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Abstract—This article describes how CMOS IC technology
scaling impacts semiconductor burn-in and burn-in procedures.
Burn-in is a quality improvement procedure challenged by
the high leakage currents that are rapidly increasing with IC
technology scaling. These currents are expected to increase even
more under the new burn-in environments leading to higher
junction temperatures, possible thermal runaway, and yield loss
of good parts during burn-in. The paper discusses the effect of
junction temperature on device reliability, aging, and burn-in
procedure optimization. The effect of device thermal runaway and
the requirements it forces on commercial burn-in ovens, device
package, and device cooling are also described.

Index Terms—Burn-in, junction temperature, packaging, relia-
bility, technology scaling, thermal management.

I. INTRODUCTION

TRANSISTOR scaling is the primary factor in achieving
high-performance microprocessors and memories. Each

30% reduction in CMOS IC technology node scaling has: 1) re-
duced the gate delay by 30% allowing an increase in maximum
clock frequency of 43%; 2) doubled the device density; 3) re-
duced the parasitic capacitance by 30%; and 4) reduced energy
and active power per transition by 65% and 50%, respectively
[1]–[3].

Power supply voltage in scaled technologies must be low-
ered for two main reasons: 1) to reduce the device internal elec-
tric fields and 2) to reduce active power consumption since it
is proportional to . As scales, then must also be
scaled to maintain drain current overdrive to achieve
higher performance. This lower leads to higher off-state
leakage current, and this is the major problem facing burn-in
and scaled nanometer technologies.

The total power consumption of high-performance micro-
processors increases with scaling. Off-state leakage current
is an increasing percentage of the total current at the 130-nm
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Fig. 1. Test socket can be destroyed by thermal runaway [4].

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 is the dominant power.
Typically, clock frequencies are kept in the tens of megahertz
range during burn-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 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 leakages to fur-
ther 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 to the nanometer regime.
Thermal runaway increases the cost of burn-in dramatically.
Fig. 1 shows a chip severely damaged by thermal runaway. To
avoid thermal runaway, it is crucial to understand and predict
the junction temperature under the normal and stress condi-
tions. Junction temperature, in turn, is a function of ambient
temperature, package to ambient thermal resistance, package
thermal resistance, and static power dissipation. Considering
these parameters, one can optimize burn-in environment to min-
imize the probability of thermal runaway while maintaining the
effectiveness of burn-in test.

Section II describes the relevance and types of burn-in. Junc-
tion temperature is a critical component in reliability assurance,
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and raising the junction temperature can accelerate several aging
mechanisms. Section III describes reliability issues such as gate-
oxide breakdown, electromigration and their respective models,
and acceleration factors. Sections IV and V focus on the thermal
resistance modeling of MOSFETs and junction temperature es-
timation procedures. Off-state current under a burn-in environ-
ment is a critical issue facing the industry. Section VI overviews
circuit leakage reduction techniques. Burn-in procedures must
be optimized to avoid uncontrolled leakage and subsequent un-
controlled thermal runaway. Section VII describes one such pro-
cedure for thermal runaway avoidance. Sections VIII and IX
discuss packaging technology and cooling techniques that must
evolve to counter the increasing self-heating component in high-
performance VLSI circuits.

II. WHY BURN-IN?

Concurrent technology development and design do not allow
technology and design centering to achieve early yield learning
and optimal reliability. Weak devices often fail in the field, re-
sulting in early-life failures or “infant mortality.” Consequently,
IC manufacturers use burn-in procedures to remove weak de-
vices from the population before shipping them to the customer.
Fig. 2 shows the bathtub curve indicating the failure rate of
electronics devices during their lifetime. Stresses during burn-in
cause weak devices to degrade while the ideal normal device
population remains unaffected. Standard test programs can de-
tect these degraded devices that will exhibit abnormal voltage
or current levels or functional failures.

Analysis of potential failure mechanisms enables the devel-
opment of good screening processes and tests that are based on
the activation of the relevant defect mechanism. Burn-in stress
screening is probably the most common technique for detection
of infant mortality type of defects due to manufacturing anoma-
lies. This screening typically combines the elevated voltage and
elevated temperature to activate the voltage and temperature de-
pendent failure mechanisms for a particular device or process in
a relatively short time. Burn-in is used in production of leading
edge IC devices to eliminate devices that contain random la-
tent defects, and that have a high probability of early failure in
the final application. However, careful attention to the design
of stress for burn-in is necessary to ensure that defective de-
vices are stressed to failure, but the useful life of the remaining
devices is not adversely affected. The optimization of burn-in
stress conditions for constant reliability and reasonable yield
loss becomes more difficult for deep-submicron CMOS tech-
nologies.

