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Preface 

Our capability to integrate ever larger number of transistors is surprising 
even to the most ardent believers of scaling. At 2005 International Solid 
State Conference, Intel announced a processor with 1.7 billion transistors. 
This trend is likely to continue at least for a decade. However, there are a 
number of issues that must be dealt with if this integration trend is to 
continue. In this context, thermal and power management of ultra large scale 
integration (ULSI) is one of the major concerns. 

Thermal issues are a bi-product of scaling and quest for speed. This issue 
came to the forefront as we scale the technology in nano-metric regime. 
However, it is not limited to high speed circuits alone. Today, even moderate 
speed ULSI must worry about containing the junction temperature under 
limits. The junction temperature affects large number of important device 
parameters, and an unabated increase in the junction temperature may have 
disastrous implications on performance, and long term reliability of 
integrated circuits. Moreover, manufacturing and operational costs such as 
expensive cooling solutions may increase significantly, if rising junction 
temperatures are not contained. 

Recently, a great deal of attention has been paid to thermal issues and 
there are international conferences dedicated to thermal issues in electronics. 
However, lack of books in this area is impeding the awareness of the subject 
to engineers and managers who are suddenly confronted with these issues. 
This book makes an attempt to provide a comprehensive overview of the 
power and thermal management of integrated circuits. 
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Foreword 

Semiconductor industry has benefited from several decades of growth 
following the Moore's law. Today's high-performance Integrated Circuits 
(ICs) have more than one billion transistors. Scaling of CMOS technology 
has enabled this increase in transistor count, and scaling continues in spite of 
emerging barriers in process technology development, design and test. 
Today, the 65nm CMOS technology node is moving from development to 
high volume manufacturing while research and development continues on 
future technology nodes. 

This growth comes with multiple challenges. Design of ICs in these 
scaled technologies faces formidable limitations. It is becoming increasingly 
difficult to sustain supply and threshold voltage scaling in order to provide 
the required performance increase, limit energy consumption, control power 
dissipation, and maintain the reliability. These requirements pose several 
difficulties across a range of disciplines spanning process technology, 
manufacturing, circuits, testing, systems, and architecture. One of these 
critical challenges is the thermal and power management of high speed ICs 
which has been subject of extensive research over past several years. 
Moreover, reliability screening and bum-in at elevated voltage and 
temperature further exacerbate this problem. Furthermore, researchers have 
looked into finding ways to cool ICs efficiently by accounting for the 
cooling cost in total system power. It may be possible to use efficient 
cooling to improve performance, leakage, and reliability of ICs, and thus 
continue on the path of scaling. 
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This book is very timely to address these challenges and to capture key 
learning concepts. This book discusses thermal design barriers and the 
proverbial power wall that IC and system designers are facing today. We 
have followed authors' work, interacted with them, and we highly 
recommend this book to students, engineers, professionals and people that 
are pursuing advanced designs and are facing some of these challenges. 

Vivek De 



Chapter 1 

INTRODUCTION 

Abstract: The drive for higher performance has led to grater integration and higher clock 
frequency of integrated circuit chips in general and microprocessor chips in 
particular. This translates to higher power consumption and consequently 
higher heat dissipation and higher junction temperature. This chapter discusses 
the CMOS technology scaling concepts, power and thermal trend and junction 
temperature trends. Then the thermal issues will be introduced. Finally the 
motivation behind the preparation of this book will be explained. 

Key words: CMOS Scaling, Power Trends, Junction Temperature Trends. 

1. EVOLUTION OF CMOS TECHNOLOGY 

The basic concept of field effect transistor (FET) independently 
introduced by Lilienfeld, and Heil, respectively in 1930s [ l ,  21. However, it 
took thirty more years to make the idea a reality, when in 1960 Kahng and 
Atala put the idea into practice in Si-SO2. Since then, Metal Oxide 
Semiconductor FET (MOSFET) has been the technology of choice for a vast 
majority of applications owing to its simplicity, inexpensive manufacturing 
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process, integration capability, and extremely small power consumption 
compared to other integrated circuit technologies. In addition, the ability to 
improve performance with reduced power consumption per logic gate made 
Complementary MOS (CMOS) the dominant technology for integrated 
circuits. 

1.1 Concept of Scaling 

Transistor exponential scaling behavior which has come to be known as 
Moore's Law [3] ,  is the primary factor driving speed and performance 
improvement in both microprocessors and memories [3-61. Historically, 
CMOS technology scaling per technology node has: 

Reduced the gate delay by 30% allowing an increase in maximum clock 
frequency of 43%. 
Doubled the device density. 
Reduced the parasitic capacitance by 30%. 
Reduced the energy and active power per transition by 65% and 50%, 
respectively [7-91. 

Figure 1.1 shows the evolution of Intel microprocessor operating clock 
frequency and gate delays per clock since 1987. To achieve this, transistor 
width, length, and oxide dimensions were scaled down by 30%. As a result, 
the chip area was decreased by 50% for the same number of transistors, and 
total parasitic capacitance was decreased by 30%. Figure 1.2 illustrates the 
concept of scaling. As it can be seen in this figure, all dimensions of a MOS 
transistor are scaled by a factor s ( s  >I)  to produce the next generation 
transistor with the same electrical behavior. 

With scaling all the dimensions and voltages are reduced by a factor s ,  
and doping densities are increased by s, therefore the electric field inside the 
device remains the same as before. Since the electric field in this kind of 
scaling is constant, it is known as constant electric field scaling (CFS). 
Constant electric field scaling prevents the device damage from excessive 
electric field. In the early generations of the MOSFETs, voltage was kept 
constant with scaling. Since the oxide thickness was scaling down, the 
electric field was increasing with scaling resulting in higher performance. 
Therefore, earlier devices (until 0.8 pm) followed the constant voltage 
scaling (CVS) path. However, it was subsequently abandoned in favor of 
CFS owing to higher electric fields inside the device and its implications on 
long-term device reliability. 
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Figure 1-1. Processor frequency trend adopted from [8]. 
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Figure 1-2. Concept of MOS Scaling. 
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Figure 1-3. Published industry trends are compared to classic scaling [lo]. 

Although, classic scaling has not been strictly followed by industry, it 
has been a blueprint for the major features over the period from roughly 
198 1 to 2001. Figure 1.3 shows published industry results for transistor gate- 
oxide thickness (Tax), threshold voltage (VTH), and power supply voltage 
(VDD), all plotted versus the gate length (LGATE) [lo]. 

Dashed lines show the classic scaling trajectories for these parameters. 
Taking gate length as a measure of the lithography scale, it can be noted that 
VuD, Vw, and, to a lesser extent, Tax have decreased more slowly than 
LGATE, while IDSAT has actually increased rather than remaining fixed (as in 
classic scaling). The figure on right-hand side shows the same VTH and Tox 
data as the figure on left-hand side. Note that TOX and VTH are relatively close 
to scaling in proportion to VDD (as they would in classic scaling). This 
indicates that the deviations from classic scaling have been driven primarily 
by VDD, which has decreased more slowly than LGATE. In the early part of this 
time span ( lym to 0.5ym), a reluctance to leave the widely accepted 
industry-standard vD',,=5.0V, inherited from Transistor-Transistor Logic 
(TTL), substantially retarded VDD reduction. As the transition to a 3.3V 
standard gained momentum, an increased emphasis on performance and 
power gave the circuit board designers more flexibility for scaling VDD and 
also allowed CMOS process technology developers the freedom to optimize 
VDD scaling for power and performance to a greater degree [lo]. 



Table 1.1 summarizes some of the parameters which are changing with 
scaling in three different scaling scenarios. In this table General Scaling 
Scenario (GSS) refers to more recent scaling strategy that as mentioned 
above has been followed by industry, where voltage has scaled less 
aggressively by a factor g (where s > g > 1) because of non-scaling behavior 
of sub-threshold voltage and offcurrent. GSS offers the performance benefits 
of CFS or CVS while its power dissipation is in between CFS and CVS. 

Another observation from Table 1.1 is that the power density (s2/g2) is 
increasing with scaling. This is due to the fact that VDD and IDSAT are scaling 
with slower rate ( I / ~ ~ )  than area (1h2). It must be noted that while the device 
area is reduced by scaling, the die area is increasing to accommodate higher 
number of transistors and consequently more complex circuits. 

Table / - I .  Scaling concepts for MOS transistor. 

Constant Constant General 
Parameter Relation Electric Field Voltage Selective 

Scaling Scaling Scaling 

Area 

Gate Delay 

Power 
Dissipation 

Power Density 

Figure 1.4 shows the trend for the number of transistors in Intel 
microprocessors. It is expected that around year 2008-2010 the number of 
transistors in high performance microprocessors exceeds one billion [I I]. 
This will help designers to add more functionality to the chips. 
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Figure 1-4. Number of transistors in lntel microprocessors [ I  I]. 
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1.2 Scaling and Power 

1975 1980 1985 1990 1995 2000 2005 2010 

The increase in number of transistors as mentioned before is due to the 
reduced transistor size and increased die size with scaling. Figure 1.5 shows 
the trend in die size from 1970 to 2010 [ l  11. Since the die size increase 7% 
per year and number of transistors per area are doubled in each new 
generation. 

Unlike the transistor and die size trends, the total power of the 
microprocessors does not follow any scaling scenario. Figure 1.6 shows the 
power trends and power projections of Intel microprocessors from 1971 to 
2008 [ l l ] .  In this figure the dotted line shows the power trend for classic 
scaling. It is evident from this figure that the power trend of the high 
performance microprocessors more or less has followed the classic scaling 
until the late 90s. After that the power is increasing exponentially in 
logarithmic scale. The main reason behind this is the increase in the sub- 
threshold leakage in recent years which is not included in total power 
projections in any of scaling scenarios. 

The scaling of the threshold voltage is the primary cause for increasing 
leakage current. A linear reduction of approximately 80-100 mV in the 
threshold voltage increases the sub-threshold leakage by one order of 
magnitude. Over several technology nodes, the threshold voltage has been 
reduced by 500 mV or more resulting in five orders of magnitude increase in 
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the transistor leakage current!! Furthermore, growing number of transistors - - - 
is also adding to the overall chip level power consumption. 

1 UU 

h 

-7% growth per year 

4004 
-2X growth in 10 years 

1970 1980 1990 2000 201 0 
Year 

Figure 1-5. Die size trend for Intel microprocessors [I I]. 

1971 1974 1978 1985 1992 2000 2004 2008 
Year 

Figure 1-6. Power trends for Intel microprocessors [I I]. 
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2. EMERGENCE OF THERMAL ISSUES 

Thermal issues are becoming increasingly important for wide variety of 
integrated circuits. It is not difficult to appreciate the underlying causes for 
such a development. In spite of energy efficiency through scaling, the power 
consumption and power densities are increasing resulting in higher junction 
temperature. The situation is particularly alarming for high-end processors 
and ASICs where performance is becoming increasingly limited by the 
maximum power that can be dissipated without exceeding the maximum 
junction temperature dictated by reliability guidelines. Figure 1.7 shows the 
power density trends for Intel microprocessors and their projections for near 
future [ I l l .  It is shown in the figure that the power density of the 
microprocessors has surpassed that of an ordinary kitchen hot plate. If this 
trend continues, it will not be long before microprocessors will have power 
densities comparable to that of nuclear reactors and rocket nozzle. Higher 
power and heat generation in the chip introduces new challenges to the 
design of the high performance circuits and many researchers are working to 
avoid or slow down such a trend. 

E Rocket Nozzle 

> 
.c, Nuclear Reactor -w 
-gj 100 
C 
Q, 
n 

8086 Hot Plate -b 

1970 1980 1990 2000 201 0 
Year 

Figure 1-7. Power Density of the Intel Processor and their projection [I I ] .  

2.1 Thermal Projections 

Most of failures mechanisms in semiconductor devices are temperature 
dependent processes meaning that higher junction temperature accelerate the 
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thermally driven failure mechanisms. According to the International 
Technology Roadmap for Semiconductors (ITRS), for future generation of 
technologies, the junction temperature of the semiconductor devices must be 
kept at 85°C or lower to ensure the long term reliability of devices [12]. 

Maximum Junction Temperature ("C) 

Table 1-2. ITRS sort and long term power and thermal projection for years 2003 to 2016 [12]. 

Year of Production 

Ambient Temperature ("C) 

Cost Performance 

HighPerformance 

Near Term 

85 

85 

85 

85 

Cost Performance 

Highperformance 

2003 

Long Term 

Power (W) 

Table 1.2 lists the projected values for the maximum junction 
temperature, ambient temperature, and the power consumption (heat 
dissipation) in the near term and long term for cost performance and high 
performance market segments. One can compute the required junction to 
ambient thermal resistance as the ratio of the difference between junction 
and ambient temperatures and the chip power. Computed thermal resistance 
values are listed in the last two rows of the Table 1.2. These resistance 
values represent the required overall junction to ambient thermal resistance. 
For a given heat dissipation rate, a lower chip to ambient thermal resistance 

2007 

85 

85 

45 

45 

Cost Performance 

High Performance 

CostPerformance 

HighPerformance 

2004 2010 

85 

85 

45 

45 

Required Them~al Resistance ("CIW) 

81 

150 

0.49 

0.27 

2005 2006 2013 

85 

85 

45 

45 

85 

160 

2016 

0.47 

0.25 

85 

85 

45 

45 

92 

170 

0.43 

0.24 

0.41 

0.22 

85 

85 

0.38 

0.21 

85 

85 

45 

45 

45 

45 

158 

288 

98 

180 

0.33 

0.18 

45 

45 

104 

190 

45 

45 

0.29 

0.16 

120 

218 

0.25 

0.14 

138 

251 
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ensures a lower package operating temperature and therefore a longer failure 
free operating period [ 131. 

2.2 Thermal Issues 

Junction temperature is one of the most important CMOS parameters, 
which impacts the performance, power and the reliability of the integrated 
circuits. Junction temperature during nominal operating and stress conditions 
affects the performance, the leakage power, and the long term reliability of 
the chip. 

The performance of the integrated circuits is proportional to the driving 
current of the CMOS transistors. The driving current of the CMOS transistors 
is a function of the carriers' mobility. Increasing junction temperature 
decreases the carrier mobility, driving current of the CMOS transistor, and 
consequently degrades the performance of the circuit. 

The leakage power, consisting of several components, is a strong 
function of the junction temperature. In higher junction temperature the 
leakage power increases and results in higher power consumption. The 
elevated leakage power in turn increases the junction temperature due to the 
extra power dissipation. In extreme cases this positive feedback between the 
junction temperature and the leakage power may lead the chip to thermal 
runaway where the chip will be destroyed due to excessive heat dissipation. 
The chip is more susceptible to the thermal runaway during the burn-in 
reliability screening test where the chips are tested under elevated supply 
voltage and junction temperature. Integrated circuit designers try to limit the 
leakage current by incorporating different techniques at circuit, architecture, 
and system levels. 

The long term reliability is one of the key aspects of survival in this very 
competitive environment. Most of the failure mechanisms in CMOS 
integrated circuits are thermally activated processes. Higher junction 
temperature accelerates these failure mechanisms and reduces the lifespan of 
the chip. These failure mechanisms include, gate oxide breakdown, electro- 
migration, hot electron effects, negative bias temperature instability, etc. and 
are described in subsequent chapters. 

MOTIVATION OF THIS BOOK 

Thermal issues have become a show stopper in our ability to further 
integrate and operate transistors. In other words, if these issues are not 
addressed properly, they will limit the scaling of technology into nano- 
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metric regime. In this context, the primary motivation of this book is to 
make readers aware of thermal issues. Proper thermal management is the key 
to achieve high quality, reliability, and performance circuits. Reliability of 
integrated circuits depends exponentially on the junction temperature 
(temperature of the silicon). Even small differences in the junction 
temperature (of the order of 10-15OC) can result in a factor of 2x reduction 
in the device lifetime. The localized or distributed junction temperature may 
become extremely high and may lead to thermal runaway if proper thermal 
management is not done. Furthermore, thermal analysis is also important 
owing to cross-chip temperature gradients and thermal coupling effects 
induced by localized power dissipation which may affect the performance of 
the circuit. Performance degradation caused by thermally induced device 
mismatch is a major concern in the design of high speed and/or high 
precision integrated circuits such as ALUs, data converters, instrumentation 
amplifiers, analog multipliers, etc. Given the above, it is not surprising that 
the awareness of thermal issues and the need for thermal-design has 
increased over the past few years. 

A great deal of attention has been paid to thermal issues recently; 
however, this knowledge is distributed in various conference and journal 
publications. Hence, it does not provide an overview to engineers and 
managers who are suddenly confronted with these issues. Moreover, lack of 
books in this area has not helped the cause of spreading the thermal 
awareness issues. This book makes an attempt to fill the void and provides a 
comprehensive overview of the power and thermal management. 

In this book power and thermal management issues in integrated circuits 
during normal operating conditions and stress operating conditions are 
addressed and the latest research that has been carried to solve these 
problems is discussed. The book also presents the research in the area of 
electro-thermal modeling of integrated circuits. The electro-thermo models 
and associated CAD tools are presented and various techniques at the circuit 
and system levels are reviewed. The book also provides an insight into the 
concept of thermal runaway and how it may best be avoided. Finally the low 
temperature operation of integrated circuits is presented. This book will 
benefit researchers in the industry and academia in a wide area of VLSI 
design by reviewing the state of the art research in the area of power and 
thermal management of integrated circuits. 
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Chapter 2 

POWER, JUNCTION TEMPERATURE, AND 
RELIABILITY 

Abstract: In this chapter, we initially discuss the power consumption trends and its 
impact on junction temperature elevation. Junction temperature plays a pivotal 
role in determining long term integrated circuit reliability. Therefore, we 
discuss the impact of junction temperature on the reliability of CMOS 
integrated circuits. 

Keywords: CMOS, Junction Temperature, Reliability, Leakage Power, Failure 
Mechanisms. 

1. POWER IN NANOMETER REGIME 

The power of an integrated circuit (IC), for a futed operating voltage and 
temperature, increases linearly with the clock frequency (the frequency of a 
master signal with which all operations must be synchronized) driving the 
IC. Extrapolation of the power vs. frequency response down to a frequency 
of zero (which may be realized in a sleep mode) yields a non-zero power, 
which is referred to as the static power, P,,,,,. Increasing amount of attention 
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is paid on to the techniques to reduce the overall power consumption, and an 
interested reader is referred to several outstanding work in this domain [I].  
However, we briefly discuss various dynamic and leakage current 
components in subsequent sub-sections. This discussion will be useful in 
building intuitive understanding for following sections in this chapter. 

1.1 Dynamic Power 

The component of power which is proportional to the frequency is 
referred to as the dynamic power, PdYnnzic The dynamic power is due 
primarily to the charging and discharging of capacitances in the IC, and can 
be represented by an effective switching capacitance, C, via the well known 
relationship, 

In this equation C does not necessarily represent the actual total 
capacitance being switched by the chip since many of the circuits may be 
switching at some fraction off (or, for that matter, at some multiple o f n .  
Furthermore, another source of active power, sometimes referred to as short- 
circuit; shoot-through, or crossover power, is also lumped into C. This short- 
circuit power is due to current which completes a path from the power 
supply node to ground directly through a network of n-type andp-type FETs 
during the short but finite time interval when the gates are close to V d 2 ,  
and hence both n- and p-type FETs are in a conducting state. Typically this 
component represents several percent of the active power. 

1.2 Static Power 

The standby current density increases exponentially as the channel length 
is decreased. This follows from the demand that V T H  decreases with VDD, to 
maintain a high drive current and achieve the performance improvement. 
This current causes an additional power demand in the operation of CMOS 
which is often referred to as static power, since, unlike switching, or active 
power, static power is dissipated by all CMOS circuits all of the time, 
whether or not they are actively switching. 
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Figure 2-1. Static and dynamic power trends, vs. L,,, for a junction temperature of 25°C [ 2 ] .  

Figure 2.1 illustrates the static power trend based on sub-threshold 
currents calculated from the industry trends of VTH , all for a junction 
temperature of T, = 25OC. More practical values of T, only serve to 
exacerbate this situation, with the off current of MOSFETs rising nearly two 
times for each 10°C increase in T,. For reference, the active power density is 
shown in Figure 2.1 in the same scale to illustrate that the sub-threshold 
component of power dissipation is emerging to compete with the long 
battled active power component for even the most power-tolerant, high 
speed CMOS applications. Empirical extrapolation (dashed curves) suggest 
that sub-threshold power will equal active power at L,,,, of 20nm and this 
point will be encountered closer to L,,, of 50nm at elevated temperatures 
P I .  
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Figure 2-2. Figure 2.2: Leakage current mechanisms for CMOS transistors [3]. 

The total leakage current IoFF is influenced by threshold voltage, channel 
physical dimensions, channel/surface doping profile, draidsource junction 
depth, gate oxide thickness, and VDD. Understanding the different 
components of leakage current is a necessity for developing techniques to 
effectively reduce the off-state leakage. Figure 2.2 shows these leakage 
current mechanisms [3]. 

1.2.1 Subthreshold Leakage (I,) 

Subthreshold leakage is the weak inversion conduction current that flows 
between the source and the drain of a MOS transistor when gate voltage is 
below the threshold voltage, VTH, [4]. Unlike the strong inversion region in 
which drift current dominates, the subthreshold conduction is dominated by 
the diffusion current. In a similar manner to charge transport across the base 
of a bipolar transistor, carriers move by diffusion along the surface. Weak 
inversion or subthreshold current typically dominates modern device off- 
state leakage due to low VTH. 
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Figure 2-3. Subthreshold leakage in NMOS transistor. 

Subthreshold current is exponentially related to the gate voltage as 
illustrated in Figure 2.3. The inverse of the slope of the loglll(IdS) versus Vg, 
characteristic is called the subthreshold slope (St) [4]. Subthreshold slope 
indicates how effectively the transistor can be turned off when Vgr is reduced 
below VTH thus it is desirable to reduce St. Typical values of St for bulk 
CMOS technology range from 70mVldecade to 120mVldecade (70 
mvldecade means that 70 mV reduction in gate voltage reduces the 
subthreshold current by one order of magnitude). 

Subthreshold current is an exponential function of the drain voltage. 
However, in long channel devices this dependency is very weak for very low 
VDs (in the order of few Vt = kT/q = 26mV at 25 '~) .  The subthreshold 
leakage increases with Vos increase due to drain induced barrier lowering 
(DIBL) effect. When in short channel devices a high VDs is applied to the 
drain, it lowers the potential barriers height. As a consequence more carriers 
can flow and give rise to higher subthreshold current. DIBL does not change 
the subthreshold slope (St), but it lowers the threshold voltage. Figure 2.4 
shows that DIBL effect shifts the IDS-VGS curve to the left and to the top [3]. 
Devices with shorter channel length suffer more from DIBL effect. The 
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effect of DIBL on subthreshold current can be reduced by increased surface 
and channel doping and shallower sourceldrain junction depths. 

1.2.2 Band-to-Band Tunneling Current (12) 

If a high electric field is applied to a reverse biasedpn junction, electrons 
tunnel across the junction giving rise to tunneling current. The electrons 
tunnel from the valance band of thep-region to the conduction band of the n- 
region as it is shown in Figure 2.5. Tunneling occurs when the voltage drop 
across the reverse biasedpn junction is greater than the semiconductor band- 
gap. 

A 

Weak Inversion 
& 

Junction leakage 
I 
I 
I 

0.5 0 2 
VGS (V) 

Figure 2-4. Figure 2.4: n-channel IDS vs. VGS showing DIBL, GIDL, weak inversion andpn 
junction leakage components [3]. 
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Figure 2-5. Band-to-Band tunneling in reversed biaspn junction[S]. 

When the drain (or source) of an NMOS device is biased at a higher 
voltage with respect to the substrate, BTBT current flows from the drain (or 
source) to substrate through the reverse biased pn junction [5]. In scaled 
MOSFET technologies, p and n regions are heavily doped, and halo implant 
is utilized to reduce the short channel effects (SCE). Owing to the heavily 
doped nature of junctions, the BTBT current increases significantly. The 
BTBT current can be a major component of the transistor off current. 
Reducing substrate doping near the substrate-drainlsource junction is an 
effective method to reduce BTBT current, but it increases the short channel 
effects and leads to higher subthreshold leakage. An application of small 
forward body bias reduces the electric field across the junction, and hence 
reduces the BTBT current [6]. 

1.2.3 2.1.2.3 Punch through (13) 

As the channel becomes shorter in scaled CMOS technologies, the 
depletion layer widths of source and drain junction become comparable 
to the channel length. Using an abrupt one dimensional approximation, 
the width of the source junction Ws and that of the drain junction WD are 
given as [7]. 
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Where E~ is the permittivity of silicon, q is the electronic charge, NA is 
doping of the drain and source region, Vbi is the built in potential and VDs is 
drain to source voltage, and VBS is the body to source voltage. If the 
transistor is off and if the VDs is increased, at certain voltage the drain and 
source depletion layers will merge (Ws+WD = L) resulting in the punch 
through. Under these conditions, the gate loses the control over the channel. 
Therefore, punch through is a major limitation of device operation in short 
channel MOSFETs and often retrograde implant is used to prevent the 
occurrence of the punch through. 

1.2.4 Gate Oxide Tunneling (14) 

There are mainly two gate oxide leakage mechanisms between gate and 
the substrate of a MOSFET. One is the Fowler-Nordheim (FN) and another 
is the direct tunneling. Gate oxide leakage in scaled technologies is mainly 
due to the direct tunneling. In thin oxide layers (less than 3-4 nm), electrons 
tunnel directly from the silicon surface to the gate through the forbidden 
energy gap of the Si02 layer [5]. There are five different mechanisms that 
contribute to the direct tunneling current in MOSFETs. Two of these 
mechanisms cause the leakage between gate and source; and gate and drain 
extension overlap region, respectively. Next two mechanisms contribute 
leakage between the gate; and source and drain, respectively through the 
channel. Finally, the last component is the gate to substrate leakage current. 
The modeling of each of these components can be found in [8,9]. 

