relates Rc to

temperature, and technology variables such as silicide thickness, and source/drain doping

concentration. Understanding the influence of thermal effects on the silicide/Si contact resistance

is also very important for high density DRAM cells that employ high aspect ratio silicided

contacts, and also for Schottky contact MOSFETs [117]. In this chapter a simple quantitative

model is presented for which accounts for the effect of temperature and silicide thickness on

current transport across the silicide/Si interface, and directly correlates Re to temperature and

interface doping concentration.

In addition, high-current effects on Rc have been analyzed and thermal parametershave been

extracted. Furthermore, failure modes of the contact structures have been studied using the

TransientResistive Thermometry (TKT) technique described in Chapter5.

7.2 Contact Resistance in Deep Sub-Micron MOSFETs

The contact resistance between the silicide and n+/p+ source-drain (S/D) in deep submicron

CMOS transistors significantly contributes to the total parasitic S/D resistance. The various

resistive components contributing to this parasitic resistance are schematically shown in Figure

7.1 foranNMOSFET.

LDD GATE

Spacer

SOURCE
Poly-Si

n+ Si ^
/1 VV i\W

1 1 1

DRAIN

Silicide

Oxide

Figure 7.1 Schematic cross-section of a salicided LDD NMOSFET illustrating the various

resistances in the path of the drain current.
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Ri is the channel resistance, R2 is the accumulation layer resistance, 7?^ is the resistance under

the sidewall spacer, R4 is the spreading resistance, and Rc is the contact resistance between the

silicide and the n+ Si forming the drain and source. R^ is the resistance of the silicide layer and Ra

is the resistance of the diffusion region underneath the silicide. All these resistances are

dependent on the technology and process conditions. However, for a given technology and

process, /?/, R2, Rj, R4, Rs, and Rd must decrease with scaling in order to maintain device

performance. Rc depends on the interface properties of the metallurgical junction between the

silicide and the Si and increases with scaling. Therefore, its contribution to the overallparasitic

resistance increases with scaling.

The contact resistance contribution to the parasitic series S/D resistance {Rsc and Rd^ can be

obtained using the transmissionline model [118], and can be expressed as [115],

R +R -
PcPd

(7.1)

W tank

where Pc is the normalized contact resistance known as the specific contact resistance, pd^is the

sheet resistance of the diffusion under the silicide and Wis the channel width. L is spacing

between the spacer edge and the drain edge as shown in Figure 7.2. Lc is the transfer contact

length [119]. It characterizes the distance over which the current {Id) moves from the silicide into

the diffusion.

LDD

Spacer

SOURCE

n+ Si

Silicide

Oxide

GATE

Poly-Si
•RAN

Figure 7.2 Schematic cross-section of a salicided LDD NMOSFET illustrating the contact

transfer length overwhich the current enters thediffusion from the silicide layer.
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Lc is given by

(7.2)
\Pd

Therefore, high values of Lc result from high specific contact resistivities. At Z = from the

silicide edge, the series resistance due to the diffusion {pd'L^IW exactly equals the contact

resistance due to the interface, pJiLcW).

It can be observed from equation (7.1) that for large values of the series S/D resistance

will depend on the layout of thediffusion. Thefollowing two limiting cases in equation (7.1) are

useful to consider: For L » equation (7.1) reduces to

p I p _
— (7.3)

which is the ideal case for the contact resistance contribution to the total series S/D resistance. In

this case, the series S/D resistance is independent of the field edge spacing to the gate and is

inversely proportional to transistorwidth. For L « Z^, equation (7.1) reduces to

+ (7.4)

which is the contact resistance due to the entire source and drain contact area.

Thegoal of salicide technology is to achieve a low enough value of Pc such thatequation

(7.3) applies forall device geometries. However, in eithercase, sincepc remains nearlyinvariant,

and Z decreases with scaling, it can be deduced from equation (7.3) and (7.4) that the contact

resistance contribution to the totalparasitic seriesS/Dresistance will increase withscaling.

7.3 Test Structure

In order to separate the effect of Rc from the other parasitic resistances shown in Figure 7.1,

small-geometry vertical contact structures were used in this study as shown schematically in

Figure 7.3(a). Kelvin-type test structures were employed to measure the Rcbetween the silicide

and the n+ or p+ Si. A schematic of the test structure is shown in Figure 7.3(b).
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Figure 7.3 a) Schematic cross-section of the contact structure used in this study, b) Schematic

view of the Kelvin structure used for contact resistance measurements.

Rc was obtained by forcing a current (7) through two terminals of the Kelvin structure, and

measuring the voltage at the other two terminals [120]- [122]. That is.

I
(7.5)

Equation (7.5) assumes 1-Dcurrent flowthrough the contactand across the interface [123]-[125].
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However, the contact resistance obtained using the Kelvin test structure involves some parasitic

resistance due to two-dimensional current crowding effects [126], [127], which results in

overestimation ofRcand also in a sublinear dependence ofRcon contact area [128]- [130].

Hence, the Kelvin measurement provides a lumped value, which consists of the resistance of

the contact plug (Rpiug), the interface contact resistance (Rc), and the parasitic resistance due to

2-D current crowding (R2.d)- However, since Rpi^g « Rc, it can be assumed that the Kelvin

measurement provides a lumped value of Rc and A two-dimensional analytical model to

extract R2.D for the Kelvin structure is given in [131]. The Kelvin structures used in this study

were designed to minimize this 2-D effect, and R2.D constituted a small fraction of the total

measured contact resistance.

7.4 Device Fabrication and Experiments

Silicon wafers were processed through a single-level-metal, salicided, 0.25-|Lim industrial

CMOS flow. Chemical mechanical planarization (CMP) was used for the polysilicon-metal-

dielectric (PMD). Contacts were patterned using deep ultra-violet (DUV) lithography and the

oxide was etched in a high-density plasma (HDP) etcher. Prior to contact liner/barrier

metallization, the waferswere cleanedin dilute HF. Titaniumliner films were deposited via HDP

physical vapordeposition (PVD)or TiCU based chemical vapordeposition (CVD), which formed

the silicide. Following the liner deposition the wafers were annealed followed by CVD TiN

barrier deposition. W-plugs were formed by CVD tungsten deposition and etchback. A1 plugs

were formed via force-fill process. Al-Cu was then deposited, patterned, and etchedprior to the

oxide/nitridepassivation deposition. A TEM micrograph showing the cross section of a 0.3-pm

W-plug contact is shown in Figure 7.4.

The different contact technologies that were studied are listed in Table 7.1. In all the

measurements n+ Si was negatively biased relative to TiSi2 and p+ Si was positively biased

relative to TiSii. This was done to get majority carrier injection from the Si into the silicide.

The TiSii thickness was measured using TEM. The interface doping concentration at the silicide-

Si interface was obtained using the SIMS measurements done prior to silicidation and their

variation with depth is shown in Figure 7.5.
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Figure 7.5 The impurity doping concentration variation with depth obtained using SIMS.



Contact Plug
Material Contact Size Substrate TiN liner Thickness T\S'h Thickness
GVD-W 0.30 pm n+/p+ Si 20 nm 35 nm
CVD-W 0.30 pm n+/p+ Si 20 nm 9.0 nm
FF-AI 0.30 pm n+/p+ Si 20 nm 9.0 nm
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Table 7.1 Contact technologies evaluated in this study. Thecontact plug processes are chemical

vapor deposited (CVD) W and force-fill (FF) Al. Silicide was formed from physical

vapor deposited (PVD) Ti in all cases. The sheet resistance of the n+/p+ diffusion

region is ~ 50 Q/square.

7.5 Characterization of Thermal Effects on Rc

7.5.1 Temperature and Low Current Effects on Contact Resistance

Figure 7.6(a) shows the I-V characteristics of W-contacts with 35 nm silicide. It can be

observed that the contacts to p+ Si have higher resistance and greater nonlinearity in the I-V

characteristics. Figure 7.6(b) clearly shows that the resistance of contact to p+ Si is more

sensitive to current and temperature.

Figure 7.7 depicts the behavior of the contact resistance with ambient temperature for the

W-contact with thick silicide (35 nm). Kelvin structures were used for the contact resistance

measurements. A small current corresponding to a voltage < 0.02 V was used for these

measurements. Also, since the resistance of a 0.3 pm W or Al plug is only ~ 2-3 Q, most of the

contact resistance comes from that of the TiSi2/Si interface barrier. Thus Rc values are

independent of the contact plug material. Under such small current (voltage) conditions the

contact resistance values were found to be weakly dependent on the polarity of the bias.

Therefore, all the contact resistance measurements were carried out under a single polarity

condition as stated earlier. It can be observed from Figure 7.7 that contact resistance decreases

with temperature andthatcontact to p+Si shows bigger temperature sensitivity.
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This explains the larger current sensitivity of the contact to p+ in Figure 7.6b. Being more

sensitive to temperature, it is more sensitive to self-heating and therefore more sensitive to

current.
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Figure 7.6 a) I-V characteristics of W-contact structures with 35 nm silicide at two different

temperatures, b) Contactresistance sensitivity with current (low current regime) at

two different temperatures for W-contacts to n+ and p+ Si.
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Figure 7.7 Contact resistance variation with temperature for contacts to n+ and p+ Si. The p+

contact shows larger temperature sensitivity.

Figure 7.8 shows the I-V characteristics of both W and A1 plug contacts to n+ Si where the

silicide thickness is only ~ 9 nm. It is observed that unlike the W-contact with the thicker

silicide, these contacts are more ohmic in character and shows very little sensitivity to

temperature, and therefore to current.

As the silicide thickness increases more dopants may segregate into the silicide and the

interface moves down into the Si where the doping concentration maybe lower. Thinnersilicide

therefore results in a silicide-Si interface with a higher impurity doping concentration. Higher

doping concentration with thin silicide results in a narrower depletion region (smaller barrier

width), enhanced tunneling, and lower contact resistance. Figure 7.9 shows similar results for

contacts with thin silicide to p+ Si. It can also be noticed from Figure 7.8and Figure7.9 that for

the thin silicide case the contact resistance to n+ and p+ Si is nearly identical unlike the thick

silicide case. Figure 7.10 shows the contact resistance sensitivity to current for the thin silicide.

It can be observed that the contact resistance remains almost invariant even at 300 °C as

compared to that of the thick silicide case shown in Figure 7.6(b).
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Figure 7,8 I-V characteristics of W and A1 plug contacts to n+ Si with 9-nni silicide gives nearly

equal contact resistance and are only slightly temperature sensitive.
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Figure 7.9 I-V characteristics of W and A1 plug contacts to p+ Si with 9 nm silicide gives nearly

identical contact resistance values as compared to those of n+ Si and are also only

slightly temperature sensitive.
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Figure 7.11 Temperature sensitivity ofthe contact resistance ofWand A1 plug contacts with 9

nm silicide.

Figure 7.11 shows the temperature sensitivity of the contacts ton+ and p+ Si for both the W-

plug and the A1 plug processes with 9 nm thick silicide. It is observed that these contacts have

smaller contact resistance, and decrease very slowly with temperature. All these observed
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differences in the temperature and silicide thickness sensitivity of Rc will be explained with a

model presented in the next section.

7.6 Quantitative Model for TiSi2-Si Contact Resistance

7.6.1 Carrier Transport Mechanisms

In order to analyze the effect of temperature and current on the contact resistance between the

silicide and Si, it is important to understand the mechanisms responsible for carrier transport at

the metal-semiconductor interface. The key mechanisms responsible for carrier transport across

the metal-Si interface are the thermionic emission (TE) [132] - [134], field emission (FE) [134],

[135], and thermionic field emission (TEE) [135], [136].