A. Burn-In Procedures

Traditionally, the burn-in procedure is executed prior to a final
test procedure that weeds out the parts that have impaired func-
tionality and/or high leakage current from the stresses during
burn-in. Burn-in systems are designed to test hundreds of units
in parallel over a period of many hours with operating frequency
in the tens of megahertz range. There are three basic imple-
mentation methods for burn-in: 1) Final package burn-in, where
dies are packaged into their final destination packages and are

Fig. 2. Bathtub curve.

subjected to burn-in at temperatures within the package thermal
design constraints; 2) die-level burn-in (DLBI), where dies are
placed into temporary carriers before they are actually packaged
into their final form, thus reducing the cost of waste associ-
ated with added packaging; and 3) 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 de-
vices can be burned-in simultaneously, and post-burn-in loss in-
cludes packaging cost. WLBI is relatively inexpensive, but it re-
sults in a relatively less reliable product since packaging-related
reliability issues are not addressed. Finally, the die-level burn-in
with temporary carriers offers a tradeoff between the other two
methods.

B. 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
125 C–150 C for periods ranging from 12 to 24 hours. In
static burn-in, the device under test (DUT) is powered but not
electrically exercised.

Dynamic burn-in mimics the static burn-in process, but also
stimulates the DUT’s address, data, and clock inputs at a max-
imum rate (10–30 MHz) determined by the burn-in oven elec-
tronics. Under dynamic conditions, circuit nodes are toggled en-
suring that voltage stress is applied to various transistors. Nei-
ther static nor dynamic burn-in monitors the DUT responses
during the stress. Weak dies destroyed by the burn-in process
are not detected until a subsequent functional test stage. Recent
“intelligent” burn-in systems not only apply power and signals
to DUTs; they also monitor 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 [5]–[7].
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III. RELIABILITY ISSUES AND ACCELERATION FACTORS

The effects of temperature and on microelectronic de-
vices are often assessed by accelerated tests carried out at high
temperature and voltage to generate reliability failures in a rea-
sonable 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 acceler-
ated due to elevated electric field and temperature. Several di-
electric breakdown models exist in the literature that can de-
scribe intrinsic as well as the defect-related breakdown. In the
next section, we consider four widely used models. It is apparent
that electric field and junction temperature influence 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 electromigration [8], [9] or stress voiding [9].
In this paper, we consider electromigration as a typical failure
mechanism of long time burn-in ( 168 hours) or life testing.

A. Time-Dependent Dielectric Breakdown Models (TDDB):
Gate-Oxide Breakdown Models [10], [11]

The fundamental physical mechanisms of gate-oxide break-
down are divided into two groups: intrinsic and extrinsic oxide
breakdown mechanisms. The intrinsic oxide breakdown and
wearout 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 ( 24 hours).
Both breakdown mechanisms appear during burn-in as well as
life testing.

The and models are widely used in intrinsic gate-
oxide reliability predictions for oxide thickness 50 Å. Both
models have a physical basis. The model is expressed as

(1)

where is the time to breakdown, is a constant for a given
technology, is the field acceleration parameter, is the oxide
field, is the thermal activation energy, is Boltzman’s con-
stant, and is the junction temperature (K). The model is
based on thermochemical foundation.

On the other hand, if we assume that the breakdown process
is a current-driven process, then the model predicts

(2)

where and are constants, is the oxide electric field,
is the activation energy, and is the junction temperature.

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
ultrathin gate oxides with thickness less than 40 Å show that
the conventional and TDDB models cannot provide the

necessary accuracy for calculation and prediction [12]. Hence,
starting from about the 180-nm CMOS technology ( range
is about 26–31 Å), a new TDDB model was proposed [12],
[13]. Experiments show that the generation rate of stress-in-
duced leakage current (SILC) and charge to breakdown
in ultrathin oxides is controlled by gate voltage rather than the
electric field. This model (3) includes the gate-oxide thickness

and the gate voltage [14]:

(3)

where is the acceleration factor, is the activation energy,
is the oxide thickness acceleration factor, is a constant for

a given technology, and is the average junction temperature.
Time-to-breakdown physical parameter values were extracted
from experiments as follows: Å, V,
and meV [14].

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 (4) [15]:

eV (4)

To explain the TDDB mechanism of extremely thin oxide
films ( 20–30 Å), researchers proposed two different ap-
proaches: 1) the anode hole injection model [16] and 2) the
electron trap generation model [17]. 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 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
injection 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
[18]. 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 [19], which
is the extension and simplification of the common percolation
concept, allows us to calculate (5), which is the critical density

of defects per unit of area at breakdown conditions as
a function of gate-oxide thickness :

(5)

where is the lattice constant of a cubic structure in the oxide
bulk nm , and is the oxide area.

The relationship between the charge-to-breakdown , the
critical defect density , and the injected electron density
is [20]

(6)
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The time-to-breakdown of thin oxides is determined by

(7)

where is the tunneling current across the gate oxide. The tun-
neling current and the injected electron density can be
extracted from the experiments using SILC and – measure-
ments [20]. 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 wearout
and breakdown.