2. LEAKAGE REDUCTION TECHNIQUES 

As illustrated in Figure 2.1, the leakage power is becoming significant 
component of the total power and may contribute to majority of the power 
dissipation in future CMOS technologies [lo]. Therefore, in last decade and 
half a lot of attention has been paid on low power circuit and process 
techniques to reduce the elevated power consumption. Figure 2.6 shows the 
static or leakage power and dynamic power of the Intel microprocessors in 
different CMOS technologies. It is clear that the leakage power is increasing 
exponentially with the scaling. 
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Figure 2-6. Static and dynamic power trends for Intel microprocessors [lo]. 

Leakage current reduction can be achieved by utilizing either process 
techniques or circuit techniques. For low power applications combination of 
these two techniques are applied to reduce the leakage current. While at 
process level optimizing the device physical dimensions (length, oxide 
thickness, junction depth, etc) and the device doping profile lead to leakage 
current reduction, at circuit level, optimum biasing of the transistor terminals 
and other circuit techniques reduces the leakage current under different 
operating conditions. It must be noted that some of the leakage mechanisms 
like punch through can be optimized at process level while others can be 
optimized either at process level or at circuit level. 

2.1 Process Level Leakage Reduction Techniques 

Channel engineering is the process level technique which is used to 
reduce the leakage current while maximizing the linear and saturation drive 
currents. Changing the device doping profile in the channel region affects 
the electric field and potential contours and consequently changes the 
different current components. Steep retrograde wells and halo implants have 
been used to increase the drive current without affecting the off-state leakage 
current. Figure 2.7 shows the device with retrograde well and halo implants 
[6]. In a retrograde well structure, the doping concentration near the surface 
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is low and it increases in subsurface region. This results in higher channel 
mobility on the surface and prevents punch through in the subsurface region. 

Halo doping is a laterally non-uniform channel profile which controls the 
dependence of the threshold voltage on the channel length. In halo doping, 
the doping near the two edges of the channel is increased by the injection of 
point defects during sidewall oxidation, which gathers doping impurities 
from the substrate. As the channel length decreases, these highly doped 
regions consume a larger fraction of the total channel width, therefore reduce 
the width of the depletion region in the drain-substrate and source-substrate 
regions and guard against the threshold voltage degradation and leakage 
current increase. Although the halo implants reduce the subthreshold leakage 
current, they increase the band-to-band tunneling current in reverse bias pn 
junction due to increased doping. 

2.2 Circuit Level Leakage Reduction Techniques 

Often process level leakage reduction techniques are not enough to 
achieve low leakage objectives in contemporary VLSIs. Hence, circuit level 
leakage reduction techniques are utilized. In general, circuit level techniques 
offer greater flexibility and can be optimized for specific applications. 
Moreover, these techniques can be utilized to reduce the leakage current of 
the circuit either under nominal or stress conditions. Stress conditions refer 
to reliability screening test environment, where ZCs are subjected to higher 
junction temperature and higher supply voltage. 

Drain 
Extension 

Source Drain 

~ e t r o ~ r a d e  Halo 
Well 

Figure 2-7. Different aspect of well engineering [6]. 
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All the leakage reduction techniques under nominal conditions reduce the 
leakage current under nominal and stress conditions. There are some 
techniques that are designed specially for stress conditions, so under nominal 
conditions these techniques are disabled through proper signaling. 

Major research has been carried out on low power and leakage current 
reduction [ 1 1 - 181. The transistor IOFF comprises of several different 
components [17, 31 of which the subthreshold current is the most dominant 
in scaled technologies. Subthreshold current of a CMOS transistor is 
modeled as follow: 

In this equation A=,~,c,,w/L,~v~~~'~~, p, ,,$ the zero bias carrier mobility, 
C,, the gate oxide capacitance, Leff is the transistor effective channel length, 
W is the transistor width, q is the drain induced barrier lowering coefficient, 
y is the linearized body effect coefficient, n is the transistor subthreshold 
swing coefficient and V, is the thermal voltage given by KT/q (-33mV at 
110°C). In addition, VTHo, VGs, VsB and VDs denote the transistor zero-bias 
threshold voltage, gate-source, source-body and drain-source voltages 
respectively. In the following sub-sections different techniques to reduce 
subthreshold current are described. 

2.2.1 Non-Minimum Leff 

There is an exponential relationship between threshold voltage and 
effective channel length. Increasing the channel length will increase the 
threshold voltage. Figure 2.8 shows this exponential dependency. It must be 
noted that in very long channel lengths the dependency of threshold voltage 
on channel length decreases and extent of leakage reduction due to increased 
threshold voltage is limited by VTH roll-off [14, 191. 

In the region of interest, the threshold voltage increases almost linearly 
for small increases in the drawn channel length (Ltff). As a result, the 
increase in the transistor zero body bias threshold voltage is approximated as 
in Eq. (2.5) [19]. 
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Figure 2-8. Normalized effective channel length vs. normalized threshold voltage. 

It must be noted that in nano-scale technologies, the channel mobility 
remains constant and independent of channel length due to velocity 
saturation. Therefore, the reduction in leakage current using non-minimum 
channel length transistors can be modeled as [19]: 

Where, AL& the change in effective channel length. 

2.2.2 Stack Effect 

Another solution to the increasing leakage is placing a non-stack 
transistor on a stack of two transistors without affecting the input load [20]. 
It has been shown that stacking two off-transistors significantly reduces the 
sub-threshold leakage compared to a single off-transistor. The drawback of 
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this technique is the increased delay. This delay increase is comparable to 
high VTH logic implementation in a dual VTH technology. A significantly 
large fraction of the non-critical path implemented with this technique shows 
minimal performance degradation while reducing the sub-threshold leakage. 
The stack forcing technique can be either used in conjunction with dual VTH 
or with a single VTH technology [20]. 

Figure 2.9 shows a configuration of two stack transistors. The drain of 
the transistor NI is biased at VL)D and the source of the transistor N2 is 
connected to the ground. The intermediate node voltage (VN) reaches a 
steady state DC value for the two stack N-MOS pull down when both 
transistors are OFF. This value is within an order of magnitude of the 
thermal voltage (V,). In 130 nm technology VN is approximately lOOmV and 
is due to VN = IOFFROFF voltage drop across the bottom transistor (N2). As a 
result, a negative gate drive voltage (VGS) appears across the top N-MOS 
transistor (Nl) of the stack. Furthermore, there is a reduction in VDs which 
suppresses the leakage current due to DIBL effect and also there is a 
negative body to source bias, VBs (reverse body bias) which reduces the 
subthreshold current. Thus, the leakage current reduction using stack effect 
is as follow [ 191 : 

It must be noted that by using the stack transistor technique the drive 
current of the transistor NI is reduced accordingly. So it is important to place 
the stack transistors in the paths that charging the load is initial design target 
and discharging through the stack transistors with reduced drive current does 
not degrade the overall performance. 

2.2.3 Reverse Body Bias (RBB) 

The subthreshold leakage is reduced when the body of the transistor is 
biased to a negative voltage with respect to the source of the transistor 
(VsB<O). The reduction in the leakage current is proportional to the extent of 
the applied reverse body bias. However, beyond a certain optimal reverse 
body bias voltage, the transistor off-state leakage current starts to increase 
due to increased band-to-band tunneling current as shown in Figure 2.10 
[15]. The optimum RBB for sub-130 nm technologies is approximately 30% 
of the VDD. 
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Figure 2-9. Leakage reduction using the stack effect. 

Reverse Bias Voltage (VsBNDD) 

Figure 2-10. An optimum Reverse Body Bias (RBB) reduces the leakage current to its 
minimum [19]. 
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For the region around the optimum reverse body bias, the leakage 
reduction can be modeled as [19]: 

Reverse body bias technique is used to reduce leakage current during 
active operation, burn-in, as well as in standby mode. During active 
operation, RBB is applied to the idle portion of the chip to reduce overall 
chip leakage power without impacting the performance. Since the chip 
operational frequency is very low during burn-in, RBB can be applied to the 
whole chip simultaneously. 

2.2.4 Multi-threshold Logic 

This technique adjusts high performance critical path transistors with low 
VTH while non-critical paths are implemented with high VTH transistors. 
Hence, performance and power objectives are achieved at the cost of 
additional process complexity. Wei, et. al., reported a reduction of more 
than 80% in leakage power while meeting the performance objectives by 
using a dual VTH technology [2 11. 

Alternatively, a high VTH transistor can be placed between power 
supply/ground and the high performance circuit or block (Figure 2.1 1). In 
the active mode, the high VTH transistors are on and since their on-resistance 
is low, the performance impact is minimal. In the standby mode, the high 
VTH transistor is off, and hence the leakage is limited to the leakage of a high 
VTH transistor [22]. Traditionally, multi-threshold transistors are realized 
through different doses of threshold adjust ion implantations. Adjusting the 
threshold voltages can also be done by depositing two different oxide 
thicknesses or by different channel lengths [21]. 

2.2.5 Comparison of Leakage Reduction Techniques 

Table 2.1 shows the leakage reduction achieved by using different 
techniques. In this table the theoretical models are compared with simulation 
results. Although theoretical models track simulation results for all 
techniques, they under estimate the reduction in leakage current. This is due 
to simplification in leakage reduction models. These results indicate that the 
stack effect technique reduces the leakage current by up to 12x while, the 
non-minimum Leff technique (Lef increased by 30%) reduces the leakage 
current by 9.3 x. Reverse body bias equal to 30% of VDD reduces the leakage 
current by 2.2-2.3~ [19]. 
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Figure 2-1 I. MTCMOS used to reduce the leakage of the low VTH network. 

Tabk 2-1. Leakage current reductions for 130nm technology [19]. 

Technique Simulation 
Results 

Theoretical 
Model 

Stack Effect 12.0 x 

RBB 
(30% Reverse Bias) 2.3 x 
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2.2.6 Leakage Reduction and Impact on Performance 

The leakage reduction is always desirable since it is wasted power. 
However, one must also look at the cost of reducing the power consumption 
with respect to its impact on performance. One of the most important trade- 
offs is leakage reduction and performance degradation trade-off. Design 
engineers often look at the ION/IoFF ratio rather the absolute value of the IOFF 
reduction when they examine any leakage reduction technique. The amount 
of Im determines the performance of the circuit and any reduction in ION 
leads to performance degradation. 

Figure 2.12 shows the ION/IoFF trends with technology scaling (solid 
lines) and also the threshold voltage trends with technology scaling (dash 
lines) for two cases of low and high threshold voltage. It can be seen that 
transistor Io.FF/pm is increasing by 3-5x per generation resulting in the 
degradation of ION/I~FF ratio with technology scaling. This results in 
excessive leakage currents for the 70 nm generation and offsets the reduction 
in switching energy obtained from scaling. 

Figure 2-12. and VTH scaling trends for typical comer device in 1 10°C and nominal 
VDD ~ 9 1 .  
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Figure 2-13. Comparison of leakage reduction techniques in 70 nm technology in I 10°C [19]. 

Figure 2.13 quantify the IOFF VS. ION tradeoffs for each leakage reduction 
technique for the 130nm and 70nm technologies. This figure indicates that 
both reverse body bias and non-minimum LCf techniques result in lesser 
degradation of transistor than stack effect. Consequently, both reverse body 
bias and non-minimum LCff techniques have steeper gradients in the ZoFFZoN 
plane making them more efficient in reducing leakage current for 130-70nm 
technologies [ 191. 

2.2.7 Leakage Reduction Techniques and Scaling Trends 

Figure 2.14 shows the effectiveness of leakage reduction techniques with 
respect to scaling. In this figure dloFF is the reduction in leakage and dloN is 
reduction in drive current where certain leakage reduction technique is 
incorporated. 
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Figure 2-14. Trend for effectiveness of leakage reduction techniques with technology scaling. 

It can be seen that for reverse body bias the ratio of AIOFF/AIoN is the 
highest where, stack effect has the worse ratio. Another important 
observation from this figure is that the effectiveness of all these leakage 
reduction techniques is reducing with technology scaling. For reverse body 
bias technique, the AIOFF/AIoN has decreased from 20x to 7 . 5 ~  and for non- 
minimum Lefr it is reduced from 3 . 1 ~  to 2 . 8 ~  with scaling from 130 nm 
technology to 70 nm technology. This ratio for stack effect is reduced from 
2 . 2 ~  to 1 . 9 ~  with scaling from 130 nm technology to 70 nm technology [19]. 

3. JUNCTION TEMPERATURE PROJECTIONS 
FOR DEEP SUB-MICRON TECHNOLOGIES 

Several techniques can estimate junction temperature. One method 
directly measures junction temperature with thermal sensors at several on- 
chip locations during normal and burn-in conditions [23, 241. Another 
method uses chip level 3D electro-thermal simulators that can find the 
steady-state CMOS VLSI chip temperature profile at the corresponding 
circuit performance [25, 261. However, thermal sensors are relatively large 
devices, and accurate prediction requires a number of them placed on the IC. 
Sensors require calibration. Gerosa, et. al., reported a 0.2mm2 thermal sensor 
with a sensing range of 0-128°C and a 5-bit resolution (4°C) [27]. Thermal 
sensors can only be used for verification, and one may have to use other 
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techniques for prediction and estimation. 3D electro-thermal simulators 
cannot be used for large-scale integrated circuits such as microprocessors 
because of long simulation time. The simulation time of a 2D Discrete 
Cosine Transformation (DCT) chip (107,832 transistors, 8 MHz) was 
reported at 12 hours [26]. 

In this section, a method for average junction temperature (T,) estimation 
that can be used for normal and burn-in operating conditions is proposed. 
The method can predict the impact of technology scaling on junction 
temperature. The packaging issues, such as the thermal impedance of the 
package and other such factors were not considered. In this work the focus 
was on the intrinsic die behavior under the burn-in and normal conditions 
since package thermal properties tend to be user-specific. 

3.1 Semiconductor Thermal Resistance Models 

The Arrhenius model predicts that the failure rate of integrated circuits is 
an inverse exponential function of the junction temperature. A small increase 
of 10-15°C in junction temperature may result in -2x reduction in the life 
span of the device [28]. While T, represents the ambient temperature for an 
IC, the relationship between ambient and average junction temperature for a 
VLSI is often described as in [29]: 

Where T, is the ambient temperature, Pchip is the total power dissipation 
of the chip, and R,, is the junction-to-ambient thermal resistance. The impact 
of technology scaling on Eq. (2.9) must be analyzed to estimate the average 
junction temperature for several technologies. In this work the power 
dissipation and thermal resistance change with technology scaling were 
investigated in order to predict how these parameters will change. 

The initial investigations on technology scaling and thermal resistance 
were carried out on bipolar transistors. For these devices, the thermal 
resistance was estimated as in [30]: 

Where K is the thermal conductivity of silicon, ( L x w  is the emitter size, 
and Rjn is the thermal resistance ("CImW). It was shown that the thermal 
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resistance increased as the emitter size was reduced. Recently, a relationship 
between the thermal resistance of a MOSFET and its geometrical parameters 
was derived using a 3-D heat flow equation [3 I]. 

Where k is the thermal conductivity of silicon ( k  = 1.5~10-4W/mm°C 
[32]), W and L are channel geometry parameters. The thermal conductivity 
of silicon has a temperature dependence described in [33]. 

The temperature dependence of silicon thermal conductivity is more 
important in silicon on insulator (SOI) technologies where self-heating 
contributes to a rise in junction temperature. So, our calculations assumed 
that the thermal resistance of silicon was temperature independent [3  1, 321. 
Eq. (2.11) was used for the thermal resistance calculations for MOSFETs in 
different CMOS technologies. 

3.2 Estimation of Junction Temperature Increase with 
Technology Scaling at Normal Conditions 

F,,,, is defined as the maximum toggle frequency of an inverter in a 
given technology. The dynamic power consumption calculation under 
normal operating conditions was done at 70% of F,,,,. HSPICE simulations 
were carried out with BSIM model level 49. Transistor models for a 0.1 3pm 
CMOS technology were taken from United Microelectronics Corporation 
(UMC). Transistor models for other CMOS technologies were adapted from 
the Taiwan Semiconductor Manufacturing Corporation (TSMC). The 
simulation results and transistor sizes are given in Table 2.2. 

The inverter load was the standard load element (N-MOSFET) used by 
TSMC for inverter ring-oscillator simulations. The load element sizes were 
taken from the TSMC and UMC SPICE models file specified for each of 
analyzed CMOS technologies. The International Technology Road map for 
Semiconductors (ITRS) 2002 [34] indicates that scaling down of device sizes 
is still in progress. Planar type transistors with 15-30 nm gate lengths have 
already been demonstrated [35]. However, 90-100 nm CMOS technology is 
currently the state-of-the-art for production of microprocessors and SRAM 
chips [36-381. Therefore, we included the 90 nm CMOS technology node in 
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our study of burn-in testing. The effective channel length of transistors for 
this technology was assumed to be 55-65 nm. 

Table 2-2. Simulated CMOS inverter parameters and F,,,,. 

CMOS N-MOSFET P-MOSFET N-MOSFET Fmrn Fopeming 

Tecllnolog)~ W/L W/L, Load W/L, Load =(I. 7F,w 
,urn/VDD V pm /,urn P / ~ m  pm /pm MHz MHz 

The total power consumption of an inverter toggling at 0. 7Fm, in four 
different technologies is simulated, with results given in Table 2.2. The 
thermal resistance of an average transistor was computed from Eq. (2.1 1). 
The average size of a transistor was estimated by averaging the NMOS and 
PMOS transistor widths. 

As the transistor dimensions are reduced, the thermal resistance 
increases. Figure 2.15 illustrates inverter power dissipation at an operating 
frequency of 0. 7Fm, and the thermal resistance of an average transistor as 
functions of technology. Owing to lack of access to 90 nm CMOS 
technology, an alternative method was utilized to obtain the inverter power 
and thermal resistance estimates in Figure 2.15. For the 1 .O V, 90 nm CMOS 
technology, the ITRS predicts the transistor density in a microprocessor chip 
to be about 0.27 millions/mm2. It is assumed that the transistor density is 
doubled with technology scaling for each new process generation. An 
industrial estimate of the power density of a microprocessor chip, 
implemented in 90 nm technology, is approximately 0 . 5 ~ / m m *  [37-391. 
Power density is defined as the power dissipated by the chip per unit area 
under nominal frequency and normal operating conditions. Using these 
assumptions we can estimate the inverter power dissipation at normal 
operating conditions (VDD = IV, T =  25°C) and speed (Figure 2.15). 
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Figure 2-15. Inverter power dissipation and transistor thermal resistance for different CMOS 
technologies. 

The scaling scenario of transistor sizes in a CMOS inverter was extended 
to 90 nm CMOS technology to calculate the thermal resistance. Transistor 
sizes of PMOSFET (W/L) =3.O/O. I and NMOSFET (W/L)=l.O/O. 1 were used. 
The calculated transistor thermal resistance for 90 nm technology using Eq. 
(2.5) is shown in Figure 2.15. 

The 0.35pm CMOS technology was used as the reference technology. 
Using Eq. (2.9), AT can be defined as the temperature difference between 
junction and the ambient. If AT is set to unity for a 0.35pm technology, then 
the normalized change in AT with respect to the reference technology can be 
calculated. Using Eq. (2.9) and data presented in Figure 2.15, the normalized 
average temperature increase for different technologies was estimated. For 
example, Eq. (2.12) is used for calculation of AT(,J~=AT(, ,~~ ratio: 
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Figure 2.16 shows the normalized MOSFET junction temperature change 
with respect to the 0.35ym technology using Eq. (2.12). As the technology 
shrinks from 0.35ym to 0.18ym, the normalized temperature increased 
primarily from the increase in thermal resistance with scaling. However, 
scaling from 0.18ym to 0.09ym results in lower normalized MOSFET 
junction temperature with respect to 0.18pm technology. The reduction in 
normalized transistor temperature is due to the drastic reduction in power 
dissipation. The reduced parasitic capacitance is the primary reason for the 
reduced power dissipation. As a result of scaling from 0.1 8pm technology, P 
reduces faster than R,, increases. 

The increase in transistor density with scaling when estimating the 
average normalized temperature increase must also be considered. The 
density numbers were adopted from the International Technology Road map 
for Semiconductors (ITRS) [34,40]. Figure 2.17 shows the increased number 
of transistors and chip size with scaling. These graphs allow us to calculate 
the transistor density in the chip for the given technology. 

.05 0.10 0.15 0.20 0.25 0.30 0.35 
CMOS Technology Generation (pm) 

Figure 2-16, MOSFETjunction temperature vs. technology. 
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Figure 2-1 7. The trends of CMOS logic chips (data for graphs were adopted from [ I  7, 201). 

0.05 0.10 0.15 0.20 0.25 0.30 0.35 
CMOS Technology Generation (pm) 

Figure 2-18. Normalized chip junction temperature increase with technology scaling for 
normal operating conditions. 
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The normalized temperature increase of a CMOS chip with technology 
scaling was calculated by multiplying the temperature increase per transistor 
in Figure 2.16 times the transistor density calculated from Figure 2.17. The 
results are shown in Figure 2.18. It can be concluded from Figure 2.18 that 
the normalized temperature increase of the chip is significantly elevated with 
CMOS technology scaling from 350 nm to 90 nm under normal operating 
conditions. The estimated junction temperature of a 90 nm CMOS chip is 
-4.5 times higher than the junction temperature of a 0.35pm CMOS chip. 
This calculation assumed that the ambient temperature was the same for all 
analyzed technologies. 

4. RELIABILITY ISSUES IN SCALED 
TECHNOLOGIES 

The effects of temperature and VDD on microelectronic devices are often 
assessed by accelerated tests carried out at high temperature and voltage to 
generate reliability failures in a reasonable time period. Burn-in is often used 
as a reliability screen to weed out infant mortalities. Weak gate oxides are 
one of the major components of such failures. These failures are accelerated 
due to elevated electric field and temperature. Several dielectric breakdown 
models exist in the literature that can describe intrinsic as well as the defect- 
related breakdown. In the next subsections, we consider some widely used 
models. It is apparent that electric field and junction temperature influence 
the time to breakdown of a gate oxide. Metal failures are another typical 
reliability failure mechanism activated by burn-in. Most metal failures are 
due to electro-migration [42,43] or stress voiding [43]. The increase in chip 
junction temperature results in an exponential increase in cooling cost [24]. 

4.1 Time-Dependent Dielectric Breakdown (TDDB) and 
Gate Oxide Breakdown Models 

The fundamental physical mechanisms of gate oxide breakdown are 
divided into two groups: intrinsic and extrinsic oxide breakdown 
mechanisms. The intrinsic oxide breakdown and wear out refers to defect- 
free oxide. The failure mechanism can be defined at the critical density of 
accumulated charge traps in the gate oxide through which a conductive path 
is formed from one interface to the other. The extrinsic breakdown refers to 
defects in the oxide whose failure mechanisms are the result of plasma 
damage, mechanical stress inside of oxide film, contamination, hot carrier 
damage, or oxide damage by ion implantation. The extrinsic damages in gate 
oxide typically appear during relatively short time burn-in testing (-12 
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hours). Both breakdown mechanisms appear during bum-in as well as life 
testing [44,45]. 

The E and 1/E models are widely used in intrinsic gate oxide reliability 
predictions for oxide thickness greater than 50A. Both models have a 
physical basis. The E-model is expressed as: 

Where t is the time to breakdown, A is a constant for a given technology, 
y is the field acceleration parameter, E is the oxide field, E, is the thermal 
activation energy, k is Boltzman's constant, and T, is the junction 
temperature (OK). The E-model is based on thermo-chemical foundation and 
it indicates that increasing electric field across the gate oxide will decrease 
the time to break down. On the other hand, if we assume that the breakdown 
process is a current driven process, then the I/E model predicts: 

t = z, exp - exp - (;) [:ij] 
Where t(/ and G are constants, E is the oxide electric field, E, is the 

activation energy, and T, is the junction temperature. The I/E model implies 
that the dielectric will not degrade in the absence of electric field. The I/E 
model ignores important thermalldiffusion processes that are known to 
degrade all materials over time, even in the absence of an electric field. 
Figure 2.19 shows the comparison of E-model and I/E-model failure in time 
(FIT) to time dependent dielectric breakdown (TDDB) in T=l75 "C. 

To increase the drive current and to control the short channel effects, the 
oxide thickness should decrease at each technology node. The experimental 
measurements of time to breakdown of ultra thin gate oxides with thickness 
less than 40 A show that the conventional E and l/E TDDB models cannot 
provide the necessary accuracy for calculation and prediction [46]. Hence, 
starting from about the 180 nm CMOS technology (Tax range is about 26-3 1 
A) a new TDDB model is proposed [46, 471. Experiments show that the 
generation rate of stress-induced leakage current (SILC) and charge to 
breakdown ( Q B D )  in ultra- thin oxides is controlled by gate voltage rather 
than the electric field. This model (Eq. 2.15) includes the gate oxide 
thickness (Tax) and the gate voltage (VG) [48]. 
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Where y is the acceleration factor, Efl is the activation energy, a is the 
oxide thickness acceleration factor, To is a constant for a given technology, 
and T, is the average junction temperature. Time to breakdown physical 
parameter values were extracted from experiments as follows: (y a) = 2.0 
l/A, y = 12.5 I/V and ( y -  EJ = 575 meV [48]. 

Historically, the activation energy has been an independent parameter in 
gate oxide breakdown models. However, starting from 130 nm technology, it 
becomes a function of accelerating electric field, as shown in Eq. (2.16) [49]. 

