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Abstract
The space community and other high reliability users of
microelectronic devices have been derating junction

temperature and other critical stress parameters for decades to
improve device reliability and extend operating life.
Semiconductor technology scaling and process improvements,
however, compel us to reassess common failure mechanisms
and established derating guidelines to provide affirmation that
common derating factors remain adequate for current
technologies used in high reliability space applications, It is
incumbent upon the user to develop an understanding of
advanced technology failure mechanisms through modeling,
accelerated testing, and failure analysis prior to product
insertion in critical applications. This paper provides a
summary of an industry survey on junction temperature
derating from key microelectronics suppliers, and offers
recommendations to users for temperature derating for
reliable operation over time, Background information on
established derating factors, and recommendations for safe
operating junction temperatures for newer technologies are
also presented.

Background

Established industry derating guidelines published by RAC
{Reliability Analysis Center) [1] and NASA JPL (Jet Propulsion
Laboratory) [2] provide users of commercial, as well as mil-spec
microelectronics, derating factors for critical device parameters
intended to reduce the occurrence of stress related failures in the
intended application. Complex microcircuits with improved
functionality, higher speed and lower core voltages continue to be
sought after for characterization testing and product infusion in
high reliability space applications; silicon process feature sizes of
0.18 micron ar¢ more common in these newer technologies. As
feature sizes diminish, there are a number of intrinsic failure
mechanisms, those that are inherent in the design and/or materials,
and extrinsic failure mechanisms, or process related defects, that
the user must remain cognizant of in their reliability assessment of
advanced technologies. The primary intrinsic wearout failure
mechanisms of concern continue to include: 1) Electromigration —
a mass transport induced wearout mechanism in which metal atoms
arc diffused along an interconnect; 2) Time-dependent dielectric
breakdown (TDDB) — wearout damage to the silicon dioxide
dielectric film in a device through constant applied voltage and
high, but still within specified operating range, electric field; and 3)
Hot carrier aging — the degradation of MOS device characteristics
due to charge trapping in the gate dielectric. Limiting stress levels
on devices by reducing in the application can help offset some of
the device wearout mechanisms.

Survey Results

An industry survey was performed with eight major microcircuit
suppliers to the military/acrospace market. Primary questions and
supplier responses are provided in Appendix A. The objective of
the survey was to solicit feedback on current product regarding
targeted  product lifetime, product lifetime validation
methodologies,  activation energies, life limiting failure
mechanisms, and the preferred, or most effective, screening
regiment to identify weak devicgs, i.c. burn-in. or high voltage
stress test. Data is reflective of silicon process feature sizes as
small as 0.18 micron. A summary of the supplier feedback
follows. [3]

All suppliers in the survey continue to rely on the Arrhenius
methodology for current product lines to determine acceleration
factors for failure rate calculations and equivalent stress testing
protocols. Through accelerated testing, the user is able to reduce
the time to failure and obtain data in a shorter time than would
otherwise be required. This technique remains widely used
throughout the semiconductor industry. The rate at which many
diffusion based chemical processes take place is governed by the
Arrhenius equation:

R =A exp (-E/kT)
where

R =rate of the process

A = a proportional multiplier

E, = activation energy, a constant

k = Boltzmann’s constant, 8.6x107 (eV/K)
T = Absolute temperature in Kelvin

Experimental data obtained from accelerated tests at elevated
temperatures are based on the Arrhenius equation to obtain a model
of device behavior at normal operating temperatures. Rearranging
the Arrhenius equation allows the temperature dependence of
device failure to be modeled as follows:

In ty/t; = EJk (1/T, - I/T})
where

t 12 =time to failure
E, = activation energy in electron volts
T = absolute temperature in Kelvin

Activation energies that are empirically representative of
established technologies range from 0.7 to 1.0 eV for Bipolar
processes and 0.5 to 0.7 eV for CMOS processes, hence many have
adopted 0.7 eV for all diffusion-based failure mechanisms
combined. Some of our survey respondents however have
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experimentally and empirically demonstrated Ea of 0.4 eV for
metal migration with new technology ASP/DSP CMOS 0.18-
micron processes and 0.3 eV for DRAM gate oxide integrity. [4]
Users should be cautious when applying generic activation energy
standards to new technologies, as they may not be representative of
current failure mechanism processes.

Other stresses used to accelerate device failure mechanisms include
voltage, current, humidity and temperature cycling. Elevated
voltage stress testing at wafer level probe is recognized as a more
effective technique than temperature acceleration to detect oxide
related defects. However, most suppliers in our survey rely on
temperature acceleration in conjunction with voltage stress testing
to provide a comprehensive assessment of their product. Voltage
acceleration is based upon the McPherson mode! and the
corresponding voltage acceleration factor, B, is empirically derived
for each device family or technology.

Product life limiting failure mechanisms are highly technology
dependent.  Electromigration and TDDB are reported to be the
most commonly experienced life limiting failure mechanisms in
our study; hot carrier effects are becoming more of an issue with
smaller feature sizes.