B. Electromigration (EM)

Interconnect EM is the movement of metal atoms in the di-
rection of electron flow due to momentum transfer from elec-
trons to the metal ions under thermal and voltage stresses. EM
is usually modeled by the empirical Black’s formula [21], which
relates the mean-time-to-failure (MTTF) to the stressing condi-
tions and is given as

(8)

where is the process constant dependent on material and ge-
ometry of the metal strip, is a current exponent factor, is
the absolute junction (chip) temperature, is the Boltzmann’s
constant, is the activation energy, and is the current den-
sity. The activation energy for Al–Cu metal is in the range of
0.76–0.86 eV [22], and the activation energy for Cu intercon-
nections can vary widely from 0.7–0.9 to 1.0 eV. The lifetime
of interconnects is decreased with the reduction of line width
[23]. The accuracy of lifetime prediction is strongly dependent
on the accuracy of the junction temperature measurement during
the acceleration testing.

C. Temperature and Voltage Acceleration Factor Models

Several industrial reliability standards are based on
temperature and voltage acceleration factor models. The
Mil-Hdbk-217F U.S. military standard defines the temperature
acceleration factor as [24]

(9)

where is a constant and is the junction temperature (K).
Similarly, the voltage acceleration factor is defined in the CNET
reliability procedure as [25]

(10)

where and are constants, is the applied voltage, and
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.

IV. THERMAL RESISTANCE MODELS OF

SEMICONDUCTOR DEVICES

While represents the ambient temperature for an IC, the
relationship between ambient and average junction temperature
for a VLSI is often described as in [26]

(11)

where is the total power dissipation of the chip and is
the junction-to-ambient thermal resistance. To estimate the av-
erage junction temperature for different technologies, one must
investigate the impact of technology scaling on chip power dis-
sipation and thermal resistance. Consequently, we can use (11)
to estimate the junction temperature for different technologies.

The initial investigations on technology scaling and thermal
resistance were done on bipolar transistors. For these devices,
the thermal resistance C/mW was estimated as [27]

(12)

where is the thermal conductivity of silicon and is the
emitter size. It was shown that the thermal resistance increased
as the emitter size was reduced. Recently, a relationship between
thermal resistance of a MOSFET and its geometrical parameters
was derived using a three-dimensional (3-D) heat flow equation
[28]:

(13)

where is the thermal conductivity of silicon (
W m C [29]), and and are channel

geometry parameters. This equation was derived for bulk
technologies whose substrate thickness was significantly
thicker than the thickness of the device layer, and the thermal
impedance of the bulk is substantially smaller than that of the
device. The thermal conductivity of silicon has a temperature
dependence described as [30]

W m K (14)

In our investigations we used W m C
K and assumed that the thermal resistance of silicon is

temperature independent [28], [29]. This approximation results
in an error of approximately 30% in the solution of linear heat
flow differential equations for the temperature range from 25 C
to 125 C [31], and it is often used in practice [29], [32]. The
temperature dependence of silicon thermal conductivity is more
important in silicon-on-insulator (SOI) technologies where self-
heating contributes to rise in junction temperature. We used the
model of (13) for thermal-resistance calculations for MOSFETs
in different CMOS technologies.

V. JUNCTION TEMPERATURE ESTIMATION

The junction temperature of an IC is defined as the temper-
ature of the silicon substrate, and it is a crucial parameter in
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Fig. 3. CMOS technology scaling as reflected in chip size and number of logic
transistors [34], [35].

reliability-prediction procedures and burn-in testing. Junction
temperature is often a measured value taken from an on-chip
sensor. For example, the measured junction temperature of a
1-GHz 64-bit RISC microprocessor implemented in 0.18- m
CMOS technology was reported as 135 C at V
[33]. This microprocessor had 15.2 million transistors packed
in the 210 mm chip area.

Alternatively, junction temperature can also be estimated
from simulations. Equations (11) and (13) can be used for
the estimation. Engineers often rely on junction temperature
estimated values to develop packaging and cooling solutions
for nominal and burn-in conditions due to several reasons. At
nominal conditions, the junction temperature prediction will
help estimate lifetime warranty for the part and its realistic
performance. Similarly, under burn-in conditions, accurate
junction temperature estimation may reduce the thermal run-
away probability since the margin between optimal burn-in
conditions and thermal runaway is reduced as the technology
is scaled.

In the subsequent subsections, we show how model-based
simulations can be used for junction temperature estimation
under nominal and burn-in conditions.

A. Junction Temperature Estimation Under Normal Operating
Conditions

Junction temperature increases with technology scaling due
to increased transistor density, larger chip size, and increased
leakage currents. Fig. 3 shows the increased numbers of tran-
sistors and chip size with scaling. A 30% reduction in feature
size in each technology scaling results in a doubling of tran-
sistor density. At the same time, die sizes are becoming larger.
The second curve in Fig. 3 illustrates the die area of high-perfor-
mance microprocessors. For each successive generation, the in-
crease in area has been between 10% and 20% [34], [35]. These
curves allow calculation of the transistor density in a chip for a
given technology.

Semenov et al. used a four-step procedure to estimate junc-
tion temperature in a given technology [36], [37]. They used a

Fig. 4. Normalized chip junction temperature increase with technology [36].

