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Summary & Conclusions - This tutorial discusses various 
modeling methodologies for temperature acceleration of 
microelectronic-device failures; there are situations in which some 
methodologies give misleading results. The aim is to raise the level 
of understanding of the impact of temperature on reliability and 
to define the objectives of physics-based temperature modeling. 
There are alternatives to both the Arrhenius relation and the Mil- 
Hdbk-217 approach to reliability. In Japan, Taiwan, Singapore, 
and Malaysia, a physics-of-failure approach is used by most com- 
panies. Philips in the Netherlands and the CADMP Alliance in the 
USA have developed methods & software to conduct physics-based 
reliability assessments. 

1. INTRODUCTION 

(“We have a headache with Arrhenius”2) 

This is the 15th in a tutorial series on failure mechanisms 
and their role in physics-based damage models to use in 
design-for-reliability . 

In the 1940s, temperature was a main factor in the reliabili- 
ty of electronic equipment - largely because of the vacuum 
tube. In the 1960s, many (but not all) reliability engineers and 
system designers still considered temperature to be the major 
factor affecting the reliability of electronic equipment. Today, 
because of extensive improvements & changes in technology, 
device design-rules, materials, and manufacturing-processes, 
the influence of temperature on microelectronic-device reliability 
is again being scrutinized. A designer, in an effort to improve 
reliability, must not lower the temperature without fully 
understanding: 

the impact (on cooling-system & component reliability) in 

the extent of actual component & system reliability 
money, weight, and size, 

improvement. 

‘This tutorial was adapted from the 1996 book, Influence of 
Temperature on Microelectronics and System Reliability, A Physics 
of Failure Approach, by P. Lall, M. Pecht, E. Hakim, with permis- 
sion from the publisher, CRC Press (Boca Raton, FL). 
2Takehisa Okada, Senior General Manager of Sony Corporation, 
when asked about Sony’s perspective on reliability prediction methods 
during a US - Japanese Technology Evaluation Center visit [Kelly, 
et al ,  19931. 

For example, some microelectronic devices become less reliable 
as temperature is lowered, or the eooling system might be less 
reliable than the electronic components. 

Acronyms3 

ESD electrostatic discharge 
EOS electrical overstress 
IC integrated circuit 
MTTF mean time to failure 
RH relative humidity 
VLSI very large-scale integration (circuits). 

Notation 

t 
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x 
T T  
r 
dev 

ref 

chr 
T 
k 

time. 
activation energy 
failure rate 
temperature acceleration factor 
reaction rate 
implies: device 
implies: reference 
implies: the chemical reaction 
steady-state absolute temperature 
Boltzmann’s constant (8.617. eV/K). 

Other, standard notation is given in “Information for Readers 
& Authors” at the rear of each issue. 

2 .  RELIABILITY & PERFORMANCE 

Reliability (the ability of a device to fulfill its intended func- 
tion under a specified set of application conditions) is often ex- 
pressed in terms of the calendar time of useful life. Failure 
renders the device non-operational due to damage caused by 
a failure mechanism, actuated generally by external and/or in- 
ternal stresses4 [I]. 

A device can fail when its local environment (including 
its operating conditions) lies outside the device specification 
limits. Performance malfunctions in microelectronic devices in- 
clude threshold voltage drift, a large leakage current, or large 
propagation delay or noise margins, although usual operation 
is often resumed once the local environmental conditions return 
within specifications. 

’The singular & plural of an acronym are always spelled the same. 
4The term, stress, is used in a general sense, eg, temperature, 
mechanical stress, voltage, or salt spray. 
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Local environmental excesses generally indicate the need 
for a system design change and/or the unsuitability of the 
device technology for that application. Increased temperature 
can cause system performance problems, which can appear 
to be device-related reliability problems. These problems often 
arise when the designers do not account for worst-case perfor- 
mance limits. 

- 
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Figure 1. Valley High-Level Output Voltage vs Free-Air 
Temperature 
[74AC11373 compared to end-pin product - from 
TI Databook] 
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Figure 2. Peak Low-Level Output Voltage vs  Free-Air 
Temperature 
[from TI Databook] 

Consider figures 1 & 2. Figure 1 shows how the minimum 
output voltage for an output high (1) changes with respect 
to temperature. The lower the temperature, the smaller the 
margin for safe operation. At temperatures below specifica- 
tion, the device-noise margins can be small enough that system 
does not work, even though the device works. Figure 2 shows 
the results are similar for the maximum output voltage for 
an output low ( 0 ) .  Other electrical device technologies can 
work the other way, with noise margins becoming worse 
at high temperature. 

Product engineers must understand the effect of temper- 
ature on system performance requirements (as specified in 

the device catalog). The remainder of this tutorial focuses 
on the influence of temperature on reliability. 