Current conduction due to TE results from carriers being thermally excited over the metal-

semiconductorbarrier, whereas for FE carriers simply tunnel through the barrier, as illustrated in

Figure 7.12. TE tends to dominate in lowly doped semiconductors, where the barrier thickness

(width of space charge region) is large enough to prevent direct tunneling. For heavily doped

semiconductors, the barrier is thin and carriers simply tunnel through. In the intermediate doping

range, the carrier transport is known to be dominated by TFE. In this mechanism, thermally

excitedcarriersreachan energy levelwherethe barrieris narrow enough for tunneling to occur

n+ Si

Figure 7.12 Metal-Si energy band diagram illustrating various transport mechanisms. ^ is the

silicide-Si barrier height, and (f^o denotes the energy level at which the Fermi level is

pinned.
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The dominant carrier transport mechanism across the metal-semiconductor interface at a

given temperature isdetermined by the ratio kHEoo [137]. Ego represents a characteristic energy

that is related to the tunneling probability, and is definedas

^00- rs J * (7.6)
2

where iV isthe doping concentration atthe interface, isthe semiconductor permittivity, and m'

is the tunneling effective mass. In equation (7.6), the increase in Ego with AT reflects the barrier

getting thinner at higher doping levels, leading to increased tunneling. The ratio kTIEgg is a

measure of the relative importance of the thermionic process with respect to the tunneling

process. For low interface doping concentration, kTIEgg » 1 and TE dominates. When interface

doping concentration is high kT/Egg « 1, and FE dominates. In the intermediate doping range

kTIEgg ~ 1 and TFE dominates.

For deep submicron CMOS technologies, N > lO'® cm"^ Therefore, the ratio of kTIEgg is

either much less than one oraround one, depending on the temperature. This implies that either

FE orTFE will dominate the carrier transport mechanism, depending on the temperature.

7.6.2 Specific Contact Resistance under FE and TFE

Thespecific contact resistance {p^ is defined as [132],

[dV
dJ^

-1

(7.7)
yv=o

where J is the current density, and V is the applied voltage across the metal-semiconductor

contact, pc can be determined from equation (7.6), once the theoretical relation for the current-

voltage characteristics accounting fortheappropriate physical mechanisms responsible forcarrier

transport across the metal-semiconductor interface is known. Also, Pc is related to the contact

resistance, Rc through the contact area.A, as [123],

(7.8)
A
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The expression for the specific contact resistance, which is valid for both FE and TFE, has been

shown to be given by [138],

Pc=——cexp
qA T j

0-9)

where c = 0.425 for n-type Si and c = 0.355 for p-type Si, for a wide range of doping

concentrations (lO'̂ < N < 10 '̂) [138], A' is the Richardson^s constant [132], k is Boltzmann's

constant, and Eq is given by

EQ=EQQCOth

For Eoo » kT, Eo = Eoo, and equation (7.9) reduces to

^ IT ^
^00

ykT,

Pc=——cexp
qA T

(7.10)

(7.11)

which is the specific contact resistance under FE [138].

7.6.3 Temperature Dependence of Specific Contact Resistance

From equation (7.9) it can be observed that the temperature variation of the specific contact

resistance has a strong dependence on the temperature dependence of Eq. Figure 7.13 shows a

plot of Eq with temperature for two different values of Eqo (or N) corresponding to the interface

doping concentrations obtained for the 9 nm and the 35 nm silicided contacts using SIMS. To

simplify the illustration, Eqo is assumed to be independent of temperature, although m* hasa weak

positive temperature dependence [139]. It can be observed that for the smaller doping

concentration Eq varies almost linearly with temperature and is nearly equal to kT, within the

temperature range of interest as shown in Figure 7.13(b). Whereas, for the higher doping

concentration, Eo remains invariant with temperature upto~ 1000 °K and is equal toEoo-

Apart from Eo,equation (7.9) contains other temperature dependent parameters. The silicide-

Si barrier height (^) in equation (7.9) which can be expressed as [140],

(7.12)
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is also temperature dependent [141]. Here is the energy level at which the Fermi level is

pinned due to the presence of high density of surface states [140], [142]. The value of (f>o, is

known to be roughly one third ofthe band gap, [140]. In equation (7.12), at least. Eg, is known

to be temperature dependent [132], andis given by
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Figure 7.13 Variation of Eo with temperature shown for two different values of N for a) large

temperature range and b) in the experimental temperature range. Eoo is assumed to

be independent of temperature.
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£,(r)=£,(0)-^ (7.13)
where Eg(0) = 1.519 eV, a = 4.73 x lO"*, and p = 636, for Si. Furthermore, as mentioned earlier,

the tunneling effective mass is also known to have small positive temperature dependence. It

should also be kept in mind that the band gap of Si is also known to decrease with the doping

concentration if it is heavily doped [143].

7.6.4 Unifled Quantitative Model for Contact Resistance

As discussed in the last section, several parameters influencing the specific contact resistance

under EE or TEE, have complex temperature dependencies, which are difficult to measure or

calculate. Furthermore, since it was observed in section 7.5 that apart from their temperature

variations, Rc and its sensitivity to temperature also depends on the silicide thickness and on the

type of dopants in the diffusion region, a unified quantitative model has been formulated which

can account for all the different dependencies of Rc. The model takes into account both EE and

TEE transport mechanisms by expressing the measured contact resistance as [144], [145],

R =Hexp

R =Hexp

Wr.

bAt)

(7.14)

(7.15)

for contacts to n+ and p+ Si respectively. Here H is introduced as a temperature independent

parameter. Suffixes n and p are used to distinguish between contacts to n+ and p+ Si. The entire

temperature dependence of Rc has been lumped into the parameter B. Furthermore, distinction

has been made between B„ and Bp, since <f>b„ ^ ^p, (see Figure 7.14) and the tunneling effective

mass is different for electrons and holes (see equation 7.6 and 7.9). Differences in B„ and Bp

accounts for differences in measured Rc for a given silicide thickness. Observed dependence ofRc

on silicide thickness is incorporated through the effective impurity doping concentration, and

'Np, at the silicide-Si interface. For thin silicides, }^n,p is large, which results in narrower barrier
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bn
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Silicide n+ Si Silicide p+ Si

Figure 7.14 Silicide-Si band diagram illustrating Fermi level pinning incontacts ton/ptype Si.

causing enhanced tunneling and therefore a lower value of Rc. Note that the temperature

sensitivity of is incorporated in a unified way for both FE and TFE. As discussed earlier TFE

will tend to dominate for lower values of N„p (for thicker silicide) causing stronger temperature

variations of Rc. However, for thinner silicides FE will be the dominant transport mechanism

even at higher temperatures. In the unified model, this is implicitly incorporated, since thinner

silicide with higher values of N„^p will lower the effect of the temperature dependency of B„ and

Bp on Rc.

Using equation (7.14) and (7.15) and the ratios of temperature dependent contact resistance

values inFigure 7.7 and Figure 7.11, values ofH, B„(T). Bp(T), N„ and Np have been determined

that can be used to calculate the doping concentration from a knowledge of the contact resistance

and results are shown in Table 7.2. The doping concentration measured bySIMS at 9 nm depth

was used as the only input to the model. It can be observed that the model is in excellent

agreement with measured values ofRc and SIMS data.

Figure 7.15 shows the extracted temperature dependence of the parameter B for n and p type

Si. The negative temperature dependence of the parameter B introduced in equation (7.14) and

(7.15) is expected due to the incorporation of the TFE carrier transport mechanism and also the

temperature dependency of the barrier height. It should be also noted that both <^„ and

(shown in Figure 7.14) can decrease with increasing temperature, since the Fermi level Ef is

generally not pinned at the same point in n+ and p+ semiconductor.



CO

E
o

a>

O
T—

CO

2.5--

1.5--

• "A TiSi2-SI contacts

\ Bp(T)

1
• \

•

1
B„(T)

0 50 100 150 200 250 300
0/Temperature [ C]

Figure7.15 Temperature dependence of B for n and p type Si.

H = 55.845 a

147

TiSij Measured Rc[^^]

Thickness T=?fi'h T=i7?^°r

B(T) x109cm-3/2

T=9Sh 7=17^1^

Doping Concentration Calculated [H]

T=9fi°CT=17.*?'hNfSIMSl NfModeh

n+: 136.5 102.5
35 nm

p+; 173.77 119.6

9nm 59-7
p+: 66.4 63.2

1.954 1.334

2.836 1.881

1.954 1.334

2.836 1.881

4.68x1

6.24x10^®cm"^

3.28x10^cni'®

3.74x10^cm'®

4.78x10"cm®

6.54x10^®cm"®

3.28x10^°cm"®

3.74x10^®cm'®

136.5 102.79

171.07 116.53

62.20 60.11

64.67 61.55

Table 7.2 Comparison of measured and calculated contact resistance values using the model.

Here, only the doping concentration for 9 nm TiSi2 contact (from SIMS data) was

used as input to the model. All other parameters like B„p, H and N„^p (for 35 nmTiSi2)

were calculated using the model.
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7.7 High Current Effects on Contact Resistance

7.7.1 Self-Heating Effects on Contact Resistance

The high current behavior of these contact structures has also been analyzed to understand

their characteristics under high stress conditions and determine an upper limit of their current

canying capacity along with the failure mechanisms. Figure 7.16 shows the high current (DC)

behavior of the contact structures (under forward bias: n+ Sibiased negatively w.r.t silicide, and

p+ Si biased positively w.r.t silicide) for the 35 nm silicide. It can be observed that resistance

decreases with increasing current. This is due to self-heating as explained earlier. The high

current I-V characteristics shown in Figure 7.16 is used along with Figure 7.7 to plot the input

power, P vs. temperature rise, AT in Figure 7.17. It can be observed that the thermal impedance

for both the n+and p+ structures are nearly identical as expected. The slope of the best-fit line

gives the thermal impedance Re of thecontact system defined in equation (2.36), and is extracted

to be ~7.5x10'' °C/W. The self-heating for the present design rule (~ 1mA) for contacts is shown

to be ~ 10 ®C. The thermal impedance extracted from Figure 7.17 isused to estimate amaximum

allowable critical temperature for these contacts.

ambient = 25 X

0.3 pm, W-contact,
35 nm Silicide

' ' • I • • ' • I • • ' • [

0 0.2 0.4 0.6 0.8

Voltage [V]

1 1.2

Figure 7.16 Forward bias 1-V characteristics of n+ and p+ contacts in the high current regime

becomes non linear due to severe self-heating.
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Thermal Impedance

-7.5x10'* °C/W

0 0.001 0.002 0.003 0.004 0.005

P = I.V [W]

Figure 7.17 Thermal impedance of n+ and p+ contacts extracted from Figure 7.7 and Figure 7.16

at anambient temperature of 25 °C are equal.

7.7.2 Polarity Dependence of High Current Behavior

As mentioned earlier, under low-current stress negligible dependence of Rc on the polarity of

the biasing current was observed. However, under high current stress a significant dependence on

the polarity of the bias is observed as shown in Figure 7.18 for the 35 nm and 9 nm silicided

contacts. Forward bias (FB) means n+ Si biased negatively w.r.t silicide, and p+ Si biased

positively w.r.t silicide. Reverse bias (RE) means n+ Si biased positively w,r.t silicide, and p+ Si

biased negatively w.r.t silicide. Note that the barrier height for carriers in the Si will be reduced

under FB and increased under RB. The barrier height for carriers in the metal will remain

unchanged irrespective of the polarity of the bias. Also for contacts to n+ Si, FB will cause

current flow from silicide to Si, and RB will cause current flow from Si to silicide. For contacts

to p+ Si the directions of current flow will be reversed under FB and RB conditions.

It can be observed from Figure 7.18 that RB always gives rise to higher current (or lower

resistance) as compared to FB for a given type of diffusion (n+ or p+). This is expected, since

reverse biasing the silicide-Si junction will cause a narrowing of the barrier. It can also be

observed that the contacts with 35 nm silicide shows greater sensitivity to high current stress,

since they are more sensitive to temperature as observed earlier in Figure 7.7. The contacts with
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9 nm silicide shows lower sensitivity to high current stress due to their smaller sensitivity to

temperature.
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Figure 7.18 Biasing polarity dependence of Silicide-Si contacts under high current stress

conditions for a) 35 nm silicide and b) 9 nm silicide.
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7.8 Failure Mechanisms

The critical temperature for failure can be calculated using the thermal impedance obtained

from Figure 7.17 and is shown to be ~ 1400 inFigure 7.19. This suggests that the silicon near

the interface reaches melt temperature and the TiSiz gets dissolved in it forming some

polycrystalline Si rich compound. Also, the failure current was found to be independent of the

contact plug material for a given bias polarity, and displayed a small dependence on the siliside

thickness, which is expected. Theactual failure site is difficult to capture under DC stress, since

the contact is usually completely destroyed. Since, the barrier resistance dominates the net

contact resistance, maximum heat dissipation also takes place near the interface. In order to

capture the degradation front, theTransient Kelvin Thermometry technique described in Chapter

5 was employed and thecontacts were stressed in small increments of current bya single 500 ns

pulse. Figure 7.20 (a) shows a TEM micrograph of a contact stressed just into degradation. The

failure location clearly shows that the damage initiates at the interface. A more severe

degradation state is shown in Figure 7.20 (b). In this case the barrier has undergone complete

breakdown and molten W has reacted with the underlying Si forming some new compound (most

likely WSiz).