En 1.15-0.07. E o r  [eV] (2.1 6) 

1 .OE+08 
\ 

1 .OE+07-• \ TDDB - E model - - - 11E model 

2 1.OE+03-. 
3 - 1 .OE+02-. 
Q 

I.OE+Ol-. 
0 - 1 .OE-00 -. 
Q, E 1.OE-01 -' 

i= 1 .OE-02 - -  

Figure 2-19. Comparison of E-model and I/E-model fit to T=175OC TDDB. 

All the above methods describe the behavior of the intrinsic, good quality 
gate oxide. However, these models can also predict the time to breakdown 
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under extrinsic oxide breakdown conditions, which include oxide damage by 
ion implantation, plasma damage, mechanical stresses, and contamination 
from technology processes. Under these conditions, the E, is reduced. Since, 
the time to breakdown is a strong function of T, and E,, above mentioned 
oxide breakdown models can be used to predict the defect related 
breakdown. 

To explain the time-dependent dielectric breakdown (TDDB) mechanism 
of extremely thin oxide films (-20-30 I$), researchers proposed two different 
approaches: (1) the anode hole injection model [50], (2) the electron trap 
generation model [5 11. According to the first model, injected electrons 
generate holes at the anode that can tunnel back into the oxide. Intrinsic 
breakdown occurs when a critical hole concentration (QBD) is reached. The 
second model claims that a critical density of electron traps generated during 
stress is required to trigger oxide breakdown. Based on this model the 
breakdown event is presented as the formation of a conductive path of traps 
connecting the anode to the cathode interface. Recently, it was shown that 
the anode hole in-jection model and the electron trap generation model can be 
directly linked. A new model based on a percolation concept and statistical 
properties of oxide breakdown was developed [52]. Accordingly, breakdown 
can occur only when a connecting path of traps is formed across the gate 
oxide from the substrate to the gate due to the random defect generation 
throughout the insulating film. The physics-based analytical model [53], 
which is the extension and simplification of the common percolation 
concept, allows us to calculate (Eq. 2.17) the critical density (NCri,) of defects 
per unit of area at breakdown conditions as a function of gate oxide 
thickness (t,,). 

Where, cql is the lattice constant of a cubic structure in the oxide bulk (Q - 2.34 nm), and A. is the oxide area. 
The relationship between the charge-to-breakdown (QBD), the critical 

defect density (N,,,,), and the injected electron density (P,) is [54]: 

The time-to-breakdown of thin oxides is determined by: 
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Where, J, is the tunneling current across the gate oxide. The tunneling 
current (J,) and the injected electron density (Pg) can be extracted from the 
experiments using SILC and C-V measurements [54]. Gate oxide defects 
have traditionally been a major reason for burn-in. Although other defects 
are activated during burn-in, it is important to understand the theory of oxide 
wear out and breakdown. 

4.2 Electro-migration (EM) 

Interconnect E M  is the movement of metal atoms in the direction of 
electron flow due to momentum transfer from electrons to the metal ions 
under thermal and voltage stresses. EM is usually modeled by the empirical 
Black's formula [55], which relates the Mean-Time-To-Failure (MTTF) to 
the stressing conditions and is given as: 

MTTF = A .  J-" exp - [ 2,) 
Where A is the process constant dependent on material and geometry of 

the metal strip, n is a current exponent factor, T, is the absolute junction 
(chip) temperature, k is the Boltzmann's constant, E, is the activation energy 
and J is the current density. The activation energy for Al-Cu metal is in the 
range of 0.76-0.86 eV [56], and the activation energy for Cu 
interconnections, can vary widely from 0.7-0.9 eV to 1.0 eV. The lifetime of 
interconnects is decreased with the reduction of line width [57]. The 
accuracy of lifetime prediction is strongly dependent on the accuracy of the 
junction temperature measurement during the acceleration testing. 

4.3 Hot Electron Effect 

Substrate current has been successfully used as the Hot Carrier Injection 
(HCI) reliability indicator [58]. General substrate current model shows Isub 
decreases while temperature increases. This is due to carrier mean free path 
reduction from more lattices scattering at higher temperature [59]. Recent 
study shows Isub is insensitive to temperature over the range 77°K to 300°K 
due to the insensitivity of the carrier mean free path to the temperature. The 
latest study shows Isub of 0.25pm device has reversed temperature 
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dependence: Isub increases with the temperature when VDD is lower than a 
specific value, which can be defined as VDD transition point. For HCI 
reliability, the field operation lifetime is projected from accelerated high bias 
stress data. The fully understanding of this reversed temperature effect and 
VnD transition point will greatly impact on how to correctly set stress 
conditions and accurately project HCI lifetime to field operation conditions 

The widely used I,,,, model is: 

Where Id is the source drain current, Ai is the coefficient, 1 is carriers 
mean free path, ipi is the energy required to generate electron-hole pair. 
P3kT/2 is the thermal kinetic energy which has been taken into account. 

4.4 Negative Bias Temperature Instability (NBTI) 

Negative bias temperature instability (NBTI) is a PMOS degradation 
mechanism that can result in threshold voltage shifts up to 100 mV or more 
in very thin oxide devices [61][62]. Negative bias temperature instability can 
occur whenever a PMOS is biased in inversion. The damage has been shown 
to consist of both the formation of positive fixed charge and interface state 
generation [63][61]. The effects of these damage mechanisms are a negative 
VTH shift (making the device harder to turn on) and transconductance 
degradation. Unlike hot carrier mechanisms, NBTI does not depend on any 
lateral (channel) field. The degradation is generally worst at VDs = 0 
[62][64]. Therefore, NBTI does not display significant channel length 
dependence, as hot carrier does. 

Analog circuits and SRAMs are particularly sensitive to NBTI related 
problems. First of all, analog circuits often require matching among 
transistors, and utilize larger channel lengths to achieve good VTH and ID 
matching. Secondly, many of analog transistors, such as biasing, are 
constantly on making them prone to NBTI. NBTI could be expected to be the 
dominant degradation mechanism for these devices. Even for PMOS 
normally operating at a low gate bias (for which the NBTI shift would be 
small), there may be other circuit operation modes (such as power-down 
mode) which expose the devices to a relatively high VGS [65]. 
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5. SUMMARY 

In this chapter active and leakage power consumption trends were 
reviewed. Subsequently, we discussed various strategies to reduce the total 
power consumption. The increased power consumption results in higher on 
chip, junction, temperature which in turns negatively influences various 
aging mechanisms. Therefore we discussed the impact of higher junction 
temperature on long term reliability. 
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Chapter 3 

BURN-IN AS A RELIABILITY SCREENING TEST 

Abstract: Bum-in as a reliability screening test is one of the most important tests to 
ensure the quality and reliability of products under normal operating 
conditions. In this chapter subtle aspects of burn-in test are described and the 
junction temperature trends with scaling under bum-in condition are 
presented. Moreover, the packaging consideration and cooling solution for 
bum-in environment and optimization of burn-in conditions for maximum 
reliability and yield is reviewed. 

Key words: Bum-in, Stress Testing, Acceleration Factor, Packaging, Cooling, Yield. 

1. BURN-IN 

The total power consumption of high performance microprocessors 
increases with scaling. Off state leakage current is an increasing percentage 
of the total current at the 130 nm and sub-100 nm nodes under nominal 
conditions. The ratio of leakage to active power becomes adverse under 
burn-in conditions and the off state leakage can become the dominant power. 
Typically, clock frequencies are kept in the tens of MHz range during bum- 
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in resulting in a substantial reduction in active power. On the other hand, the 
voltage and temperature stresses cause the off state leakage to be the 
dominant power component. 

Stressing during bum-in accelerates the defect mechanisms responsible 
for early life failures. Thermal and voltage stresses increase the junction 
temperature resulting in accelerated aging. Elevated junction temperature, in 
turn, causes leakage to further increase. In many situations, this may result in 
positive feedback leading to thermal runaway. Such situations are more 
likely to occur as technology is scaled down to the nano-meter regime. 
Thermal runaway increases the cost of bum-in dramatically. Other than 
thermal runaway, another issue with over stressing the chip is that the useful 
life of the chip will be shorter than it was planned for and this raises the 
long-term reliability issues. Hence, the temperature and voltage stress must 
be carefully optimized and tailored for any chip exposed to burn-in 
conditions. 

2. WHAT IS BURN-IN? 

Component failure mechanisms and failure phenomena have been 
studied for a long time. Through experience and much data gathered by 
researchers and practitioners, component failure rates have been shown to 
follow the traditional bathtub curve. 

The traditional bathtub curve (Figure 3.1) depicts component life in three 
stages. During the first stage, the failure rate begins high and decreases 
rapidly with time. This stage is known as the infant mortality period, and it 
has a decreasing failure rate (DFR). The infant mortality is mostly due to 
latent reliability defects. The infant mortality period is followed by a steady- 
state failure rate period, which is usually long and has a constant failure rate 
(CFR). This second stage is called the normal operating life and this is the 
period that the device will operate under normal conditions. Finally, the 
curve ends in the third stage, a period of wear out with an increasing failure 
rate (IFR). This is the period of aging. It is common for electronic devices to 
follow the traditional bathtub failure pattern. 
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t Infant Mortality 
Due to Latent Reliability Defects 

Figure 3-1. Bathtub curve. 

2.1 Infant Mortality 

Generally, a reasonable definition of the infant mortality period includes 
all failures prior to the normal operating period of the device life with its 
relatively stable and low steady state failure rate. The infant mortality period 
of the life cycle results from failures in a weak sub-population of the 
devices. The percentage of the weak sub-population (usually a small 
percentage), varies with the component type and the manufacturing lot, even 
for the same manufacturer. Factors contributing to the infant mortality 
include: 

Surface anomalies, for example: corrosion, contamination, and electro- 
migration. 
Moisture entry. 
Quality defectives such as poor workmanship, irregularities, and process 
deviations. 
Electrostatic discharge. 
Random failures. 
The above problems cannot be entirely eliminated, although good design 

and manufacturing help considerably. The distribution function of the infant 
mortality stage has been modeled as a Weibull distribution, a log-normal 
distribution, a non-homogeneous Poisson process, and a empirical 
distribution. 
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2.2 Why Burn-in? 

In principle, bum-in is a process of eliminating defective parts from the 
production batch. The final tests that separate functional ICs from non- 
functional ones, in effect, are screening tests. However, ICs with defects that 
function marginally may not be eliminated by such screens and would end 
up in the field and begin to fail very early in the life of the system. The 
failure of these weak parts gives rise to the high initial failure rates 
commonly observed in the infant mortality period. A process of detection 
and elimination of such devices is called reliability screening. 

Burn-in is a reliability screening method which requires acceleration of 
the mechanisms that give rise to infant mortality. The concept of the 
screening process is to accelerate the failures until the surviving population 
would begin its operational life with the low failure rates corresponding to 
the middle steady region of the bathtub curve. Temperature, voltage bias, 
and a combination of the two are often used as stresses to accelerate failures. 
The test conditions are selected depending on the nature and degree of the 
failure mechanisms causing infant mortality. 

2.3 Burn-in Procedure 

Traditionally, the burn-in procedure is executed prior to a final functional 
test procedure that weeds out the parts that have impaired functionality 
and/or high leakage current from the stresses during burn-in. Bum-in 
systems are designed to test hundreds of units in parallel over a period of 
many hours with operating frequencies in the tens of MHz range. There are 
three basic implementation methods for burn-in: 

Final package burn-in, where dies are packaged into their final 
destination packages and are subjected to burn-in at temperatures within 
the package thermal design constraints. 
Die level burn-in, where dies are placed into temporary carriers before 
they are actually packaged into their final form, thus reducing the cost of 
waste associated with added packaging. 
Wafer level burn-in (WLBI), where dies are tested while still in wafer 
form. 
The last method potentially offers the greatest cost savings by 

eliminating the packaging waste cost. The first method offers the most 
reliable final product since package-related reliability issues are also taken 
into account. However, this method is expensive since fewer packaged 
devices can be burnt-in simultaneously, and post burn-in loss includes 
packaging cost. WLBI is relatively inexpensive, but it results in a relatively 
less reliable product since packaging related reliability issues are not 
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addressed. Finally, the die-level burn-in with temporary carriers offers a 
compromise between the other two methods. 

2.4 Static and Dynamic Burn-in 

In static burn-in, dies are loaded into burn-in board (BIB) sockets; the 
BIBS are placed in the burn-in oven. The burn-in system applies power to the 
devices and heats them to 125OC-1 50°C for periods ranging from 12 to 24 
hours. In static bum-in, the device under test (DUO is powered but inputs 
are not toggled. 

Dynamic burn-in mimics the static bum-in process, but also stimulates 
the DUT address, data, and clock inputs at a reduced rate (10-30 MHz) 
determined by the relatively cheap electronics of the bum-in tester. Under 
dynamic conditions, circuit nodes are toggled ensuring that voltage stress is 
applied to various transistors. Neither static nor dynamic burn-in monitors 
the DUT responses during the stress. Weak die destroyed by the burn-in 
process are not detected until a subsequent functional test stage. "Intelligent" 
burn-in systems not only apply power and signals to DUTs; they also 
monitor the DUT outputs. The Test During Burn-in (TDBI) method can 
guarantee that devices undergoing burn-in are indeed powered and that input 
test vectors are being applied. In addition, TDBI can perform some test 
functions. Detailed information about different burn-in methods and features 
of burn-in ovens can be found elsewhere [I -31. 

3. TEMPERATURE AND VOLTAGE 
ACCELERATION FACTORS 

Several industrial reliability standards are based on temperature and 
voltage acceleration factor models. The MIL-HDBK-2I7F US military 
standard defines the temperature acceleration factor as [4]: 

Where A is a constant and T, is the junction temperature (K). Similarly, 
the voltage acceleration factor is defined in the CNET reliability procedure 
as [5]: 
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Where A j  and A, are constants, VA is the applied voltage, and T, is the 
junction temperature (K). These reliability-prediction models show that the 
average junction (chip) temperature is a fundamental parameter, and should 
be accurately estimated for each technology generation. To do this, we must 
understand the properties of new materials and processes used for 
implementing VLSIs. 

4. TECHNOLOGY SCALING AND BURN-IN 

Traditionally burn-in is used to accelerate the early life of an IC to detect 
the infant mortalities. Figure 3.2 shows the bathtub curve for three different 
technologies. As we scale to smaller channel lengths, the useful life period 
of the chip shrinks from more than 7 years (10 years for technologies above 
0.25pm) in 0.18pm technology to less than 7 years in O.1Opm technology 
[6]. This is due to the increasing junction temperature as we scale to deep 
sub-micron technologies. 

The increase in junction temperature arises from higher operating 
frequencies and consequently higher dynamic power and also increased 
static power which is due to elevation in leakage power. The useful life 
period of the IC is shrinking due to higher junction temperature operation, 
higher hot electron injection due to higher ID,,,, and consequently more 
probable gate oxide wear-out. On the other hand, electro-migration at higher 
junction temperatures and higher current densities will cause interconnect 
failures at higher rates. Therefore it is important to carefully optimize the 
burn-in conditions to avoid over stressing the ICs in scaled technologies. 

Over stressing the chip in the burn-in environment will further reduce its 
useful life period and increase post bum-in fallouts. As shown in Figure 3.2, 
the failure rate in the early stage (0-30 days) of the life of an IC is 500 DPM 
(devices per million) and within the first year it is 200 FIT, where 1 FIT is 1 
failure per 109 hours, or approximately 1 failure per 100,000 years (1 14,155 
years to be precise). The failure rate during the useful operational life of the 
IC is constant but during the aging stage starts to increase due to intrinsic 
defects (electro-migration, hot electron injection, etc) with a failure rate of 
less than 0.1%. 
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Figure 3-2. Bathtub curve shrinks with technology scaling due to higher junction temperature 
[531. 

4.1 Static Power under Stress Conditions 

As we scale the transistor down to the deep sub-micron regime, its off 
state leakage increases significantly. A linear reduction in transistor 
threshold voltage with technology scaling results in an exponential increase 
in its leakage. This leakage is further increased under voltage and 
temperature stress conditions. The total leakage of a transistor in 0.18pm 
technology as a function of temperature and voltage stress is shown in 
Figure 3.3. 

The leakage power doubles for every 10°C increase in junction 
temperature. Since the burn-in test is performed at a reduced frequency (tens 
of Megahertz), the dynamic power reduces from 75%-80% of total power to 
a negligible amount when compared to static power. 

Figure 3.4 shows that under stress conditions, different leakage 
components which account for 20% to 25% of the total power under nominal 
conditions in 0.13pm technology, are increased due to temperature and 
voltage stress and account for almost all the power under stress conditions. It 
must be noted that some of these leakage components are mainly sensitive to 
voltage stress, like gate leakage, and some of them are temperature and 
voltage sensitive, like sub-threshold leakage. 
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Temperature (OC) 

Figure 3-3. SPICE simulation of transistor leakage as a function of voltage and temperature in 
TSMC 0.18pm technology. 

'tL 
BI Active Power BI Leakage Power @ T=lOO°C, V~,=l.61V 

Figure 3-4. Leakage power in bum-in conditions dominates the total power of the chip [6]. 
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5. BURN-IN ELIMINATION 

The elimination of burn-in by an alternate screening method has been a 
long sought after goal. However, despite the expense, mechanical and 
EOS/ESD damage to the burn-in parts, and lengthened time to market, burnt- 
in parts typically achieve a better quality measure than non-burnt-in parts. 
The negative features of burn-in stimulated a search for screening methods 
that might achieve the same lowering of DPM levels of shipped parts. In the 
pre-nano-meter technologies, where transistor channel lengths were above 
0.35pm, the IDDQ test was reported by several companies as successful at 
eliminating or reducing burn-in [7- 1 11. 

Intel reported experiments on several thousand ICs and found that IDDo, 
when combined with a short high voltage stress on the parts, yielded near 
zero DPM outgoing quality levels [7]. Kawasaki Steel reported a similar 
study using several hundreds of thousands of parts showing that IDDQ screens 
could eliminate burn-in [XI. LSI Logic and Philips Semiconductors reported 
similar success with IDDe screening to eliminate burn-in [9, 101. McEuen of 
Ford Microelectronics reported that nominal voltage IDDQ testing enabled 
reduction of burn-in failures by 5 1 % [I 11. 

However, one caveat of these reports was that IDDQ screening was 
successful in burn-in elimination only if the manufacturing quality levels 
were high. IDDQ could not eliminate bum-in on rogue lots. This obstacle was 
overcome in a study funded jointly by Sandia National Labs and the 
Sematech organization [12]. The experiment used 3,495 parts in a dynamic 
bum-in that separated the parts into a control sample, a 7 V stress sample, 
and an 8 V stress sample. 40,000 IDDQ measurements were taken per die 
during the control and voltage stress sample tests. IDDQ test limits were set 
tightly at the +/-3a levels from the mean plus a tester noise guard-band. 

Figure 3.5 summarizes the prediction of functional failure during burn-in 
from pre-burn-in IDDo test data. The I,,, screen predicted that IDoo testing 
would detect 50% of the control parts (5 V), 54% of the 7 V stressed parts, 
and 77% of the 8 V stressed parts. DPM of the data showed that the DPM 
level of the control group was 1.75 times larger than the 8 V stressed sample. 
Cost models also showed economic justification of the IDDQ test in 
eliminating bum-in. A test methods study was also funded by Sematech with 
IBM. This is the only study to date that stated that IDDo testing can not 
replace burn-in [13]. However, no explanation was given as to why the data 
contradicted the several reports that it would, and no bum-in data were 
given. 

While these experiments demonstrated that parametric measurements 
could be used to eliminate burn-in, they were done on long channel 
transistor ICs whose background noise levels obscured sensitive IDDQ or 
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other parametric measurements. An important question now is how does 
IDDQ or other parametric measurements perform for nano-meter CMOS ICs. 
There are two public reports of success. The first was at a burn-in panel at 
the International Reliability Physics Symposium (IRPS) in 2001 [14]. 
Panelists from five major companies said that if the manufacturing quality of 
the lots could be measured as high, then parametric screens could achieve BI 
elimination. They stressed that this approach did not work if the quality 
levels were not high. 

The second report on nano-technology parts came from a team from LSI 
Logic and Portland State University [15-171. They reported parametric 
screening of outlier parts using post-test statistical processing methods on 
the whole wafer data. The technique measures statistics of neighboring or 
other die locations on the wafer to determine IDDQ and VDDMin (lowest 
functional voltage VDD) test limits. These studied reported the application of 
post-test statistics to bum-in elimination, but did not specifically report the 
burn-in elimination data. The severe problems that nano-meter ICs present to 
burn-in, make these parametric screening techniques of great interest. 

Stress Voltage (V) 

Figure 3-5. IDDQ detection of bum-in functional failures and the defect level of ICs that failed 
only I,,, tests [12]. 
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6. ESTIMATION OF JUNCTION TEMPERATURE 
INCREASE WITH TECHNOLOGY SCALING 
UNDER BURN-IN CONDITIONS 

The burn-in screening procedure weeds out latent defects from a product, 
and thereby improves the outgoing quality and reliability of the product. 
During burn-in, ICs are subjected to elevated temperature and voltage in 
excess of normal operating conditions for a specific period of time. This 
accelerates the product lifetime through the early part of its life cycle 
allowing removal of the products that would have failed during that time. 

There are die level burn-in (DLBI) and wafer level burn-in (WLBI) 
techniques. DLBI can handle, contact, and do burn-in stress on several 
packaged die together, while WLBI has the ability to contact every die 
location and perform the burn-in test simultaneously on an entire wafer. For 
the DLBI, one must also consider the thermal impedance network of the 
package [IS]. Once this network is known, then Eq. (3.3) can be suitably 
modified to reflect the total thermal resistance (Rj,) of the die and many 
types of package. In this work, the focus was on the intrinsic behavior 
(junction temperature estimation) of the silicon die under burn-in conditions 
for the sake of simplicity. In other words, the thermal impedance network of 
the package is not considered. 

The average inverter power for different operating conditions and 
technologies (Table 3.1) was estimated by simulating the inverters at 
different temperatures and VDD. For bum-in, the stress temperature was 
varied from 25°C to 125OC. Similarly, the stress voltage was varied from 
nominal VDD for the given technology to VDD+30%, and in this simulation 
(BSIM model level 49) the inverter input was grounded. The simulated I,, 
and the calculated values of P and AT are given in Table 3.1, where I,, and P 
are the average current and power dissipation of an inverter, and AT is (T, - 
T,) per lmm2 of chip area calculated using Eq. (3.3). 

Where is the power dissipation of the off-mode transistor in the 
inverter, R,,.ti,nsist,, is the thermal resistance of the on-transistor in the 
inverter, and Ddensio, is the transistor density in the CMOS chip. For a given 
technology, the thermal resistance was extracted from Figure 2.15 and the 
transistor density was calculated from Figure 2.17. It was assumed that the 
circuit under study is a fully static CMOS design. Therefore, half of the total 
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transistors are in the off-mode during bum-in, and this was taken into 
account by dividing DdenSiw by 2 in Eq. (3.3). 

Table 3-2. N-MOSFET parameters used for simulations. 

UHP LP 

Table 3-1. DC simulation (I,,) and calculation results (P, 47) of CMOS inverters for different 

'In 3.25V 25.0 81.3 39E-4 0.531 1.75 0.080 4.81 15.87 0.45 

Substrate doping, cm-' 
(P - type) 

0.18 
...- 

SourceIDrain doping, cm-' 
(n - type) 

VTH adjusted doping, cm-' 
(P - type) 

1.8OV 

2.1OV 

Punch - Trough doping, cm-" 
(P - type) 

Effective gate oxide 
thickness, A 

90.5 
101 

Nominal VDs=VDD, V 

163 
210 

0.020 
0.022 

1.330 
1.480 

2.39 
3.08 

0.24 
0.31 

8.96 
9.85 

16.13 
20.48 

0.97 
1.23 
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In this section, UHP and LP devices were considered as worst and best 
cases with respect to power consumption during burn-in. The transistor 
parameters obtained from simulations under normal operating conditions are 
presented in Table 3.2. The dominant components of the leakage current in a 
sub-100 nm MOSFET are sub-threshold, band-to-band tunneling, and gate 
oxide tunneling currents [19]. 

Since there was no access to industrial HSPICE device models for the 90 
nm CMOS technology, the HSPICE simulations in Cadence for this 
technology generation could not be used. To predict the possible increase of 
average junction temperature in CMOS chips under bum-in conditions, an 
NMOSFET at stressed operating conditions was simulated using the 2-D 
device simulator "Microtec" [20]. The MOSFET parameters used for device 
simulations are given in Table 3.3. The simulation results correspond to DC 
characteristics of 90 nm transistors [21, 22, 231, such as VTH = 0.2 - 0.28V, 
IoN = 600-750pA/pm and IOFF =20-100nA/pm. These devices were developed 
for ultra high performance applications (UHP). Low power (LP) medium 
speed [21, 231 devices assume VTH = 0.3-0.35V, ION = 480-520 ,uA/pm and 
IoFF =0.18-0.5nA/pm. High performance (HP) applications assume a leakage 
current of approximately lOnA/pm [24]. 

