
ABSTRACT
      This article describes how CMOS IC technology
scaling impacts on 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.
Keywords - Technology scaling, reliability, burn-in,
junction temperature, thermal management, packaging.

1. Introduction
      Transistor scaling is the primary factor in achieving
high performance microprocessors and memories.  Each
30% reduction in CMOS IC technology node scaling has:
(i) reduced the gate delay by 30% allowing an increase in
maximum clock frequency of 43%, (ii) doubled the
device density, (iii) reduced the parasitic capacitance by
30%, and (iv) reduced energy and active power per
transition by 65% and 50%, respectively [1-3].

      Power supply voltage in scaled technologies must be
lowered for two main reasons: (i) to reduce the device
internal electric fields, and (ii) to reduce active power
consumption since it is proportional to VDD

2.  As VDD
scales, then VT must also be scaled to maintain drain
current overdrive (VDD - VT) to achieve higher
performance.  This lower VT 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
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 is the dominant power. Typically, clock
frequencies are kept in the tens of MHz 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.
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igure 1. Test socket can be destroyed by
thermal runaway [4].
g during burn-in accelerates the defect
s responsible for early life failures. Thermal
e stresses increase the junction temperature
in accelerated aging. Elevated junction
e, in turn, causes leakages to further increase.
ituations, this may result in positive feedback
 thermal runaway. Such situations are more
ccur as technology is scaled to the nanometer
hermal runaway increases the cost of burn-in
ly. Figure 1 shows a chip severely damaged by
naway. To avoid thermal runaway, it is crucial
nd and predict the junction temperature under

l and stress conditions. Junction temperature, in
function of ambient temperature, package to
ermal resistance, package thermal resistance,
c power dissipation. Considering these
, one can optimize burn-in environment to
the probability of thermal runaway while
g the effectiveness of burn-in test.
 2 describes the relevance and types of burn-

on temperature is a critical component in
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eliability issues such as gate oxide breakdown,
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electromigration and their respective models, and
acceleration factors.  Sections 4 and 5 focus on the
thermal resistance modeling of MOSFETs and junction
temperature estimation procedures. Off-state current
under a burn-in environment is a critical issue facing the
industry.  Section 6 overviews circuit leakage reduction
techniques.  Burn-in procedures must be optimized to
avoid uncontrolled leakage and subsequent uncontrolled
thermal runaway.  Section 7 describes one such
procedure for thermal runaway avoidance. Sections 8 and
9 discuss packaging technology and cooling techniques
that must evolve to counter the increasing self-heating
component in high performance VLSI circuits.

2. Why Burn-in?
      Concurrent technology development and design
execution do not allow technology and design centering
to achieve early yield learning and optimal reliability.
Weak devices often fail in the field resulting in early life
failures or infant mortality. Consequently, IC
manufacturers use burn-in procedures to remove weak
devices from the population before shipping them to the
customer. Figure 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 detect these
degraded devices that will exhibit abnormal voltage or
current levels or functional failures.

isms enables the

Burn-in is used in production of leading edge IC devices
to eliminate devices that contain random latent 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
devices 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 sub-micron CMOS technologies.

2.1 Burn-in Procedures

      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.  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 MHz range. There are three basic implementation
methods for burn-in: (i) 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, (ii) 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, (iii)
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 burned-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 addressed. Finally, the die-level burn-in with
temporary carriers offers a trade-off between the other
two methods.
2.2  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 - 150°C for periods ranging from 12 to
24 hours. In static burn-in, the device under test (DUT) is
      Analysis of potential failure mechan

Figure 2. Bathtub curve.
development 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 anomalies. This
screening typically combines the elevated voltage and
elevated temperature to activate the voltage and
temperature dependent failure mechanisms for a
particular device or process in a relatively short time.

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 maximum rate (10 - 30 MHz) determined by
the burn-in oven electronics. 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 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].

3. Reliability Issues and Acceleration
Factors

      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 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.

3.1 Time Dependent Dielectric Breakdown Models
(TDDB) - Gate Oxide Breakdown Models [10,11]
      The fundamental physical mechanisms of gate oxide
breakdown 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 E and 1/E models are widely used in intrinsic
gate oxide reliability predictions for oxide thickness > 50
Å.  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, γ is the field acceleration parameter, E
is the oxide field, Ea is the thermal activation energy, k is
Boltzman's constant, and Tj is the junction temperature
(K). The E-model is based on thermo-chemical
foundation.