1600

5" 1200

0) 1000

cS 800

I loii ~ 16 mA

0 0.005 0.01 0.015 0.02

Power=I.V [W]

Figure 7.19 Temperature rise at the point of failure under high current stress conditions is

calculated from the thermal impedance in Figure7.17.
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Figure 7,20 TEM micrographs of 0.3 pm W-contacts showing progression of failure at the

silicide-Si interface showing a) initiation of the failure and b) severe degradation.
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7.9 Summary

In this chapter the effects of temperature and current on the contact resistance of small

geometry TiSi2-Si contact structures have been characterized and modeled. Both, temperature

and high current induced self heating have been shown to cause contact resistance lowering

which can be significant in the performance of advanced ICs and I/O protection circuits. It is

demonstrated that contact-resistance sensitivity to temperature and current can be controlled by

the silicide thickness, which influences the interface doping concentration. Behavior of W-plug

and force-fill (FF) A1 plug contacts has been investigated in detail.

A simple model that comprehends field emission and thermionic field emission carrier

transport mechanism has been formulated which directly correlates contact resistance to

temperature and interface doping concentration. Furthermore, the high current behavior of these

contact structures has been characterized. It has been shown that under high current stress

conditions self-heating can cause significant variations in the I-V characteristics and that these

variations are strongly influenced by the silicide thickness and polarity of the biasing current.

Finally, the thermal impedance of these contact structures has been extracted and a critical failure

temperature has been determined that can be used to design robust contact structures. In addition,

the TKT technique developed in Chapter 5 has been successfully applied to analyze the failure

modes of these contact structures.
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Chapter 8

Thermal Characterization of Small Geometry
Vias using Scanning Joule Expansion
Microscopy

8.1 Introduction

As outlined in Chapter 1 thecontinuous scaling of VLSI circuits hasresulted in an increase in

the aspect ratio ofthe vias (connection between adjacent metallization levels) and increases in the

current density and associated thermal effects, namely self-heating. Current crowding and

localized heating [146], [147], [148], in deep sub-micrometer vias are known to strongly impact

reliability ofVLSI interconnects. The magnitude and spatial distribution ofthe temperature rise

in the via are important to accurately estimate interconnect lifetime under electromigration (EM),

which istemperature dependent. Localized temperature rise can also cause stress gradients inside

the via structures and can also lead to melting under short-duration high-current stress conditions

[89], such as electrostatic discharge (ESD) events as discussed in Chapter 5. Hence,

measurements of the magnitude and spatial distribution of the temperature rise in deep sub-

micrometer vias are important to accurately model their reliability and provide thermal design

guidelines for various via technologies.
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As illustrated in Chapter 3, interconnect thermometry based on temperature-dependent

electrical resistivity of the interconnect metal can provide a spatially averaged temperature rise

along the interconnects [57]. However, this does not provide spatial distribution of temperature

across the interconnect structures.

The spatial resolution of far-field optical techniques, such as scanning thermoreflectance

thermometry [45], infrared thermography [47], and liquid crystal thermography [51], is

diffraction-limited to about 1 pm. This is insufficient to probe deep sub-micrometer vias in the

size range of 0.1-0.5 pm. Near-field optics can be employed to overcome the diffraction limit

[149], but it is still under development and hence cannot provide accurate measurements of all

desired parameters areconcerned. TheSJEM hasrecently been developed withspatial resolution

in the sub-0.1 pm range [150]. In this chapter, SJEM is used to study the thermal characteristics

ofsmall geometry W-plug vias [151].

8.2 SJEM Experimental Setup

Figure 8.1 shows the schematic diagram of the scanning Jouleexpansion microscope (SJEM)

system used in this study. An atomic force microscope (AFM) is used to bring a sharp tip into

force-controlled contact with the samplesurface and performa raster scan.

A sinusoidal or pulsedvoltage is applied to the electrically conducting sample(W-Via) which

produces sample Joule heating and temperature rise, resulting in sample thermal expansion. A

low-power laser beam incident on the AFM tip changes its location on the photodiode due to

deflection of the tip. The location of the laser beam on the photodiode determines the output

signal of the photodiode. The AFM photodiode detects the cantilever deflection due to both

expansion and sample topography. Since the feedback controller of the AFM has a bandwidth of

5 KHz, the photodiode signal below 5 KHz is processed for feedback control of the z-piezo to

image surface topography under constant tip-sample force or cantilever deflection. The Joule

heating frequency is kept above 5 KHz to avoid feedback response. The lock-in amplifier is

tuned to theJoule heating frequency, which detects only theexpansion signal andprovides this to

an auxiliary AFM channel to form theexpansion image. Thesystem canalsobe operated without
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Figure 8.1 Schematic diagram of the experimental setup used for the scanning Joule expansion

microscopy (SJEM).

feedback in which case the heating frequency can be below the controller bandwidth [150], [152].

8.3 Via Fabrication and Sample Preparation

The W-plug via structures were fabricated in a state-of-the-art 0.25 jim industrial CMOS

process flow. The samples used in the experiments contained 0.6 pm-thick Al-Cu interconnects

(with top and bottom layers of 0.05 and 0.15 pm-thick TiN) at two levels of metallization that

were separated by a layer of ~ 0.9 pm-thick silicon dioxide.

These interconnects crossed each other forming an overlapping region and were bridged in

this region by a single W-plug via with 0.4 pm diameter as shown schematically in Figure 8.2.

Both levels of AlCu lines were 1.6 pm wide. The samples were coated with a standard

passivation layer of -1.0 pm thick silicon dioxide followed by a capping layer of 0.3 pm thick

silicon nitride. A Chemical Mechanical Polishing (CMP) process was used to planarize the inter-

layer dielectric and the overlying passivation layers. Since the thermal expansion coefficient of

the oxide and nitride is low, a 0.28 pm thick film of polymethyl methacrylate (PMMA) was spin

coated on the sample to amplify the expansion signal.
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Figure 8.2 Top view of the via structure showing the scanning area (15 pm x 15 pm) of the AFM

tip in the SJEM experiments.

Figure 8.3 shows the schematic cross section of the via sample including the PMMA coating.

The PMMA film can be easily stripped off using acetone after all the measurements. This

procedure is feasible for routine investigations since it is easy and safe to be accomplished. The

thermal expansion coefficient of PMMA is typically about 7 x 10"^ K*', which results in a

sensitivity of 2.0 x 10'" m/K anda temperature resolution of about 0.2K.

The temperature drop across the thickness of the passivation layer and the PMMA film can be

expected to be quite small as illustrated in Figure 8.4. This is because the temperature rise

exponentially decays from the heat source with the decay length given by yfic/jf , where /ris the

thermal diffusivity of the material and/is the applied frequency [152]. The thermal diffusivity of

PMMA is the lowest of the three passivation materials, and is - 10'̂ m/s. Hence, if the

modulation frequencies are kept below 50 KHz, the penetration depth in PMMA should be larger

than 0.8 pm, which is much larger than the PMMA film thickness (0.28 pm).

Oxide

PMMA

I

Metal 2 (AiCu)

W
Oxide

•TiN

Passivation

-TIN

Metal 1 (AlCu)

Figure 8.3 Via cross section showing the thin layer of PMMA film coated over the passivation

layers to enhance the expansion signal.
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Figure 8.4 A schematic diagram illustrating the equivalence of actual via temperature and

measured temperature onPMMA film by SJEM. Thepenetration depths in theoxide

andthePMMA film shown above were calculated at/= SKHz. Forthemetal film on

top of the W-plug via, the thermal diffusivity (k) is even higher resulting in a

penetration depth » metal film thickness. Hence, the temperature measured on the

surface ofPMMA film (T4) is expected to equal that ontopof thevia(T,).

8.4 Temperature Calibration

Since the expansion signal of the PMMA film dominated over other layers on the sample, it

was necessary to accurately determine the expansion coefficient of the PMMA film in order to

convert expansion signals to temperature rise. This was achieved byfirst measuring theelectrical

resistance of an AlCu interconnect as a function of temperature and extracting the temperature

coefficient of resistance {fi) of AlCu. The expansion signal of the PMMA film over the AlCu

interconnect wasthen measured using an ACbiascurrent given by,

I = lQCOSG>t (8.1)

The temperaturerise due to self-heatingis given by,
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Figure 8.5 Schematic of the interconnect line heated by a sinusoidal current and the

corresponding voltage across it.

Tcos2o)t (8.2)

The resistance of the AlCuline undersuchbias is then givenby.

i? = {/ + +Tac cos{2cot +^))} (8.3)

Where Toe and Ztc are the DC and peak AC temperature rises respectively. ^ is the phase lag

between the current and the temperature and o) (=270 is the angular frequency. Therefore, the

voltageacross the line (illustrated in Figure8.5) is given by,

V= IoRo

(l+pTQc)cos cot + cos{cot +cp)

+ cos(3cot +q>)
(8.4)

The lock-in amplifier locks in to the 3co component of the voltage and measures the amplitude

/^oRqPRaC\ p ^
( 1 ) of the 3CO component. We can therefore calculate T^c from the measured

amplitude of the componentof the voltagesignal.

Since the expansion signal frequency is directly proportional to the AC temperature

frequency (2a}), the locally measured 2co component of the expansion signal of the PMMA film,

SL, can be expressed as.
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1.6

(8.5)

Here a is theexpansion coefficient of the PMMA film, L is the PMMA film thickness. It should

be noted that the expansion signal is mainly due to the PMMA film since (ccL)pmma » (oL) oxide-

The thermal expansion coefficient ofPMMA can be experimentally obtained from equation (8.5)

and was found to be 65.9 ± 3.3 x IQ-^ K '̂as illustrated inFigure 8.6. Once a has been calibrated

locally, Tac can be calculated directly from the measured expansion signal using equation (8.5).

8.5 Self-Heating Analysis under Sinusoidal Bias

Figure 8.7 (a) shows the spatial temperature profile around the via sample using SJEM. The

magnified spatial temperature distribution across the via is also shown in Figure 8.7(b). The

temperature contour image of Figure 8.8 shows the hot region on top of the via. Although the

vias were 0.4 pm in diameter, diffusion in the passivation layers spread the temperature peak to

about 10 pm at full-width half-maximum. It must be noted that despite this lateral spread, the

temperature drop across the thickness of the passivation layer and the PMMA film can be

expected to be quite small as explained in section 8.3.
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Figure 8.7 a) Temperature profile around the 0.4 pm via sample measured by SJEM and b)

magnified spatial temperature distribution along a micron length on top of the via.

The corresponding peak current densities are: jpeak(line) = 0.63 MA/cm^, and

jpeak(vio) = 24 MA/cm^. The spatial resolution of temperature rise is ~ 0.06 pm.

Thetemperature gradient across thevia is ~ 6 °K/pm.



Figure 8.8 The temperature contour map across the 0.4pmviasample measured by SJEM.

Inaddition toanAC temperature rise under a sinusoidal bias, there isalso a DC temperature

rise due to the value of RMS power dissipation. The DC temperature rise is often much higher

than the AC component and is, therefore, of interest. Since SJEM measures only the AC

component, estimationof the DC componentrequiresanalysis.

The thermal behavior follows a first-order system and is characterized by a time constant r.

The goveming heat equation [22] is given by

mc— = -(h^A)(T -To) + rR (8.6)

where m is the sample mass, c is specific heat, R is the resistance of sample, K is the effective

heat transfer coefficient averaged over the via surface area A. The first term on the right hand

side ofequation (8.6) represents aneffective heat dissipation term under the assumption that there

are no temperature gradients withinthe sample (Via). The validity of thisassumption is basedon

the fact that the Biot number, Bi is < 0.1. Bi is defined as [153],

Internal - conduction —rests tan ce
Bi

External - heat - transfer - rests tan ce

^ L/k,A _ h^L
~ 1/h^A ~ k.
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where L is the characteristic length of the solidsample (W-Via), andks is the thermal conductivity

of sample material (W). Now under an AC bias the current is given by equation (8.1).