Table 3-3. DC parameters for an N-MOSFET emulated in 90-nm CMOS technology (VDD = 

1 V, T =  25°C). 

Leff, nm VTH, V ION, u A / u ~  IoFF, nA1um 

UHP 63 0.25 600 30 

The simulation results of an averaged sized MOSFET (W/L 
=2.0pm/0. lpm) under stressed operating conditions are given in Table 3.4. 
In this table, P is the power dissipation of an off-mode inverter transistor that 
was obtained from device simulations. AT (thermal density) is the (T,-To) per 
1mm2 of CMOS chip that was calculated using Eq. (3.5). The transistor 
density in a CMOS chip was assumed to be 0.27 millions/mm2 (Figure 2.17). 
When AT in Table 3.1 and Table 3.4 was calculated, it was assumed that 
each off-mode transistor in a lmm2 chip area was an independent heat 
source. The total junction temperature increase of this area over ambient 
temperature was defined as the product of heat source density and the 
junction temperature increase of a single transistor. In practice, the thermal 
coupling effect of transistors on a chip must be considered, and this depends 
on layout. 
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In the first order approximation, the thermal coupling effect of transistors 
was neglected in this analysis. Table 3.1 and Table 3.4 show that the average 
leakage current and dissipated power is increased by at least two orders of 
magnitude by technology scaling if the ambient temperature is 85°C or less. 
At 125"C, the increase in current and power dissipation with technology 
scaling is relatively less. However, the increase in AT is more dramatic 
owing to increased transistor density, leakage current, and the thermal 
resistance. 

Table 3-4. Predicted power dissipation and junction temperature increase in a CMOS inverter 
(90nm CMOS technology). 

LP LP LP UHP UHP UHP 
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The normalized temperature increase of a CMOS chip with scaling at 
burn-in conditions is shown in Figure 3.6. The plot with diamond symbols 
depicts the normalized Ti increase if T = 125°C. For 90nm technology the 
increase in 7; is different for the high performance or low power process. If 
all the transistors are implemented with low VTH UHP devices (unrealistic) 
then the normalized T, is increased by approximately 5000x compared to 
0.35pm CMOS. On the other hand, if all the transistors are implemented 
with L P  devices, then the T, is increased by approximately 2 3 0 ~ .  It should be 
noted that most of the transistors on a chip will be implemented with LP 
devices. However, if the T, is reduced by 10°C for each technology 
generation, the normalized T, is also reduced as shown by the plot with 
square symbols. Similarly, leakage reduction techniques can also be 
employed to further reduce the increased normalized temperature with 
scaling [25, 261. If such techniques are employed as well as the T, being 
reduced by 10°C for each technology generation, the normalized T, increase 
for 90 nm CMOS with respect to 0.35ym CMOS becomes relatively small 

+ WIL is constant 
T= 12S°C 

- - *- - UHP, loFF= 30nAIpm 

- ...... + ...... LP, loFF = 0.6nAIpm 

BI temp. reduction 
by 10°C with scaling 

A BI leakage power 
and 10°C temp. 
reduction with scaling 

0.05 0.10 0.15 0.20 0.25 0.30 0.35 

CMOS technology generation (pm) 

Figure 3 6  Normalized chip junction temperature at VDD + 30% bum-in condition. 
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In spite of the reduction in To and the use of leakage reduction 
techniques, the increase in T j  is still clearly unacceptable. Obviously, burn-in 
conditions should be carefully optimized for 130 nm and 90 nm CMOS 
technologies to reduce the risk of chip over stressing during burn-in. 

7. PACKAGING CONSIDERATION IN BURN-IN 

High performance VLSI circuits, such as microprocessors, significantly 
challenge power delivery and heat removal due to smaller dimensions and 
increasing power dissipation. Technical challenges in the thermal 
management of microprocessors arise from two causes [27]: 

Increased dynamic and leakage power dissipation associated with 
technology scaling. 
Heat removal from localized hot spots. 
The former is especially important for burn-in since the leakage power is 

exponentially increased under stress conditions. Typically, thermal 
management features are integrated in packages to spread heat from die to 
the heat sink. The heat sink dissipates the heat into local environments. A 
typical thermal resistance network of a packaged die is shown in Figure 3.7. 

By definition, the case temperature (T,) is the temperature at the external 
surface of the package. All semiconductor packages have multiple elements. 
In the simplest form these elements include the semiconductor die, thermal 
interface material, and the heat sink base. The thermal conductivity of these 
package elements for the Pentium I11 Xeon microprocessor is given in Table 
3.6. 

Temp - Package 
Temp - Silicon 

Temperature Gradient 

Figure 3-7. Thermal resistance network of a packaged die: ( I )  junction to case (package), (2) 
case to ambient (heat sink) [27].  
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In a common case, the junction temperature increase over ambient 
temperature has three components [28]: 

Table 3-5. Thermal conductivity of package components [32]. 

Packaged Components Conductivity, W/mK 

Silicon die 123 

Thermal interface material 3.8 

Heat sink base 180 

Where R t h ( ~ i e - p r k ) ,  R ~ ~ ( ~ n ~ k - ~ , ~ k ) ,  R t h ( ~ ~ ~ k - n ~ b )  are the die to package, package to 
heat sink, and heat sink to ambient thermal resistances, respectively, and P is 
the total power dissipation of the chip. The first component in Eq. (3.4) is 
discussed in previous sections. The third component is determined by the 
cooling techniques and will be considered in the next section. Here, the 
second component in Eq. (3.4) is considered and can be rewritten as follows: 

4 22% R, reduction with scaling I 

0.05 0.10 0.15 0.20 0.25 0.30 0.35 
CMOS technology generation (pm) 

Figure 3-5. Reduction of package thermal resistance with technology scaling. 
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In Eq. (3.5), PMOSFET is the transistor power dissipation and D is the 
transistor density. The package to heat sink thermal resistance, Rth(pack- 
sink), is crucial to removing heat during burn-in. Values of 0.9-1.2"CIW 
were reported for R&ack-sink) in 350 nm technology [29, 301. It is 
predicted that a reduction of approximately 22% in Rth(pack-sink) per 
technology generation is required to just compensate for the increased power 
density with technology scaling [31]. Figure 3.8 shows these projections for 
the 350 nm technology to 90 nm technology. 

COOLING TECHNIQUES FOR BURN-IN 

Low power devices can be burnt-in without attention to thermal 
considerations. However, as power dissipation increases with technology 
scaling for high performance chips, bum-in requires advanced cooling 
concepts and additional hardware to facilitate direct contact between the heat 
sink and the die. Advanced burn-in ovens should provide uniform 
temperature distribution in the chamber and precise temperature control for 
each individual device. The power dissipation within one lot of devices can 
vary by 40% due to manufacturing variations and different test vectors 
applied during burn-in. This variation in power, and approximately 30% 
variation in oven airflow, can create a significant variation in package 
temperature [33]. If the device becomes too hot, it may be damaged while 
other devices may not be adequately burnt-in. To uniformly stress all 
devices, each package device temperature must be kept close to the specified 
burn-in temperature. This is achieved by developing advanced cooling 
techniques and burn-in boards with embedded thermal sensors. 

8.1 Power Limitation of Burn-in Equipments 

The total number of die that can be simultaneously powered-up for burn- 
in testing will likely be limited by the maximum power dissipation capacity 
of the burn-in oven. A typical oven may contain several hundred dies. If all 
dies are active, then the total power dissipation can reach the several 
kilowatt range. Typically, burn-in ovens have a maximum dissipation power 
between 2500-6500 Watts [34]. The power dissipation of a single transistor 
in an inverter in static stressed conditions and the number of transistors of 
the logic chip can be used to estimate different CMOS technologies. Then 
the maximum number of die for different technologies that can be 
simultaneously powered in a burn-in oven can be estimated using Eq. (3.6): 
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Where Po,,, is the maximum power dissipation of the bum-in oven at 
stressed conditions, Pt,.an,,t,r is the power dissipation of a single transistor at 
static stressed conditions for the given technology, and Nr,,,is,rs is the total 
number of transistors in the logic chip for the given technology. Eq. (3.6) 
assumes that 50% of the total numbers of transistors are off at any point 
during burn-in assuming fully static CMOS design. Results are shown in 
Figure 3.9. Burn-in ovens, such as the PBCI-80 of Dispatch Industries [34] 
and Max-4 of Aehr Test Systems [ l ]  have maximum power dissipation of 
about 2500 and 15,000 watts, respectively, at 125OC. The room ambient 
temperature is assumed to be 25°C. 

- T= 125OC for all 
technologies - - +- - 2.5 KW BI oven 
(0.09pm UHP CMOS) 

....... .+ ...... 15 KW BI oven 
(0.09pm UHP CMOS) - BI temp. reduction 
by 10°C with scaling 

-A BI leakage power 
and 10°C temp. 
reduction with scaling 

I I I 

CMOS Technology Generation (pm) 

Figure 3-9. Maximum number of dies for one burn-in load with scaling. 
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8.2 Air Cooling Technique 

For CMOS IC technologies of 0.35pm and above, generally IC junction 
heating during burn-in has not been a major issue and the oven temperature 
could be easily set to avoid temperature-related over stress. However, for 
0.25pm technology and below, device self-heating has been described to 
become a more significant issue and air-cooling techniques began to be 
implemented to remove heat from each device and the oven. 

Air-cooled bum-in ovens are reasonably effective in heat removal from 
devices dissipating up to 30-40 watts [33]. Often, an air-cooled heat sink and 
embedded thermal sensors are used to control the individual temperature of 
each device. The air temperature and air velocity are dependent on the 
device power, the overall thermal resistance of the heat sink assembly and 
bum-in socket, and the required package temperature. The air temperature 
and velocity must be controlled so that the embedded heat sink can limit the 
device temperature increase over the range of heat dissipation. The device 
temperature can be controlled in the range of 50°C- 150°C with an accuracy 
of 3°C [33]. Device temperature is usually measured by attaching a small 
thermocouple directly on the device or by using sensors integrated into the 
device [35]. 

Another air-cooling technique was developed for device power 
dissipation from 35 to 75 watts [34]. This approach uses a small fan mounted 
above the heat sink of each device. The amount of allowable device power 
dissipation is a function of the air temperature, air velocity, thermal 
resistance of the heat sink, and the package. 

To ensure quality output, ovens are designed to ensure that the 
temperature distribution across all the boards is uniform and adequate. The 
level and uniformity of the temperature across the burn-in boards is 
controlled by the total airflow induced in the oven and the uniformity of the 
airflow distribution between the boards. The design of an airflow network 
becomes increasingly more complicated as device power dissipation 
increases [36]. 

8.3 Liquid Cooling Technique 

As power dissipation increases beyond 75 watts per device, the thermal 
resistance of the package to ambient must be lowered to allow removal of 
excess heat. Air-cooling bum-in techniques are not effective for power 
dissipation in this range and it has fostered the development of liquid-based 
cooling techniques. 
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Figure 3-10. Water-cooled heat sink, adopted from [34]. 

Figure 3.10 illustrates one such technique [34]. A temperature sensor 
embedded in the heat sink measures the device temperature. Helium is 
injected into the heat sink to provide a lower thermal interface between the 
device and the heat sink. This technique lowers the heat sink to ambient 
thermal resistance by approximately 40%. 

Each heat sink has a temperature-controlled heater. The bum-in ovens 
with liquid-cooled heat sinks can burn-in devices that dissipate over 150 W 
of power [37,38]. In such ovens, the ambient temperature for each device 
can be optimized for optimal burn-in conditions. This is important since self- 
heating dissipation can vary significantly due to inherent process spreads in 
scaled technologies. 

The thermal control during test and burn-in of devices with high leakage 
power dissipation (above 75 Watts) plays a key role in increasing the post 
burn-in yield. Special thermal test chips and modules were developed to 
measure temperature gradients in packages and heat sinks in burn-in 
equipment [37, 381. For example, IBM used a TV994 thermal test chip for 
burn-in equipment qualification. This 14.7mm2 chip has nine small resistive 
temperature detectors (RTD) and four large heater resistors, one covering 
each quadrant of the chip [37]. The thermal interface tests evaluate 
temperature gradients within the device and between the device and heat 
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sink. Temperature differences are normalized with respect to applied device 
power. The test is used to optimize and evaluate factors such as heat sink 
material, flatness and various properties of interface pads, and liquids and 
gases that can be between the chip and heat sink. 

8.4 Advanced Cooling Techniques 

In last two years microprocessors with more than 150 watts power 
dissipation have been introduced to the market. Under burn-in condition 
these microprocessors could dissipate even more than 200 watts. Keeping 
the junction temperature in the range of burn-in temperature is becoming 
more challenging for these new microprocessors. Therefore new advanced 
cooling techniques such as spray cooling have been utilized in new burn-in 
ovens. 

Spray cooling technique is the process of using liquid evaporation, to 
cool VLSI chips in burn-in ovens. Using this technique, a liquid coolant is 
sprayed onto chips and due to hot surface of the chip it immediately 
evaporates. The vapor is recycled and the heat is conducted outside the oven 
through a heat exchanger. Figure 3.1 1 shows the schematic of a spray 
cooling system [39]. 

r i G z K a  1 

( Enclosure 

Bypass Filter 

Figure 3-11. The schematic of the spray cooling system used to cool VLSI chips with high 
power dissipation [39]. 
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A non-conductive and non-corrosive coolant is atomized and sprayed 
directly onto chips to provide cooling. The coolant vaporizes and heat is 
rejected to the enclosure andlor through a heat exchanger, condensing the 
vapor back into a liquid state. The process continuously cycles within a 
closed loop sealed enclosure that prevents corrosive environmental 
contamination from harming sensitive electronics. The junction to ambient 
thermal resistance of the chip in bum-in ovens using spray cooling can be as 
low as 0.25"CIW. 

9. BURN-IN LIMITATIONS AND OPTIMIZATION 

Yield and reliability are two important factors in semiconductor 
manufacturing. Typically three parameters significantly affect the yield and 
reliability of ICs [40]: 

Design-related parameters (chip area and gate oxide thickness). 
Process-related parameters (defect distribution and density). 
Operation-related parameters (voltage and temperature). 
It has been experimentally verified that defects that cause bum-in failures 

(early-life reliability failures) are fundamentally the same in nature as 
defects that cause wafer probe failures (yield failures) [4l,  421. Researchers 
have also identified two key reliability indicators in order to optimize yield 
during bum-in: 

Local region yield. 
The number of defects that have been repaired (for chips containing 
redundancy). 
Experimentally, it has been shown that die with many faulty neighbors 

can pose a significantly greater early-reliability risk than chips with few 
faulty neighbors [43]. An IC with a redundancy-related repair is more likely 
to have a latent defect mechanism resulting in early life failure [41]. 

The key to optimizing bum-in lies in identifying those die that most 
likely to fail during bum-in before the bum-in is actually performed. Once 
identified, die of higher reliability risk may be subjected to more rigorous 
testing (longer bum-in duration), while those dies deemed more reliable may 
have a reduced stress, or no stress at all. Bamett et al. proposed the post 
bum-in yield model, which include the bum-in time as a parameter [43]. It 
was assumed that the average number of latent defects (AL) per chip is time- 
dependent as follows: 

t  
AL ( t )  = a.y.(l - Y;'").(-)~ 

Z 
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Where a is the defect clustering parameter, y = 0.01-0.02 is the fitting 
parameter, YK is the wafer test yield (yield before burn-in), t is the bum-in 
time in hours, and p is the shape parameter of the Weibull distribution of the 
reliability function. The post bum-in reliability yield (i.e. the number of dies 
surviving bum-in) is modeled as follows: 

Kim et al. [44] developed another model for post bum-in reliability (R) 
and yield loss (Yl,,), which will be discussed later in this section. 

Burn-in removes the infant mortality device population hence improving 
the outgoing device reliability. However, burn-in may affect the post bum-in 
yield of ICs since latent defects may become enhanced during bum-in, with 
a resultant increase in post burn-in yield loss. The amount of yield loss 
depends on bum-in conditions (voltage, temperature, time). Since the stress 
voltage and the stress temperature provide the acceleration during bum-in, 
the burn-in time is the parameter that is manipulated to control the post bum- 
in yield loss using above mentioned models. In practice, many IC 
manufactures reduce the bum-in time to 10 hours or even skip burn-in, when 
the yield before bum-in is high (-98%) and bum-in escapes is low (-100 
PPM) [47]. The amount of burn-in escape is estimated by the early failure 
rate test, which is performed on 10000 final products from at least three lots 
with duration approximately 12-48 hours under burn-in conditions. 

Several reliability failure mechanisms are accelerated by temperature, so 
burn-in testing is done at elevated temperature. These mechanisms include 
metal stress voiding and electro-migration, metal slivers bridging shorts, 
contamination, and gate-oxide wear out and breakdown [12]. However, there 
are physical and burn-in equipment related limitations for temperature and 
voltage stress. Die failure rate (failures per million) increases exponentially 
with temperature for most failure mechanisms [45]. As a result, the yield 
loss may increase if the burn-in conditions are over stressed. Hence, we 
should optimize the junction temperature of die for normal and bum-in 
conditions. 

9.1 Physical and Practical Limits of Junction 
temperature 

The maximum operating temperatures for semiconductor devices can be 
estimated from the semiconductor intrinsic carrier density that depends on 
the band-gap of the material. When the intrinsic carrier density reaches the 
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doping level of the active region of devices, electrical parameters are 
expected to change drastically. The highest reported operating junction 
temperature is about 200°C in standard silicon technology [46]. At this 
temperature, the circuit performance is reduced substantially. The 
temperature will affect thermal conductivity, built-in potential, threshold 
voltage, and pn junction reverse current. Several practical considerations 
limit the junction temperature to a much lower value. A value of 150°C for 
junction temperature is often used for ICs as the limit [47]. 

The peak junction temperature in a PowerPC microprocessor 
implemented in a 0.35pm CMOS technology with a 0.3ym effective 
transistor channel lengths is about 90°C-100°C at an operating speed of 200- 
250 MHz [48, 491. If this is used as the reference temperature and assuming 
that Figure 3.4 estimates the junction temperature increase with reasonable 
accuracy and package thermal resistance remains the same, then one can 
expect a 2 . 4 ~  increase in junction temperature for the same microprocessor 
implemented in a 0.18ym CMOS technology. Hence, the die junction 
temperature should be approximately 156°C-180°C. 

These values are obtained assuming cooling, packaging and circuit 
techniques remain the same when moving from 0.35ym technology to 
0.1 8pm m technology. However, improved cooling and packaging 
considerations will reduce the temperature to a much lower value. Similarly, 
circuit techniques such as transistor stacking, dual-threshold transistors, 
reverse body bias, etc. can reduce substantially leakage current and the 
junction temperature. 

9.2 Optimization of Burn-In Stress Conditions with 
Technology Scaling for Constant Reliability 

The optimal burn-in conditions for maintaining the projected failure rate 
require that the defect distribution models and their growth models be 
studied. The post bum-in reliability (R) and yield loss (Yl0,) have been 
studied [44, 501. T. Kim, et al., [44] proposed the following models for post 
burn-in reliability and yield loss shown in Eq. (3.9) and Eq. (3.10): 
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Where Y is the yield before burn-in, and u, u are constants that depend on 
the stress temperature and voltage. Using the l/E gate oxide breakdown 
model and the post burn-in yield loss model, Vassighi, et al., demonstrated 
that the post burn-in yield loss increases exponentially with increasing stress 
temperature for a given stress voltage [50]. This result was obtained for a 
0.18pm CMOS technology (TOX )) 41A4. 

Hence, over stressing a die during burn-in may significantly reduce the 
post burn-in reliability and increase the yield loss, especially when the 
junction temperature at burn-in and normal operating conditions are 
increased with technology scaling. Thus, to a first order, we want a constant 
reliability during burn-in with technology scaling. 

AT=0.28 

0.25pm Technology 

Temljerature f°C) 

Figure 3- 12. AT as a function of ambient temperature and VDD for 0.25pm technology. 
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Figure 3-13. Optimal bum-in temperature for constant reliability. 
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The bum-in temperature and voltage should be optimized for different 
CMOS technologies to maintain the average junction temperature of the die 
at the same fixed level. If electrical defect densities are equal, then we 
assume that the post burn-in reliability for an advanced CMOS technology 
should not be worse than the post bum-in reliability for the 0.35pm CMOS 
technology. This means that the junction temperature increase over ambient 
temperature during bum-in for subsequent technologies should not be higher 
than the bum-in junction temperature increase for 0.35pm CMOS 
technology. Table 3.1 shows that for 0.35pm CMOS technology, the junction 
temperature increase (AT) over ambient stressed temperature per mm2 of 
chip is 0.28"C at VDD = 4.3V, T = 125%. 

The horizontal line on Figure 3.12 illustrates this limit. Now for 0.25pm 
technology, if the d ~ / m m ~  versus stress temperature is plotted for three 
different stress voltages, it results in three different curves. Subsequently, the 
optimal bum-in temperature where the horizontal line (AT= 0.280C/mm2) 
intersects with graphs can be found. Similarly, the optimal bum-in 
temperature for other technologies can be found using data from Table 3.1 
and Table 3.4. 
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The results are shown in Figure 3.13 where the optimal bum-in 
temperature is presented for different technologies. Squares represent the 
data points for each technology. In this figure, the stress voltage is kept at 
VOD+30% for each technology. These data points were plotted ensuring that 
the average junction temperature increase over ambient (AT) for die in these 
technologies is the same as the average AT increase for a 0.35pm CMOS 
technology. Hence, it is expected that the post bum-in reliability for scaled 
CMOS technologies has the same value as the post bum-in reliability for 
0.35pm CMOS technology. 

Figure 3.13 shows that the optimal burn-in temperature is reduced with 
scaling. This observation is in line with the recently presented data given for 
a 0.1 8pm microprocessor, where the bum-in temperature is 85°C- 90°C [6]. 
As mentioned before, if leakage reduction techniques are employed 
(diamond data points), the optimal bum-in temperature is increased for 
0.1 8pm or lower geometries. For example, according to this research, the 
optimal temperature for 130 nm technology (VDD u 1.4V) is approximately 
10°C (without leakage reduction techniques) and 35°C (with leakage 
reduction techniques). 

Furthermore, if such a trend continues, we will have to cool future 
generations of CMOS devices during bum-in below room temperature, if we 
do not want the post burn-in reliability worse than that of the 0.35pm CMOS 
technology. For example, the estimated bum-in temperature for a 90nm 
CMOS technology may be approximately 0°C to 15°C. Note, that many 
future chips will use a mixture of technologies: UHP logic is for critical 
delay paths and LP logic is for the low activity SRAM cells [29]. 

10. SUMMARY 

The impact of technology scaling on the burn-in environment was 
investigated. The following conclusions are obtained: Firstly, there is a 
steady increase in the junction temperature with scaling. The normalized 
junction temperature increase under bum-in conditions becomes exponential 
with technology scaling if no leakage reduction techniques are used. On the 
other hand, if leakage reduction techniques are used, then an approximately 
linear increase in junction temperature can be obtained. As a consequence, 
the burn-in temperature must be linearly reduced with scaling in order to 
maintain same junction temperature across the technology nodes. Second, 
the number of dies that can be simultaneously bumt-in is reduced with 
technology scaling, because of the maximum power dissipation limit of 
presently available bum-in ovens. Finally, the optimal stressed temperature 
in a burn-in environment is significantly reduced with technology scaling. 
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It was also argued that deep sub-micron devices will require advanced 
packaging and liquid cooling techniques to lower the junction to ambient 
thermal resistance. In scaled technologies, burn-in optimization for yield and 
reliability is of crucial significance owing to larger number of design and 
technology variables. In some situations, individual chip level burn-in 
optimization will be necessary in order to provide optimum bum-in 
environment for each chip. 
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Chapter 4 

THERMAL AND ELECTROTHERMAL 
MODELING 

Abstract: In this chapter we begin with an overview of thermal modeling of high 
performance microprocessors with emphasis on the necessity of these models 
to ensure a reliable system. Later in this chapter we review the concept of the 
electro-thermal modeling and describe several approaches to electro-thermal 
modeling at architecture and circuit levels. 

Key words: Thermal Modeling, Electrothermal Modeling, 

1. OBJECTIVES OF THERMAL ANALYSIS 

In recent years, power density in microprocessors and other high 
performance circuits has doubled every two to three years and this rate is 
expected to increase in coming generations as feature sizes, threshold 
voltages and frequencies scale faster than operating voltages. The energy 
consumed by a high performance chips including microprocessors is 
converted to the heat. As a consequence, realization of an electrical network 
inherently includes corresponding realization of a thermal network as well. 
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All physical components (as piece of mass) act as heat storage capacitances, 
known as thermal capacitances (Cth), and the heat dissipated by them is 
conducted towards the ambient by means of heat transfer through thermal 
resistances (Rth). 

These two electrical and thermal networks are not independent and are 
coupled to each other. The dissipating elements of the electrical network are 
heat sources of the thermal network. On the other, the temperature values in 
the thermal network in different nodes also affect the electrical parameters of 
the components in a significant way. Most of the device electrical 
parameters have strong temperature dependence. This means that the 
behavior of the IC can not be obtained from the electrical network alone but 
will be influenced by the thermal network and thermal couplings amongst its 
heat sources. The thermal coupling can influence the function of the circuit 
and in extreme cases it can even cause thermal runaway and destruction of 
the chip. 

Today, circuit simulators are used as standard tools in the design and 
optimization of electronic circuits. However, these tools have limited 
capabilities incorporating temperature as a dynamic variable in simulations. 
Typically, temperature is specified as a static, global variable. Owing to 
heterogeneous nature of contemporary designs, chips often have thermal 
gradients which can not be included in circuit simulation environment. In 
electronic systems, the temperature is one of the critical parameters owing to 
its strong impact on transistor parameters. 

Within the safe operating conditions, temperature fluctuations as well as 
gradients strongly affect the lifetime of the semiconductor components. 
Several aging mechanisms such as gate oxide breakdown, electro-migration 
are thermally accelerated. Hence, a higher localized junction temperature 
will cause accelerated localized failures. On the other hand, the temperature 
fluctuations create mechanical stresses. A VLSI is composed of materials 
with different thermal coefficients of expansion. As a consequence, 
temperature fluctuations result in mechanical stresses. Each change in 
temperature causes mechanical stress in the component which, in particular, 
affects solder and bond connections. Here it is not the absolute temperature 
which causes the problem but the temperature cycling. As a rule of thumb it 
can be assumed that the aging of a component is proportional to the fourth 
power of the temperature deviation [I]. 