350-nm technology as the reference for normalization. These
steps are:

1) estimation of MOSFET power dissipation ( ) using sim-
ulation and thermal resistance using (13);

2) calculation of the normalized increase over ambient
temperature per MOSFET using (11);

3) estimation of MOSFET density ( ) from Fig. 3 for the
given technology;

4) calculation of normalized increase over ambient tem-
perature for the chip in a given technology as

.
The results, shown in Fig. 4, reveal that the normalized

temperature increase of the chip is significantly elevated with
CMOS technology scaling from 350 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 350-nm CMOS chip. This calculation assumed
that the ambient temperature was the same for all analyzed
technologies. This nearly exponential increase in chip junction
temperature results in an exponential increase in cooling cost
[38].

B. Junction Temperature Estimation Under Burn-In Conditions

Burn-in at elevated voltage and temperature conditions is de-
signed to remove the infant mortality IC population from the
total population, with little impact on the remaining product
population.

In this subsection, we focus on the intrinsic behavior (junction
temperature estimation) of the silicon die under burn-in condi-
tions for the sake of simplicity. The thermal impedance network
of the package is not considered. For the package level burn-in
and DLBI, one must also consider the thermal impedance net-
work of the package [39]. Once this network is known, then (13)
can be suitably modified to reflect the total thermal resistance

of the die and for many types of package. The impact of
package thermal resistance on burn-in conditions will be con-
sidered in Section VIII.

Estimation of junction temperature under burn-in stress con-
ditions is dependent on several parameters. For example, burn-in
yield and reliability are strong functions of the junction temper-
ature. Similarly, package design must also account for the junc-
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Fig. 5. Normalized chip junction temperature at V DD + 30% burn-in
condition [36].

tion temperature under nominal and stress conditions. Optimiza-
tion of burn-in conditions such as setting the ambient tempera-
ture, stress voltage, cooling considerations, and burn-in duration
depend on an accurate estimation of the junction temperature.

The subthreshold leakage becomes the dominant factor in
determining the junction temperature in high-performance cir-
cuits under stress conditions. Hence, we must estimate the sub-
threshold leakage current of the chip for the burn-in conditions.
The subthreshold conduction of a MOSFET transistor under
stress conditions can be explained by a simplified relation il-
lustrated in (15) [40]:

(15)

where is the gate-to-source voltage, is the transistor
threshold voltage, is the electronic charge, is the Boltz-
mann’s constant, and is the junction temperature in Kelvin.
In the subthreshold region, the term in (15) is negative.
If the junction temperature is linearly increased, it results in
an exponential increase in the subthreshold leakage current.
Moreover, is also a function of the junction temperature
and is reduced with increasing temperature resulting in a
further increase in the leakage current [40]. Similarly, one can
also explain the impact of increased supply voltage on the
subthreshold leakage. Elevated drain–source voltage reduces
the due to the drain-induced barrier lowering (DIBL) effect
[41]. As a consequence, the subthreshold leakage is further
increased.

The normalized temperature increase of a CMOS chip with
scaling at burn-in conditions is shown in Fig. 5 [36]. The curve
with the diamond legend depicts the normalized increase
if C. For the 90-nm technology, the increase in
is different depending on the high-performance or low-power
process. If all the transistors are implemented with low
UHP (ultra high performance) devices (unrealistic), then the
normalized is increased by approximately 5000 compared
to 0.35- m CMOS. On the other hand, if all transistors are
implemented with LP (low power) devices, then is increased
by approximately 230 . It should be noted that most of the
transistors on chip would be implemented with LP devices.

However, if is reduced by 10 C for each technology
generation, the normalized is also reduced as shown by
the curve with the square legend. Similarly, leakage reduction
techniques can further reduce the increased normalized tem-
perature with scaling [42], [43]. Several of these techniques
are described in Section VI. It is assumed that the effectiveness
of leakage power reduction techniques for high-performance
microprocessors should be less than the effectiveness for
lower power system-on-chip (SOC) applications mentioned
in [43] because these techniques typically reduce the speed
of microprocessors. If such techniques are employed as well
as reducing by 10 C for each technology generation, then
the normalized increase for 90-nm CMOS with respect
to 350-nm CMOS becomes relatively small (7–8 ). Despite
reduction in and leakage reduction techniques, the increase
in is clearly unacceptable. Obviously, burn-in conditions
should be optimized for 130-nm and 90-nm CMOS technolo-
gies to reduce the risk of chip over stressing during burn-in.

VI. LEAKAGE CURRENT REDUCTION TECHNIQUES

Major research has been carried out on low power and leakage
current reduction [44]. The power consumption in CMOS cir-
cuits can be divided into dynamic and static categories. Despite
increasing leakage currents with scaling, the dynamic power
constitutes the majority of power consumption under normal
operational conditions. However, under burn-in conditions, the
leakage power becomes significantly large while the operational
frequency is reduced drastically. Consequently, the static power
component is the dominant part of the total power consumption.