      On the other hand, if we assume that the breakdown
process is a current driven process, then the 1/E model
predicts

where τ0 and G are constants, E is the oxide electric field,
Ea is the activation energy, and Tj 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 ultra thin gate oxides with
thickness less than 40 Å show that the conventional E and
1/E TDDB models cannot provide the necessary accuracy
for calculation and prediction [12]. Hence, starting from
about the 180 nm CMOS technology (TOX range is about
26 - 31 Å) a new TDDB model is proposed [12,13].  
Experiments show that the generation rate of stress-
induced leakage current (SILC) and charge to breakdown
(QBD) in ultra thin oxides is controlled by gate voltage
rather than the electric field. This model (Eq. 3) includes
the gate oxide thickness (TOX) and the gate voltage (VG)
[14].

where γ is the acceleration factor, Ea is the activation
energy, α is the oxide thickness acceleration factor, T0 is
a constant for a given technology, and Tj is the average
junction temperature. Time to breakdown physical
parameter values were extracted from experiments as
follows: (γ · α) = 2.0 1/Å, γ = 12.5 1/V and (γ · Ea) = 575
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 Eq. 4
[15].

      To explain the time-dependent dielectric breakdown
(TDDB) mechanism of extremely thin oxide films (~ 20 -
30 Å), researchers proposed two different approaches: (1)
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the anode hole injection model [16], (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 (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 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].
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 [19], which is the extension and
simplification of the common percolation concept, allows
us to calculate (Eq. 5) the critical density (Ncrit) of defects
per unit of area at breakdown conditions as a function of
gate oxide thickness (tox).

where, α0 is the lattice constant of a cubic structure in the
oxide bulk (α0 ≈ 2.34 nm), and A0 is the oxide area.

      The relationship between the charge-to-breakdown
(QBD), the critical defect density (Ncrit), and the injected
electron density (Pg) is [20]

The time-to-breakdown of thin oxides is determined by

where, Jg is the tunneling current across the gate oxide.
The tunneling current (Jg) and the injected electron
density (Pg) can be extracted from the experiments using
SILC and C-V measurements [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.

3.2 Electromigration (EM)

      Interconnect EM 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 [21], that relates the Mean-Time-To-
Failure (MTTF) to the stressing conditions and is given
as

where A is the process constant dependent on material
and geometry of the metal strip, n is a current exponent
factor, Tj is the absolute junction (chip) temperature, k is
the Boltzmann’s constant, Ea 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 [22], 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 [23]. The accuracy of lifetime prediction is
strongly dependent on the accuracy of the junction
temperature measurement during the acceleration testing.

3.3 Temperature and Voltage Acceleration Factor
Models
      Several industrial reliability standards are based on
temperature and voltage acceleration factor models. The
Mil-Hdbk-217F US military standard defines the
temperature acceleration factor as [24]

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

where A3 and A4 are constants, VA is the applied voltage,
and Tj 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. Thermal Resistance Models of

Semiconductor Devices
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       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
[26]

where P is the total power dissipation of the chip, and Rth
is the junction-to-ambient thermal resistance. To estimate
the average junction temperature for different
technologies, one must investigate the impact of
technology scaling on chip power dissipation and thermal
resistance. Consequently, we can use Eq. 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]

where K is the thermal conductivity of silicon and (L x
W) 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 3-D heat flow equation [28]. This equation (Eq.
13) is shown below. It 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.

where K is the thermal conductivity of silicon (K = 1.5 x
10-4 W/µm°C [29]), and L and W are channel geometry
parameters. The thermal conductivity of silicon has a
temperature dependence described as [30].

In our investigations we used K = 1.5 x 10-4 W/µm°C (T
= 300 °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 Eq. 13 for thermal

resistance calculations for MOSFETs in different CMOS
technologies.
5. Junction Temperature Estimation
      The junction temperature of an IC is defined as the
temperature of the silicon substrate, and it is a crucial
parameter in 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 µm CMOS
technology was reported as 135°C at VDD = 1.9 V [33].
This microprocessor had 15.2 million transistors packed
in the 210 mm2 chip area.
      Alternatively, junction temperature can also be
estimated from simulations. Eq. 11 and Eq. 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 runaway
probability since the margin between optimal burn-in
conditions and thermal runaway is reduced as the
technology is scaled.
      In subsequent subsections, we show how model-
based simulations can be used for junction temperature
estimation under nominal and burn-in conditions.