Other than the mechanical stress, temperature variation also causes 
electrical stresses in the chip. The ON-resistance of a MOSFET increases 
with temperature increase and causes conduction losses in a transistor. The 
conduction losses are almost doubled when temperature increases from 25OC 
to 150°C [2]. On the other hand the threshold voltage of a MOSFET 
decreases with increasing temperature which reduces the signal-to-noise 
margin at the control node. Reduced threshold voltage also increases the 
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leakage current of the transistor. Ignoring these effects can lead to an 
undesired even catastrophic turn-on of the transistor when it should be off. 
In addition to these issues, circuit designer must investigate the circuit 
performance under wider, fluctuating temperature range. For example, in 
relay protection circuits, the avalanche energy of power MOSFETs is 
specified in such a way that any load current pulse pattern below the rated 
current is allowed as long as the peak junction temperature does not exceed 
the maximum specified value. 

Table 4-1. Temperature dependency of important Si-MOSFETparameters [90]. 

Parameter Temperature Dependence Affected Property 

Thermal Conductivity (K) 

Built-in Potential (Voi) 

Threshold Voltage (VTH) 

pn Junction Reverse 
Current 

= T I "  Self Heating 

+20% per lOOK 

2Si, ( T )  + 
(4~,qN,Si, ( T )  1 C, )'.' -0.8 mV/K 

a x n z ( ~ )  + 
lo2 to lo4 per lOOK 

b + n i ( T ) / T s ,  

While performing the thermal analysis, it is important to know the 
physical limits of maximum operating temperature on semiconductor 
substrate. The maximum operating temperatures for semiconductor devices 
can be estimated from semiconductor intrinsic carrier density, which 
depends on the band-gap of the material. When the intrinsic carrier density 
reaches the doping level of the active region of a device, at that instance, the 
electrical parameters change drastically. The highest operating junction 
temperature for standard silicon technology is about 200°C [3]. The 
influence of temperature on some important MOSFET parameters is 
summarized in Table 4.1. Several practical considerations limit the junction 
temperature to a much lower value. A limit of 150°C for junction 
temperature is often used for VLSI ICs [4]. The peak junction temperature of 
a PowerPC microprocessor implemented in a 350 nm CMOS technology was 
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reported to be approximately 90°C-100°C at an operating speed of 200-250 
MHz [5] [6]. 

2. THERMAL NETWORK MODELING 

In this section we will describe the modeling of the thermal network 
which coexists with every electrical network in the electronic systems. The 
heat propagation in a system can take place in three different ways, 
convection, radiation, and conduction. In electronic components heat usually 
propagates through the conduction which often assumed to be one 
dimensional, for the sake of simplicity. Eq. (4.1) describes one-dimensional 
heat conduction in a homogeneous isotropic material. 

In Eq. (4.1), / l th  is the heat conductance, c is the thermal capacitance and 
p is the density of the material. T is the temperature and x is the direction of 
the heat flow in the material. The electrical model which is equivalent to this 
thermal model is the model for a transmission line which can be described as 
Eq. (4.2). 

In this equation, C is the capacitance per unit area, R is the resistance per 
unit area, L is the inductance per unit area and G is the transverse 
conductance per unit area. Eq. (4.2) describes all the property of a wave in a 
transmission line. Considering the fact that in the thermal network where 
heat is transmitted in a solid media, there is no direct comparison for the 
electrical conductance (element cannot cool itself) or in other words L=O 
and G=O, the Eq. (4.2) can be reduced to Eq. (4.3). 

a2u au 
----i-= CR- ax at 
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Figure 4-1. Principle circuit diagram of a model with interactive coupling of electrical and 
thermal component description. 

Equation (4.3) has the same structure as Eq. (4.1) which is for heat 
conduction and as Kirchhoff stated in 1845, "Two different forms of energy 
behave identically when the basic differential equations which describe them 
have the same form and the initial and boundary conditions are identical" 
[7]; therefore, heat conduction process can be modeled by a transmission 
line equivalent circuit diagram which, as shown in Figure 4.1, consists of 
R/C elements only. Table 4.2 depicts the equivalent parameters between 
electrical and thermal domains. 

Table 4-2. Equivalent thermal and Electrical variables. 

Thermal Electrical 

Temperature T i n K  Voltage Uin V 

Heat Flow P in W Current I i n A  

Thermal 
Resistance Rth in H W  Resistance R in V/A 

Thermal 
Capacitance Cth in Ws/K capacitance C in Ash' 
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Figure 4.1 shows a thermal network where P(t) represents the heat source 
while T,, Tc, and T, represent the on chip, heat sink, and ambient temperature 
respectively. Heat flows from highest temperature (q) to lowest temperature 
(T,) through different materials in the path. Here, Rth and Cth represent 
thermal resistances and capacitances of diverse materials in the heat flow 
path. Once a thermal network is modeled, an equivalent electrical model 
may be realized using Table 4.2. This electrical model can be exploited in 
the conventional flow of chip and system design. 

It must be mentioned that these thermal resistances and thermal 
capacitances in the equivalent circuit diagram are estimated assuming one 
dimensional heat flow. Figure 4.2 illustrates a thermal network model of a 
packaged power transistor with solid cooling tab using one dimensional 
thermal network modeling approach. For complicated heat flow conditions, 
a three dimensional thermal equivalent network may be devised [2 ] .  

Chip ! Cths \ - I -.-.-.-.-.-.-.-. Rth3 ' - . - ' - 'L . 
I \ 

I 

GM \ 
I 1 

I I 
I Rth4 

Solder r .-.-.-.-.-.-.-.- .-.-.-.-.-.-.-.. 
P 

I I Cth5 

Figure 4-2. The thermal equivalent elements can be derived directly from the physical 
structure. 
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Figure 4-3. Heat flowing through a material with thickness of d and area of A and 
conductivity of hh. 

Using Figure 4.3, the thermal resistance and the thermal capacitance of 
the material can be determined by Eq. (4.4) and Eq. (4.5), respectively [2]. 

C,, = C - p - d  - A (4.5) 

In these equations A is the area and d is the thickness of the material. 
Using the model in Figure 4.2, the temperature at the beginning of the 
component ( T I )  can be determined by the power passing through that 
component and the temperature at the end of the component (q2). 

T,, = T,, + Z,, x P (4.6) 

The same concept may be applied to the whole chip and by using Figure 
4.1, the junction temperature of the chip (T,) can be described as: 

Where T, is ambient temperature, P is the dissipated power in the chip, 
and Zth is the total thermal impedance of the complete network. 

3. ARCHITECTURAL LEVEL ELECTROTHERMAL 
MODELING 

Circuit design techniques optimize heat dissipation for a particular circuit 
style and influence locally, while architecture level design techniques change 
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the behavior of large segments of a chip using global knowledge of the 
design. Skadron et. al. have investigated the architecture level electro- 
thermal modeling and have implemented necessary tools to take thermal 
behavior of the chip at architecture level into account. In this section we 
briefly review their work. 

There is a growing interest in architecture level solutions, such as 
dynamic voltage scaling and fetch throttling to address the thermal stress 
related issues [8-101. In order to accurately estimate the power and 
performance of a chip, designers and architects need a way to model the 
temperature at any level of design abstraction. In this context, accurate 
thermal modeling plays an important role since performance and power are 
strongly depend on the thermal map of a specific implementation or 
architecture. Architectural level electrothermal modeling is a two step 
procedure; (i) floor plan extraction, and (ii) thermal RC modeling [ l  11. 

3.1 Floor Plan Extraction 

Figure 4.4 shows a sample floor plan of Alpha 21264 processor [12]. To 
derive a high level floor plan often several constraints such as adjacencies, 
architectural, functional, and other user specified, must be taken into 
account. 

In order to implement the architecture level floor plan, the user maps the 
floor plan as a set of blocks as illustrated in Figure 4.4. Each block is sub- 
divided into a matrix of sub-blocks. Each sub-block corresponds to a set of 
functional units such as memory row or column. Sub-blocks are fit into the 
block by adjusting their widths and sub-block aspect ratio is assumed to be 
variable. Such a flexible arrangement allows the user to completely specify a 
floor plan using vertical and horizontal adjacency matrices. 

3.2 Lumped Thermal RC Network 

The next step in thermal modeling of a chip is to derive an equivalent 
circuit to model dynamic heat flow in the chip and to compute the values of 
the thermal resistances (Rth) and capacitances (Cr,J. This is accomplished 
using the floor plan with areas and thermal resistance and thermal 
capacitance values for the package. The dissipated power in each block is 
received by the thermal model in every time step. Then the average 
temperature of each of these blocks is calculated at the end of that time step. 
The circuit model of a simple chip with three blocks is shown in Figure 4.5. 
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Figure 4-4. Normalized floor plan for the Alpha 1264 processor. 

Figure 4.5 shows thermal resistances and thermal capacitances from each 
of the blocks to all its neighbors (not all of them are shown). This figure also 
shows RthCth pairs from the centre of each block to common nodes which 
represent the flow of heat from each block into the package. The electro- 
thermal modeling tool must compute these thermal resistance and the 
thermal capacitance values. This captures spatial non-uniformity in 
temperature in the package. Finally, a fixed Rfh and Cth are used to model the 
heat sink. These values of R,h and Cth depend on the physical parameters and 
on the geometry of blocks and of the die. Although in this model the 
interface materials between the die, spreader, and heat sink are neglected, 
but they can be modeled the same fashion as other packaging materials. 

As it can be seen in Figure 4.5, the RC model consists of a vertical model 
and a lateral model for the die, spreader, and heat sink layers. The vertical 
composite RthCth models the heat flow from one layer to the next, starting 
from the die, going through the package and finally into the air. The lateral 
composite RfhCth models the heat diffusion (i.e., coupling) between 
neighboring blocks within a layer, and from the edge of one layer into the 
periphery of the next area. For example, in Figure 4.5, RI models the heat 
coupling from the edge of Block 1 into the spreader and R2 models the heat 
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coupling from the edge of the Block 1 into the Block 2. In this figure, R3  and 
R4 model the heat coupling from the centre of the Block 3 to Block 1 and 
Block 2 respectively. 

3.2.1 Deriving Thermal Resistances and Thermal Capacitances 

In this section we describe how to derive the values of thermal 
resistances and thermal capacitances. The thermal resistance is proportional 
to the thickness of the material and inversely proportional to the cross 
sectional area across which the heat is being transferred, therefore the 
thermal resistance can be described as follow: 

1 - Ambient - Temperature 

Figure 4-5. Sample circuit model for simple floor plan of three blocks. 
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In Eq.(4.8), t is the thickness of the material, A is the area of the material 
and k is the thermal conductivity of the material per unit volume. k for 
silicon, is 100w/rn3 .~  and for copper is 4 0 0 w / m 3 . ~  at 85". On the other 
hand the thermal capacitance is proportional to both thickness and area and 
can be described as follow: 

Where, c is the thermal capacitance per unit volume. The value of c for 
silicon is 1 .75~1  0"/m3.~ and for copper is 3.55x10"/m3.~. In addition, 
lateral resistances must take the spreading resistance between blocks of 
different aspect ratios into account, and the vertical resistance of the heat 
sink must take the constriction resistance from the heat sink base to the fins 
into account [13]. Spreading resistance accounts for the increased heat flow 
from a small area to a large one and vice versa for constriction resistance 
[14]. It must be noted that the capacitance values may need to be adjusted by 
an empirical fitting parameter due to the fact that the bottom surface of the 
chip is not isothermal, whereas the described model treats the bottom surface 
as isothermal to reduce model complexity. However, the true isothermal 
surface lies in the heat sink, which means the equivalent thermal mass that 
determines the rate of on-die heating is larger than the die thickness and 
makes the effective thermal capacitance larger than what Eq. (4.9) yields. 

4. ELECTROTHERMAL MODELING AT LOGIC 
LEVEL 

In large digital designs, transistor level electro-thermal simulation is very 
expensive in terms of computing resource. Moreover, the fine detailed 
information may not be necessary. The thermal time constants associated 
with thermal network of a chip are larger by many orders of magnitude than 
the typical clock cycle of digital systems. The relaxation type simulation 
schemes can be applied in such cases to reduce the computational 
complexity. In addition, in case of logic gates, there is no need for highly 
accurate circuit level thermal simulation. Cheng et. a1 therefore suggested 
that simpler models and simulators are sufficient [15, 161. In their work they 
applied the R WQ (region-wise quadratic) MOS transistor modeling technique 
in order to speed up their simulator. 

Szekely et. al. [I71 suggested that relaxation type simulation is still too 
detailed with respect to the final design objectives and the relaxation method 
should be utilized for coupling a logic simulator (using logic models of 
gates, flip-flops and other standard digital building blocks) to fast thermal 
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simulator. They implemented a logic level thermal simulator assuming the 
gate level simulation and standard cell design style. Their modeling method 
involves the following steps. 

Identifying the thermal behavior of the logic gates, flip-flops and other 
standard cells. This means that for a logic block, the temperature dependence 
of their timing parameters must be extracted. Furthermore, the switching 
power and leakage power including their temperature dependence parameter 
must be obtained. This can be achieved by extracting the electrical net-list of 
the each standard cell or logic block and performing electrical simulations 
on the block while sweeping the temperature in the desired range (from O°C 
to 100°C). 

Once the thermal characteristics of standard cells or logic blocks are 
extracted, temperature dependent simulation models should be constructed 
for the purpose of logic simulation, where each logic model has the 
temperature as parameter. Using the transistor level simulations the 
temperature dependent logic models of the standard cells should be 
constructed only once and should be included in the standard cell library. 

Since the event count annotated to each logic gate is needed to calculate 
the power dissipation of the gate, the applied logic simulator has to be 
modified such that it evaluates these event counts for each logic gate during 
time step At. Then multiplying this number by single event power dissipation 
of the logic gate, results in the total power dissipation of the logic gate 
during a given time interval At. After time interval of At this dissipation 
distribution of the circuit will be passed to the thermal simulator in the next 
step. 

In this step, the thermal simulator has to calculate the temperature 
distribution of the chip. The thermal simulator uses the power distribution 
which is passed to it from the logic simulator after time interval At and also 
the layout of the chip together to calculate the temperature distribution in the 
chip. The updated gate temperatures will be sent back to logic simulator to 
update the temperature dependant parameters like timing and power 
dissipation parameters, using their temperature dependant models in the 
logic simulator. Once these models and their parameters are updated, the 
logic simulation has to be performed for another time interval At. This 
procedure will be continued till final simulation time is exceeded. 

5. ELECTROTHERMAL MODELING AT CIRCUIT 
LEVEL 

Szekely et. al. has carried an extensive research regarding the 
electrothermal modeling of the VLSI chips at circuit level. In this section we 
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review some of their work [17-221. As it was mentioned before, the IC is 
composed of two coupled networks: an electrical network consists of 
electrical circuit which accomplishes the design objective, and a thermal 
network which represents the thermal environment of the silicon chip. These 
two networks are coupled through the power dissipation of the electrical 
circuit which acts as the heat source. The heat flows from the die to the 
ambient. This coupling is reinforced through temperature dependency of the 
components of the electrical circuit and semiconductor device parameters. 

The mutual dependence of subsystems which describe these networks 
can be formulated by the corresponding state equations [17]. For electrical 
side the formulation is as follows: 

And for the thermal part is: 

In Eq. (4.10) and Eq. (4.1 l), Vi is the vector of the electrical state 
variables like nodal voltages, T, is the vector of the state variables of the 
thermal subsystem like device temperatures, I, is the net current entering 
node m and P, is the heat-flux balance of the n-th device's thermal node. The 
I ,  and P, functions are nonlinear in both arguments. The coupled electro- 
thermal system is characterized by the common state vector [V,, T,], that we 
seek during the solution process. For solving these equations either the 
relaxation method or the method of simultaneous iteration can be applied. 

In simultaneous iterative simulations, Eq. (4.10) and Eq. (4.1 1) are 
considered to form one, single system of equations for the concatenated, 
common, state vector. The iterative solution takes place simultaneously for 
both voltages and temperatures. It is characteristic for this method that 
during the iterative solution process, such as in case of the Newton-Raphson 
algorithm, all elements of the Jacobian matrix are calculated simultaneously. 
Different classical implementations of this method can be found in the 
literature [22-251. 

In case of the relaxation method, for the electrical and for the thermal 
parts two separate solution algorithms are used. These solutions are coupled 
such that one simulator uses the updated results of the other simulation tool 
in an iteration loop. Examples of electro-thermal simulation systems based 
on this principle are presented by various authors [26-281. The drawback of 
this method is that the dI,/dT, and dP,,/dV, elements of the Jacobian matrix of 
the coupled system are not generated at all. That is why such a simulation 
system is unable to deliver immediate results regarding the small signal, 
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frequency domain behavior. Therefore, for transistor-level electro-thermal 
simulation we describe the method of simultaneous iteration. 

5.1 Modeling Issues 

For an accurate, self-consistent electro-thermal simulation performed on 
a circuit, following must be addressed: 
A thermal port must be added to the semiconductor device models of the 
applied circuit which includes extra device equations in order to account 
for basic electro-thermal effects (dissipation, temperature dependence of 
the physical parameters). 
Temperature sensitive elements other than the semiconductor devices 
such as Si-A1 contacts must be included in the models. 
An accurate and efficient lumped element thermal RC model of the 
thermal subsystem must be generated. 

5.1.1 Advances in the Thermal Net-list Extraction 

One of the important issues in electrothermal simulation with 
simultaneous iteration method is how to identify the lumped element 
equivalent of the distributed thermal R C  system corresponding to the silicon 
chip. Figure 4.6 shows that how the thermal net-list is extracted from the 
electrical network. 

The thermal part of an electro-thermal system is composed of an 
electrical/thermal model with N thermal ports in electrical network and a 
thermal N-port. The relevant devices of the electrical circuit are connected to 
the ports of the thermal N-port (Figure 4.6). In other words, this thermal N- 
port terminates the thermal ports of the electro-thermal device models 
(semiconductor device models, model of the Si-A1 contacts) of the electrical 
N-port. The thermal N-port can be described as follows: 

Where is the temperature response at the i-th port and Pi is the power 
consumption at the j-th port of the thermal network. 
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Figure 4-6. The model of coupled electro-thermal system realized by an IC and the lumped 
element RC equivalent of the IC chip describing thermal behavior. 

To analyze a given layout arrangement of the IC, the J; function matrix 
must be obtained by means of a thermal simulator. Then, using J;, an 
equivalent circuit must be generated that properly describes the thermal 
subsystem. For the steady-state case the network consist of thermal resistors. 
In other words, for a dc electro-thermal analysis, the thermal behavior of the 
chip and its thermal surrounding can be accurately described by the thermal 
resistance matrix. For dynamic or ac analysis, the equivalent circuit of the 
thermal N-port is a set of lumped element RC ladders, shown in Figure 4.6. 
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Some of these ladders describe port impedances (excitation and response are 
on the same port), some others describe thermal transfer impedances 
(excitation is applied to the mth port; response is obtained on the nth port). 
In the latter case we should use twin ladders to describe all poles having both 
positive and negative residuum values (Figure 4.6). 

The generation of the compact, lumped element thermal model to be used 
by the electro-thermal circuit simulation engine consists of the following 
steps: 

A series of dynamic thermal simulation has to be performed. On every 
element (temperature sensitive element) a known thermal excitation has 
to be applied and the dynamic responses (either time domain or 
frequency domain responses) of all elements have to be recorded. For N 
elements this means a set of N~ response functions. 
A set of thermal RC ladders (with K stages where K is about 10-16), 
which accurately represents the thermal properties of the IC for a given 
layout arrangement must be obtained. 
The set of thermal R C  ladders has to be processed by the electro-thermal 
simulation engine. The compact thermal model of the IC introduces a 
large amount of excess nodes to be considered by the electric solver. By 
taking advantage of the special, regular topology, a dedicated node- 
reduction algorithm may be applied in order to reduce the excess node- 
count introduced by the thermal net-list from N ~ X K  to N, which in fact is 
the number of the thermal ports of the electrical net-list. 
Since the electrical and thermal models of the ZC are treated 

simultaneously, the self-consistency of the simulation results is 
automatically maintained for both steady-state and dynamic cases. Note that 
in the case of steady-state simulations, the set of thermal RC ladders reduces 
to the thermal resistance matrix of the chip. 

5.1.2 Si-A1 contacts 

Due to the Seebeck-effect the Si-A1 contacts also serve as coupling 
elements between the electrical and thermal parts of the electro-thermal 
system. They can be considered as thermo-elements, modeled by a 
temperature controlled voltage source with a thermo-electrical 
transconductance of S 0.2-ImVK. Besides the circuit simulation model, 
the consideration of the Si-A1 contacts involves several other problems. The 
most important one is that the usual circuit extractors are not able to detect 
any electrical contact in the layout; layout features connected by Si-A1 
contacts are considered to be equi-potential, thus they form one single node 
in the electrical net-list. This problem can be solved by adding new detection 
and net-list generation rules to the rules data base of the net-list extractor. 
The operation of the layout extraction can be interactively controlled by the 
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user inside a design environment: certain sub-regions of the layout may be 
marked where the Si-A1 contact should be detected as temperature controlled 
voltage sources. For the contacts the corresponding shapes also appear in the 
layout description forwarded to the thermal solver. 

6. ELECTROTHERMAL MODELING AT DEVICE 
LEVEL 

Different methods have been developed to characterize the 
electrothermal behavior of the electronic devices. These methods include the 
numerical methods, the Fourier series expansion, and the elemental heat 
source approach. Numerical methods such as finite elements [29, 301, 
boundary elements [3 I], finite differences and thermal networks [32-34, 281 
account for nonlinear thermal effects, but they are computationally intensive. 
Moreover, in these methods, the heat sources are represented as point source 
and therefore the geometrical information of the heat source are lost which 
compromises the accuracy [32]. 

The Fourier series expansion technique consumes less CPU time and can 
handle multiple layer structures [35-381. In this technique the number of 
terms that must be taken into account is proportional to the ratio of the chip 
to heat source size. Therefore, for structures with large chip to heat source 
ratios, the CPU time becomes very long and makes this technique unsuitable 
for complex layout geometries. This problem can be solved partially by 
using double Fourier transform technique [39], but due to numerical 
integration procedure in this technique, the CPU time is still high. 

The third approach for the thermal analysis of electronic devices 
evaluates the contribution to the temperature field produced by an elemental 
heat source. Then the contribution of all these elements is superimposed to 
calculate the total temperature distribution. Rinaldi [40] proposed a closed 
form analytical approach to the heat flow problem in integrated circuits. His 
technique was an extension to the technique proposed by Smith et. al. [41], 
which was able to calculate the surface temperature distribution by placing a 
thin rectangular heat source on the top surface of a structure with finite 
lateral dimensions and infinite thickness. Rinaldi extended this technique in 
several aspects. First, the temperature field was computed for the entire chip. 
Then, the boundary conditions in the top and the bottom were taken into 
account using the method of images. Therefore, the thickness of the chip was 
included into the analysis. Since in many devices, the region where the heat 
is generated can not be approximated to an infinitely thin rectangle, 
Rinaldi's solution also considers arbitrarily located embedded heat sources. 
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In comparison with the Fourier series and the Fourier transform 
techniques, Rinaldi's technique reduces the CPU time considerably. Using 
this approach, a simple and accurate expression (Eq. 4.13) for the thermal 
resistance of an integrated device has been obtained which takes the exact 
location and shape of the heat source and a finite substrate thickness into 
account. 

7. STATIC ELECTROTHERMAL MODELING: A 
CASE STUDY 

Static electro-thermal modeling is used to study the behavior of the chip 
under steady state conditions; while dynamic electro-thermal modeling 
follows instantaneous changes in the junction temperature of the chip. These 
conditions, static or dynamic, include inputs to the chip, packaging of the 
chip, and cooling solution that are implemented to remove the heat from the 
chip. This kind of modeling is suitable for studying the area, power and 
performance tradeoffs when different kind of packaging and cooling 
solutions are used for removing the heat from the chip. 

To account for the change in the junction temperature, an electro-thermal 
analysis tool has been developed to self-consistently compute the junction 
temperature, power, and operating frequency of a microprocessor owing to 
its high power consumption. However, the tool can be utilized for any 
complex VLSI chip. Figure 4.7 shows the framework of this electro-thermal 
optimization tool [42, 431. Starting with an initial assumption of junction 
temperature (T,.l,j,j,,), the electro-thermal analysis tool first computes 
frequency and power. At this point, data from simulations and measurements 
for I,, and Iof at the given V D D  and given junction temperature (T,.i,j,jal for the 
first iteration) are incorporated into power and frequency calculations. Other 
parameters are extracted from process files. In the next step, based on the 
package and cooling system characteristics, the new junction temperature 
(T,) is computed, and the new T, is the starting point for the power and 
frequency calculations in the following iterations. These iterations continue 
until junction temperature computed in consecutive steps converges to a 
steady-state temperature. If the convergence is not achieved, it indicates the 
thermal runaway [44]. On the other hand, if the iterations converge, the final 
self-consistent junction temperature is obtained. The tool also produces 
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corresponding values for frequency, chip switching and leakage power 
components, active cooling system power, and the die area that are 
consistent with the final temperature. 