Several circuit techniques have been used to reduce the back-
ground leakage current [42]. Some of these techniques can be
used during burn-in to restrict the increase in leakage current,
and are described below.

Multithreshold Logic: This technique adjusts high-perfor-
mance critical path transistors with low while noncritical
paths are implemented with high- transistors. Hence, per-
formance and power objectives are achieved at the cost of ad-
ditional process complexity. Wei et al. reported a reduction of
more than 80% in leakage power while meeting the performance
objectives by using a dual- technology [45].

Alternatively, a high- transistor can be placed between
power supply/ground and the high-performance circuit or block
[Fig. 6(a)]. In the active mode, the high- transistors are on
and since their on-resistance is low, the performance impact is
minimal. In the standby mode, the high- transistor is off,
and hence the leakage is limited to the leakage of a high-
transistor [46].

Traditionally, multithreshold transistors are realized through
different doses of threshold adjust ion implantations. Adjusting
the threshold voltages can also be done by depositing two dif-
ferent oxide thicknesses or by different channel lengths [45].

Stack Effect: Another solution to the increasing leakage
places a nonstack transistor on a stack of two transistors without
affecting the input load [47]. It has been shown that stacking
two off-transistors significantly reduces the subthreshold
leakage compared to a single off-transistor [Fig. 6(b)]. The
drawback of this technique is the increased delay. This delay
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Fig. 6. (a) MTCMOS. (b) Stack effect.

increase is comparable to high- logic implementation in a
dual- technology.

A significantly large fraction of the noncritical path im-
plemented with this technique shows minimal performance
degradation while reducing the subthreshold leakage. The
stack forcing technique can be either used in conjunction with
dual- or with a single- technology [47].

Reverse Body Bias (RBB): This is another technique to
reduce leakage current during active operation, burn-in, and
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 in the chip,
operational frequency is very low during burn-in, RBB can be
applied to the whole chip simultaneously.

Although increasing RBB reduces the weak inversion current
monotonically, the junction leakage component increases with
larger RBB due to the gate-induced drain leakage (GIDL) effect.
An optimal point is achieved where any further increase in RBB
does not produce an overall subthreshold current reduction. The
effectiveness of RBB diminishes with scaling. Keshavarzi et al.
showed that the maximum leakage reduction through RBB is di-
minished from 4–5 in 180-nm technology to 2–3 in 130-nm
technology [48]. However, the effectiveness of RBB can be im-
proved by using a dual- design, as has been reported in [49].

Conditional Keepers: Degradation of dynamic circuit
functionality is a problem during burn-in testing because of
high leakages in stress conditions. To overcome this problem,
a keeper technique was proposed that is active during the
burn-in, and is inactive during normal operating mode. Conse-
quently, the dynamic circuit remains functional under burn-in
without relaxing the maximum burn-in stress and without any
significant performance degradation under normal operating
conditions [50].

The elevated temperature and voltage exponentially increase
the leakage current. The large leakage current can discharge dy-
namic nodes resulting in incorrect operation of dynamic cir-
cuits. Conditional burn-in keepers are designed for function-
ality of sub-130-nm dynamic circuits. The conditional keeper
technique uses an extra keeper for the burn-in mode to compen-
sate for higher leakage in burn-in. Fig. 7 shows this technique.
Transistor M1 is the standard keeper, while transistor M2 is the
burn-in keeper. M2 is off in the normal operating condition and

Fig. 7. Burn-in conditional keeper in dynamic circuits [50].

turns on for the burn-in mode using a burn-in signal through the
NAND gate.

VII. THERMAL RUNAWAY AVOIDANCE

Several reliability failure mechanisms are accelerated by
elevated temperature. These mechanisms include metal stress
voiding and electromigration, metal sliver bridging shorts,
contamination, and gate-oxide wear out and breakdown [51].
However, there are physical and burn-in equipment-related
limitations for junction temperature and voltage stress. Die
failure rate (failures per million) increases exponentially with
junction temperature for most failure mechanisms [52]. As a
result, the yield loss may increase if the burn-in conditions
cause overstress. In a limiting case, an unabated increase in the
junction temperature may lead to the thermal runaway. Hence,
the junction temperature should be optimized for normal and
burn-in conditions.

A. Physical and Practical Limits of Junction Temperature

The maximum operating temperatures for semiconductor de-
vices can be estimated from semiconductor intrinsic carrier den-
sity, which depends on the bandgap of the material. When the
intrinsic carrier density reaches the doping level of the active
region of devices, then the electrical parameters change drasti-
cally. The highest operating junction temperature for standard
silicon technology is about 200 C, however the circuit perfor-
mance is reduced substantially [53]. The influence of tempera-
ture on some important MOSFET parameters is summarized in
Table I.

Several practical considerations limit the junction tempera-
ture to a much lower value. A limit of 150 C for junction tem-
perature is often used for VLSI ICs [34]. The peak junction
temperature of a PowerPC microprocessor implemented in a
0.35- m CMOS technology was reported to be approximately
90 C–100 C at an operating speed of 200–250 MHz [54], [55].