5.1 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. Figure 3 shows the
increased numbers of transistors and chip size with
scaling. A 30% reduction in feature size in each
technology scaling results in a doubling of transistor
density. At the same time, die sizes are becoming larger.
The second curve in Fig. 3 illustrates the die area of high
performance microprocessors. For each successive
generation the increase in area has been between 10-20%
[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 junction temperature in a given technology
[36,37]. They used a 350 nm technology as the reference
for normalization.  These steps are:
(i) Estimation of MOSFET power dissipation (P) using

simulation and thermal resistance (Rth) using Eq. 13.
(ii) Calculation of the normalized Tj increase over

ambient temperature (∆T) per MOSFET using Eq.
11.

thj RPTT ×+= (11)
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(iii) Estimation of MOSFET density (D) from Figure 3
for the given technology.

(iv) Calculation of normalized Tj increase over ambient
temperature for the chip in a given technology as

     Burn-in at elevated voltage and temperature
conditions is designed to remove the infant mortality IC
population from the total population, with little impact on
the remaining product population.
       In this sub-section, we focus on the intrinsic behavior
(junction temperature estimation) of the silicon die under
burn-in conditions 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 network of the package
[39].  Once this network is known, then Eq. (13) can be
suitably modified to reflect the total thermal resistance
(Rth) of the die and for many types of package. The
impact of package thermal resistance on burn-in
conditions will be considered in Section 8.  
      Estimation of junction temperature under burn-in
stress conditions is dependent on several parameters. For
example, burn-in yield and reliability are strong functions
of the junction temperature. Similarly, package design
must also account for the junction temperature under
nominal and stress conditions.  Optimization of burn-in
conditions such as setting the ambient temperature, stress
voltage, cooling considerations, and burn-in duration
∆Tchip = ∆T x D.
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Figure 3. CMOS technology scaling as reflected in chip
size and number of logic transistors [34,35].
      The results, shown in Figure 4, reveal 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 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].

depend on an accurate estimation of the junction
temperature.
      The sub-threshold leakage becomes the dominant
factor in determining the junction temperature in high
performance circuits under stress conditions.  Hence, we
must estimate the sub-threshold leakage current of the
chip for the burn-in conditions. The sub-threshold
conduction of a MOSFET transistor under stress
conditions can be explained by a simplified relation
illustrated in Eq. 15 [40].

where VG is the gate to source voltage, VT is the transistor
threshold voltage, q is the electronic charge, k is the
Boltzmann constant, and T is the junction temperature in
Kelvin. In the sub-threshold region, the term (VG-VT) in
Eq. 15 is negative. If the junction temperature is linearly
increased, it results in an exponential increase in the sub-
threshold leakage current.  Moreover, VT 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 sub-
threshold leakage. Elevated drain-source voltage reduces
the VT due to drain-induced barrier lowering (DIBL)
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Figure 4. Normalized chip junction temperature
 increase with technology[36].
5.2 Junction Temperature Estimation under Burn-in
Conditions

effect [41]. As a consequence, the sub-threshold leakage
is further increased.



      Major research has been carried out on low power
and leakage current reduction [44]. The power
consumption in CMOS circuits 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 background leakage current [42].  Some of these
techniques can be used during burn-in to restrict the
increase in leakage current and are described below.
      (i) Multi-threshold logic: This technique adjusts high
performance critical path transistors with low VT while
non-critical paths are implemented with high VT
transistors.  Hence, performance and power objectives are
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W/L is constant, W, L are scaled,
T = 125 C
UHP, Ioff = 30 nA/um

LP, Ioff = 0.6 nA/um

BI temp. reduction by 10 C with
scaling
BI leakage power and 10 C temp.
reduction with scaling 

Figure 5.   Normalized chip junction temperature at
VDD+ 30% burn-in condition [36].
      The normalized temperature increase of a CMOS chip
with scaling at burn-in conditions is shown in Figure 5
[36]. The curve with the diamond legend depicts the
normalized Tj increase if T = 125°C. For the 90 nm
technology the increase in Tj is different depending on
the high performance or low power process. If all the
transistors are implemented with low VT UHP devices
(unrealistic) then the normalized Tj is increased by
approximately 5000x compared to 0.35 µm CMOS. On
the other hand, if all transistors are implemented with LP
devices, then Tj is increased by approximately 230x. It
should be noted that most of the transistors on chip would
be implemented with LP devices.