The tool requires following input parameters: 
Thermal resistance of the packaging and cooling system. 
Coefficient of performance (COP) for active cooling (defined as the ratio 
of the chip power to the power consumed by the cooling system). 
Chip design and process technology characteristics. Design and 

technology parameters are illustrated in Figure 4.8. 
An extensive research is conducted to follow each step in this algorithm 

to keep the tool physically-based. The frequency calculations mimic 
microprocessor frequency limitations by considering critical path delay and 
the role of interconnect delay. Transistor parameters including I,,, Id ,  C, , 
and C,,, and interconnect parameters including C,,, and R,,, are extracted, 
measured, or computed. Subsequently, transistor and interconnect 
parameters, together with the other circuit parameters such as supply 
voltage, body bias voltage, number of buffers used in long interconnect 
lines, and logic depth in critical paths, are utilized to calculate power and 
operational frequency. The critical path logic depth is used to transition from 
the transistor to the microprocessor frequency calculation. Figure 4.8 
illustrates the important physical parameters which are used to develop the 
electro-thermal analysis tool. In this figure, each row corresponding to Input 
column (frequency, power and temperature calculations), depicts all the 
relevant parameters. Each of these parameters, their changes with respect to 
other parameters, and their impact on the simulation results has been 
investigated separately. Their values have been extracted from process files, 
measurements, or physically based calculations. 

After incorporating these parameters into the tool, the tool has been 
calibrated to actual microprocessor measurements. Figure 4.9 shows the sort 
level measured data and simulated data for VDD=l.IV to VDD=1.7V and 
T,=25"C. The calibration has been performed by modifying the critical 
parameters in architecture and circuit level. These parameters include 
number of stages in critical path and the activity factor of the chip. Other 
measurements like total leakage power, total dynamic power, and cooling 
power have been used to confirm the simulation results with respect to 
measurement results. 
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Figure 4-9. Sort level data and measured data for calibration of the electro-thermal tool. 
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7.1 Frequency Calculation 
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The operational frequency is the inverse of the critical path delay. The 
critical path delay is the average of the critical path rise and fall delays. 
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The critical path delay can be calculated based on total current charging 
and discharging the load capacitance as shown in Figure 4.10 and can be 
defined as the average time needed to charge and discharge the load 
capacitance [46]. Time to charge and discharge are given by Eq. (4.15) and 
Eq. (4.16). 
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During the charge, the PMOS transistor is on and the NMOS transistor is 
off and as a result, most of the current from PMOS transistor charges the 
load capacitance. However, a part of the PMOS current passes through the 
off NMOS transistor (leakage). Therefore, the net charging current can be 
expressed as follows: 

' charge = ' on -P  ' WP - I o f , - N  WN (4.17) 

During the discharge, the situation is complementary. Therefore, the net 
discharging current can be expressed as follows: 

- 
'discharge - ' on -N  ' wN - ' o f - P  wP (4.18) 

Using Eq. (4.14) to Eq. (4.18), the frequency can be calculated as 
follows: 

In Eq. (4.15) and Eq. (4.16), n is the logic depth in the critical path and 
,f;,, is the fraction of the capacitance contributed by interconnects. Ion-,,, and 

are the on-currents of NMOS and PMOS transistors, respectively, where 
IoFN and IOFP are the off-currents of these transistors. In Eq. (4.17) to Eq. 
(4.19), C is the total capacitance in one stage and WN and Wp are the total 
widths of NMOS and PMOS devices respectively. Note that the on-current 
and cficurrent of transistors can be obtained from circuit simulations. In 
Figure 4.10, C!ond is the load capacitance. 

7.2 Full Chip Power Estimation 

For a microprocessor, the total power can be expressed as: 
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Figwe 4-10. The total currents that are charging and discharging the load capacitance. 

The logic in the microprocessor can be sub-divided into various 
functional blocks such as the data path, register files, control, etc. The total 
width of devices in each block as well as in memory (cache) and in I/O 
blocks is extracted from the actual designs. For each of these blocks, the 
leakage power and dynamic power based on the maximum achievable 
frequency can be calculated. 

For power calculations, switching power, leakage power and cooling 
power must be considered. The short circuit power can be ignored for 
simplicity. Dynamic switching power must be computed according to the 
appropriate microprocessor activity factor, chip supply voltage, chip 
switching capacitance, body bias, and the chip area. Static leakage power 
must also include gate leakage. The chip leakage is derived based on 
statistical transistor leakage distributions [45]. The role of hot spots on the 
chips must be considered for leakage and maximum operating frequency of 
the chip by giving weight to different blocks on the chip based on the 
temperature distribution which has been derived from experimental data. 
Cooling power is computed based on chip power and the COP and thermal 
resistance of different cooling solutions. 
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7.2.1 Dynamic Power Estimation 

The dynamic power or switching power of a chip can be expressed in 
terms of its blocks as described in Eq. (4.21) [45]: 

Where N is the total number of blocks in the chip and ai is the activity 
factor and C, is the total capacitance of a block. VDD is the specified 
operating voltage, f is the chip operating frequency and T, is the chip 
junction temperature. 

7.2.2 Capacitance Calculation for Frequency and Power Estimation 

The critical path of a microprocessor can be represented with a cascade 
of same sized inverters. One such inverter is depicted in Figure 4.10. In 
order to estimate realistic power and frequency of the critical path, and 
hence, the microprocessor, one must calculate the total capacitance of an 
inverter. This capacitance is the sum of the two parallel capacitances, 
namely the driver and the load capacitance [46]. 

Each of these components can further be segregated into several 
components. Figure 4.1 1 shows different capacitances in a MOS transistor 
structure. Using these capacitances, the driver and load capacitances can be 
expressed as [46]: 
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Gate 

Source Drain 

Figure 4-1 1. Capacitances associated with a MOS transistor. 

In Eq. (4.23) and Eq. (4.24), different components can be described as 
follows: 

Ckja: Diffusion to substrate capacitance. 
Cb: Sidewall capacitance. 
Ckipg: Capacitance between SourceIDrain diffusions. 
C,,: The gate (oxide) capacitance. 
C,,,.: The overlap capacitance between the gate and the SourceIDrain. 

The factor of 3 before C,,,,, in Eq. (4.24) accounts for the effective Miller 
capacitance between the gate and the drain of the NMOS and the PMOS 
transistors when the load inverter input makes a positive or negative 
transition. 

For any given block i, the capacitance can be expressed as: 

Where WN and Wp are the total NMOS and PMOS transistor widths in the 
block and C,,,, the contribution of interconnects to the total capacitance in 
the block is given as: 
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Where .fi is percentage of interconnect capacitance added to total 
capacitance in power calculation and: 

Where B is the fitting parameter (I I P I 2), and C,, is the gate 
capacitance. 

7.2.3 Leakage Power 

Although leakage power can be attributed to both subthreshold and gate 
leakage, the primarily focus is on the subthreshold leakage. This is due to the 
fact that the gate leakage is highly process dependent and can also be tuned 
to a desirable level by suitable process adjustments. Moreover, for 0.13pm 
technology the gate leakage power is a small percentage of the subthreshold 
leakage power (less than 1%) but as the technology scales down, the gate 
leakage will be a larger portion of the total leakage. 

It must be noted that subthreshold leakage is also strongly affected by 
process variations. Process variations cause variability in the transistor 
channel length, which in turn causes a variation in the transistor threshold 
voltage ( VTH) mainly due to short-channel effects. The variation in the value 
of VTH causes a variation in the subthreshold leakage, which can be 
expressed as [47]: 

In Eq. (4.28) VTH.r.ef and IoK,.ef are the threshold voltage and leakage 
current respectively at some reference technology node, and S is the 
subthreshold swing. This indicates that, for a given temperature, as the 
threshold voltage decreases, the leakage current increases exponentially. 

To include the impact of intra-die threshold voltage or channel length 
variations, it is necessary to consider the entire range of subthreshold 
leakage currents, not just the mean or the worst case subthreshold leakage. 
Let us assume that the intra-die threshold voltage or channel length 
variations follow a normal distribution for a given transistor width, with p 
being the mean and o being the standard deviation of the distribution. Let I" 
be the subthreshold leakage of the device with the mean threshold voltage 
and mean channel length. Then, by performing the weighted sum of devices 
of different subthreshold leakage, one can predict the total subthreshold 
leakage of the chip. This is achieved by integrating the threshold voltage or 
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channel length distribution multiplied by the subthreshold leakage as follows 
[45]: 

In Eq. (4.29), the first exponent predicts the fraction of the total width for 
the device subthreshold leakage predicted by the second exponent. If the 
distribution considered within-die is threshold voltage variation, then x in the 
above equation represents threshold voltage and a will be equal to n@,. @,is 
the thermal voltage and n is 1 +(Cd/COJ [48]. If the distribution considered is 
channel length, then x in the Eq. (4.28) will represent channel length L, and a 
will be equal to A, which can be predicted for a technology by measuring the 
relationship between the channel length and the device subthreshold leakage. 
In this study, within-die variation is assumed to be channel length variation. 
Using Eq. (4.29) and assuming within-die channel length variation the 
leakage power can be expressed as [45]: 

Where: 
0 n is the number of blocks. 

m is fraction of off devices. 
0 X,, is the noise factor Ivf . 
0 o is the standard deviation of Ivffprocess distribution. 

h is the slope of the Iof/vs. channel length (L) curve. 
W, is the total width of transistors in block i. 

7.3 Reliability and Cooling Constraints 

This section will describe that how the gate oxide reliability and cooling 
constraints are integrated into the electro-thermal tool. 

7.3.1 Reliability Constraints 

In the electro-thermal modeling of the chip, it is necessary to consider the 
long term gate oxide reliability of the chip. In any given junction 
temperature there is a maximum VDD, beyond which, the gate oxide 
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reliability of the chip will be compromised. To validate the VDD values in the 
self-consistent methodology, a gate oxide reliability constraint equation is 
used as given below: 

In Eq. (4.31) and Eq. (4.32), R is a technology dependent reliability 
factor. The constant c can be calculated based on R and nominal values of 
VDD and T,. V,,,, is the maximum voltage for VDD that satisfies the reliability 
criterion for gate oxide. The reliability criterion is checked at the end of each 
iterative loop in Figure 4.7 in calculating T, and VDD. 

7.3.2 Cooling Constraints 

The operating junction temperature of a chip depends on the cooling 
solution that is used for conducting the generated heat from the junction to 
the ambient surrounding the chip. Different cooling solution can be used to 
remove the generated heat. In this study we focus on the air cooling and 
refrigeration to compare the low temperature and high temperature operation 
of microprocessors. The model that is used in the electro-thermal tool is 
shown in Figure 4.12. In this model: 

Rj, = R,, + R,, (4.34) 
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1 q = l - -  
COP 

In Eq. (4.35) and Eq. (4.38), PSJjs is the total system power which includes 
total chip power (dynamic and static) as well as power spent due to any 
dynamic cooling mechanism with an efficiency of q (q < 1). Tomb is the 
ambient temperature (temperature immediately outside the chip case) and 
To,, is the external room temperature. In these equations, Rjc is the junction to 
case and R,, is the case to ambient thermal resistance. Q,,,, is the amount of 
power used by the cooling system and the coefficient of performance (COP) 
is the ratio of the chip power to cooling power. T, and T, are ambient and 
junction temperature respectively. 

7.4 Results of Electrothermal Analysis Tool 

To demonstrate how the modeling works, Figure 4.13 shows the results 
of an optimization for an example microprocessor in a low-leakage 130nrn 
process technology for a typical package and air cooling system. 

Solutions are obtained for different VDD values, and an operating point is 
accepted only if the VDD does not exceed the gate oxide reliability-limited 
maximum supply voltage (V,,) at the final T, . Therefore, reliability 
considerations set the maximum allowable supply voltage. The highest 
optimal frequency and corresponding T, are set by VDD = V,, at that T,. For 
these simulations, the ambient temperature (T,) is set to 35OC. 

The X-axis of Figure 4.13 represents the chip operating frequency. The Y- 
axis has captured multiple parameters including power, temperature, supply 
voltage and the reliability maximum allowed supply voltage (V,,). As the 
supply voltage increases, the chip frequency increases, and the junction 
temperature rises. However, the maximum reliability-limited supply voltage 
reduces at higher temperatures due to degraded gate oxide reliability 
performance. Consequently the maximum supply voltage is determined at 
the intersection of the VDD and reliability limited maximum VDD (V,J 
curves. This sets the junction temperature, frequency and power of the chip 
accordingly. The optimal operating frequency is 2.7GHz at VDD of 1.5V and 
T, of 8 1°C where the system power is 82W. 
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Figlire 4-12. Thermal circuit illustrating the relationship between the chip and the system 
level power, thermal impedance and temperature. 

Interconnect RC delays with repeaters can also limit the maximum 
frequency (top portion of Figure 4.13). RC delays change with T, in a 
different way from transistor performance and circuit delay. Also, RC delay 
is relatively insensitive to VDD change, whereas circuit delays in logic paths 
change significantly with VDD. In an optimum design interconnect should not 
limit chip frequency and power at the optimum frequency. This allows 
transistors to provide their highest potential performance. This is shown in 
top portion of Figure 4.13 where interconnect (dashed line) increases power 
without improving the chip frequency after optimal operating point. 

8. SUMMARY 

As VLSI circuits are scaled into deep submicron technologies the power 
consumption of the ICs is increased which in turn increases the junction 
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temperature of ICs. Prediction of the junction temperature at an early stage 
of the design is an important factor in the determination of performance and 
long term reliability of the VLSIs. In this chapter fundamentals of the 
electrothermal modeling at architecture and circuit were described and a case 
study with regard to electrothermal modeling was presented. 

350 1 

Without Interconnect 

Optimal Frequency 

1 

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 
Frequency (GHz) 

Figure 4-13. Optimization of microprocessor operating Frequency subject to reliability 
constraints. 
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Chapter 5 

THERMAL RUNAWAY AND THERMAL 
MANAGEMENT 

Abstract: This chapter begins with the concept of the thermal runaway and optimization 
methods to prevent the thermal runaway during reliability screening test (bum- 
in). Then we review the thermal management of the VLSl circuits during 
normal operating conditions to prevent thermal runaway and finally discuss 
the temperature measurement methods. 

Keywords: Thermal Runaway, Thermal Management, Junction Temperature 
Measurement. 

1. THERMAL AWARENESS 

The total power consumption of a high performance microprocessor 
increases with scaling. The increased power in scaled technologies also 
increases the temperature of the chip. The safe operation of the chip requires 
the prevention of excessive chip temperature. Very sophisticated cooling 
solutions are used to remove the generated heat from the chip. Any small 
interruption in the operation of the cooling system or any unfavorable 
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change of the ambient temperature may cause overheating and can lead to 
permanent degradation of the chip or even permanent damage to the chip. 

The off-state leakage current under the nominal operating conditions is 
becoming increasingly large fraction of the total current at 130 nm and sub- 
100 nm nodes. The off-state leakage is a strong function of the temperature, 
hence under the burn-in conditions; ratio of the leakage power to the active 
power becomes adverse. Typically, clock frequencies are kept in tens of 
MHz range during burn-in, which results in substantial reduction in the 
active power. On the other hand, the voltage and temperature stresses cause 
the off state leakage power to be the dominant power component. Stressing 
during burn-in accelerates the defect mechanisms responsible for early life 
failures. Thermal and voltage stresses increase the junction temperature 
resulting in accelerated aging. Elevated junction temperature, in turn, causes 
leakage to further increase. In many situations, this may produce a positive 
feedback leading to the thermal runaway which results in a permanent 
damage to the chip. Such situations are more likely to occur as technology is 
scaled to the nano-meter regime. Figure 5.1 shows a chip that has gone into 
the thermal runaway [I]. Thermal runaway increases the post burn-in yield 
loss dramatically therefore must be avoided at all costs. 

In order to avoid thermal damages, special techniques should be applied 
both during the production testing and during the field operation. To apply 
these techniques, it is crucial to understand, predict or measure the junction 
temperature under normal and stress conditions. Junction temperature, in 
turn, is a function of ambient temperature; junction to case, and case to 
ambient thermal resistances; and power dissipation. Considering these 
parameters, one can optimize the operating environment or test (burn-in) 
conditions to minimize the probability of thermal damages and thermal 
runaway while maintaining the operating performance and effectiveness of 
the bum-in test. 

THERMAL RUNAWAY 

Junction temperature of a chip depends on the power consumption of the 
chip. When the power in the chip increases, the junction temperature 
increases. The total power of the chip consists of two parts; dynamic power 
and static power or leakage power. The dynamic power has a weak negative 
dependency on the junction temperature. The reason is that the I,, of the 
CMOS transistor decreases when the junction temperature increases. On the 
other hand junction temperature and leakage current are strongly correlated 
and create a positive feedback mechanism between them. Increasing the 
junction temperature will increase the leakage current and increased leakage 
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current will further increase the junction temperature. Under burn-in or 
normal operating conditions, designers try to control the junction 
temperature by removing the heat from the chip. As long as the rate of heat 
removal is greater or equal to the rate of heat generation, the junction 
temperature remains constant at the designed operating point. When the rate 
of heat generation becomes greater than the rate of heat removal, junction 
temperature starts to increase and the thermal runaway occurs [2]. 

The junction temperature (T,) of an IC is defined as the average 
temperature of the silicon substrate. T, is a crucial parameter in performance 
determination, reliability-prediction procedures, and burn-in testing. Under 
nominal conditions, any increase in T, from the design point degrades the 
performance. Under burn-in conditions, any deviation in I;- from what is 
defined for stress conditions; either over stresses the chip or under stresses 
the chip and consequently causes long term reliability problems. 

Figure 5-1. Test socket destroyed by thermal runaway [ I  1. 
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The junction temperature of a chip can be expresses as: 

T,  = T, + P x R,, (5.1) 

Where T, is the ambient or set point temperature, P is the device total 
power, and R,, is the junction-to-ambient thermal resistance. The power 
dissipation can be subdivided into dynamic and leakage components, as: 

IE-6 I E-5 IE-4 I E-3 IE-2 1 E-I IEO 1E+l 1 E+2 

Time (s) 

Figure 5-2. Junction to ambient thermal impedance (4,) increases with time and reaches its 
steady-state value of 0S0C/W [2]. 
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In Eq. (5.4), C i s  the total IC switching capacitance and f is the operating 
frequency of the chip and can be expressed as: 

Where C is the average total capacitance of a node in the critical path and 
N is the number of logic stages in the critical path. 

As it can be seen in Eq. (5.1), thermal resistance of the chip is one of the 
parameters influencing the junction temperature. Thermal resistance is the 
resistivity of the material to the heat flow from silicon junction to the 
ambient surrounding the chip. Thermal resistance depends on the different 
materials in the chip, package of the chip, heat sink, and cooling system of 
the chip. 

Figure 5.2 shows the transient behavior of the junction to ambient 
thermal impedance. When the chip is powered on, the thermal impedance 
starts to increase and reaches to its steady state condition. This phenomenon 
can also be explained with the help of the thermal equivalent circuit 
illustrated in Figure 4.1 and Eq. (5.6). At the instance chip is powered on, a 
large thermal step (large co) results in smaller thermal impedance. However, 
in the steady state the value of w becomes smaller. Therefore the thermal 
impedance is determined primarily by the thermal resistance under steady 
state conditions. 

A typical value for the thermal resistance is OS°C/W. Assuming that the 
generated power must be removed from the chip; the removed power can be 
derived using Eq. (5.1) as follow: 

It can be seen that in Eq. (5.7) the removed power is a linear function of 
the junction temperature and the slope of this function is inverse of the 
thermal resistance of the chip. Figure 5.3 shows the generated power and 
removed power of a microprocessor as a function of the junction 
temperature while the ambient temperature is kept at 35OC. 
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In Figure 5.3, the straight lines represent transient behavior caused by 
changing thermal impedance with time. As time increases, the thermal 
impedance increases from O°C/W and reaches a steady-state value of 
0.5"CIW. In other words, the slope of the line which represents the removed 
power decreases. On the other hand, the exponential curve is the generated 
power or chip power at the given ambient temperature. An intersection of 
the straight line (representing the removed power) and the exponential curve 
(representing the chip power) represents the steady state operating condition 
of the system where removed heat is equal to the generated heat. As long as 
there is an intersection between the removed power curve and the chip 
power curve, thermal runaway will not occur. 

Removed r 
400-. Power I 

Removed Power 

Operating Points 

0 50 100 150 200 250 300 

Junction Temperature ( O C )  

Figure 5-3. 130-nm microprocessor power (exponential), removed power (dashed lines) for a 
thermal resistance of OS°C/W [ 2 ] .  



Thermal Runuway and Thermal Management 125 

The concept of the thermal runaway can be further explained with the 
help of Figure 5.4. The solid curves in the figure represent total generated 
power in (i) nominal processing conditions, and (ii) when transistors are 
processed with 10% shorter channel lengths. The dashed lines represent 
removed power under different steady state thermal resistance values and 
ambient temperatures. It can be seen that the chip power with nominal 
channel length has an intersection with the removed power curve at junction 
temperature of 110°C. The slope of the line is 1/0S0C/W and the ambient 
temperature is 80°C. At this operating point the leakage power has fixed 
value. Now, if owing to increasing activity, the active power, and 
consequently, the junction temperature is increased beyond 110 "C, since the 
removed power is larger than the generated power, the operating point 
converges to the initial operating point. The same is true if the dynamic 
power is reduced owing to sudden decrease in the activity. The concept of 
the thermal runaway can be further explained with the help of Figure 5.4. In 
other words, the junction temperature at the operating point is stable [2]. 

L 

Leakage Chip 
m 

B / / 
I / .  Operating Conditions 

1 I I g 1 

50 100 150 200 250 

Junction Temperature ( O C )  

Figure 5-4. Burn-in setup points for nominal leakage and high leakage chips [2]. 
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On the other hand if we look at the curve for the higher power chip, we 
see that there is no intersection between this curve and the removed power 
curve with the thermal resistance of OS°C/W. Since at all temperatures the 
removed power is less than the chip power, for this particular chip, the 
operating conditions will lead the chip to the thermal runaway. To overcome 
the problem the operating conditions must be changed. The new 
environment is shown in the figure with a thermal resistance of 0.25"CIW 
and an ambient temperature of 70°C which creates an intersection between 
the chip power and the removed power. From this experiment, it can be 
concluded that for scaled chips with higher power, the setup for the 
operating conditions must evolve by reducing either the ambient temperature 
or the thermal resistance or a combination of both of them. This will shift the 
removed power curve to the left of the corresponding generated power curve 
for the IC at the designed operating conditions. 

Stress Conditions for Burn-in 

Nominal Conditional 

Figure 5-5. Off current of a NMOS transistor in terms of voltage and temperature for 130 nm 
CMOS technology (normalized to the ofcurrent for VDD = 1.4V and 7;-120°C) [2]. 
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3. THERMAL RUNAWAY DURING BURN-IN 

Bum-in is a crucial reliability screening test to ensure the quality and 
reliability of products before they are shipped to the customers. Historically, 
the burn-in environment temperature and voltage have been 125°C and 
VDD+30% to VDD+40%, respectively. At the time, the leakage power was a 
non-issue. However, in sub-180 nm technologies, leakage power is 
significantly higher under bum-in conditions. Figure 5.5 shows the NMOS 
transistor leakage current increase for 130 nm technology at bum-in 
conditions. The figure shows the increase in leakage power with increasing 
temperature and voltage. As it can be seen from the graph, the leakage is 
increased by approximately 3.5-4x at bum-in conditions compared to 
nominal conditions. 

There are CAD tools available to estimate the junction temperature under 
various environmental conditions [3,4, 51. Figure 5.6 depicts the flow chart 
of one such program. At any initial temperature, the program reads the input 
current for a single transistor. Based on the circuit implementation and 
architecture, the total power is computed using Eq. (5.3), Eq. (5.4), and Eq. 
(5.5) and the junction temperature is updated in Eq. (5.1). Using this 
procedure [6], for any given voltage and process technology, the junction 
temperature is calculated and convergence of the obtained temperature is 
tested [6]. Depending on the result after several iterations the junction 
temperature will either converge to a temperature or will increase and lead 
the chip into thermal runaway. 

3.1 Simulation Results 

Vassighi et a]. modeled a 32-bit microprocessor in 130 nrn dual-VTH 
CMOS technology to verify the procedure suggested in Figure 5.6 [6]. The 
parameters of this program were calibrated to the experimental data from an 
actual microprocessor. These parameters include the bum-in stress voltage 
and temperature, I,,, and of the CMOS transistors, and the layout of the 
chip. 

Figure 5.7 depicts the electro-thermal simulation results for this 
microprocessor in the burn-in conditions. The solid curves represent the 
junction temperatures in liquid cooled ovens while the dashed lines represent 
the junction temperatures in air cooled ovens. As illustrated in Figure 5.7, 
for air-cooled ovens if the ambient temperature is kept above 10°C the 
junction temperature starts rising and does not stabilize. This rise in 
temperature will lead the chip to thermal runaway. The same chip in a liquid 
cooled burn-in oven (solid lines) will tolerate up to 90°C of ambient 
temperature without causing thermal runaway. If we want to keep the 
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junction temperature of 1 10°C then the ambient temperature of liquid cooled 
oven must be kept at 76OC. The dotted line represents two overlapping 
curves under air cooled and liquid cooled conditions while maintaining the 
junction temperature at 1 10°C (burn in condition). 

Initial Tiunction 

Input 
Transistor L- 

I Current I 

Power 
Calculation 

- 

Updated 
Temperature 

Thermal 
Runaway 

Figure 5-6. A procedure for junction temperature estimation under bum-in conditions [ 6 ] .  
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Figure 5- 7. Steady-state junction temperature for 130nm high performance microprocessor at 
bum-in conditions (T, = 1 10°C and VDD = 1.8V). 

Liquid cooled bum-in ovens with a junction to ambient thermal 
resistance of 0.5"CIW are able to transfer more heat from the chip than air 
cooled burn-in ovens with junction to ambient thermal resistance of 
1.5"CIW. Since the total power at burn-in condition (T,=IIO1'C; Vm=1.8V) 
for this chip is 66W, 1°C/W reduction in thermal resistance will allow us to 
perform burn-in with 66OC higher ambient temperature. The results in Figure 
5.7 confirm that the ambient temperature is increased from 10°C to 76OC in 
liquid cooled ovens. It should be noted that since the ambient temperature in 
an air-cooled ovens cannot be less than the a room temperature, it is 
impractical to burn-in this microprocessor in air-cooled burn-in oven as at 
room temperature ambient, the chip will eventually go into thermal runaway. 