B. A Procedure for Thermal Runaway Avoidance

The increase of IC background leakage current due to the
CMOS technology scaling, especially under burn-in conditions,
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TABLE I
TEMPERATURE DEPENDENCE OF IMPORTANT Si-MOSFET

PARAMETERS, DATA ADOPTED FROM [53]

Fig. 8. A procedure for junction temperature estimation [56]. <PLEASE
PROVIDE A CITATION FOR FIG. 8 IN THE TEXT.>

leads to a requirement to assess the ambient versus safe junction
temperature conditions, since they relate to IC thermal runaway.

Vassighi et al. described one such procedure whose program
flow chart is shown in [56]. For the initial junction temperature,
the input current for a single transistor is the input to the pro-
gram. Based on the circuit implementation and architecture, the
total power is computed and junction temperature is updated in
(11). Using this procedure for any given voltage and process
technology, junction temperature is calculated and convergence
of the obtained temperature is tested. After several iterations,
the junction temperature will either converge to a stable value,
or it will increase and lead to chip thermal runaway.

A 32-bit microprocessor in 100-nm dual- CMOS tech-
nology was used to verify the procedure. The parameters of
this program were calibrated to the experimental data from the
microprocessor. Fig. 9 shows the electrothermal simulation re-
sults carried out for a 32-bit microprocessor implemented in a
100-nm technology. The dashed and solid graphs represent junc-
tion temperatures in air-cooled and liquid-cooled burn-in ovens,

Fig. 9. Junction temperature in air-cooled versus liquid-cooled burn-in ovens
under given ambient conditions [56].

respectively, under given ambient temperature conditions. The
power supply voltage was set to .

Fig. 9 clearly shows that the ambient temperature in
air-cooled ovens must be kept at C or lower to stabilize
the junction temperature and hence avoid thermal runaway.
However, it is unrealistic to achieve ambient temperature lower
than room temperature in air-cooled burn-in ovens. On the
other hand, liquid-cooled ovens are more efficient and allow
a higher ambient temperature due to their relatively lower
junction to ambient thermal resistances. Hence, they are better
suited to avoid the thermal runaway under burn-in conditions.

VIII. IMPACT OF PACKAGE THERMAL RESISTANCE ON 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 [57]: 1) increased dynamic and leakage
power dissipation associated with technology scaling and 2)
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 manage-
ment 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 Fig. 10. By definition, the case temperature is the
temperature at the external surface of the package. All semicon-
ductor packages have multiple elements. In the simplest form
these elements include the semiconductor die, thermal inter-
face material, and the heat sink base. The thermal conductivity
of these package elements for the Pentium III Xeon micropro-
cessor is given in Table II.

In a common case, the junction temperature increase over am-
bient temperature has three components [59]:

- -

- (16)
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Fig. 10. Thermal resistance network of a packaged die. (1) Junction to case
(package). (2) Case to ambient (heat sink) [57].

TABLE II
THERMAL CONDUCTIVITY OF PACKAGE COMPONENTS [58]

where die-pack , - , and - are
die to package, package to heat sink, and heat sink to ambient
thermal resistances, respectively, and is the total power dissi-
pation of the chip. The first component in (16) was considered
in previous sections. The third component is determined by the
cooling techniques and will be considered in the next section.
Here, we consider the second component in (16), which can be
rewritten as:

- (17)

where is the transistor power dissipation and
is the transistor density. The package to heat sink thermal
resistance, - , is crucial in removing heat during
burn-in. Values of 0.9–1.2 C/W were reported for in
350-nm technology [60], [61]. It is predicted that a reduction
of approximately 22% in - per technology
generation is required to just compensate the increased power
density with technology scaling [62]. Fig. 11 shows these
projections for the 350-nm technology to 90-nm technology.

IX. COOLING TECHNIQUES FOR BURN-IN

Low-power devices can be burned-in without attention
to thermal considerations. However, as power dissipation
increases with technology scaling for high-performance chips,
burn-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 tem-
perature 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 [63]. If the device becomes too hot, it may be dam-
aged while other devices may not be adequately burned-in. To
uniformly stress all devices, each package device temperature
must be kept close to the specified burn-in temperature. This

Fig. 11. Reduction of package thermal resistance with technology scaling.

is achieved by developing advanced cooling techniques and
burn-in boards with embedded thermal sensors.

A. Power Limitation of Burn-In Equipment

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 W [7]. We can use the power dissipation
of a single transistor in an inverter at static stressed conditions
and the number of transistors of the logic chip to estimate dif-
ferent CMOS technologies. We can then estimate the maximum
number of die for different technologies that can be simultane-
ously powered in a burn-in oven using (18).

(18)

where is the maximum power dissipation of the burn-in
oven at stressed conditions, is the power dissipation
of a single transistor at static stressed conditions for the given
technology, and is the total number of transistors in
the logic chip for the given technology. Equation (18) assumes
that 50% of the total number of transistors are off at any point
during burn-in assuming fully static CMOS design. Results are
shown in Fig. 12.