Substituting this expression for current in equation (8.6) we get,

dO I ^Rmc— =-heA9+——[/ +cos 2cix\ (8.8)
dt 2

where 9 = T-Tq. The dependence of i? on 9 has been neglected since R=Rq(1+ p9) and

p9 «1. Equation (8.8) can be rewritten as,

— =+^/[/ +co52fi>?] (8.9)
dt T

2

where r = and ij/ - —— (8.10)
h^A 2mc

Thus the heat generation term in equation (8.9) has two components:

(i) a DC component = y/, (ii) an AC component= \f/cos2cot. Since this is a linear equation in 9,

we can write 9 = Toe + Note that Tqc is the DC temperature rise due to an AC current. For

Tdcthe governing equation is,

0 = + W=>Tdc =W = (8.11)T 2heA

The governing equation for Tacis,

+ y/cos 2cat (8.12)
dt X

Now let Tac = Bcos2cot + Csin2(ot. Substituting in equation (8.12) we can show that

.2

B=r ,1 and C= -\u(2onf\ I+(2a>Tf\
Thus Tac can be written as,

^ , yf2(ox^
^AC = f ^2o}t + Hsm2cot (8.13)[l +(2<OTf\ [/ +C2®r/J
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Figure 8.9 Experimental data showing extraction of a time constant x = 26 ps for the via

structure. Note that x is a characteristic of the thermal system and is independent of

the waveform.

Now the amplitude or themaximum value of is given by,

(8.14)

From equation (8.10) and (8.11) we see that T^c = Hence, the peak AC and DC temperature

rises can be related as

DC

where co = 27f. Figure 8.9 plots experimental data indicating this behavior and yields a time

constant r= 26 ps. The experiments were performed in vacuum in order to get rid of the effect

on the deflection of the cantilever due to the heating by the surrounding gas [154]. Since the

internal time constant of the W-plug via, Ia\Y (here dis the via diameter, and ot^ is the

thermal diffusivity of W), is of the orderof 1 ns, the observation of r= 26 ps suggests that the

surrounding materials, composed mainly of oxideandnitride, mustbe involved in heatspreading.

(8.15)
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Using this first-order analysis, Tqc was found asa function ofsinusoidal current stress and plotted

inFigure 8.10, where the Toe <^Ipeak behavior canbe seen.

We also measured the self-heating of the W-via under a DC current stress using the

temperature dependence of the resistivity of the W-plug as shown in Figure 8.11. For this, the

temperature coefficient of resistance (TOR) of the W-plug was experimentally determined to be

-1.01 X10'̂ K"' from Kelvin measurements. We can observe from Figure 8.11 that aDC current

of (say 10 mA) results ina temperature rise of about 25 ®C. The corresponding peak current for

the sinusoidal bias is 14.14 mA, which gives a Tqc (fromFigure 8.10) of around 20 °C,which is

lower than the temperature rise under DC current stress. This is expected since the DC

temperature rise under sinusoidal bias is estimated from the measured ACtemperature rise using

SJEM experiment, whereheat diffusion into the dielectric surrounding the via, and into the metal

at the top andbottomof the via, results in a slightly lowermeasured temperature.

8.5 Self-Heating Analysis under Pulsed Bias

To study the thermal behavior of the W-via under a pulsed bias, experiments were conducted

at/= 25 KHz, pulseamplitude of 2 V, andpulsewidths, tp, from 50 ns to 500ns. The schematic

representation of the pulsed current and the corresponding temperature rise is shown in Figure

8.12.

Current

Waveform

Temperature

Waveform

Period T„

<r^

1peak 'o'peak

'avg 'DC

Figure 8.12 The schematic waveforms of the pulsed bias and the corresponding temperature rise.
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The current amplitude for the pulsed bias can be expressed as,

{in, for nT<t<nT + t„ 1
I =\ / X^ (8-16)lo, for nT+ tp<t <{n +i)r\

where n is some integer, tp is the on time of the pulses and T is the time period. The governing

heat equation can be written as,

= (8.17)
dt T mc

Here r is the characteristic time constant of the first order equation. The Fourier analysis of the

temperature rise yields,

00

0=0O*'£^„e'"'^ (8.18)
n=l

jT
where 0„ =—jOe dt (8.19)

^ 0

jT
and eo=-\edt (8.20)

^ 0
The first harmonic (25 KHz) of the via temperature rise, ^/, can be calculated from equation

(8.19) by multiplying equation (8.17) with e and integrating each term from 0 to T. This

yields

= (8.21)
^ T J mcT . .. 1 . ^ ^T j' mcT . .. i

T

For tp« T, 1 -e » icof^and thus 0/ is givenby.

and thus the amplitude of 0j is given by.

= , (8.22)

T

mcT / 2 1
-

(8.23)
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Similarly, the average temperature rise Bq can be calculated from equation (8.20) by simply

integrating equation (8.17) from 0 to T. Thisyields,

= (S.24)

In our experiments Tac = Oi was measured by measuring the amplitude of the first harmonics of

the expansion signal. Figure 8.13 shows that 7;ic varies linearly with pulse widths, inaccordance

with equation (8.23). Here Iq isthe peak current, Ris the via electrical resistance, and (wc) isthe

thermal capacity of W-via. The average temperature Ta^ = Tqc = %can be estimated by this

analysis from the ratio ofequation (8.23) toequation (8.24) which gives,

Tac _
Tdc yj] +(2;tfT)^

(8.25)

Similarly one can obtain the peak temperature rise, Tpeak inthe following way. The heat equation

during the "on" and"off times during the pulsed stresscanbe written as.

dOn„ 0n„ In^R^ =—2iL +_0— for nT<t<nT+tp (8.26)
dt T mc

dd^ff Oq/t
and = — for nT+ tp< t < (n + I)T

dt T

The solution to equation (8.26) is given by,

Similarly, the solution to equation (8.27) is given by,

0on = Q exp(--) + (8.28)
r mc

(8.27)

e^ff = C2exp(--) (8.29)
r
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Figure 8.13 The first harmonic, average and peak temperature rise as a function of the pulsed

width of applied pulsed current. The stress condition corresponds to a current

density of 2.65 x 10^ A/cm^ in the viaand 3.47x 10^ A/cm^ in the metal line.

Cy and C^can be obtained by applying the following two boundary conditions to equation (8.28)

and equation (8.29).

(i) Steady periodic behavior: Oo„(nT) = 9o„((n+l)T) and,

(ii)Temperature Continuity: do„(nT + tp) = 0os(nT + tp)

and therefore we get Tpeak from the fact that Tpeak = Son (nT+ tp) = 6off(nT + tp)

This yields.

'peak
Ip^Rr

mc

l-exp(-^)
T

1 - exp(—)
T
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Therefore, the peak temperature rise Tpeak can be estimated by this analysis from the ratio of

equation (8.24) to equation (8.30) supposing tp« r, which gives,



170

=(A)[l-M-l//r)] (8.31)
T•* peak

These values are also shown in Figure 8.13.

8.6 Summary

In this chapter it has been demonstrated that SJEM can be used to measure the spatial

temperature distribution in VLSI interconnect leads and vias and to study their steady state and

dynamic thermal behavior under sinusoidal and pulsed current stress. The spatial distribution of

temperature across a 0.4 pm via has been obtained with a spatial resolution of 0.06 pm, and

temperature resolution of ~ 0.25 °K. The temperature gradient across the via has been shown to

be~ 6 °K/pm.

The temperature contour map over a larger area around the via has also been extracted, which

gives quantitative information on the spatial distribution of temperature surrounding a small

geometryvia. A precise knowledgeof the spatial distribution of temperaturerise will be useful in

modeling via electromigration and other thermally induced via failure mechanisms, which are

strongly influenced by temperature gradients around the via. The thermal time constant of the via

structure has also been determined from the measured AC frequency dependence of the

temperature rise. Furthermore, models have been developed to estimate the average (DC) and

peak temperaturerise under pulsed stress condition from the measuredfirst harmonictemperature

rise. Thus, the sub-100 nm resolution of SJEM can be potentially employed to design thermally

robust multilevel interconnect structures, and improve reliability. It can be used to investigate

current crowding effects and can help determine the impact of different via and lead designs on

the thermal characteristics of multi-level deep submicron interconnect structures.
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9.1 Introduction

In this chapter, we have analyzed the implications of using highly accelerated stress

conditions chosen in EM testing on reliability assessment ofvarious interconnect processes [155].

The EM failure times obtained using accelerated stress conditions are strongly influenced by

thermal effects [62], [156],[157]. Package level tests are generally used in IC industry to

evaluate electromigration (EM) reliability of metal interconnects. For this purpose, standard test

structures and test methodology has been defined by NIST [62], [156]. These tests are typically

performed under moderately accelerated stress (current densities around 1-3 MA/cm^, andstripe

temperatures around 150-250 ®C). Based on the lognormally distributed lifetime data, the

lifetimes under field conditions are then estimated by using the Black's equation [92], for

determining the acceleration factor (AF) in the EM tests. Black's equation is given by,

ho =A j~'' •exp(-^—) (9.1)
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where tso is the time-to-fail at 50% cumulative failure fraction, or median-time-to-fail. A is a

constant thatis dependent on the geometry and microstructure of the interconnect,y is the DC or

average current density. Theexponent n equals 2 under normal use conditions, Qis theactivation

energy for grain-boundary diffusion and equals ~ 0.7 eV for Al-Cu, kg is the Boltzmann's

constant, and T„ is the metal temperature. The typical goal for EM reliability is to achieve less

than 0.5% cumulative failures in 10 years ofchip operation, ata temperature of- 100 °C (= Tref).

The acceleration factor is defined as.

_ '5o(field)
/50Cstress)

C . N
J stress

Jfield
exp

k a T Ty ref stress y
(9.2)

with tsochosen as the mean time that the metal conductors take to attain a certain failure criterion

(usually a certain percentage rise in resistance). The"field" and"stress" in equation (9.2)denote

field and stress conditions for EM. The lifetime under field conditions, corresponding to 0.5%

cumulative failure is given by

AFt50

ex/? (2.58-(j)
(9.3)

where g is the dispersion of time to failure, usually defined as

(J=ln\
16.

(9.4)

As IC technology evolves, interconnect systems becomes more complicated, which demands

an increasing number of process modules to be evaluated for reliability assurance. To allow

quick turn around and reduce test cycle time, highly accelerated stress at wafer level is needed in

EM testing. As illustrated in Figure 9.1, large stress around 10 MA/cm^ is required toreduce the

test cycle time to the desired level below 10 minutes. Due to inadequate understanding of EM

kinetics and lack of a valid lifetime model under large stress, the lifetime data taken under large

stress can not be used for field lifetime determination. Furthermore, there are concerns regarding

the measurement sensitivity for reliability ranking for EM tests using large stress.
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Figure 9.1 Typical lifetimes under field, package and wafer level stress conditions.

9.2 Sample Fabrication

NIST recommended standard test structureswith stripe dimensions of W/L = 3/1000 |mi/pm

were used in this study. Multilayered AlCu(0.5%) metallization system with three splits in

barrier metal design, shown in Figure 9.2, were tested under moderate stress conditions 0 = 3

MA/cm^, Tm = 245 °C) at the package level. The results are shown inTable 9.1.



SAMPLE A

AICu(0.5%)

Dielectric

Break

Vacuum

(BV)-

SAMPLE B SAMPLE C

AICu{0.5%) AICu(0.5%)

Dielectric Dielectric

Figure 9.2 Schematic cross-sectional view of the three samples used in this study showing

variation in barrier metal design. The dashed line in sample B indicates a break in

vacuum.

• Package level lifetimes (J = SMA/cm^, = 245 ^C)

Barrier Metal Design

TIN (A)

Ti/TiN/BV/TiN (B)

Ti/TiN (in-situ) (C)

Actual t50 (hours) Normalized t50

116.8

222.1-696

Table 9.1 Lifetimes obtained by package level EM tests on three splits of a multilayered A1

Cu(0.5%) metallization system with varying barrier metal design.