The processors in a production line often have a skewed normal leakage 
distribution. The processors with larger off state leakage are more 
susceptible to thermal runaway. Since processors with higher leakage are 
also faster, the economic cost of losing them to thermal runaway is even 
higher than the processors with average leakage. Therefore, a flexible burn- 
in procedure must be tailored according to the leakage. The processors are 
categorized based on their leakage. Subsequently the burn-in procedure for 
each category is optimized to minimize the thermal runaway probability. 
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The variations in leakage power are mostly due to process variations. 
Simulations were carried with 10% reduction in the channel length of the 
transistors in 130 nm technology. This resulted in a 3x increase in the sub- 
threshold current. This increase in the sub-threshold current increases the 
leakage power of the test chip under burn-in condition by 3x. This extra 
leakage increases the junction temperature. 

Figure 5.8 illustrates the simulation results of the chip that its transistors 
have 10% smaller channel length than the nominal value in 130 nm 
technology. The excessive leakage due to the smaller channel length 
increases the junction temperature. As can be seen in Figure 5.8, the ambient 
temperature must be reduced from 76°C (shown in Figure 5.7) to 30°C for a 
liquid cooled burn-in oven (R,, = 0.5"CIW) to maintain the junction 
temperature at 1 10°C. Since it is difficult to maintain the ambient 
temperature in bum-in ovens around room temperature, it is necessary to 
reduce the junction to ambient thermal resistance of the burn-in oven. The 
next generation burn-in ovens are expected to have a thermal resistance of 
0.3"CIW using refrigeration as a cooling solution and a thermal resistance of 
0.25"CIW using spray cooling technique as cooling solution, respectively. 
With a thermal resistance of 0.25"C/W, this processor can be burnt-in in the 
ambient temperature of 70°C (Figure 5.8). 

Figure 5-8. Steady-state junction temperature under bum-in conditions for a 130nm high 
performance microprocessor with a 10% smaller channel length. 
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4. THERMAL MANAGEMENT DURING NORMAL 
OPERATING CONDITIONS 

The junction temperature during the normal operating conditions depends 
on the power consumption of the chip, mainly dynamic power consumption. 
The leakage power during the normal operating conditions is the smaller 
percentage of the total power. If the junction temperature during the normal 
operation of the chip is not controlled properly, it will cause long term 
reliability issues by overstressing of the chip or even in some cases the 
destruction of the chip. The destruction of the chip is due to thermal 
runaway. As it was mentioned in section 5.2, the thermal runaway is caused 
by a positive feedback between the junction temperature and the power 
consumption of the chip. 

Microprocessors due to high power consumption are more susceptible to 
overstressing and thermal runaway. Microprocessor manufacturers use 
Dynamic Thermal Management (DTM) to prevent the thermal overstress and 
thermal runaway during normal operating conditions. For example, Intel 
Pentium 4 and Pentium M, the Transmeta Crusoe and Efficeon, the IBM 
Power5, and the AMD Athlon use some form of DTM [7-101. To explain the 
dynamic thermal management of high performance microprocessors, we 
describe the DTM of the Intel Pentium 4. 

The Pentium 4 microprocessor has two on chip thermal sensors. The 
chips thermal control unit uses an internal thermal diode which is placed 
near the part of the CPU that is expected to be the hottest part of the chip 
during the normal operating conditions (hot spot) [7-101. The internal diode 
reads the temperature of that part of the chip by converting the amount of the 
pn junction current of the diode to the temperature. When the junction 
temperature of the microprocessor exceeds a pre-defined temperature, that 
indicates thermal stress. Under thermal stress the temperature control unit 
begins throttling CPU activity by stopping the CPU clock for a period of 
time. Then if the temperature goes below the pre-defined temperature the 
unit will start the clock. If the temperature increases, the clock will be 
stopped again and this process will continue with a controlled duty cycle. 
The duty cycle can be from 12.5% to 87.5% and is a factory pre-set value 
(i.e. 2ps for 50% duty cycle). 

ACPI (Advanced Configuration and Porn ~terface) is an open industry 
specification co-developed by Hewlett-Packard, Intel, Microsoft, Phoenix, 
and Toshiba. ACPI establishes industry-standard interfaces for 0s-directed 
configuration and power management on laptops, desktops, and servers [ I  11. 
An operation system that supports ACPI can implement the thermal 
management policy in three different ways. The first one is incorporating of 
the active cooling like turning on the fan. The second one is passive cooling 



132 Thermal and Power Managemelzt of Integrated Circuits 

where the junction temperature is reduced by reducing the power 
consumption of the microprocessor. Power is reduced by dynamic voltage 
scaling (DVS) and dynamic frequency scaling (DFS) where the VDD and 
operating frequency (f,,,) of the microprocessor are scaled according to the 
junction temperature. The last one is the operation of the shutdown by 
operating system. The temperature threshold for each policy is set by 
operating system [ 121. 

The Pentium 4 second on chip sensor unlike the first sensor is a thermal 
sensor that is software visible. This thermal diode sensor is not located near 
the thermal control unit sensor and hotspots; therefore the temperature 
reading of this sensor is not well correlated with the temperature of the 
hotspots. The sensor diode produces a voltage across two external pins and 
this voltage is converted to a value using external A/D on the motherboard. 
This value is used by ACPI to implement its thermal management policy. It 
must be noted that this reading represents the nominal junction temperature 
value and not the junction temperature near the hot spots. Generally, the 
difference between these two values is known and if one value is measured 
by sensor, the other one can be computed by the operating system. 

5. TEMPERATURE MANAGEMENT: A CASE 
STUDY 

Today's microprocessors due to their high power consumption and 
consequently high junction temperature must utilize a thermal management 
unit to monitor and regulate the temperature of the system [13-161. If the 
operating temperature exceeds the upper limit which has been set by the 
manufacturer, then the thermal management unit forces the system to slow 
down or even suspend operations temporarily to cool down. 

An on-chip thermal management unit is a simple, inexpensive, and low 
power solution that saves space, power, complexity, and heat-sink costs. The 
unit provides instantaneous junction temperature readings and as a result 
enables a thermal management implementation that is tightly coupled to the 
processor for optimal performance and enhanced reliability. Figure 5.9 
shows a block diagram of the on-chip thermal management unit 
implemented in IBM PowerPC microprocessor [17]. The unit consists of 
three 32-bit registers, a 2-to-1 multiplexer, a 5-to-32 decoder, an on-chip 
thermal sensor, an interrupt generator, and a thermal logic control block. 
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Figure 5-9. The block diagram of the thermal management unit of an IBM PowerPC 
microprocessor [l7]. 

The thermal management unit provides the following functions: 
0 Compares the junction temperature with user defined thresholds. 

Generates an interrupt if the temperature exceeds the defined threshold. 
Enables the user to estimate the junction temperature using a software 
approximation routine. 
The unit is accessed and controlled through privileged instructions and 

unit special purpose registers. These registers are used to configure and 
control the sensor control logic. THERMl and THERM2 provide the 
comparison between the junction temperature and the user specified 
temperature thresholds. Dual thresholds allow the thermal management 
software to take different degree of actions when the junction temperature 
exceeds the threshold. The unit also can operate on a single threshold basis; 
either THERMl or THERM2. THERM3 is used to enable the unit and also 
to control the comparator output sample time. The unit logic manages the 
interrupt generation in the case of thermal stress as well as other unit control 
functions [ 171. 
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6. TEMPERATURE MEASUREMENT OF 
SEMICONDUCTOR DEVICES 

The impact of temperature on semiconductor devices is so significant 
that measuring the temperature of such devices has always been one of the 
most researched topics. Due to importance of this subject, researchers still 
are developing new methods to address temperature measurement issues. For 
semiconductor devices, the temperature measurement methods include three 
main categories; electrical methods, optical methods, and physically 
contacting methods. 

Methods in the first two categories use some of the devices properties 
(electrical or optical) to measure the temperature. In the third category, a 
temperature transducer such as a thermocouple is used to measure the 
temperature through a close contact to the device. In these methods it is the 
temperature of the transducer that has been measured. Blackburn has 
reviewed the temperature measurements of semiconductor devices and we 
will summarize his work in this section [18]. 

6.1 Electrical Methods 

Some of the electrical parameters of semiconductor devices like pn 
junction forward voltage, threshold voltage, leakage current, and gain are 
temperature dependent. An accurate measurement of these parameters will 
be a good indication of the temperature of the device. Although a specific 
electrical parameter of the device may be related to the temperature of the 
device at that point, but it will not necessarily represent the temperature of 
the neighboring areas unless the temperature distribution is uniform in the 
device. Therefore the distributed nature of the electrical and thermal 
parameters is lumped into a model with a single temperature, voltage, and 
current density. Figure 5.10 illustrates the idea of the lumped model [18]. 
Left hand column in the figure graphically represents temperature and 
current density of a distributed diode. The right hand column lumps this 
information into a single diode with constant temperature and constant 
current density. The disadvantage of this model is that the spatial resolution 
can not be well determined and only one single, averaged temperature is 
measured for a device that has some temperature distribution. Despite some 
inaccuracy of electrical methods, their advantage is that they do not require 
any special preparation because all the necessary connections are already 
available. 
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A major concern with utilizing the electrical parameters for temperature 
measurement is the separation of the effects of temperature from inherent 
electrical variation of these parameters. For example, in a diode, when the 
current is increased, the temperature is increased due to power dissipation in 
the device. The diode voltage on one hand tends to increased due to 
increased current. On the other hand the diode voltage tends to decrease due 
to increased temperature. Therefore the electrical effect must be isolated to 
utilize the temperature variation of the diode voltage as a thermometer for 
the diode. 

Another concern with electrical measurement is calibration process. To 
calibrate the electrical parameters that are used as thermometer, the device is 
set to a series of temperatures using an oven or a hot plate and the electrical 
parameters of the device are recorded. It is assumed that the temperature of 
the device is the same as the temperature of the oven or the hot plate. This 
will cause some inaccuracy due to self heating effect of the device, since 
there is always some heat dissipation in the device when it is electrically 
active. In the following sections different electrical measurement methods 
are reviewed. 

Actual Model 

PN Junction I 1 PN Junction 

E Constant Junction temperature 
P 

Figure 5-10. Actual (distributed) and lumped models of the pn junction temperature, current 
density and diode models [IS]. 
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6.1.1 Switched and Non-Switched Measurements 

To address two concerns that were mentioned in previous section, there 
are two categories of electrical measurements. The first category is switched 
or pulsed measurements where the effects of the self heating during 
calibration are minimized by keeping the dissipated power very low. Since 
the measurement and the calibration must be performed under same 
electrical conditions, the device dissipated power must be momentarily 
reduced (switched) to this low value. One problem with switched 
measurement is that during switching event, transient electrical signals 
interfere with the measurement. It takes a delay time for the electrical signals 
to settle down to those of the calibration process. These electrical transients 
are due to measurement circuit response time, charge storage in the device 
under test, and parasitic effects of the device package. The other problem 
with this method is that during the transition of the electrical signals the 
device temperature decreases due to decreased device power. These two 
problems cause under estimation of the actual temperature. Methods have 
been developed to compensate for the effects of electrical transitions to 
provide better estimation of the temperature [ 19-2 1 1. 

The second category of electrical measurements is the non-switched or 
continuous measurements where the effects of electrical interference during 
measurements are minimized. This is because the parameters that are used 
for temperature measurements are measured under same conditions in which 
the device is being heated. Since the temperature changes due to self heating 
must be kept as low as possible, the calibration process must now be 
performed under switched conditions (low power). One problem with this 
method is the temperature rise during calibration due to the self heating 
effect. The other problem is that the electrical transients interfere with 
switching during calibration. 

6.1.2 pn Junction Forward Voltage 

One of the most commonly used electrical parameters for measuring the 
temperature of the semiconductor devices is the pn junction forward voltage. 
The relationship between the current, the voltage, and the temperature of an 
ideal p n  junction is given as [22]: 

I,, = I ,  [ exp [q2+] - 
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Where I,,, is the current of the pn junction, q is the electron charge 
( I . ~ X ~ O - / ~ C ) ,  k is the Boltzmann's constant ( 1 . 3 8 1 ~ 1 0 - ~ " ~ / ~ ) ,  V,, is the 
voltage across the junction, and I, is given as follow: 

Where y is a constant (around 3), E, is the bandgap of the Si (1.2eV at 
T=275K), and I, is a temperature independent constant. From Eq. (5.8) and 
Eq. (5.9), the pn junction voltage variation at a given current I,, can be 
derived as follow: 

The rate of pn junction voltage change with respect to temperature 
calculated from Eq. (5.10) is approximately -2mVlK and varies by 7% from 
275K to 475K. Some examples of p n  junction forward voltage as 
thermometer can be found in [23-381. 

6.1.3 Threshold Voltage 

The threshold voltage is another temperature dependent electrical 
parameter. The variation of the threshold voltage with temperature is given 
by following equation [39]: 

Where VTH is the threshold voltage, y~ is the distance of the Fermi level 
from the midgap, ES, is the dielectric constant of the silicon, NA is the doping 
density, E, is the bandgap at T=O, Cox is the gate oxide capacitance and 
dy/dT is given by: 
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Disadvantage of using threshold voltage as a parameter for temperature 
measurements is the strong dependency of the threshold voltage on the 
doping concentration. Therefore any variation on doping concentration will 
strongly affect the threshold voltage variation and thus it varies from device 
to device. 

6.1.4 Other Electrical Methods 

Other methods have been utilized to measure the temperature of the 
semiconductor devices. Electrical resistance and current gain are among 
these methods. In electrical resistance method, resistance of a bar is 
measured by passing a current through it and measuring the applied voltage. 
Then the changes in measured R can be used as thermometer. In some 
devices like hetero-structure bipolar transistors (HBTs), the gain of the 
transistor is a monotonic function of the temperature and thus the gain can 
be used to measure the temperature. However in most devices, the gain is a 
complex function of the temperature and makes it too complicated to 
perform temperature measurement using this electrical parameter. Other 
methods have been developed to measure the temperature of the 
semiconductor devices which can be found in [40-501. 

6.1.5 Functional Description of On-chip Temperature Sensor of 
PowerPC 

The on-chip temperature sensor circuit in IBM PowerPCs is based on the 
differential voltage change across two diodes biased at the same operating 
current. Figure 5.11 illustrates the logic flow of the thermal sensor circuitry 
[17]. One of the diodes is larger than the other one. The voltage across these 
diodes is sampled at a given temperature. Then the current generated in 
diodes are compared. When temperature increases, the voltage across the 
larger diode decreases much more rapidly than the voltage across the smaller 
diode. Therefore the generated current in larger diode is smaller than the 
smaller diode. The current from the larger diode is added to reference 
current which is set based on the thermal threshold of the device. The result 
is compared to the current from smaller diode to see if the thermal threshold 
is exceeded. 
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F~gure 5-1 1 Procedure of the on-ch~p temperature sensor for IBM PowerPC [ I  71 

6.2 Optical Methods 

To utilize the optical properties as a thermometer, naturally emitted 
radiation, reflected radiation, or stimulated emitted radiation is measured. In 
optical methods, an optical beam of photons is focused at a point on the 
device and incident photons are reflected after interacting with the device. 
The properties of the reflected photons are strong function of the local 
temperature. The changes in reflected beam can be used to obtain the 
temperature of different parts of the chip. Another commonly used optical 
technique is the measurement of the naturally emitted infrared radiation from 
a heated body. 

Optical methods have some drawbacks. The device must be accessible to 
perform the thermal measurements; therefore optical methods are ill suited 
for such measurements. Moreover, optical methods require expensive, and 
hard to use equipments [18]. 

6.2.1 Infrared Imaging 

The most commonly used optical method to measure the temperature is 
the infrared radiation [5  1-54]. In this method a portion of the spectrum of the 
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naturally emitted infrared is used to measure the temperature. The spectral 
emittance (watt/m3) of a black body is given by Planck's radiation law: 

Where A (pm) is the wavelength, T (K) is the temperature, h (6.6~10." 4)  
is the Planck's constant and c (3x10') is the speed of the light. As the 
temperature of the material increases, the total emitted radiation over all 
wavelengths increases and the wavelength which the emittance peaks 
decreases. The total emitted energy is given by Stefan-Boltzmann equation 
which is derived by integrating the Planck's equation over all wavelengths. 

Where a = 5.7x10-* ~ r n - ~ ~ ~ .  Black bodies have an emissivity, E, equal to 
1. Real materials have emissivity of 0 < E < 1, therefore the Eq. (5.14) 
becomes: 

Using Eq. (5.15), by measuring the total emitted energy, the temperature 
of the material can be determined. The major concern with infrared 
measurement is the determination of relative permittivity (E,). The value of 
the F, for different materials on the chip varies from 0.1 (Aluminum) to 0.6 
(polysilicon). Without taking this variation into account, the temperature 
measurement using infrared method will be impossible. The spatial 
resolution of infrared method is limited to the wavelength of the detected 
radiation and is from 3pm to 5pm. 

6.2.2 Luminescence 

Luminescence is the emission of the radiation due to an external 
stimulation such as an electric field or a photo excitation. The emitted 
radiation is the result of electron hole recombination. The source of the 
electrons and holes is either electrical or optical. In Electrolurninescence 
electrons and holes are injected across a pn junction [55]. In 
Photoluminescence the source of electrons and holes is from external optical 
excitation [56-581. Electrons and holes recombine with the peak energy 
occurring in direct bandgap materials at the bandgap energy. Since the 
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bandgap energy depends on the temperature of the material, the peak energy 
of the luminescence depends on the temperature. The resolution of the 
electroluminescence depends on the area of the pn junction where the 
resolution of the photoluminescence depends on the size of the incident 
optical excitation and can be 0.5pm-1 pm and the temperature resolution is 
1°C. Luminescence is only useful for direct bandgap semiconductors such as 
GaAs. 

6.2.3 Raman 

The temperature of Si MOSFETs, GaAs, and other semiconductor devices 
has been measured using Raman effect. Raman scattering occurs when a 
photon scatters from a crystal, with the creation or annihilation of one or 
more phonons. Since the phonon spectra is temperature dependent, the 
spectra of the scattered photon is temperature dependent and will be 
different than the spectra of the incident photon. The spatial resolution of the 
Raman effect for measuring the temperature is lpm and the temperature 
resolution is 1°C -2°C 159,601. 

6.2.4 Reflectance 

If the incident and the reflected photons have the same wave length, then 
the intensity of the reflected photons is temperature dependent. The relative 
change in optical reflectance density is small and it is in the order of to 

OK-'. Reflectance method as a thermometer has been used to measure the 
temperature of interconnects, devices, and thin films. For the temperature 
measurement of self-heated devices and interconnects, a single probe is 
used. For the temperature measurement of thin films two probes are used; 
one for heating the thin film and the other for measuring the temperature. 
Thermo-reflectance is used to measure very short thermal transients (10ns) 
with the spatial resolution of I pm [61-631. 

6.2.5 Thermo Optic Effect 

Thermo optic effects are changes in the optical index of the reflection of 
a material with the temperature. These changes are small and in the order of 
10.~ OK-' [64]. This method has been used to measure the temperature profile 
of the power gate-turn-off thyristor and the temperature in waveguide 
modulators. 
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6.3 Physically Contacting Methods 

Contacting methods measure the temperature by making thermal contact 
with the device under study. Contacting methods include single point contact 
methods, multi-point or blanket cover methods. The spatial resolution of the 
contacting methods is the smallest of all available methods and is around 
30nm to 50nm for scanning thermal probes. 

6.3.1 Scanning Thermal Probes 

Scanning thermal probes are among the single point contact methods. In 
this method an atomic force microscope has been modified with a 
temperature sensitive element such as a thermocouple or thermistor. This 
method offers the highest spatial resolution due to small size of the probe tip 
[651. 

6.3.2 Liquid Crystals 

Liquid crystals are an example of multi point or blanket cover methods. 
Liquid crystals as an organic materials exist as a phase between a solid and 
an isotropic liquid. They scatter the incident light based on the wavelength 
of the light and temperature of the liquid crystal. The liquid crystal 
molecules have a helical structure and the distance of the molecules is in the 
order of the wavelength of the visible light. The wave length of the light that 
is reflected is determined by the pitch of the helix and since the pitch of the 
helix is temperature dependent, the color of the region being observed 
changes with temperature of the region. The color range of the liquid 
crystals can be changed by changing the chemical composition used in the 
liquid crystal. Liquid crystals are commercially available in the temperature 
range of -30°C to 120aC, spatial resolution of lpm, and temperature 
resolution of O.l°C [66, 671. 

7. SUMMARY 

Thermal management is the key to ensure long term reliability, 
performance, and thermal runaway avoidance. Unabated increase in power 
consumption, and poor thermal management during burn-in or even normal 
operational conditions, may result in thermally induced total chip destruction 
which is also known as thermal runaway. A constant monitoring and 
measurement of the junction temperature is significantly important for 
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thermal runaway avoidance. Moreover, this knowledge leads to strategies for 
optimization of operating conditions. 
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Chapter 6 

LOW TEMPERATURE CMOS OPERATION 

Abstract: Low temperature operation with utilization of refrigeration as cooling 
electronic devices. In this chapter we review the low operation of the system 
has shown improvement in performance and the reliability of CMOS devices 
and describe different cooling solution for low temperature operation. 

Key words: Low Temperature, Cryogenic Temperature, Low Temperature CMOS 
Characteristics, Refrigeration. 

1. LOW TEMPERATURE MOTIVATION 

In the last decade there have been an increasing number of manufacturers 
offering low temperature cooling of CMOS microprocessors to enhance the 
performance. Although the primary reason for low temperature operation of 
microprocessors has been performance enhancement, due to increased power 
in scaled technologies, the low temperature operation may be required to 
keep the temperature of the microprocessors within accepted limits. Figure 
6.1 shows several CMOS performance enhancement techniques including 
low temperature operation [ l ,  21. 
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Virtually all commercial computers were designed to operate at 
temperatures above ambient. The term low temperature refers to any 
junction temperatures lower than temperatures of air-cooled chips, which 
typically operate in the range of 60°C to 100°C. A number of cooling 
technologies are available for providing low temperature cooling with a wide 
variety of available options. These cooling options and their temperature 
ranges are shown in Figure 6.2 [I]. 

With the increase in CMOS performance achieved with lower 
temperature, a number of companies have started programs to investigate 
cooling electronics. DEC, AMD, IBM, Sun Microsystems, SYS 
technologies, and Kryotech Inc are among companies that have developed 
computers with utilization of vapor compression refrigeration cycle [3]. 
Since refrigerators are widely available, and the compressor and the fan are 
the only moving parts in the cooling system, the building blocks embody a 
stable, reliable and mature technology. 

- Low temperature (-30°C) 
CMOS operation 

\ / 4 
s SO1 devices Functional integration 

and circuiUarchitecture 

Copper and low-k 
interlevel dielectric 
reduce 
interconnect delay 

enhancement saturates because of device 
nonscalibility and interconnect delay 

1995 2000 2005 201 0 2015 
Year 

Figure 6-1. Application of new structures, materials, and techniques to maintain continuation 
of Moore's law (dashed curve) [ I ] .  
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Figure 6-2. Electronic cooling techniques and their corresponding operating temperature 
ranges. 

2. LOW TEMPERATURE CHARACTERIZATION 
OF CMOS DEVICES 

Lowering the operating temperature introduces some benefits in scaled 
CMOS technologies. Among them are substantial increase of the mobility 
and the saturation velocity, better turn-on capabilities, latch-up immunity, 
lower chip power consumption, and reduced thermal noise. However, there 
are some drawbacks related to low temperature operation especially some 
cryogenic conditions. In this section some of the CMOS device 
characteristics will be reviewed. 

2.1 Mobility 

The mobility of carriers in surface channel MOS transistors is one of the 
important parameters that are needed to characterize the behavior of the 
device. The mobility law is of the prime importance to describe the transfer 
and output characteristics of a MOS device. As the temperature is decreased, 
the mobility model is modified to include the effects of low temperature. A 
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generalized mobility model has been proposed for temperature range of 4.2K 
to 300K which is valid for strong inversion above threshold. Using the 
generalized model the relationship between gate voltage and mobility can be 
described as [4,5]: 

P = P", 
[e . (v, - v m  )I-' 

- 1  1 + [e . (v, - v, )F 
Where p, is proportional to the maximum mobility, 0 is the mobility 

attenuation factor, VTH is the threshold voltage, and n is an exponent 
coefficient which ranges from 2 to 3 as the temperature decreased fiom room 
temperature to near liquid helium temperature. In Eq. (6.1), 8 is a 
temperature dependent parameter. Eq. (6.1) is valid for electric fields up to 
3-4MVIcm. Up to these electric fields, as the temperature decreases the 
mobility is increased. However, in high electric fields, the saturation velocity 
is no longer proportional to the electric field and velocity saturation due to 
optical phonon interactions lead to a strong decrease of the mobility 
irrespective of the temperature [6, 71. Figure 6.3 shows the trans- 
conductance of the N-channel MOS transistor with gate voltage for various 
temperatures. 

In low electric fields, the mobility increases by the factor of 4-6 when the 
temperature is decreased from 300°K to 77OK because of the reduced carrier 
scattering due to lattice vibrations. Figure 6.4 shows the temperature 
dependence of the channel mobility for both electrons (NMOS) and holes 
(PMOS), measured in the linear mode on a 0.5pm CMOS technology. This 
increase in mobility is also observed on long channels in the saturation 
mode, where it can be assumed that drift velocity in the channel is 
proportional to longitudinal electric field [a]. 