3. ACTIVATION-ENERGY BASED MODELS 

Assumption 

1. The failure rate of a device is independent of time. 
(This is the usual, but often very inappropriate, assumption 

4 

Steady-state temperature, temperature cycles, temperature 
gradients, and time-dependent temperature changes all can 
affect the reliability of electronic devices & equipment. 
However, because of the often-required use of reliability p r d c -  
tion methods such as Mil-Hdbk-217 [2] and Progeny [3 - 
51, steady-state temperature has often been considered the 
only stress parameter affecting reliability. These methods use 
the work of Savante Arrhenius, a Nobel prize winner in 
chemistry in 1889. In his experimental study on inversion 
of sucrose, the steady-state temperature dependence of a single 
chemical-rate reaction was fit to the equation: 

in conventional reliability-prediction methods . )5  

Eq (I), now called the Arrhenius equation, has been used 
to assess the temperature dependence of a wide variety of 
reaction rates and diffusion coefficients [6 - 1016. The 
Arrhenius-based models have also been reformulated to predict 
the influence of steady-state temperature on electronic-device 
failure rate (or its inverse, MTTF): 

An Arrhenius plot of failure-time vs reciprocal-absolute- 
temperature, using appropriate statistical methods, can be used 
to estimate the activation energy and its uncertainty; the measure 
of uncertainty generally presumes that the model is correct. 

Activation energies of the individual failure mechanisms 
in the device can be combined into a weighted activation 
energy for the device [16, 171. 

The use of an activation energy to model a device failure 
rate is common, but often misleading [18 - 201. The weighted 

5A consequence of constant h is that: MTTF = 1/h. When l/h 
> 50 years, it is misleading to use MTTF because it is inappropriate 
(at best) to presume that the model of constant h for a device will 
still be true 50 years from now. In figures 3 ,  7, 8, the vertical 
axis was originally labeled MTBF (wrong for non-repairable devices). 
It was changed to l / h  to be clear & correct, and to conform to 
this footnote. 
%heoretical work in kinetic theory, thermodynamics, and statistical 
mechanics has developed forms that contain exponentials similar 
to the Arrhenius form [ll - 131. At their core is the assumption 
that a steady-state exists between the reactants and the products 
of a reaction, which are separated by a finite energy difference [14]. 
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activation energy is highly sensitive to the relative dominance 
of the failure mechanism (viz, the assigned weight). There can 
be no general set of weighting factors, especially considering 
the wide variabilities in the dominant failure mechanism. Table 
1 demonstrates the extreme variability of the dominant device 
failure mechanisms for manufacturers of VLSI devices. Con- 
sidering that activation energies for failure mechanisms can 
range from 0.06 eV (for hot electrons) to 2 eV (for intermetallic 
growth), this approach is highly sensitive to the failure 
mechanisms induced during manufacture, and thus to the 
weighting factors. Many people now recommend against this 
method. Table 1 shows that no single activation energy can be 
assigned to the device because the failure mechanism depends 
on manufacturing processes. Few failure mechanisms remain 
dominant, or even important, for very long [8] - because cor- 
rective action is taken to eliminate them and the size of the device 
shrinks, thus changing the failure mechanisms (even resurrect- 
ing old ones). 

TABLE 1 
Dominant VLSI Failure Mechanisms Based on Survey Response 

[an 'x' implies an important, but unknown, fraction] 
~ 5 1  

Survey response 

Failure mode/mechanism 1 2 3 4 5 6  

Electromigration 
Dielectric breakdown 
Soft errors 
Parametric drift 
Hot electrons 
Latch-up 
Electrical overstress 
Package related 
Other 

13% 
x 50% < 0.1% 98% 2% 

X 1% 38% 

x 10% 0.1% X 
20 % 2% x 
20% < 0.1% x 28% 

x 19% 

X 

Moreover, activation energy for each failure mechanism 
varies over a wide range, as shown in table 2 [19] and depends 
on the materials, geometries, manufacturing processes, and 
quality-control methods 1451. This variatiorduncertainty negates 
the usefulness of the Arrhenius model, because the effect of 
even a '0.05 eV variation in the activation energy' on the failure 
rate predicted by the Arrhenius model at a temperature of 70 "C 
( T  = 343K) is: 

This means that a variation of 0.05 eV at 70 "C results in a 'factor 
of 5' error in failure rate; this error is larger at lower 
temperatures. Because variationhncertainty in activation energy 
is often greater than 0.05 eV, even for the same failure 
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change in the relative dominance of a failure mechanism 
dramatically skews the predictions. Figure 3 shows the sensitivi- 
ty of 1/X to a change in the activation energy [46]. 