Burn-in ovens, such as the PBC1-80 of Despatch Industries
[7] and Max-4 of Aehr Test Systems [5], have maximum power
dissipation of about 2500 and 15 000 W, respectively, at 125 C.
The room ambient temperature is assumed to be 25 C.

B. Air-Cooling Technique

For CMOS IC technologies of 0.35 m and above, generally
IC junction heating during burn-in has not been a major issue,
and the oven temperature could be set to eliminate the temper-
ature-related overstress. However, for 0.25- m technology and
below, device self-heating has been described to become a more
significant issue, and air-cooling techniques began to be imple-
mented to remove heat from each device and the oven.

Air-cooled burn-in ovens are reasonably effective in heat re-
moval from devices dissipating up to 30–40 W [63]. Often, an
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Fig. 12. Maximum dies number for one burn-in load versus CMOS technology
scaling.

air-cooled heat sink and embedded thermal sensors are used to
control the individual temperature of device. The air temper-
ature and air velocity are dependent on the device power, the
overall thermal resistance of the heat sink assembly and burn-in
socket, and the required package temperature. The air tempera-
ture 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 C [63]. Device
temperature is usually measured by attaching a small thermo-
couple directly on the device or by using sensors integrated into
the device [64].

Another air-cooling technique was developed for device
power dissipation from 35 to 75 W [63]. 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 resistances 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 [65].

C. Liquid-Cooling Technique

As power dissipation increases beyond 75 W per device, the
thermal resistance of package to ambient must be lowered to
allow removal of excess heat. Air-cooling burn-in techniques
are not effective for power dissipation in this range, and this has
fostered the development of liquid-based cooling techniques.
Fig. 13 illustrates one such technique [63]. A temperature sensor
embedded in the heat sink measures the device temperature. He-
lium 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 approxi-
mately 40%.

Each heat sink has a temperature-controlled heater. The
burn-in ovens with liquid-cooled heat sinks can burn-in devices

Fig. 13. Water-cooled heat sink, adopted from [63].

that dissipate over 150 W of power [66], [67]. 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 W) 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 [65], [66]. For example, IBM used a TV994
thermal test chip for burn-in equipment qualification. This
14.7-mm chip has nine small resistive temperature detectors
(RTD) and four large heater resistors, one covering each
quadrant of the chip [66]. The thermal interface tests evaluate
temperature gradients within the device and between the device
and heat 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.

X. BURN-IN OPTIMIZATION FOR YIELD AND RELIABILITY

Yield and reliability are two important factors in semicon-
ductor manufacturing. Typically, three parameters significantly
affect yield and reliability of ICs [68]: 1) design-related pa-
rameters (chip area and gate-oxide thickness); 2) process-re-
lated parameters (defect distribution and density); and 3) oper-
ation-related parameters (voltage and temperature). It has been
experimentally verified that defects that cause burn-in failures
(early-life reliability failures) are fundamentally the same in na-
ture as defects that cause wafer probe failures (yield failures)
[69], [70].

Researchers have also identified two key reliability indicators
in order to optimize yield during burn-in: 1) local region yield
and 2) 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 [71].
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An IC with a redundancy-related repair is more likely to have a
latent defect mechanism resulting in early-life failure [69].

The key to optimizing burn-in lies in identifying those die
that are most likely to fail during burn-in before the burn-in is
actually performed. Once identified, dies of higher reliability
risk may be subjected to more rigorous testing (longer burn-in
duration), while those dies deemed more reliable may have a
reduced stress, or no stress at all. Barnett et al. proposed the
post-burn-in yield model, which includes the burn-in time as a
parameter [71]. It was assumed that the average number of latent
defects per chip is time dependent as follows:

(19)

where is the defect clustering parameter,
is the fitting parameter, is the wafer test yield (yield before
burn-in), is the burn-in time in hours, and is the shape pa-
rameter of Weibull distribution of the reliability function. The
post-burn-in reliability yield (i.e., the number of dies surviving
burn-in) is modeled as follows:

(20)

Kim et al. [72] developed another model for post-burn-in reli-
ability and yield loss as shown in the equations below.
They assumed that the gate-oxide damage is the leading defect
mechanism.

(21)

(22)

where is the yield before burn-in, is a constant dependent on
the burn-in time, stress voltage, and temperature, and is related
to the gate-oxide damage, incurred during burn-in. On the other
hand, is a constant dependent on operating voltage and time,
and is related to the gate-oxide damage incurred during normal
device operation. The typical range of and constants is from
0.1 to 0.9. Vassighi et al. used the gate-oxide breakdown
model and the above-mentioned post-burn-in yield loss model
to demonstrate that the post-burn-in yield loss increases expo-
nentially with elevation of stress temperature for a given stress
voltage [73]. This result was obtained for a 180-nm CMOS tech-
nology ( Å).