Most suppliers in our survey use product life testing at, or near,

maximum junction temperature of the device to validate product”

lifetime; this is typically performed at 125 to 150°C. Target
product lifetimes for mil-product are generally 10 years at
maximum rated junction temperature, however, some designs are
customer driven and reflect a 15, 20 or 25 year target product
lifetime. There are varying product lifetime definitions from the
suppliers in our survey therefore the user should request the
specific test conditions and confidence level associated with a
given FIT rate. Supplier responses for target FIT rates ranged from
50 FIT (0.5% cumulative failure rate} at !0 years and 60%
confidence level, to 0.76 FIT (0.01% cumulative failure rate) at 15
years and 60% confidence level. One (1) FIT over 10 years for
intrinsic failure mechanisms (0.01% cumulative failure rate) at 10
years and 60% confidence level is the historical benchmark.
Therefore, we consider typical microelectronic lifetime for mil-
products to be 10 years at maximum rated junction temperature
unless otherwise defined. FIT rate calculations and targeted
product lifetimes should be considered when using new
technologies in high reliability applications. It is assumed that
these failure levels are acceptable in electronic systems.

Tj Baseline Calculations and
Temperature Stress Derating Curves

Historically, junction temperature (Tj) derating for silicon
microcircuits in ceramic hermetic packages has been limited to
between 110°C and 115°C. The basis of this calculation can be
described as follows:

MTTF o ¢ E/*T

Assume a product lifetime of 10 years. Adding a safety margin of
two, the target product lifetime in space is 20 years minimum, or
twice the product’s designed lifetime. In order to achieve twice the
lifetime, the junction temperature must be lowered such that MTTF
is twice the nominal value. Using the Arrhenius equation:

e_Ea/kIL‘iemred /e_Ea/kj;ommaI e 2

or
—E 1 kXU Trageq =V Thpines) = 1012 = 0.693
1 /Tdemled -1 /Tnomin a = _596 XIO#S / Ea

H Nominar 18 125°C, Ny 18 398°K,

'The worst case derating represents the lowest activation
energy in the range. In the past, 0.6eV to 0.7eV have been
widely used. :

Assuming an Ea= 0.6 eV,
UT erated — VT nouminat = 9.93 x 107
or
UV Toeraa=-9.93 x 10° +2.51 x 107 =261 x 107
Tperaed = 1/2.61 x 107 = 383°K
Tperarea = 110°C (Current JPL D-8545 Tj Value)
Historical linear and digital microcircuit tcmpéréture stress
derating curves are described in Figure 1.[5] A corresponding
failure rate may be obtained at each temperature for established
technologies which is helpful to the user in determining an

acceptable failure rate for established technologies in a given
application.
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Figure 1. Linear/Digital Microcircuit Temperature Stress Derating Cusves.

Summary and Recommendations

Many of JPL’s current programs are operating, or will operate, in
the 6-month to 15-year mission life range. Microelectronics
applications in these missions vary in criticality, operating
environment, and operating conditions. Therefore it is appropriate
to consider these variables, in addition to current device technology
trends, feature size, and failure mechanism activation energies
when establishing a safe, adequate, operating junction temperature



for an intended mission application. Additional Tj calculations are

presented in Figure 2.

Device Max Activation Years of Derated Tj Technology Conservative Ea Value
Rated T) Energy Operation
Bipolar 0.7¢V
0.3 10 125 MOS - General 0.5eV
0.3 15 107 ASP/DSP 0.5eV
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Figure 2. Junction Temperature Calculations.

While additional safety margin may be realized with lower
operating temperatures, voltages and frequencies, the user should
take in to consideration the supplier's basis for FIT rate
calculations, the product lifetime design, and failure mechanism
developments and trends in new technology product lines in the
overall reliability assessment. Users of Commercial-Off-The-Shelf
(COTS) components in high reliability applications utilizing plastic
packaging techniques must also take in to consideration limitations
of the Tg of the packaging material itself, as well as the flame
retardant precipitation effect in the mold compound. Either one of
these factors may override the safe operating junction temperature
limit in a given application. Additionally, COTS designed lifetime
may vary greatly depending on device type and the intended
application. Hence, the user should not necessarily assume a 10
vear designed lifetime at maximum rated operating temperatures
for COTS products without verification.

Further research, modeling, accelerated testing, and failure analysis
is recommended to better understand the correlation relationships
of smaller feature sizes and device failure mechanism activation
energies to more quantifiably assess the reliability of current device
technology trends. In general, however, the results from this
supplier survey indicate the following activation energies are more
appropriate for determining derated Tj values for a given
application:

(5]

Appendix A (2003).

Electronic Derating for Optimum Performance, Reliability Analysis
Center under contract to Defense Supply Center Columbus (DSCC),
pl106 (2000).



Appendix A
Supplier Survey Results - Anonymous
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