      However, if T is reduced by 10°C for each technology
generation the normalized Tj is also reduced as shown by
the curve with the square legend. Similarly, leakage
reduction techniques can further reduce the increased
normalized temperature with scaling [42,43]. Several of
these techniques are described in Section 6.  It's 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 Tj by
10°C for each technology generation, then the normalized
Tj increase for 90 nm CMOS with respect to 350 nm
CMOS becomes relatively small (7-8x). Despite
reduction in T and leakage reduction techniques, the
increase in Tj is clearly unacceptable. Obviously, burn-in
conditions should be optimized for 130 nm and 90 nm
CMOS technologies to reduce the risk of chip over
stressing during burn-in.

6. Leakage Current Reduction Techniques

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 VT technology [45].
VDD
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Figure 6. (a) MTCMOS  and (b) Stack effect.
Alternatively, a high VT transistor can be placed between
power supply/ground and the high performance circuit or
block (Fig. 6 (a)). In the active mode, the high VT
transistors are on and since their on-resistance is low, the
performance impact is minimal. In the standby mode, the
high VT transistor is off, and hence the leakage is limited
to the leakage of a high VT transistor [46].
      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 [45].



      (ii) Stack-effect: Another solution to the increasing
leakage places a non-stack 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 sub-threshold leakage compared to a single
off-transistor (Fig. 6 (b)). The drawback of this technique
is the increased delay. This delay increase is comparable
to high VT logic implementation in a dual VT 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 VT or with a single
VT technology [47].
      (iii) Reverse body bias (RBB): This is another
technique 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 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 GIDL
effect. An optimal point is achieved where any further
increase in RBB does not produce an overall sub-
threshold current reduction. The effectiveness of RBB is
diminishing with scaling. Keshvarzi et al., showed that
the maximum leakage reduction through RBB is from 4-
5X in 180 nm technology to 2-3X in 130 nm technology
[48].
      (iv) 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. Consequently, 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 [49].
      The elevated temperature and voltage exponentially
increase the leakage current.  The large leakage current
can discharge dynamic nodes resulting in incorrect
operation of dynamic circuits. Conditional burn-in
keepers are designed for functionality of sub-130 nm
dynamic circuits. The conditional keeper technique uses
an extra keeper for the burn-in mode to compensate for
higher leakage in burn-in.  Figure 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 turns on for the burn-in mode using a burn-
in signal through the NAND gate.
Figure 7. Burn-in conditional keeper in dynamic circuits
[49].
7. Thermal Runaway Avoidance
      Several reliability failure mechanisms are accelerated
by elevated temperature.  These mechanisms include
metal stress voiding and electromigration, metal slivers
bridging shorts, contamination, and gate-oxide wear out
and breakdown [50].  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 [51].  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.

7.1 Physical and Practical Limits of Junction
Temperature
      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
devices, then the electrical parameters change drastically.
The highest operating junction temperature for standard
silicon technology is about 200°C, however the circuit
performance is reduced substantially [52].  The influence

of temperature on some important MOSFET parameters
is summarized in Table 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 [34]. The
peak junction temperature of a PowerPC microprocessor
implemented in a 0.35 µm CMOS technology was
reported to be approximately 90°C - 100°C at an
operating speed of 200 - 250 MHz [53,54].

7.2 A Procedure for thermal runaway avoidance

      The increasing of IC background leakage current due
to the CMOS technology scaling, especially under burn-
in conditions, leads to a requirement to assess the ambient
versus safe junction temperature conditions, since they
related to IC thermal runaway.

      Vassighi, et al., described one such procedure whose
program flow chart is shown in [55].  For the initial
junction temperature, the input current for a single
transistor is the input to the program. Based on the circuit
implementation and architecture, the total power is
computed and junction temperature is updated in Eq. 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 VT CMOS
technology was used to verify the procedure. The
parameters of this program were calibrated to the
experimental data from the microprocessor. Figure 9
shows the electro-thermal simulation results carried out
for a 32-bit microprocessor implemented in a 100 nm
technology. The dashed and solid graphs represent
junction temperatures in air-cooled and liquid cooled
burn-in ovens, respectively, under given ambient
temperature conditions. The power supply voltage was
set to 1.35 x VDD.
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Figure 8. A Procedure for junction temperature
estimation [59].
 Figure 9. Junction temperature in air- cooled vs. liquid-
cooled burn-in ovens under given ambient conditions [55].
Table 1. Temperature dependence of important Si-
MOSFET parameters, data adopted from [52].

arameter Temperature
dependence

Affected
property

hermal
onductivity, K ≈T-1.6 Self heating

uilt-in potential,
bi

kT/q ln(NAND/ni(T)2) ~ +20% per
100 K

hreshold
oltage, VTH

2ψB(T) +
(4εSiqNAψB(T)/CI)0.5 ~ -0.8 mV/K

n junction
everse current a ni

2(T) + b ni(T)/τsc
~ +102 to + 104

per 100 K
      Figure 9 clearly shows that the ambient temperature
in air-cooled ovens must be kept at –20oC 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.