Prior to the wafer level testing the joule-heating at various current density and two different

chuck temperatures was measured for each split using NIST recommended methodology. Figure

9.3 shows the joule heating results for the three splits at two different chuck temperatures (20 °C

and 200 ''C). As seen from this figure, there is significant variation in Joule heating among the

three splits due to process variation. Also, as we move towards the accelerated testing zone the

difference in the temperature rise (AT) increases. Wafer level tests at current density of 10

MA/cm^ were then performed while varying the chuck temperature from 49 "C to 185 °C. This

introduceda variationin the stripe temperature ranging from 225 °C to 390 ®C.
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Figure 9.3 DCJoule heating results for the three samples at two different chucktemperatures.

9.3 Results and Discussion

The normalized values [t5o/t5o(sample A)] of the tsos were relatively in good agreement with

thenormalized package level values (Table 9.1) up to 390 °C as shown in Figure 9.4. From this

figure we can also observe that as the temperature of the stripe increases the normalized lifetimes

for sample C show a tendency to converge. This is expected under high current and temperature

stressing, and the effect is more prominent for metal lines with robust microstructure like that of

sample C. We can also observe that, eventually with increasing temperature and current the

failure lifetimes will become independent of the microstructure of the metal lines. The failure

will be governed by thermally activated breakdown instead of voiding caused bymetal migration

under the influence of an electron wind force.
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Figure 9.4 Accelerated stress EM tso sensitivity with metal temperature. The solid symbols

represent the normalized tsos at package level stress where T„ = 245 °C and J = 3

MA/cm^. The arrow isshown to indicate a greater than 4 normalized tso value.

In Figure 9.5 the activation energies extracted from package and wafer level metal lifetimes are

plotted. The activation energy values from the wafer level data are in the range of 0.63-0.73 eV.

Thesevalues are closeto the valueof 0.78eV obtained from package level test data.
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These results indicate that for EM reliability assessment using large stress as typically done in

wafer level testing, the metal joule heating needs to be accurately determined. This metal

temperature variation can seriously affect EM lifetime evaluation. Also, the failure modes of the

interconnect structures stressed under high current density conditions are similar to those stressed

under package level (moderate stress) conditions. Optical micrographs clearly showed that the

voids are created uniformly and randomly over the entire length of the line. However, their

degree of occurrence is higher under high current density stress conditions due to the increased

metal ion diffusivity at microstructure divergence sites.

These observations indicate that the physics of the failure mechanism is not completely

changed by using up to 10 MA/cm^ of current density, provided the metal stripe temperature is

kept below 390 °C. We have been able toachieve a reduction inthe EM testing time from greater

than 50 hours at package level to less than 10 minutes at the wafer level, i.e., by a factor of more

than 300. These results lend support to the possibility of extending the metal EM test current

density to 10 MA/cm^. This would significantly reduce EM testing time in a high volume

production environment.
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9.4 Summary

In this chapter we have briefly analyzed the effects of using highly accelerated stress

conditions on the EM lifetimes of AlCu(0.5%) interconnects and on the sensitivity of the lifetime

data for reliability rankingof variousprocess designs. We have demonstrated that EM lifetimes

under high current density stress conditions are in relatively good agreement with those under

package level moderately accelerated stress conditions. Reduced testing times of less than ten

minutes hasbeen achieved using high current stressing as compared to greater thanfifty hours for

package level tests, while retaining excellent lifetime sensitivity. Also, no significant change in

the failure mode is observed. These results support the possibility of extending the wafer level

EM test current density to 10 MA/cm".
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10.1 Introduction

As discussed in Chapter 1, thermal effects in deep-submicron (DSM) interconnects are

increasing with VLSI scaling. This is due to a dramatic reductionof the interconnect metal pitch

and increasing number of metallization levels, which causesincreasing current densities [8], [81],

and associated thermal effects.

As mentioned earlier thermal effects are an inseparable aspect of electrical power

distribution and signal transmission through the interconnects due to self-heating (or Joule

heating) caused by the flow of current. Thermal effects impact interconnect design andreliability

in the following ways. Firstly, they limit the maximum allowable RMS currentdensity,

(since the RMS value of the current density is responsible for heat generation) in the

interconnects, in order to limit the temperature increase. Secondly, interconnect lifetime

(reliability) which is limited by electromigration (EM, has an exponential dependence on the
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inverse metal temperature [17]. Hence, temperature rise of metal interconnects due to self-

heating phenomenon can also limit the maximum allowed average current density, javg-max-, since

EM capability is dependent on theaverage current density [18]. Thirdly, thermally induced open

circuit metal failure under short-duration high peak currents including electrostatic discharge

(ESD) is also a reliability concern [57], and as shown in Chapter 3, can introduce latent EM

damage [42], that has important reliability implications.

Chatteijee et al., [81], have argued that thermal effects will increasingly dominate

interconnect design rules that specify maximum current densities for circuit designers. Recently,

Hunter [158], solved the EM lifetime equation for Al-Cu, and the 1-D heat equation, in a self-

consistent manner. In this approach, both EM and self-heating can be comprehended

simultaneously. Rzepka et al., [159], have carried out detailed simulations of self-heating in

multilevel interconnects using finite element analysis. Their study concluded that in the near

future, 3-D interconnect arrays will be affected by self-heating more severely than those of

today's.

Furthermore, as discussed in Chapter 1 and 4, low dielectric constant (Low-k) materials are

being introduced as an alternative intra-level insulator to reduce interconnect capacitance

(therefore delay) and cross-talk noise to enhance circuit performance [9]. These materials can

further exacerbate thermal effects owing to their lower thermal conductivity thansilicon dioxide

(see Figure 1.6). In Chapter 4 it was shown that interconnect scaling using low-k as the intra-

level (gap-fill) dielectric material can cause significant increase in thermal effects.

Presently, interconnect design rules are generated in a non self-consistent manner [160], as

explained in the next section. As deep sub-micron interconnect technologies, likeCu and low-k

dielectric materials are rapidly evolving, there is an increasing need to understand their effects

simultaneously on thethermal characteristics of these interconnects andontheirEM reliability, in

order to provide robust design guidelines. Furthermore, it is not clear whether thermal constraints

conflict withthe performance optimization stepsemployed at the circuit level. Hence, a thorough

analysis of thermal effects in DSM interconnects is necessary to comprehend their full impact on

circuit design, accurately model their reliability, and provide thermally safe designguidelines for

various technologies.
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This chapter presents a comprehensive analysis of the thermal effects in advanced high

performance interconnect systems arising from self-heating under various circuit conditions,

including ESD [161]. The analysis examines the self-consistent solutions for allowed

interconnect current density for technologies up to 0.1-jim involving Cu and various low-k

materials in an eight-level metallization system as per the National Technology Roadmap for

Semiconductors (NTRS) [13].

10.2 Interconnect Design Rules: Current Approach

10.2.1 Average, RMS, and Peak Current Density

Circuit designers are typically provided with the maximum allowable values for three

interconnect current densities. These are the average current density, javg-, the RMS current

density,and the peak current density,ypeaA. These quantities are defined as follows:

Thepeakcurrent density is simply thecurrent density corresponding to thepeak current of the

waveform,

(lo.l)

where A is the cross-sectional area of the interconnect.

The average current density is defined as.

(10.2)
0

where Tis the time period ofthe current waveform. The RMS current density is defined as.

Jms =JYj/COdt (10.3)
For a fixed temperature, EM lifetime of interconnects is known to be determined by Javg [18].

Self-heating is determined byy^j. Presently, high performance interconnect design is based on

the specified limits for the maximum values of the average, RMS, and peak current densities

[160].



182

--I peak

r = ton/T

'rms

'avg— 'DC

Figure 10.1 A unipolar pulsed waveform illustrating various current definitions.

They are however not self-consistent, i.e., these values do not simultaneously comprehend the

two temperaturedependent mechanisms: EM and self-heating.

Interconnects can be broadly classified into two categories: signal lines and power lines.

They differ in that currents in signal lines are bi-directional (or bipolar) [18], while those in

power lines are usually uni-directional (or unipolar).

We will now consider unipolar current waveforms for some illustrative analysis. Using the

abovedefinitions for the three currentdensities, one can easily show that

Javg '*' Jpeak (10.4)

and.

J peak (10.5)

where r is the duty cycle defined as toJT 'm. Figure 10.1.

10.2.2 Electromigration and Self-Heating

EM is the transport ofmass in metals under an applied current density and is widely regarded

as a major wear out or failure mechanism of VLSI interconnects [17]. When current flows

through the interconnect metal, an electronic wind is set up opposite to the direction of current

flow. These electrons upon colliding with the metal ions, impart sufficient momentum, and

displace the metal ions from their lattice sites creating vacancies. These vacancies condense to
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form voids thatresult in increase of interconnect resistance or even open circuit conditions [162].

EM lifetime reliability of metal interconnects is modeled by the well known Black's equation

[17], given by,

TTF =A'- j- •exp(^—} (10.6)
B

where TTF is the time-to-fail (typically for 0.1% cumulative failure). ^4* is a constant that is

dependent on the geometry and microstructure of the interconnect,y is the DC or average current

density. The exponent n is typically 2 under normal use conditions, Q is the activation energy for

grain-boundary diffusion and equals - 0.7 eV for Al-Cu, ka is the Boltzmann's constant, and is

the metal temperature. The typical goal is to achieve 10 year lifetime at 100 °C, for which

equation (10.6)and accelerated testingdata producea designrule value for the acceptable current

densityat T^/, jo- However, this designrule valuedoes not comprehend self-heating.

The effect of self-heating can be analyzed from the following: The metal temperature, in

equation (10.6) is given by,

do.v)

and.

^^self-heating " ~^ref J^rms 'R'Rq (10.8)

where Tref is the reference chip (silicon junction) temperature and is typically taken as 100 °C,

^Tseif-heating IS the temperature rise of the metal interconnect due to the flow of current, R is the

interconnect resistance, and Re is the thermal impedance of the interconnect line to the chip.

Thus, both EM and self-heating are temperature dependent effects, and as self-heating increases,

EM lifetime decreases exponentially according to equation (10.6).
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10.3 Thermal Effects in DSM Interconnects

10.3.1 Self-Consistent Interconnect Design Analysis

Inthis section we will first introduce the formulation ofthe self-consistent solutions [158] for

allowed interconnect current density, and then apply them to analyze Cu interconnects. The

^Tseif-heating in interconnects given by equation (10.8) can be written in terms of the RMS current

density as,

J rms — (10.9)

Here and W„ are the thickness and width of interconnect metal line, and Pm(TJ is the metal

resistivity at temperature Tm. Note that the thermal impedance Rein equation (10.8) has been

expressed as,

'°L.W^ox ^ "eff

This expression for the thermal impedance is based on a quasi-1-D heat conduction model with

^eff- + 0.88tox, valid for WJtox >0.4 and is accurate towithin 3% [163]. Here tox is the total

thickness of the underlying dielectric, Kox is the thermal conductivity normal to the plane of the

dielectric, and L is the length of the interconnect.

Now, in order to achieve an EM reliability lifetime goal mentioned in section 10.2, we

must have the lifetime at any (ja^g) current density and metal temperature equal to or larger

than the lifetime value (eg. 10 year) under the design rule current density stress jo, at the

temperature This value of jo is dependent on the specific interconnect metal technology.

Therefore we have.

exp
Q

\ B m J

exp
Q

ykJri^ \ ^ ref J

Fromequation (10.4) and (10.5) we have aftereliminating/peajt

.2 - .2 00.11)
J ""S J\



f
J avg

J rms

= r
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(10.12)

Substituting for frms from equation (10.9) and j'avg from equation (10.11) in (10.12) we get the

self-consistent equation given by

exp

exp

\ B m J

.kJr,V B ref J

(10.13)

eff

Note that this is a single equation in the single unknown temperature Once this self-

consistent temperature is obtained from equation (10.13), the corresponding maximum allowed

jpeak andjrms cau be calculated from equation (10.5) and (10.9). The self-consistentequation given

by equation (10.13) for unipolar pulses is also valid for more general time varying waveforms

with an effective duty cycle reff [164].

One of the consequences of the self-consistent equation is that, for a certain jo, as r decreases

the self-consistent temperature and the maximum allowedjpeak increases. This effect is shown in

Figure 10.2 for Cu interconnects. Secondly, it can be observed that as r decreases the ratio

jpeak(self-consistent)/jpeak(without self-heating, i.e., the line labeled 1/r) decreases monotonically.