Burn-in removes the infant mortality, hence improving the
outgoing device reliability. However, burn-in may affect the
post-burn-in yield of ICs since latent defects may become en-
hanced during burn-in, with a resultant increase in post-burn-in
yield loss. The amount of yield loss depends on burn-in condi-
tions (voltage, temperature, time). Since the stress voltage and
the stress temperature provide the acceleration during burn-in,
the burn-in time is the parameter that is manipulated to control
the post-burn-in yield loss using above mentioned models. In
practice, many IC manufactures reduce the burn-in time to
10 hours or even skip burn-in, when the yield before burn-in is
high ( 98%) and burn-in escapes are low ( 100 PPM) [72].
The amount of burn-in escape is estimated by the early failure
rate test, which is performed on 10 000 final products from at

Fig. 14. I detection of burn-in functional failures and defect level of ICs
that failed only I tests [79].

least three lots with duration of approximately 12–48 hours
under burn-in conditions.

XI. BURN-IN ELIMINATION

The elimination of burn-in by an alternate screening method
has been a long sought after goal. Despite the expense, me-
chanical and EOS/ESD damage to the burn-in parts, and length-
ened time to market, burned-in parts typically achieve a better
quality measure than nonburned-in parts. These negative fea-
tures of burn-in stimulated a search for screening methods that
might achieve the same lowering of DPM (defects-per-million)
levels of shipped parts. In the pre-nanometer technologies where
transistor channel lengths were above the 0.35 m level, the

test was reported by several companies as successful in
eliminating or reducing burn-in [74]–[78]. Intel reported ex-
periments on several thousand ICs and found that when
combined with a short high voltage stress on the parts, yielded
near zero DPM outgoing quality levels [74]. Kawasaki Steel re-
ported a similar study using several hundreds of thousands of
parts showing that screens could eliminate burn-in [75].
LSI Logic and Philips Semiconductors reported similar success
with screening to eliminate burn-in [76], [77]. McEuen
of Ford Microelectronics reported that nominal voltage
testing enabled reduction of burn-in failures by 51% [78].

However, one caveat of these reports was that
screening was successful in burn-in elimination only if the
manufacturing quality levels were high. could not
eliminate burn-in on rogue lots. This obstacle was overcome
in a study funded jointly by Sandia National Labs and the
Sematech organization [79]. The experiment used 3495 parts
in a dynamic burn-in that separated the parts into a control
sample, a 7-V stress sample, and an 8-V stress sample. 40 000

measurements were taken per die during the control and
voltage stress sample tests. test limits were set tight at
the levels from the mean plus a tester noise guard band.
Fig. 14 summarizes the prediction of functional failure during
burn-in from pre-burn-in test data. The screen
predicted that 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
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sample. Cost models also showed economic justification of the
test in eliminating burn-in.

A test methods study was also funded by Sematech with IBM,
and that was the only study to date that stated that testing
did not show elimination of burn-in [80]. However, no explana-
tion was given as to why the data contradicted the several reports
that it would, and no burn-in data were given.

While these experiments demonstrated that parametric mea-
surements could be used to eliminate burn-in, they were done
on long channel transistor ICs whose background noise levels
obscured sensitive or other parametric measurements.
The question is, how does or other parametric mea-
surements perform for nanometer CMOS ICs. There are two
public reported of success. The first was at a burn-in panel
at the International Reliability Physics Symposium (IRPS) in
2001 [81]. Panelists from five major companies said that if the
manufacturing quality of the lots could be measured as high,
then parametric screens could achieve burn-in elimination.
They stressed that this approach did not work if the quality
levels were not high.

The second report on nanotechnology parts came from a team
from LSI Logic and Portland State University [82]–[84]. They
reported parametric screening of outlier parts using post-test sta-
tistical processing methods on the whole wafer data. The tech-
nique measures statistics of neighboring or other die locations
on the wafer to determine and (lowest func-
tional voltage ) test limits. This study reported the appli-
cation of post-test statistics to burn-in elimination, but did not
specifically report burn-in elimination data. The severe prob-
lems that nanometer ICs present to burn-in make these para-
metric screening techniques of high interest.

XII. CONCLUSION

Burn-in is a quality improvement procedure widely used for
high-performance and high-volume products. This paper pro-
vides an overview of CMOS technology scaling and its impact
on burn-in.

Smaller geometries, increased transistor leakages, and larger
integrationsareresultinginhigher junctiontemperaturesandself-
heating. Elevated junction temperature, in turn, causes leakages
to increase further. In many situations, this may result in positive
feedback leading to thermal runaway. Therefore, burn-in leakage
reduction techniques, thermal runaway avoidance procedures
must be evolved. Moreover, deep-submicron devices will require
advance packaging and liquid cooling techniques to lower
the junction to ambient thermal resistance.

In scaled technologies, burn-in optimization for yield and re-
liability will be 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 burn-in environment for each chip. Signifi-
cant research has been carried out toward burn-in elimination.
For long channel devices, several companies have reported
burn-in elimination with under controlled process con-
ditions. However, it appears to be difficult for deep-submicron
technologies.
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