8. 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 [56]: (i) increased dynamic and leakage power
dissipation associated with technology scaling, and (ii)
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 10. By definition, the case
temperature (Tc) 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 III Xeon
microprocessor is given in Table 2.

      In a common case, the junction temperature increase
over ambient temperature has three components [58]

where Rth(Die-pack), Rth(Pack-sink), Rth(sink-amb) are
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. 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 Eq. 16 that can be rewritten as
follows

where PMOSFET is the transistor power dissipation, and D
is the transistor density.  The package to heat sink
thermal resistance, Rth(pack-sink), is crucial in removing
heat during burn-in. Values of 0.9-1.2 °C/W were
reported for Rth_PH in 350 nm technology [59,60]. It is
predicted that a reduction of approximately 22% in
Rth(pack-sink) per technology generation is required to
just compensate the increased power density with
technology scaling [61]. Figure 11 shows these
projections for the 350 nm technology to 90 nm
technology.

Figure 10. Thermal resistance network of a packaged
die: (1) junction to case (package), (2) case to ambient

( heat sink) [56].
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 Figure 11. Reduction of package thermal resistance with
technology scaling.
9. 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 temperature
distribution in the chamber and precise temperature
Table 2. Thermal conductivity of package

components [57].

age component Conductivity, W/mK

n die 120

al interface material 3.8

sink base 180



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 [62]. If the
device becomes too hot, it may be damaged 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 is
achieved by developing advanced cooling techniques and
burn-in boards with embedded thermal sensors.

9.1 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
Watts [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
different CMOS technologies.  We can then estimate the
maximum number of die for different technologies that
can be simultaneously powered in a burn-in oven using
Eq. (18).

where Poven is the maximum power dissipation of the
burn-in oven at stressed conditions, Ptransistor is the power
dissipation of a single transistor at static stressed
conditions for the given technology, and Ntransistors is the
total number of transistors in the logic chip for the given
technology. Eq. (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
Figure 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
watts respectively at 125°C. The room ambient
temperature is assumed to be 25°C.

9.2 Air cooling technique
      For CMOS IC technologies of 0.35 um and above,
generally IC junction heating during burn-in has not been
a major issue and the oven temperature could be set to
not cause the temperature-related overstress. However,
for 0.25 um technology and below, device self-heating
has been described to become a more significant issue
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Figure12. Maximum dies number for one burn-in load
versus CMOS technology scaling.
and air-cooling techniques began to be implemented to
remove heat from each device and the oven.        
      Air-cooled burn-in ovens are reasonably effective in
heat removal from devices dissipating up to 30-40 watts
[62].  Often, an air-cooled heat sink and embedded
thermal sensors are used to control the individual
temperature of device. The air temperature 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
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 - 150 °C
with an accuracy of ±3°C [62]. Device temperature is
usually measured by attaching a small thermocouple
directly on  the device or by using sensors integrated into
the device [63].
      Another air-cooling technique was developed for
device power dissipation from 35 to 75 watts [62]. 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
[64].

9.3 Liquid cooling technique

      As power dissipation increases beyond 75 watts 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 it has fostered the development of
liquid-based cooling techniques. Figure 13 illustrates one
such technique [62]. 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 burn-in ovens with liquid-cooled heat sinks can burn-
in devices that dissipate over 150 W of power [65,66]. 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.