At r = 10", the self-consistent jpeak is nearly 2 times smaller than the jpeak obtained from EM

constraint only, i.e., without self-heating. From the EM lifetime relation given by equation (10.6)

this implies that if a design used only the average (EM) current as the design guideline without

comprehending self-heating it could have a lifetime nearly three times smaller than the reliability

requirement. Thirdly, it can be observed from Figure 10.3 that, as jo is increased, the self-

consistent interconnect metal temperature (r„) increases as expected from equation (10.13).

However, the maximum allowed jpeak does not increase much for values of r < 10*^. That is, jo

becomes increasinglyineffective in increasingypeo* as the duty cycle r, decreases. Fromthe above

analysis, it apparently seems that EM capability might cease to be the dominant driver of

interconnect technology evolutionand thermal effectswill limit the maximum allowedjpeak-
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The above analysis however motivates the following questions:

• Since the analysis assumes a quasi-lD heat conduction model, what will be the effects on the

self-consistent solutions if a more realistic model is used?

• Since the analysis assumed that the intra-level and inter-level dielectric material is Si02, what

will be the effects on the self-consistent solutions if low-k materials are considered as

candidates for intra-level dielectric material?

• Since the analysisassumed, simplistic values of interconnect geometry, and underlying oxide

thickness, what will be the effects on the self-consistent solutions, if technology and

interconnect scaling were considered?

• Since the waveform shape or duty cycle r plays an important role in determining the

maximum allowed andjpeaki what is a realistic value for r from a circuit designer's pointof

view?

• For optimized driver and interconnect signal length (between repeaters) design, how do the

jpeak andjrms values (from purely electrical considerations such as signal delay) compare with

those generated using the self-consistent approach?

• Since the analysis assumed an isolated interconnect line, what will be the effects on the self-

consistent solutions if real 3-D interconnect arrays, with heat generation in all the lines, are

considered?

• Finally, the question also arises that how do these jpeak values compare with peak current

density values causing open circuit or latent metal damage in metal lines under ESD

conditions?

10.3.2 Technology Scaling Effects on Self-Consistent DesignRules

In thissection we will address the first three issues outlined above. We will first analyze the

effects of line width scaling onthe thermal impedance (or Wgfi defined byequation (10.10) which

isaccurate to within 3% for WJtox > 0.4 [163]. Incurrent DSM technologies the ratio WJtox gets

even smaller (especially for the top-level metal lines), and which is meant to account for the

extra heat conduction from the sides (illustrated in Figure 10.4) must be obtained for real DSM

interconnect structures experimentally. We will first express Weff 'in a more general form.
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Oxide

Figure 10.4 Schematic representation of quasi 2-D heat conduction scenario in DSM

interconnects.

(10.14)

Here ^ is introduced as the heat spreading parameter that must be extracted from data.

Furthermore, new intra-level insulating materials for DSM interconnects such as low-k

dielectrics, which lower interconnect capacitance (and hence RC delay and cross-talk noise) and

enhance circuit performance, are known to have poor thermal properties [165], The thermal

characteristics ofthese low-k dielectrics and their impact on interconnect reliability is important.

For extracting the appropriate value of (j), the thermal impedance was experimentally

determined using equation (10.8), for AlCu interconnects fabricated ina state-of-the-art 0.25-pm

industrial CMOS process flow. Results are shown in Figure 10.5 for a standard oxide process and

a low-k (HSQ) intra-level (gap-fill) process. We can observe that for the narrowest line width

= 0.35 pm) the thermal impedance for the low-k gap-fill process is around 20% higher than

the value for standard oxide in agreement with the trends shown in [85]. Furthermore, since the

ratio of (= 0.29) is the lowest for this line width, the heat spreading pattern for this case

can be expected to be similar for top level metal lines in DSM technologies. Using the thermal

impedance value for fV„ = 0.35 pm and using equation (10.10) and (10.14), ^ was extracted to be

2.45 (forthestandard oxide case). The value used in thecalculation is given inTable 10.1.
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Figure 10.5 Experimentally obtained effective thermal impedance values for level 1 AlCu metal

lines in a 0.25 pm CMOS process, with two different intra-level dielectrics. The tox

was 1.2 pm, and interconnect length, L = 1000 pm.

Dielectric Thermal Conductivity
Material

o

E

Oxide 1.15*

(PETEOS)
HSQ 0.6**

Polyimide k 0.25**

Air 0.024***

Table 10.1 Thermal conductivity values (normal to the dielectric plane) for various dielectrics

analyzed in this study. These values were obtained from [165] for * and [166] for **

and [22] for ***.

We now considerthe technology specifications for a 0.25 pm and 0.1 pm process as per the

NTRS [13] shown in Appendix B. The interconnect metal is assumed to be Cu, and the effects of

using various intra-level dielectrics (listed in Table 10.1) are analyzed. We then solve for the

self-consistent metal temperature, T„ and the corresponding maximum allowed jrms and jpgak
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values. However, while solving the self-consistent equation (10.13), we replace the {toMoxWeff)
term by the following generalized term;

^ t t ^*ojr _j_ ''low-k

\^ox ^low-k J
1

(10.15)
total

This isnecessary to take care ofthe heat spreading effect in DSM structures and the use oflow-k

materials as intra-level gap-fill dielectric. The value of <f> is kept unchanged even for the case of

gap-fill interconnect structures, since the heat flow pattern is not significantly altered in the

presence ofgap-filled dielectric. Also, the duty cycle r in equation (10.13) istaken as 0.1, for all

cases, due to reasons explained in the next section.

Before presenting the self-consistent solutions, we must point out an important caveat, which

is the distinction between thermally long and thermally short metal lines. Since interconnect

leads are typically connected to the diffusion (or another metal lead) through a contact (or via),

the temperature at the end regions of these lines are in general lower than the temperature in

regions far away from the ends. The solution of the differential equation for such 2-D heat

conduction yields that the spatially dependent parts ofthe solution depend exponentially on a

characteristic thermal length, X[62], which is ofthe order of25 pm - 200 pm. Metal lines that

are » X are termed thermally long while those that are close to the value of Xare termed

thermally short.

We will focus on the analysis of the thermally long lines which give rise to worst case

scenario. We will not concentrate on thermal effects for small inter-block interconnects. Their

lengths are usually of the same order ofmagnitude as the thermal characteristic length. Also

these nets are typically routed on the first few levels of metal, which are closer to the silicon

substrate, and hence the thermal problem is not as severe. Long interconnects which could be

much larger than the thermal characteristic length will therefore form the main focus of the

following analysis. These long lines usually realize the inter-block communication and hence for

delay purposes, they are routed on higher, less resistive top few layers ofmetal. However, these

metal layers are usually far away from the silicon substrate and hence can potentially experience

thermal problems.
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Therefore, self-consistent solutions were obtained for the top metal layers only in the 0.25-

|im and 0.1-pm technologies.

We begin by analyzing the effect of introducing new interconnect (Cu) and dielectric

materials on reliability. In Figure 10.6 the self-consistent values ofyVms and jpeak are plotted as a

function of duty cycle (r) for different dielectrics. It can be observed thatyVwj andjpeak decrease

significantly as dielectrics with lower thermal conductivity are introduced. For small values of r,

Jrms varies very slowly with r, thereby signifying the increasing importance of self-heating.

In Figure 10.7 we plot jpeak and T„as a function of r for Si02 and air as the dielectric, and Cu

metal, for different values of jo. It can be observed that increasing jo does not change jpeak

appreciably. In fact, as r reduces, the increase in jpeak with jo gets smaller. Furthermore, for a

dielectric with low thermal conductivity such as air, the increase in jpeak with increasing jo is

almost insignificant.
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Figure 10.7 Self-consistent metal temperature and the maximum allowed jpe„k for a metal 6 in a

0.25 pm technology, asa function ofduty cycle for different values ofy'o for SiOj and

air as the dielectric.

This indicates that introduction of better interconnect materials becomes increasingly

ineffective in increasing for dielectrics with poor thermal properties. Another detrimental

effect of using low-k dielectric materials is that the metal temperature increases which makes

these lines more susceptible tohigh current failures, asdiscussed inChapter 4.

Next the effect of increasing metal layers on interconnect reliability is examined. As

mentioned in Chapter 1 thermal effects are more pronounced in higher layer metal lines since

these lines are farther away from the substrate. This is observed in Figure 10.8(a) and Figure

10.8(b) where the self-consistent Jpeak is plotted for various Cu metal layers for 0.25 pm and 0.1

pm technologies respectively. It is observed that the self-consistent jp^ak decreases with

increasing metal layers for both technology nodes and for all dielectrics. Furthermore, the

reduction mjpe„k with increasing metal layers is more pronounced for lowerdielectric materials.





We have also compared current carrying capabilities of signal and power lines and the results

are shown in Figure 10.9. Consistent with Figure 10.6, it can be observed that the jp^ak values are

about an order of magnitude lower for the power lines due to increased thermal effects. Figure

10.10 shows the diminishing returns of using Cu as the interconnect material as dielectrics with

poor thermal properties are introduced. It can be observed that the difference in the maximum

allowedy^eaA values between AlCu and Cu interconnects reduces asdielectric materials with poor

thermal properties are introduced. For the specific case ofair as the dielectnc, the jp^^k values are

very similar for AlCu and Cu. This is demonstrated for two different values ofjo for Cu, one

value similar to that of AlCu and the other three times higher than this value. This is done to

accommodate process dependence of EM performance in Cu.

Oxide

Dielectric

Polyimlde

H Signal Lines

• Power Lines

Figure 10.9 Comparison of the maximum allowedjp^ak values for signal (r = 0.1) and power lines

(r = 1.0) for metal 8 of a 0.10 pm technology shown for different dielectric materials.

The lower values ofjpgak in power lines are because of their higher temperature rise

resulting from carrying DC current.
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10,4 Implications for Circuit Performance and Design

10.4.1 Effects on Signal Line Length, and Driver Size Optimization

In this section we will address the next two issues pointed out in section 10.3.1. We will

compare jpeak values from thermal and reliability considerations with those obtained from circuit

performance considerations. As we have mentioned in Section 10.3.2, thermal effects are

predominant in semi-global and global interconnects which are thermally long. These are used to

connect functional blocks (macros) over relatively long distances and hence utilize the upper

layers of interconnect. Furthermore, long interconnect lines are split into buffered segments

[167]. Buffer insertion is also used to reduce the crosstalk noise in high performance circuits

[168]. It has been shown [167], that for point to point connections, the optimal length of

interconnect at which to insert repeaters is given by

(10.16)
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where ro is the effective driver resistance for aminimum sized driver, Cq is the input capacitance,

Cp is the output parasitic capacitance, r is the interconnect resistance per unit length and c is the

interconnect capacitance per unit length (see Figure 10.11). For DSM technologies, asignificant

fraction of c would be contributed by coupling capacitances to neighboring lines. For our

simulations, we performed afull 3D-capacitance extraction using SPACE3D [169] for the signal

lines to obtain the value ofc for every metal layer for both technologies. The model assumes that

the output Vfr makes atransition as soon as the input voltage crosses athreshold (say 0.5VThe

optimum repeater size is given by.

V=,|^ (10.17)
which means that the width ofthe NMOS and PMOS for this inverter are obtained by scaling the

width of the corresponding transistors in a minimum sized inverter by a factor Sop,. This also

implies that the delay between any two optimally spaced and sized repeaters is independent ofthe

layer [167]. This model also implies that it is not optimal to insert buffer in a line, which is of

length less than /op, for a given metal layer. Our simulations suggest that drivers and interconnects

optimized with this model maintain good slew rates for rising and falling transitions for all the

metal layers and across technologies. For lines oflength less than lop,, the buffer size can also be

reduced to \sopi(l/lopt)i\ to reduce the power dissipation while still maintaining good slew rates.

Also, given the distributed nature of the interconnect, themaximum RMS current occurs close to

the repeater output. Hence, we need to first verify whether this maximum current, which is

dictated bydelay considerations also meets the thermal specifications obtained inSection 10.3.