TABLE 2 
Activation Energies for Common Failure-Mechanisms [19] 

Failure Mechanisms Activation Energy (eV) 

Die-Metallization 
Metal corrosion 0.3 - 0.6 

0.77 - 0.81 

Electromigration 
large-grain glassivated A1 1 .o 
small-grain AI 0.5 

AI 0.43 
0.35 - 0.85 
0.24 - 0.57 
0.7 

1.67 - 2.56 
0.58 
0.96 

Al- 1 %Si 

Metallization migration 1 
2.3 

Stress-driven diffusive voiding 0.4 
1.0 - 1.4 

Device and Device Oxide 
Ionic contamination (surface, bulk) 0.6 - 1.4 

1.4 

Hot carrier -0.06 

Slow trapping 1.3 - 1.4 

Gate-oxide breakdown - 
ESD 0.3 - 0.4 

0.3 

TDDB 1 
0.3 
2.1 
0.3 - 1.0 

EOS 2 

Surface-charge spreading 1.0 
0.5 - 1.0 

First-Level Interconnection 
Au-AI intermetallic growth 0.5 

1 .o 
1.1 
2.0 

The effect of temperature on electronic devices is often 
estimated by extrapolating from accelerated tests at extremely 
high temperatures. For example, electromigration tests are 
generally conducted at temperatures above 250 "C and at cur- 
rent densities 10 times those in actual operation. The test results 
are then extrapolated to operating conditions to obtain a value 
for the thermal acceleration of device failures. Implicit in the 

mechanism, a predicted reliability has little meaning, and a test strategy are the assumptions (usually unstated): 
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e the failure mechanisms active at higher temperatures are also For example, a NIST study [48] noted: “There is ample 

n 
0 
0 

active in the equipment operating range; 

operating range, 
e no other failure mechanisms become important in the 

the Arrhenius relationship holds. 

McGarvey [47] has suggested that the dominance of a particular 
failure ,mechanism strongly depends on a) the type of the test, 
and b) stress conditions - as shown in figure 4. 

8YC, 85%RH 
1 Cycle : 4 hours 

400350300250200150 100 50 25 

Temperature ( C) 

Figure 3. Failure Rate vs Temperature and Activation-Energy’ 

10 100 1WO I oooo 
Time (hours) 

Figure 4. Autoclave (121 oC/lOOO/oRH) and 85 “C/85%RH Com- 
parison 1471 

Problems arise when the failure mechanisms at accelerated 
stress levels are not those in the equipment operating range. 

evidence that a straight forward application of the Arrhenius 
equation, with activation energies determined from high 
temperature accelerated stress testing, is not strictly valid for 
predicting real device lifetime. ” Many failure mechanisms have 
temperature thresholds below which failure does not occur. In 
other cases, high temperature can inhibit or decelerate a failure 
mechanism that occurs at a lower temperature. Often, threshold 
information provides a more effective way to design & test a 
device and to manage stress. Moreover, failure precipitation 
is not ody  a function of the steady-state temperature but strongly 
depends on the cyclic temperature, duty cycle, and onloff ratio 
[49]; figure 5 shows an example of this. - 

PC = 0.6W 0.9w 

I . .  
100 1000 10000 

MTF (hours) 

Figure 5. Mean-Time-To-Failure vs Duty-Cycle [49] 
[for temperature, humidity, bias test] 

The problem with the use of an activation energy is illustrated 
by studies of failure rate vs steady-state junction temperature for 
semiconductor devices, eg, as shown in figure 6. For many devices 
there is no statistical correlation between steady-state junction- 
temperature and observed device-failure-rate. 
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Figure 6. Scatter Diagram for Bipolar Logic IC [50] 
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4. RELIABILITY PREDICTION METHODS 

U 

Arrhenius-based models have been incorporated into some 
reliability prediction methods, This section reviews these 
methods and the impact of temperature-dependent models on 
system effectiveness. 

Modern semiconductor designs, manufacturing processes, 
and process controls have improved so that the infant-mortality 
and useful-life regions of semiconductor devices have failure 
rates so low that the bathtub curve "no longer holds water" 
[6, 511. For a device operating within specification limits, the 
wear-out portion of the curve is delayed well beyond the useful 
life of most products [18, 52, 531. Table 3 shows that the ma- 
jority of electronic hardware failures over the past decade were 
not component failures, but were attributable to interconnects 
& connectors, system design, excessive environments, and im- 
proper user handling. 