10. Burn-in Optimization for Yield and
Reliability

      Yield and reliability are two important factors in
semiconductor manufacturing. Typically three parameters
significantly affect yield and reliability of ICs [67]: (i)
design related parameters (chip area and gate oxide
thickness), (ii) process related parameters (defect
distribution and density), and (iii) operation 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 nature as defects that cause wafer probe
failures (yield failures) [68,69].
      Researchers have also identified two key reliability
indicators in order to optimize yield during burn-in: (i)
local region yield and (ii) 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 [70].
An IC with a redundancy-related repair is more likely to
have a latent defect mechanism resulting in early life
failure [68].  
      The key to optimizing burn-in lies in identifying those
die that most likely to fail during burn-in before the burn-
in is actually performed. Once identified, die 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 include the burn-in time as a parameter [70]. It was
assumed that the average number of latent defects (λL)
per chip is the time dependent as follows:

Where α is the defect clustering parameter, γ ≈ 0.01 -
0.02 is the fitting parameter, YK is the wafer test yield
(yield before burn-in), τ is the burn-in time in hours, and
β is the shape parameter of Weibull distribution of the
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      Special thermal test chips and modules were

Figure 13. Water-cooled heat sink, adopted from [62].
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 mm2 chip has nine
small resistive temperature detectors (RTD) and four
large heater resistors, one covering each quadrant of the
chip [65]. 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.

reliability function. The post-burn-in reliability yield (i.e.
the number of dies surviving burn-in) is modeled as
follows:

Kim et al. [71] developed another model for post burn-in
reliability (R) and yield loss (Yloss) as shown in equations
below. They assumed that the gate oxide damage is the
leading defect mechanism.
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Where Y is the yield before burn-in, υ 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, u 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 υ and u constants
is from 0.1 to 0.9. Vassighi, et al., used the 1/E gate oxide
breakdown model and the above mentioned post burn-in
yield loss model to demonstrate that the post burn-in
yield loss increases exponentially with elevation of stress
temperature for a given stress voltage [72]. This result
was obtained for a 180 nm CMOS technology (TOX = 41
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 enhanced during burn-in, with
a resultant increase in post burn-in yield loss. The amount
of yield loss depends on burn-in conditions (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
is low (~100 PPM) [71]. 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.  

11. Burn-in Elimination
      The elimination of burn-in by an alternate screening
method has been a long sought after goal.  Despite the
expense, mechanical and EOS/ESD damage to the burn-
in parts, and lengthened time to market, burned-in parts
typically achieve a better quality measure than non-
burned-in parts.  These 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-nanometer technologies where transistor
channel lengths were above the 0.35 µm level, the IDDQ
test was reported by several companies as successful in
eliminating or reducing burn-in [73-77]. Intel reported
experiments on several thousand ICs and found that IDDQ
when combined with a short high voltage stress on the
parts, yielded near zero DPM outgoing quality levels
[73].    Kawasaki Steel reported a similar study using
several hundreds of thousands of parts showing that IDDQ
screens could eliminate burn-in [74].  LSI Logic and
Philips Semiconductors reported similar success with
IDDQ screening to eliminate burn-in [75, 76].  McEuen of

Ford Microelectronics reported that nominal voltage IDDQ
testing enabled reduction of burn-in failures by 51% [77].

      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 burn-in on rogue lots.  This obstacle was
overcome in a study funded jointly by Sandia National
Labs and the Sematech organization [78]. The experiment
used 3,495 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 IDDQ measurements were taken
per die during the control and voltage stress sample tests.
IDDQ test limits were set tight at the +/- 3σ levels from the
mean plus a tester noise guard-band.  Figure 14
summarizes the prediction of functional failure during
burn-in from pre-burn-in IDDQ test data.  The IDDQ screen
predicted that IDDQ 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 burn-in.
Figure 14. IDDQ detection of burn-in functional failures
and defect level of ICs that failed only IDDQ tests [78].
      A test methods study was also funded by Sematech
with IBM, and that was the only study to date that stated
that IDDQ testing did not show elimination of burn-in [79].
However, no explanation 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 measurements could be used to eliminate
burn-in, they were done on long channel transistor ICs
whose background noise levels obscured sensitive IDDQ or
other parametric measurements.  The question is how
does IDDQ or other parametric measurements 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 [80].  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 nanotechnology parts came
from a team from LSI Logic and Portland State
University [81-83].  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 burn-in
elimination, but did not specifically report burn-in
elimination data these techniques.  The severe problems
that nanometer ICs present to burn-in make these
parametric screening techniques a high interest.

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

      Smaller geometries, increased transistor leakages, and
larger integrations are resulting in higher junction
temperatures and self-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 sub-micron
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 reliability 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. Significant
research has been carried out towards burn-in
elimination. For long channel devices, several companies
have reported burn-in elimination with IDDQ under
controlled process conditions. However, it appears to be
difficult for deep sub-micron technologies.
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