In the following, we perform some calculations using a well-reviewed technology file (see

Appendix B) based on [13] for 0.25 pm and 0.10 pm technology that employs copper and low-k

interconnect structures. We use these parameters to determine the peak and RMS current (and

therefore current density) by SPICE simulation where we take into account all the device

parasitics. We denote the maximum current density due to electrical delay considerations as

j-electrical and due to thermal and EM considerations asjseif-consistem-
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V\An

Figure 10.11 Equivalent distributed network for driver and interconnect. Vst is the voltage at the

input capacitance that controls the voltage source. Rtr is the driver transistor

resistance and C/, is the load capacitance of the next stage. / is the interconnect

length.

As suggested earlier, we find that the relative slew rate defined as the 10%-90% rise time as a

fraction of the clock period is almost constant across all metal layers and across technologies.

This is also reflected by the fact that the effective duty cycle obtained for these simulations was

0.12±0.01 for every case considered, as shown in Table 10.2. The interconnect current waveform

in the top layer metal lines for 0.25 pm and 0.1 pm technologies, as obtained from transient

SPICE simulations, is plotted in Figure 10.12, which shows that the relative rise and fall skew is

the same across both technologies. For lines which are not on critical path, the buffer size may be

reduced to save power in which case the effective duty cycle will actually increase slightly, but,

as suggested fi-om Figures 10.2 and 10.3, this will not changejseif-coasistent significantly. This

justifies the selection of the duty cycle value as 0.1 in section 10.3.2 for the self-consistent

analysis on various technologies.

Figure 10.13 shows the comparison of jpeak-ehctncai with the values of jpeak-seif-consisiem for 0.25

pm and 0.1 pm Cu technologies respectively. We find thatjpeak-eieetrieai is lower thanjpeak-seifconsistem

for silicon dioxide as the dielectric. However, for low-k dielectric materials, we find that the

difference betweenjpeak-ieif-consumt andjpeak-eiectrkai reduces due to increasing thermal effects.



Layer I-Opf ^opt Jrms Jpeak feff

(mm) (x10®A/cm^) (x10®A/cm^)
1 2.51 75 9.23 27.02 0.11669

2 2.41 80 8.76 26.38 0.11027

3 4.79 157 5.03 14.69 0.117244

4 5.48 148 4.16 13.48 0.100237

5 12.5 494 1.76 5.18 0.115443

6 13.9 454 1.58 4.69 0.113493

a)

Layer Lopt ^opt Jms Jpeak reff

(mm) (x10®A/cm^) (x10®A/cm^)
1 0.85 36 14.24 38.99 0.133387
2 0.9 40 14.32 39.48 0.131562
3 1.57 97 7.57 20.93 0.130814
4 1.79 85 6.63 18.27 0.131689
5 4.47 276 3.56 9.78 0.132502
6 4.68 249 3.35 9.00 0.138549
7 8.8 500 1.35 3.67 0.135312
8 9.58 522 1.26 3.5 0.1296

198

b)

Table 10.2 Optimized interconnect and buffer parameters, corresponding RMS and peak current

densities {jRMS-electrical and jpeak-elearical) and effcetive duty cycle =fav^j'ma) for

a) 0.25-pm Cu technology with insulator dielectric constant = 3.3, and b) 0.1-|Lun Cu

technology with insulator dielectric constant = 2.0.

Low-k dielectrics impact interconnect performance in two ways. Firstly, as suggested by

equation (10.16) and (10.17) the optimum unbuffered interconnect length increases and the

optimum repeater size decreases. It can be shown that Sop, and c.lopt decrease bythe same factor

and hence the RMS current density remains almost unchanged. Secondly, the lower thermal

conductivity of these materials (see Table 10.1) c2msqs jpeakseif-conshtent to decrease by almost a

factor of two for these low-k dielectrics and the margin between and

reduces. Aswewill see in Section 10.5, thethermal situation is exacerbated with thepresence of
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other active metal lines at the same metal layer as well as other layers. This further reducesjpeak.

self-consistent for these configuratioHS. Hence, self-heating needs to be considered in high

performance deep sub-micron interconnect design that employs low-k dielectrics.
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Figure 10.12 Current waveforms in the top layer metal lines obtained from SPICE simulations

for the 0.25 pm and the 0.1 pm technologies.
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It should be kept in mind that the above analysis assumes that the interconnects are always

active. This is a valid assumption for global lines, because although the activity period of

individual transistors is reducing with scaling and increasing transistor count, block size is also

increasing and hence the activity period for the whole block is relatively unchanged. Hence the

global wires which communicate with these blocks have a high activity rate. Therefore, duty
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cycle of 0.1 used in the study is valid. Also note that the circuit analysis of this section is for

signal lines, which carry bi-directional currents. These lines are known to have much higher EM

immunity, hence the self-consistent values ofyVw andjpeah as shown in Figure 10.1-10.6 for the

unipolar case, are lower bounds.

10.5 Thermal Effects in Real 3-D Interconnect Arrays

In this section we will briefly address the penultimate issue pointed out in section 10.3.1. Our

self-consistent analysis of self-heating and EM effects presented earlier in section 10.3.2 were

based on single isolated interconnect lines. In a real IC there are densely packed layers of

interconnect lines which form a 3-D array as illustrated in Figure 10.14. The self-heating of

interconnect lines within such array could be significantly more severe due to thermal coupling

between neighboring lines. The heat flow analysis for such structures is complicated and must

involve numerical simulation techniques. We have recently done a very detailed analysis of self-

heating effects in such structures using finite element simulations [159].

The RMS current density can be empirically shown to obey the following relationship [see

equation (10.9)]

T —T
•2 m ref ^7 rms OC (10.18)

Pm(Tm)

and the proportionality constant (which is independent of the interconnect material) can be

obtained empirically from the finite element analysis presented in [159], and shown in Figure

10.15 for different interconnect configurations, which includes 2-D and 3-D effects.
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Figure 10.14 Densely packed 3-D interconnect array in a 0.5 pm quadruple level metallization

process with SiO: as the dielectric material. Self-heating of any line within such an

array is strongly affected by thermal coupling from the neighboring lines.
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Figure 10.15 Finite element simulation results showing temperature rise under a DC current, test

structures: 2-D model (broken lines), real structures: 3-D model (solid lines) [159].



Substituting this equation and the EM reliability equation (10.11) in equation (10.12), we can

obtain another self-consistent equation similar to equation (10.13). From this we can calculate

the maximum allowed jpeak for metal 4 in a 3-D configuration using Cu technology. We also

compare this with the jpgak obtained from Figure 10.15 for an isolated metal 4. We find that the

maximum allowed jpeak reduces by nearly 50% for the 3-D case, where all the metal lines are

heated with equal current load in all the leads. Hence we can conclude that the maximum

allowed jpeak for real interconnects would also reduce significantly from the values calculated in

Section 10.3.2.

Figure 10.16 shows the jpeak values for 3D interconnect structures using this 50% reduction

in jpeak to illustrate a best case effect of thermal coupling in a 0.1 |im Cu technology using various

dielectrics. It can be observed thatjpeak-so comes even closer tojpeak-eiecrncai. However it should be

noted that for deep sub-micron technologies that employ low-k dielectrics, this 50% reduction in

jpeak is optimistic, since increasing interconnect packing density and low-k materials will increase

thermal effects more than that of the 0.5 |im technology considered here.
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Figure 10.16 The effect of thermal coupling in interconnect arrays on the jpeak values is shown

here as a best case scenario for various dielectric materials.
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10.6 Thermal Effects under ESD Conditions

In this section we will briefly address the last issue pointed out in section 10.3.1. As

discussed in Chapter 3 a special case of thermallyaccelerated interconnect failure can also occur

under ESD conditions, which is a high current short-time scale phenomena that can lead to

catastrophic open circuit failures, and to latent damage [27], [42]. Integrated circuit failures due

to ESD have significantly increased in importance as VLSI technologies continue to shrink

towards the deep sub-micron regime [28]. In Chapter 3 we have shown that the critical current

density for causing open circuit metal failure in AlCu interconnects is ~ 60 MA/cm% and

presented a short-timescale high-current failure model for designing robust interconnects to avoid

thermal failure under high peak current conditions including those encountered inESD protection

circuits and I/O buffers. As shown in Chapter 3, interconnects can also suffer latent damage if

the lines resolidily after melting and this has been shown to degrade the EM lifetime [42]. The

model presented in [42], can be used to avoid this reliability hazard and has been shown to be

valid for designing Cu interconnects [20]. These interconnect design rules must be obeyed for

high current robustness.
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10.7 Summary

Thermal effects in advanced high performance interconnect systems arising due to self-

heating under various circuit conditions, including ESD has been examined in detail. A self-

consistent approach, that simultaneously comprehends self-heating and EM, has been first

modified using experimentally measured self-heating data to include quasi 2-D heat conduction in

DSM metal lines to allow more aggressive design rules. This modified self-consistent

formulation has been applied to analyze the implications of interconnect technology (Cu, low-k

etc.) and scaling. Two different Cu based technology nodes (0.25 pm and 0.1 pm) as per NTRS

has been used in this study.

Using circuit level simulations we have confirmed that the effective duty cycles for optimized

global interconnects remain nearly invariant across metal layers and technologies. A value of

0.12±0.01 was obtained for all cases. This analysis has helped provide a more realistic value of

the duty cycle for analyzing thermal and EM effects using the self-consistent approach.

Secondly, the implications of these thermal effects on the design (driver sizing) and optimization

of the interconnect length between repeaters at the upper-level signal lines have been

investigated. We have shownthat althoughthe maximum allowedpeak current densitybased on

the self-consistent criteria is greater than the peak currentdensityobtained from optimized driver

and interconnect configurations {i.c.yjpeak.^eif-conziuem >jpeak-eieetricai), for standard oxide, but they get

closer as low-k dielectric materials are introduced. Furthermore, we have shown that in real 3-D

interconnect arraysthe greaterself-heating due to thermal couplingeffectscould further lowerthe

jpeak-seif-consisient by ~ 50% in &0.5 pm technology with Si02. Hence for DSM technologies that

employ low-k dielectrics, thermal effects in interconnects need careful consideration.

Finally, we have pointed out that although thejpeak-seif-consisiem values are much lower than the

current densities causingopen circuit metal failure under ESD type conditions, the interconnects

in ESD protection circuits and I/O buffers must be designed separately to meet high current

robustness. These results will have important implications for providing robust and aggressive

deep sub-micron interconnect design guidelines.
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Chapter 11

Conclusions and Future Directions

Conclusions

In this thesis, we have carried out a detailed investigation of high-current and thermal

effects in deep sub-micron (DSM) VLSI interconnects and their implications for reliability and

performance, and have also investigated their failure mechanisms. We have characterized and

modeled high-current behavior of DSM interconnect structures under various circuit conditions

including electrostatic discharge (BSD), which according to semiconductor industry surveys, is

the largest single cause of failures in ICs.

A very important aspect of our work was the development of a novel thermometry

technique, namely the transient resistive thermometry (TRT) together with a variation which

employed theKelvin method, namely the transient Kelvin thermometiy (TKT). These techniques

allowed for the first time, a systematic study of high-current and thermal effects in various

interconnect structures present in a modem VLSI technology, such as metal lines, low-k

dielectrics, contacts, vias, and silicide films. These techniques allow precise identification of

failure locations under high-current stress conditions and has been employed to study failure

mechanisms of the interconnect stmctures.

Using the TRT technique we have characterized and modeled thermal effects in VLSI

metallization arising due to ultrashort-duration pulsesincluding ESD events. TheTRTtechnique

can provide a spatially averaged temperature rise of interconnect lines with excellent temporal

resolution during nanosecond time frames. We have formulated a model that takes into account

heat diffusion under non-steady-state conditions, to generate design guidelines for AlCu

interconnects used in special protection circuitry and I/O buffers. Several leading IC
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manufacturers including Texas Instruments, IBM, and Intel have incorporated this model in their

design process. In fact, a recent work from IBM [Voldmann et al, Proc. IRPS 98] has applied

this model to design damascene-Cu interconnects. In the process, we have also discovered a new

latent interconnect failure mode, that significantly degrades electromigration lifetimes of AlCu

interconnects, and can have important implications for reliability.

We have also characterized the effects of interconnect scaling and low-k dielectric on the

thermal characteristics of metal lines under DC and pulsed current conditions for the first time.