Another important point that should be mentioned is the difference 
between mobility of the electrons and holes near the threshold voltage. As 
the temperature decreases, the mobility of the electrons is increased 
monotonically. However, the mobility of the holes has a different behavior 
depending on whether the channel is in strong or weak inversion. In strong 
inversion, the mobility increases with the temperature decrease. On the other 
hand, in weak inversion initially the mobility increases with temperature 
decrease and then at very low temperature the mobility decreases with the 
decrease in temperature [9]. 
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Figure 6-3. The transconductance variation of the N-channel transistor with gate voltage for 
different temperatures. 

Electrons p - - - - -  Holes p - T-"' 

100 200 300 

Temperature ( O K )  

Figure 6-4. Increase in mobility in low fields when the temperature decreases [a]. 
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2.2 Impurity Freeze out 

The effect known as impurity freeze out begins to appear and limit 
performance at temperatures below 100°K [ 10- 121. Impurity freeze out 
occurs when the dopant atoms implanted in the silicon do not ionize readily, 
which dramatically decreases the conductivity of lightly doped drain (LDD) 
regions. These structures are typically added to reduce hot carrier effects, 
which can greatly degrade the reliability of modern submicron devices [13]. 
At 77°K weak freeze out occurs which leads to the increase of parasitic 
resistance in MOS devices. In such a case, the LDD series resistance has 
been shown to increase at low temperature due to the non degenerate doping 
level in the LDD region, resulting in total deactivation of the channel [14]. 
However this problem can be solved by applying high enough drain and gate 
voltages to create impurity ionization. The impurity ionization decreases the 
resistance substantially. 

At lower temperatures (T<30°K) where strong freeze out occurs, Kink 
effect plays an important role [15, 161. Kink effect is as a result of self 
polarization of the substrate due to the majority carriers flowing from the 
body to the source. The impurity freeze out causes a strong increase of the 
back resistance and prevents the evacuation of the drain impact ionization 
current through the body contact. This gives rise to the self biasing of the 
body and therefore increases the forward polarization of the source-substrate 
junction. As a result the shift in bulk bias changes the threshold voltage 
which produces the leveling of the drain current in saturation [15-181. 

Another problem which is observed in deep freeze out is the transient 
time where the impurities do not ionized sufficiently fast [19]. The transient 
time strongly depends on the temperature and gate and drain biases. 
Therefore for weak electric field, the ionization rate by carrier emission from 
the trap takes an infinitely large time to occur. Applying a large enough 
electric field helps the ionization and formation of the depletion layer in the 
silicon substrate after certain time. 

2.3 Threshold Voltage 

For a uniform channel concentration, threshold voltage is the gate voltage 
that creates a surface potential ys 2 @ B ,  where QB is the Fermi potential of 
the bulk silicon with respect to the intrinsic Fermi level. For the N-channel 
MOSFET, threshold voltage is defined as [S]: 
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Figur-e 6-5. Variation of threshold voltage with temperature [a]. 

Where Qef is the effective oxide charge per unit area, ESI is the dielectric 
constant of silicon, VsB is the source to body voltage, N is the channel surface 
concentration, and @,, is the work function difference between gate and the 
channel. The Fermi potential of the bulk silicon is a temperature dependent 
parameter and as the temperature is reduced, cPB increases and therefore the 
threshold voltage VTH is increased. Figure 6.5 shows the variation of the 
threshold voltage with temperature. In some applications the increase in 
threshold voltage is compensated with applying small forward body bias 
(200-400 mV) to source substrate junction [20]. The increased pn-junction 
current due to forward body bias is negligible in very low temperature 
because of the decrease in the intrinsic carrier concentration. 

2.4 Leakage Currents and Short Channel Effects 

An important improvement with the low temperature operation is the 
leakage current reduction. This can be illustrated using single transistor 
dynamic memory cell [21]. The length of the time for which the information 
can be stored in the capacitor is limited by thepn junction leakage, I,, and the 
transistor off state leakage Id. Figure 6.6 shows the behaviour of the drain 
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current, Id, as the temperature is reduced from 100°C to -50°C. The device 
has a leakage current of 1 0 - ' ~  in 100°C at gate voltage of zero. The leakage 
of the device is reduced to 1 0 - l ~ ~  for the gate voltage of zero at -50°C. This 
is a decrease in leakage current by five order of magnitude. The memory cell 
information retention time increases by the same factor. 

In the following subsections the low temperature characteristic of leakage 
currents and short channel effects will be discussed. The leakage currents 
include the subthreshold current, drain induced leakage current (GIDL) and 
Impact ionization substrate current. The short channel effects include drain 
induced barrier lowering and punch through. 

2.4.1 Subthreshold Leakage 

When the gate voltage of the MOS transistor is reduced below the 
threshold voltage, the transistor enters into the off mode. For an ideal 
transistor, the drain current in the off mode is zero. However, in reality the 
drain current for the gate voltage less than the threshold voltage is non-zero 
and is called subthreshold current. 

Figure 6-6. Drain current Id, in a one device memory cell [2 11. 
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The MOS transistor drain current is given by Eq. (6.3), and under 
subthreshold regime (VG - VTH) becomes negative signifying the 
subthreshold region of its operation [8]: 

Where VTH is the threshold voltage, k is the Boltzmann's constant, T is 
the absolute temperature, and n is a junction capacitance factor and its value 
does not change with temperature. 

Figure 6.7 shows typical IrV, characteristics for an n-channel MOSFET 
at different temperatures. As it is illustrated in the figure, the subthreshold 
slope (dashed lines) increases as temperature is decreased. These lines merge 
at a point which corresponds to threshold voltage near 0°K. The typical value 
of the subthreshold current in room temperature is 70-1 10 mvldecade. At 

Figure 6-7. Steeping of subthreshold characteristics at low temperature [8]. 

2.4.2 Impact Ionization Substrate Current 

Characterization of the substrate current due to the impact ionization is 
important to study the kink effect and hot carrier degradation processes. It 
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has been found that the classical substrate current model is applicable down 
to near liquid helium temperature (20°K) [22]. Figure 6.8 shows the variation 
of the maximum substrate current with the temperature. 

It can be seen in Figure 6.8 that the substrate current for both NMOS and 
PMOS transistors is increased when the temperature is decreased. However, 
the substrate current for NMOS device is higher than the substrate current for 
PMOS device by approximately 3 orders of magnitude. This is due to the 
higher mobility and higher rate of impact ionization of electrons. 

2.4.3 Gate Induced Drain Leakage (GIDL) 

Gate induced drain leakage current (GIDL) is one of the major concerns 
in scaled MOS technologies [23,24]. The GIDL is mainly due to the band to 
band tunneling in the drain region at high drain voltage while biasing the 
device into strong accumulation. The GIDL strongly depends on the gate to 
drain overlap region and also on the drain doping level. The GIDL effect has 
been studied under different temperatures (20-300°K) [25] and has been 
shown that this current decreases by almost an order of magnitude when the 
temperature is reduced from 300°K to 20°K. 

0 50 100 150 200 250 300 
Temperature (OK) 

Figure 6-8. Variation of the maximum substrate current with temperature for Nand P channel 
MOS devices (W/L=50/1Opm, V,,=3 and -4.5 V) [22]. 
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2.4.4 Drain Induced Barrier Lowering (DZBL) 

Drain induced barrier lowering effect causes the reduction in threshold 
voltage when a voltage is applied to the drain of the MOS transistor such that 
[26,27]: 

Where VTH is the threshold voltage, VTHO is the threshold voltage at zero 
drain bias, and 1 is the DIBL coefficient. The 1 is obtained by measuring the 
output current to gate voltage ratio. The variation of the 1 is studied for 
different temperatures and it has been found to be temperature independent. 
This indicates that DIBL remains a serious constraint even under cryogenic 
condition since it can not be reduced by cooling down. 

2.4.5 Punch Through 

The punch through current represents the leakage current from the source 
to the drain of the MOS transistor via the silicon substrate and is given by: 

2.5 Interconnect Resistance 

I realistic VLSI circuits, interconnection between transistors play an 
important role in performance of the circuit. As the length of interconnects 
increases, their parasitic capacitances and resistances are also increased 
contributing to the propagation delay. In scaled geometries, due to increased 
transistor densities, the average interconnect length is increased. Moreover, 
its cross section area is reduced resulting in even higher delay in scaled 
technologies. 

The low temperature operation of the circuits will offer tremendous 
advantage due to significant increase in the interconnect conductivity. For 
example the conductivity of aluminum is about on order of magnitude larger 
at 77°K than at 300°K [28, 291. Modern MOSFETs are fabricated with 
junction and polysilicides to reduce resistance and to prevent metal 
penetration into shallow junctions. For degenerately polysilicon, the increase 
in conductivity is around 20% [28]. The conductivity of the TiSi2 is 3-4 times 
more at 77°K than at 300°K [30]. Table 6.1 summarizes variations in device 
and interconnect parameters [3 1. 
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Table 6- I. Norrnalizcd resistance variation with temperature in CMOS technologies [31]. 

Resistance 300°K 77°K 4.2"K 

N' Diffusion 1 0.76 0.72 

Polysilicon I 0.89 0.88 

Aluminum I 0.14 0.05 

3. RELIABILITY AT LOW TEMPERATURE 

Lowering the chip temperature is expected to improve the reliability of 
the overall system. Nearly all degradation mechanisms in electronic devices, 
such as electromigration, inter-diffusion, and corrosion have a thermal 
activation component that follows the Arrhenius relationship. Since the rate 
of degradation decreases exponentially with decreasing the temperature, 
orders of magnitude improvement in reliability could be expected with 
cooling. 

The mean time to failure (MTTF) for thermally activated mechanisms is 
proportional to a temperature dependent term expressed by the Arrhenius 
relation as follow [8]: 

MTTF x exp[(s)[--!- - -!-I] 
k T T,, 

Where To is the operating temperature and TI< is the reference 
temperatures. E, is a fitted parameter related to the activation energy of a 
given thermally activated process and is in the range of 0.3eV to 1.2eV. 
Based on Eq. (6.5) and assuming E, =0.3eV, operating at 77OK will improve 
the MTTF by approximately 5 orders of magnitude compared to operating at 
300°K [8]. 
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3.1 Electromigration 

Electromigration is the creation of metal voids and shorts in interconnects 
due to movement of metal atoms at high current densities. The commonly 
used model to predict the MTTF caused by electromigration assumes a 
thermal process with activation energy of 0.7eV. Electromigration decreases 
with temperature and at 77OK the MTTF due to electromigration improves 
significantly [S]. 

3.2 Hot Carriers 

Electrons and holes in the inversion layer gain kinetic energy from the 
electric field and loose this energy to lattice collision. If the electric field is 
high enough, the carrier energy exceeds the lattice thermal energy and 
therefore carrier is called hot carrier. A fraction of these hot carriers are 
injected into the gate oxide and contribute to the gate leakage. However a 
small fraction of the injected carriers becomes trapped in the gate oxide and 
alters the MOSFET threshold voltage. As the temperature is reduced, the 
carriers mean free path increases due to the reduction in thermally generated 
lattice vibrations. This results in larger fraction of carriers reaching the gate 
oxide therefore higher susceptibility to hot carrier degradation at low 
temperature. Some studies have suggested that the hot carrier degradation in 
low temperature (77°K) is due to increased influence of the trapped charge 
on the device operation [32]. 

More recent studies have shown that for lOOnm technology and beyond 
(lower VDD and thinner gate oxide) the temperature dependence of hot 
carriers is reversed because carriers with sufficient energy lie only in the tail 
of the energy distribution [33]. When the temperature is reduced, the number 
of carriers with enough energy for impact ionization decreases. This reduces 
I.yLTB and hot carrier degradation. Figure 6.9 shows the percentage of the Idm, 
degradation of a 50nm NMOS transistor after hot carrier stressing. It can be 
seen from this figure that Idsat degradation is improved at -50°C. 

4. MICROPROCESSOR LOW TEMPERATURE 
OPERATION: A CASE STUDY 

Potential advantages of using refrigeration for cooling processors have 
been reported in the past [34]. Low temperature operation can reduce 
important device scaling and circuit performance barriers in sub-130nm 
CMOS technologies. It permits the scaling of supply voltages of high speed 
circuits to sub-I V by reducing the sub-threshold currents and increasing the 
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carrier mobility in the channels, lowering interconnection resistances 
significantly, and reducing interconnection related failure mechanisms. In 
this section, tradeoffs in microprocessor clock frequency, energy efficiency 
(MIPS/Watt), die area and system power are described when active cooling 
is used to reduce the operating junction temperature of the microprocessors 
below a typical hot temperature of 90°C. 

The purpose of this work was to find out if low temperature CMOS 
operation has any merit for scaled technologies where transistor subthreshold 
leakage is relatively high. And if yes, what kind of device, circuit, and 
design choices are applicable for high performance microprocessors [35].  
Consequently, the above mentioned tradeoffs were studied by combining 
active cooling with: 

Supply voltage (VDD) selection. 
Applying body bias. 
Sizing of transistors in critical and non-critical paths on chip. 
Reduction of channel length (L) as a function of different process 
technology worst case leakage limits. 

12 ) 

Stress Time (s) 

Figwe 6-9. NMOSFETlds,, degradation after hot carrier stressing at Vd=Vg=2V [33]. 
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Active cooling with refrigeration and without refrigeration was 
considered. Several active cooling techniques including air cooling, liquid 
cooling and refrigeration were investigated. Refrigeration is the most 
effective cooling solution and is considered for junction temperatures not 
much below the ambient temperature. Cooling power was considered as part 
of total system power tradeoffs. System power is the total of chip power 
(switching and leakage) and power consumed by the cooling system. 
Analytical models are used for frequency, power, die area, etc. in an electro- 
thermal analysis tool. The tool analyzes the followings: 

Frequency, limited by logic and interconnect RC paths. 
System energy efficiency. 
Chip switching and leakage powers, including subthreshold and gate 
oxide leakage. 
Package and cooling system characteristics. 
Die area. 
Gate oxide reliability-limited maximum VDD constraints. 
Maximum temperature in a self-consistent manner. 
The model parameters and input parameters to the tool are typical values. 

The parameters are extracted from device measurements, process files, and 
chip measurements. 

4.1 High Leakage vs. Low Leakage 

Figure 6.10 shows the frequency and power tradeoffs for iso-reliability 
high performance operation and iso-power operation conditions when 
refrigeration active cooling is incorporated. The relative contributions of 
cooling power, dynamic power, and leakage power demonstrate how leakage 
power and cooling power can be traded off. This is best shown in the iso- 
power case. For a constant power limit of 80W, the frequency increases by 
4.5% going from air cooling to refrigeration in a low-leakage technology, 
and by 7.5% for high- leakage technology (Figure 6.10). This happens 
because when leakage is a large percentage of the total power (3 1% in this 
case), the leakage power reduction due to lower T, translates to higher 
savings in total chip power. Then, power overhead of the cooling system will 
have less impact on total system power. To achieve the highest operating 
frequency in line with microprocessor applications, the iso-reliability case 
must be studied as shown in Figure 6.10. 
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Figure 6-10, Reliability and power limited maximum frequency achievable for low and high 
leakage technologies with refrigeration. 

On the other hand, for a low-leakage technology, the reliability-limited 
frequency improves by 12% and the system power increases by 35% going 
from air cooling to refrigeration. When leakage is higher, the frequency 
increases by 17% for a 62% increase in system power. Therefore, the 
frequency vs. power tradeoff is worse when the leakage is higher. Frequency 
improvements in both cases come from operation at reduced temperature and 
the higher VDD allowed at lower T j  due to utilizing of refrigeration. 

4.2 Optimal Design at Low Temperature: Power, 
Frequency and Energy Comparison 

Now that the active cooling for different amounts of worst-case process 
technology leakage constraints have been studied, the optimum design for 
low temperature CMOS operation can be investigated. The following design 
techniques for optimal low temperature operation are considered: optimizing 
VDD, transistor channel length, transistor sizing, enhancing the process 
technology, and applying body bias. Figure 6.1 1 shows tradeoffs in system 
power, energy efficiency and die area vs. frequency offered by forward body 
bias (FBB), shortening L, changing VDD and transistor sizing, with and 
without refrigeration. 
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Figure 6-11, Tradeoffs in system power, energy efficiency, die area, and frequency by 
different circuit and design techniques. 

System power and system energy efficiency as a function of chip 
frequency is plotted in Figure 6.1 1. These graphs are normalized to air 
cooling power, energy efficiency and frequency. When refrigeration 
combined with a design technique is utilized, the goal is to minimize the 
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slope in the system power versus chip frequency curves. This corresponds to 
maximum chip frequency increase for lowest increase in system power. For 
system energy efficiency, the goal is the maximum change in frequency and 
highest possible energy efficiency. 

Figure 6.11 shows how applying forward body bias in addition to 
refrigeration increases the frequency but the rate of system power increase is 
rather steep. Applying 0.4V FBB increases frequency by an additional 2.7% 
and increases power by 27%. The best FBB tradeoff is when its value is 
limited to 100mV. FBB also degrades energy efficiency by 16%. Decreasing 
VDD from 1.56V to 1.4V lowers both frequency and system power. However, 
at lower VDD values, the rate of chip slowdown is much higher than the 
achieved power saving. Reducing sizing by lowering transistor width has 
similar tradeoffs as for the supply voltage. 

Table 6.2 summarizes integration of different design solutions and 
explores the design space for iso-power and iso-frequency conditions. 
Combined refrigeration with shorter L (enhancing technology), appropriate 
VDD selection and transistor sizing provides the highest frequency for any 
system power limit and the highest energy efficiency for any target 
frequency. The greatest frequency increase of 11% is achieved for the iso- 
power case at a VDD of 1.41V, a temperature of 31°C and 11% smaller area 
for enhancing the technology in our design space. 

While performing iso-frequency analysis, enhancing the technology 
(shorter L), provides 38% total system power saving at a VDD of 1.36V, a 
temperature of 15°C and 33% smaller area. In both cases we improve the 
energy efficiency by 1 1% and 62%, respectively. 

In summary, Table 6.2 shows improvements in frequency for equal 
power and reduction in power for a specific target frequency for air air 
cooling and refrigeration when the transistor sizing and supply voltage are 
optimized for optimal forward body bias and shorter L. Die area changes are 
also compared. Reducing L provides better power and performance 
improvement than forward body bias in all cases. 

5. DISADVANTAGES OF LOW TEMPERATURE 
ELECTRONIC COOLING 

There are two major disadvantages in utilization of cooling hardware in 
low temperature operation of electronic devices. One of these disadvantages 
is the cost of cooling hardware and the other disadvantage is the power 
consumption of cooling hardware. However, these disadvantages must be 
weighed against the advantages such as performance enhancement, leakage 
reduction, and reliability improvement of the electronic devices. 
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Table 6-2. Optimum design space for active cooling at iso-power and iso-frequency 
conditions in an ambient temperature of 35°C. 

Iso Power 

Air Cooling 
Reference 

Air Cooling 
(1 00mvFBB) 

Air Cooling 
Enhanced 

Technology 

Refrigeration 
(200mV FBB) 

Refrigeration 
Enhanced 

Technology 

Iso Frequency 

Air Cooling 
Reference 

Air Cooling 
(1 00mvFBB) 

Air Cooling 
Enhanced 

Technology 

Refrigeration 
(2OOmV FBB) 

Refrigeration 
Enhanced 

Technology 

TI Leakage Cooling Energy 
("C) Area Power Power Efficiency 

Frequency 

Tj Area 
Leakage Cooling Energy 

Frequency 
("C) Power Power Efficiency 

Adding cooling hardware to the electronics adds cost to the system. The 
cooling cost of a workstation microprocessor with non-redundant cooling 
hardware is 10% to 20% of the total cost of the system [I]. For a large server 
with redundant cooling hardware the cooling cost is higher in dollars, but it 
is smaller percentage of the total cost due to high overall cost of the system. 



168 Thermal and Power Management oflntegrated Circuits 

The cooling hardware consumes extra power during the startup and 
during the normal operation. The highest power is drawn for refrigeration 
during the compressor startup. The startup current draw of an AC single 
phase compressor motor can be five to seven times higher than the operating 
current, causing strain on the power system. Even for the normal operating 
condition power consumption of the cooling hardware can be a considerable 
percentage of the total system power. 

Considering disadvantages of low temperature operation, there is no 
advantage to adding low temperature cooling hardware unless the chip 
module can not be maintained at acceptable temperatures with another 
cooling technique such as air cooling. 

COOLING TECHNOLOGIES 

For many years cooling technologies have played a key role in enabling 
and facilitating the packaging and performance improvements while 
satisfying reliability objectives in each new generation of computers. In this 
section we briefly present the work that Chu et. al. have conducted as a 
review of cooling technologies for computer systems [36]. 

6.1 Internal Module Cooling 

The heat primarily is transferred through conduction and is internal to the 
chip module. The conduction rate depends on the thermal resistance of the 
module. The thermal resistance in turn depends on the physical structure and 
material properties of the module. The objective is to transfer the heat from 
electronic circuits to outer surface of the module where the heat will be 
removed by external means. As chip power levels continue to increase, 
different companies employ more conductive thermal interface materials 
(TIM) to meat the thermal resistance requirements. They also utilize more 
effective heat spreaders to move the heat from hot spots where the heat flux 
is 2 to3 times higher than average chip heat flux [37]. 

6.2 External Module Cooling 

Cooling external to the module serves as the primary means to effectively 
transfer the heat generated within the module to the system environment by 
attaching a heat sink to the module. Traditionally the system environment 
has been air because of its simplicity, lower cost, and transparency to the 
customer. Beside the air cooled heat sinks, there are also liquid cooled heat 
sinks typically referred to as cold plates. 
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Figure 6-12. Typical air cooled heat sink [36]. 

A typical air cooled heat sink is shown in Figure 6.12. The heat sink is 
constructed of a base which is in contact with the module and fins extended 
from the base to provide the heat transfer to the air. The heat is conducted 
through the base and into the fins and then to the air flowing in the spaces 
between fins by convection. The parameters that influence the thermal 
performance of the heat sink include the thickness and the plan area of the 
base; fin thickness, height, spacing, and surface area; and material thermal 
conductivity. Many studies have been conducted to optimize the external 
thermal resistance for particular application conditions [38-401. 

For modules with higher power consumption where air cooling can not 
meet the thermal requirements, heat is removed from the modules using 
water cooled cold plates. In this technique the plates in contact with the 
module are cooled using the water. Compared to air cooling, water cooling 
can provide almost an order of magnitude reduction in thermal resistance 
due to the higher thermal conductivity of the water. In order to extend the 
efficiency of the water cooled cold plates, researchers have developed 
microchannel cooling structure where water is conducted into the chip 
package through chemically etched deep microchannels [41]. 

Immersion cooling is another method to cool down the high heat flux 
components. Unlike the water cooled cold plate method which physically 
separates the coolant from the chip, immersion cooling brings the coolant in 
direct contact with the chip. Direct liquid immersion cooling offers a high 
heat transfer coefficient which reduces the temperature rise of the heated 
chip surface above the liquid coolant temperature. There are several coolants 
that can provide adequate cooling but only few of them will be chemically 
compatible. For example, water is a liquid which has very desirable heat 
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transfer properties, but it is generally undesirable due to its poor chemical 
and electrical characteristics. Alternatively, fluorocarbon liquids are 
generally considered to be the most suitable liquids for direct immersion 
cooling, in spite of their poorer thermo-physical properties [42,43]. 

6.3 Refrigeration Cooled Systems 

The potential for enhancement of computer performance by operating at 
lower temperatures was recognized as long ago as the late sixties and mid 
seventies. Some of these studies focused on operating at liquid helium 
temperature (4°K). In nineties the focus was shifted to CMOS devices 
operating near liquid nitrogen temperatures (77°K). In early nineties, IBM 
initiated an effort to demonstrate the feasibility of the packaging and cooling 
of a CMOS processor in a form suitable for product use [44]. A major part of 
the effort was devoted to the development of a refrigeration system that 
would meet IBM's reliability and life expectancy specifications and handle a 
cooling load of 250W at 77°K. As a result of this effort, prototype Stirling 
Cycle Cryo-coolers compatible with overall system packaging constraints 
were built and successfully tested. IBM's most recent interest in refrigeration 
cooling is focused on the application of Conventional Vupour Compression 
refrigeration technology to operate below room temperature conditions, but 
well above cryogenic temperatures. 

In 1997, IBM developed and shipped its first refrigeration cooled server 
(Sl390 G4 system) [ l ,  451. This cooling technique provided an average 
junction temperature of 40°C which amounted to temperature decease of 
35°C below that of an air cooled system. The system packaging layout is 
shown in Figure 6.13. In this figure, below the bulk power compartment is 
the central electronic complex (CEC) where the multi chip module (MCM), 
housing twelve processors, is located. Two modular refrigeration units 
(MRU) located near the middle of the frame provide cooling via the 
evaporator attached to the back of the processor module. Only one MRU is 
operated at a time during normal operation. The evaporator mounted on the 
processor module is fully redundant with two independent refrigerated 
passages. Refrigerant passing through one passage is adequate to cool the 
MCM which dissipates a maximum power of 1050W. 

Following the success of this machine, IBM and other companies such as 
Fujitsu [46] has continued to exploit the advantage of sub-ambient cooling at 
high-end product line. 
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Figure 6-13. IBM S390 G4 server with refrigeration-cooled processor module and redundant 
modular refrigeration units [ I ,  451. 

7. SUMMARY 

The advantages of low temperature operation of electronics and CMOS 
devices have been studied by many researchers. In this chapter the low 
temperature operation of the CMOS devices was reviewed and advantages 
and disadvantages of utilization of the refrigeration cooling was presented. 
Finally the cooling technologies were briefly described. 
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