TABLE 3 
History of Dominant Failures in Microelectronic Devices [54] 

Data Source Year Dominant Causes of 
Failure 

Failure analysis for failure rate 
prediction methodology [55] 1983 Metallization (53%) 

Oxide/dielectric (17 %) 

Westinghouse failure-analysis 
memos [56] 1984-1987 EOS (40%) 

experienced by end-user [57] 1984-198'8 EOS & ESD (59%) 
Failure analysis based on failures 

Wirebonds (15%) 

Failure analysis based on Delco 
data [58] 1988 Wirebonds (41 %) 

Failure analysis by power 
products division [59] 1988-1989 EOS damage (30%) 

Failure analysis on CMOS 1601 1990 Package defects (22%) 

Failure in vendor parts screened 
per Mil-Std-883 1990 Wire bonds (28%) 

Test errors (19%) 

Pareto ranking of failure causes 
(Texas Instruments study) [61] 1991 EOS & ESD (20%) 

Less-basic attempts to predict the failure rate of devices 
[2 - 51 are being used, even though they are inaccurate, 
misleading, and damaging to cost-effective and reliable design, 
manufacture, testing, and support [62, 631. An overview of these 
reliability prediction models is in [20, 641. The models typically 
have the form: 

(4) 

ay generally has the form of an Arrhenius equation (see 
table 4). Steady-state temperature is the only temperature fac- 
tor or, more generally, the only stress parameter; temperature 
cycling, vibration, moisture, voltage, and current are not ex- 
plicitly incorporated into the models. Thus system designers 
often use temperature reduction as the primary means to im- 
prove reliability, often without understanding the actual reliabili- 
ty or the hidden costs associated with temperature reduction. 

TABLE 4 
Temperature-Acceleration Factors, rT [64] 

Ref [4]: TT = 

(1, for Tjunc 5 70°C 1 2 . 6 - l O 4 e x p [ - ~ )  + 1.8.10'3exp ( -- I:""). 
1 otherwise. 

Ref [3]: r T  = 

3500K 1 1600K 

Ref [2]: rT = 

Figure 8 is an example from the US Joint InterAgency 
Working Group (JIAWG) which developed reliability require- 
ments for such new military systems as the F-22 and Comanche 

Abase = base failure rate 

ai dimensionless functional factors for device technology, 
complexity, package type quality, temperature, voltage. 
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(light helicopter). To meet system reliabhty requirements, the 
maximum component junction temperature was determined to be 
65 ‘C. For the Comanche, this dictated the development of a super- 
cooling system pumping air at -60°C in order to lower the 
temperature outside the sealed electronic boxes enough to get com- 
ponent temperatures to 65 “C. Initially there was no considera- 
tion of the reliability impact. In particular, on a hot day with 43 “C 
outside ambient, cooling is started first; the electronic box cools 
to around -40 “C, then rises to = 60 “C when the electronics is 
turned on. This extreme temperature cycling would occur every 
time the helicopter is started & stopped. The lower temperatures 
are very harmful to solder interconnects during such cycling 
because they reduce the creeprate of solder and thus inhibit stress 
relaxation [69]. In addition to fatigue damage, Boeing engineers 
estimated appreciable standby water in the bottom of the electronic 
assemblies due to condensation. When further reviewed by the 
Army, junction temperatures were raised and the use of ‘Md- 
Hdbk-217 and its temperature reliability’ was dropped. The final 
statement from Boeing was: “. . . the validity of the steady-state 
temperature relationship to reliability is constantly in question and 
under attack as it lacks solid foundational data.” 

Teiiipernkm (“C) 

Figure 8. Guidance for Reliability Allocations in a System’ 

5. ENGINEERS WORKING TOGETHER 

How should engineers (design, thermal management, reli- 
ability) work together? To address the actual impact of tempera- 
ture, design, thermal management, and reliability the engineers 
should work together, using the following physics-of-failure 6-step 
method: 

1. Develop a thorough knowledge & understanding of the 
environment in which the equipment will operate. Usually, the 
customer specifies the external operating environment in terms 
of absolute physical parameters, such as temperature ranges, or 
quotes the relevant chapter in some handbook or specification. 
While this may be a useful starting point for the designer, it rare- 
ly identifies the actual range of environments experienced by the 
equipment. It is usually better, and from the customer’s point of 
view, more contractually sound, to state where and how the equip- 
ment will be used. Consumer-goods manufacturers, such as the 
automobile industry, have never had the “benefit” of a detailed 
environmental specification supplied by their customers (the 
public), but have been able themselves to ascertain effectively the 
environment. 

2. Develop an understanding of the material properties and 
architectures used in the design. This involves tailoring the pro- 
duct design to requirements by modifying materials geometry, and 
allowable manufacturing non-conformities . 

3. Learn how products fail under various forms of degrada- 
tion. This involves assessing the potential failure mechanisms and 
determining the role of stresses, including steady-state 
temperature, temperature cycling, temperature gradients, and 
time-dependent temperature changes, on the failure mechanisms. 

4. Carefully examine field failure data to get information on 
how failures occur. Beware of confusing statistical correlation with 
cause & effect. 

5. Control manufacturing to reduce the variations that cause 
failure. 

6. Design the product to account for temperature-related per- 
formance degradation. Steady-state temperature has an influence 
on many electrical functional parameters, including propagation 
delays and noise margins. 
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