The TRT technique has also been shown to be useful for thermal characterization of thin

dielectric materials. This technique can be used to evaluate the effective thermal conductivity of

various low-k inter-layer dielectric films used in DSM interconnect processes.

In addition, we have also characterized and modeled the high-current behavior of thin

Titanium and Cobalt silicide films used in advanced CMOS technologies. We have shown that

the sensitivity of these films to high-current conduction is strongly dependent on the processing

conditions. In conjunction with the high-current characterization using the TRT technique, we

have carried out extensive TEM microstructure characterization to get an insight into the

evolution process of silicide film degradation under high-current stress conditions. This study

will help the impact of technology design and scaling of silicide films to be defined for the

reliability of deep sub-micron CMOS technologies.

The TKT technique has been used to characterize self-heating in deep sub-micron

contacts and vias. Using this technique we have identified a new failure mode of silicided barrier

contact structures made ofW and Al.

We have also characterized and modeled the effects of temperature and current on the

TiSi2-Si contact-resistance of small geometry silicided contact structures. We have demonstrated

that contact-resistance sensitivity to temperature and current is strongly influenced by the silicide

thickness, and is independent of the contact-plug material. We have developed an unified

quantitative model which comprehends both field-emission and thermionic field-emission carrier

transport mechanisms, and directly relates the contact resistance to temperature, and doping

concentration of diffusion.
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By close collaborations with the Microscale Thermophysics group at Berkeley we have

advanced a technique for measuring the spatial temperature rise in 3-D interconnect links such as

vias with sub-100 nm resolution. For the first time, we were able to study the steady state and

dynamic thermal characteristics of small geometry W-plug vias and obtained the magnitude and

spatial distribution of temperature rise, along with the topographical image using a novel

microscale thermometry technique called scanning Joule expansion microscopy.

Furthermore, we have also analyzed the impact of self-heating on interconnect reliability

evaluation during highly accelerated EM tests. We have demonstrated a correlation between

package-level (moderate stress conditions) EM and wafer-level highlyaccelerated tests and have

shown that accelerated wafer level EM tests can at least be employed for reliability ranking of

various interconnect processes provided the self-heating was accurately calibrated. We have

proposed a wafer level EM test current density of 10 MA/cm".

Finally, we have also done a detailed analysis of the implications of thermal effects and

electromigration on Cu/low-k based interconnect performance. We have demonstrated the

increasing importance of thermal effects onthe design and optimization of theinterconnect length

between repeaters at the upper level signal lines.
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Future Directions

1. Thermal Management of High Performance ICs

Thermal management will be a key issue in the coming generations of CPUs, low-power

ASICs, or high-performance ASICs. In high performance microprocessors, different functional

blocks have different sleep modes, and significant temperature gradients can develop between

these units. These temperature gradients can severely impact circuit performance by increasing

theclockskew. It could give rise to a certain percentage increase in skew within a transient cycle

or could cause a DC offset of skew under steady-state conditions. Additionally, the design

process must comprehend delay variations due to thermal gradients. As VLSI technology

progresses towards sub-100 nm feature size these effects are expected to become increasingly

dominant. These issues need to be addressed not only at the early design stage but even at the

sjmthesis stage. For example, temperature dependent delay of logic gates would enable timing

analysis to take into account the thermal variations.

Inresponse to the increasing importance ofthermal effects at system and device level, we

nowsee the advent of techniques to model thermal effects in designs, andof tools to simulate the

thermal profile of a design. However, there haven't been any noticeable efforts at integrating an

active knowledge of thermal management into the whole design process, from sjmthesis all the

way down to physical design. Until now theproblem hasbeen fixed byappropriate conservative

design rulerestrictions or bypost-design corrections based ona thermal profile simulation. This

approach will be very inefficient and cost intensive for future giga-scale ICs. Hence synthesis

must incorporate thermal information to improve circuit performance and reliability. Moreover,

modeling, simulations, and reliability studies of high performance chips should be done

simultaneously and interactively with the design and testing operations. This will allow

continuous feedback of thermal information throughout the design process, and hence circuit

optimization can be performed around them at every stage.
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2. Thermal and Reliability Issues in Novel Device/Circuit Performance

Design and performance of novel circuit architectures, such as 3-D circuits, and several

micro-electromechanical systems (MEMS) are also expected to be strongly affected by thermal

effects. Thermal effects can also influence the performance of high frequency VLSI and RF-

power circuits. Additionally, ESD protection circuit design for high-speed VLSI and RF circuits

are going to be very important isssues in the near future. Aspecific example ofthermal problems

in 3-D circuits is discussed below.

Material limitations can force a discontinuity in Moore's law as VLSI technology moves

towards the nanometer regime. Interconnect is one area where these limitations affect the

performance and reliability ofdeep sub-micron ICs most significantly. In fact interconnection is

now one of the most significant factors in determining signal delay, and is expected to become

the dominant factor as we move into the nanometer regime. At 0.25 pm technology node, Cu

with low-k dielectric was introduced to alleviate the adverse effect of increasing interconnect

delay. However, below 130 nm technology node, even these new materials introduce substantial

interconnect delays, which in turn will severely limit the chip performance. Further reduction in

interconnect delay cannot be achieved by introducing any new materials. This problem is

especially acute for global interconnects, which typically comprise about 10% oftotal wiring, for

current architectures. The aggressive scaling ofdevice geometries and increasing die size further

aggravates this problem. Also the problem of long-lossy lines cannot be fixed by simply

widening the metal lines and using thicker interlayer dielectric since this conventional solution

will lead to a sharp increase in the number of metallization layers. Such an approach will

increase the complexity, reliability and cost, and will therefore be fundamentally incompatible

with the decades-old industry trend of 25% per year improvement in cost per chip function.

Therefore innovative solutions beyond mere materials changes are required to meet future IC

performance goals. We need tothink beyond the current paradigm ofsystem architecture.

3-D integration of circuits to create multiple layers of active devices, is a highly

promising technology that can potentially solve the interconnect problem and can simultaneously

help reduce chip area and allow higher transistor packing density. This technology can greatly

enhance the performance oflogic circuits. For instance, logic gates on a critical path can now be
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placed very closed to each other using multiple active layers. This technology can be exploited to

build systems on a chip, by placing circuits with different voltage and performance requirements

in different layers. One such example will be to have logic circuits in the first Si layer and then

have memory (SRAM) circuits in the second layer to realize distributed memory systems in a

microprocessor. Irrespective of the processing method used to form the upper active layers and

the vertical metallization, there are several important issues that need to be quantified to analyze

the performance and reliability of these circuits. For example, additional heat generated from the

devices in the second active layer will further aggravate thermal problems. Extensive thermal

modeling in these structures will be required to analyze their impact on performance and

reliability. These models could then be used effectively to develop near-term as well as

speculative long-term designs to overcome thermal limitations. For accurate circuit delay

predictions an additional capacitive coupling between the top layer metal of the first active layer

and the devices on the second active layer will have to be taken into account. The 3-D devices

will also open up a whole new world of reliability problems. There will be an increasing need to

understand new material interfaces, thin-film material thermal properties, and new failure

mechanisms.
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APPENDIX A

A.1 Linear Behavior of Interconnect Resistance with Time:

Since it was experimentally observed that the resistance ofthe metal lines increase linearly

with time during all the pulsing events the reason behind such behavior must be quantified.

Thetemperature riseof theinterconnect canbe expressed as,

Ar(/)=
jl I

=-pr J''?o [i+rojAr(i)]di
0

(A.1)

Here s is used as another variable for time. Also, since thermal capacity (Cg) is almost entirely

due to the metal for very short pulses it isassumed to be independent oftime for simplifying the

integration. Differentiating equation (A.1) with time yields.

dAT _ j;o[i+ra;Ar(<)]
dt

which can be rearranged to give

Integration yields

Therefore it follows that

^ri+
dAT rR.

-! dt[l +rC/fA7'(<)] J C,

—In [l +TCR Ar(/)]
TCR ^ C

exp
I^RoTCRt

-1

AT{j)=-
TCR

(A.2)

(A.3)

(A.4)

(A.5)
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Hence the resistance is given by

R = Ro exp
rR^TCRt

(A.6)

For a 200 ns current pulse of amplitude / = 1.0 A, = 20 W, and = 15 nJ/°C (from Figure

3.16) and TCR = 0.00312 the exponent equals 0.008, which is a small value.

Therefore equation (A.6) can be expanded to give

R = R 1 +
/?0 TCR

(A.7)

Therefore, for very short pulses, the resistance appears to vary linearly with time.

A.2 The Energy Dissipated During a Critical Short-Pulse:

Consider a voltage pulse across a metal line, which is stressed by a critical current pulse of

amplitude lent and duration At as shown in Figure A.l. Let Ro be the initial resistance of the line

at time to, let Rfm be the resistanceof the linejust before the meltingpoint at time t^, and let R/be

the final resistance of the line just before open circuit failure at time //. Let the corresponding

temperatures be Tq, Tm and Tf. Hence the pulse width.At= (//- /o). Furthermore, let and at be

the TCRs during the solid and liquid phases of the line respectively.

Time —#

Temperature —|

To- 22 OQ, T„ ~ 660 "C, T, -1000 <>0

Figure A.1 A voltage pulse across a metal line stressed by a critical current pulse, /c„v.

Liquid



The critical energy dissipated can be expressed similar to equation (3.11) as

7

^crit ~ \^crit Vdt — J
'O 'o

Rt^, ~ Rc

(^m ~^o)

7

+hrit^ j ~^Tm ,

Integration ofequation (A.8) yields

EcH, =IJ Eo i'n.-'o)+^^^{Rt«-Ro)
Rfn. ('/ )

Let

~^o)~

and (/.-t„)=Atj

Substitution in equation (A.9) yields

^crit (^0 ^2 (^7m

This can be rearranged to give

^crit ry ^cril [(A^I +̂ ^2 )^r»i A/] Rq +A/2 Rf ]
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dt (A.8)

(A.9)

(A. 10)

(A.11)

(A. 12)

Now since the resistance rise in the solid and liquid phasehave linear temperature dependence,

we can write

^Tm =-^0 [1 + - ^0)] and

R^=Rr^[\^a\Tf-Tj[ (A.13)

Equation (A.13) can be written in terms of the resistance rise factors Ys^ and in the solid and

liquid phase respectively as
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r; =%^""=a/(7>-7;) (A.14)
^Tm

Substituting Rrm and /?/fromequation(A.13) in equation (A.12), and writing in termsof and y,

it follows that

^cri, Rq K (2 +n)+A/2 (l +r,)(2+X/)] (A15)

Comparing equation (A. 15) with equation (3.21) it can be observed that the two expressions are

very similar if, [At (2 + y^^v)] in equation (3,21) is replaced by [Ati (2 + yj + At2 (1 + yj (2 + yi)].

Also, the value of [At (2 + ycru)] will always be slightly larger than that of [At/ (2 + ys)+At2 (J +

yj (2 + y/)]. This can be numerically verified from the self-heating data of Figure 3.10 for a 1 fis

pulse, since ycru ~ 3.5, ys~2A , and y ~ 0.2, and At/ ~ 950 ns and At2 ~ 50 ns. Hence, equation

(3.21) will always provide conservative estimates ofIcru, which is safe and desirable.
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B.l NTRS based interconnect technology file for two Cu processes:

Process (n) 0.25 0.1

Vdd (V) 2.0 1.2

Uff (nm) 160 50

Tox (nm) 5.0 2.5

Metal Levels 6 8

Poly

H(|i) 0.2 0.1

W(M) 0.25 0.1

Space (p) 0.25 0.1

Sheet p
(O/square)

4 8

M1-2

H(n) 0.5 0.26

W(p) 0.3 0.13

Space (p) 0.3 0.13

Sheet p
(Q/square)

0.044 0.085

tins(nm) 650 320

M3-4

H(p) 0.9 0.55

W(p) 0.6 0.3

Space (p) 0.6 0.30

Sheet p
(Q/square)

0.024 0.04

tins (nm) 900 600

M5-6

H(p) 2.5 1.2

W(p) 2.0 1.0

Space (p) 2.0 1.0

Sheet p
(Q/square)

0.009 0.018

tins(nm) 1400 800

M7-8

H(p) - 2.5

W(p) - 2.0

Space (p) - 2.0

Sheet p
(Q/square)

- 0.009

tins(nm) - 1400
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