A Board-Level Prognostic Monitor for MOSFET TDDB
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Abstract— A prognostic cell to monitor time-dependent
dielectric breakdown and electronic aging of integrated
circuits has been designed and fabricated.
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1. INTRODUCTION

The ability to identify performance degradation and
failure modes in integrated circuit (IC) components
significantly enhances the safety and reliability of a
component, system, or sub-system. Specifically, the
ability to monitor electronic aging at the board level, and
to detect an impending IC failure, facilitates the advent of
corrective actions necessary to avert a catastrophic event.
Based on the application of a board-level prognostic
monitor chip, accurate predictions of electronic aging and
end-of-life failure modes can be extracted.

A prognostic chip has been designed to monitor the time
dependent dielectric breakdown (TDDB) of MOS
transistors. The self-stressing integrated MOSFETS that
are monitored by the prognostic chip act as the TDDB
aging sensors for the host application. The monitored
MOS transistors are identical to those used in the host IC,
to insure that the extracted data maps to the condition of
the key components of the host IC. The prognostic
circuitry biases the MOS transistors to accelerate aging
under certain environmental conditions. For this reason
the monitor, or sensor devices in the prognostic chip are
designed to be sacrificial, and are not used in the host
application, but instead are packaged separately, mounted,
and biased at the board level.?

2. PROGNOSTIC HEALTH MAINTENANCE

All integrated circuits have non-zero failure probability,

1
1 0-7803-9546-8/06/$20.000 2006 IEEE
2 Ridgetop Group Paper #RG101905, Version 2, Updated Oct. 24, 2005

that is, there is at every instance of use, there exists a
finite probability that the component will fail. A
particular product line’s failure rate is the number of such
products that is expected to fail per unit time. Since this
number is an average for a group of ICs, the failure rate is
equivalent with the failure probability for a particular,
individual IC. The failure probability during the life of an
IC typically follows a classic “bathtub” failure rate curve
as shown in Figure 1, consisting of three distinct regions:
(i) an initial region where the failure probability is high,
called the burn-in or infant mortality region, (ii) a useful
life region where the failure rate is minimum and typically
constant, and (iii) a wear out or end-of-life region where
the product’s failure rate increases. The bathtub curve
describes the aging process, and can be measured for a
particular product line when that product is used under
well-defined conditions. This allows a manufacturer to
predict the product lifetime.
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Figure 1 — Failure rate vs. time for a typical electronic
component. The prognostic warning point is generated by
the prognostic cell described in this work.

Diagnostics are implemented to determine the state of a
component and whether it can function as designed. A
prognostic is a predictive diagnostic that includes the
ability to determine the remaining life or time span of
proper operation and performance of a component.
Health management is the added capability to make
appropriate decisions about maintenance actions based on
diagnostics/prognostics information, available resources,
and operational demand.

Aging is a function of time, intensity of use, environment,
and the quality of the manufacturing process. For
microelectronic devices, operating environments include



variables that can reduce IC lifetime such as temperature,
operating voltage, incident ionizing radiation, humidity,
presence of corrosives, etc. The actual lifetime of an IC in
the field may be quite different than the lifetime measured
under controlled and specified conditions. This means
that the bathtub curve failure rate characteristic for a
particular instance of a product (which is the probability
that that particular IC will fail as a function of time) may
be shifted substantially relative to the baseline. For
electronics applications where system reliability is
important, system designers often assume worst-case
conditions for reliability calculations. Integrated circuits
can then be selected that meet the worst-case
requirements. However, worst-case conditions are
typically poorly defined and not well known, and also may
not be continuously present. This concern may be
addressed by adding a larger design margin. It is also
possible, however, that an IC is used outside its specified
operating range (due to a system shock of some kind, for
example). Such an excursion may lead to unknown
effects on IC aging, resulting in questions about the
correct maintenance requirements.

Since a worst-case design approach often results in over-
specification of reliability requirements, and since
excursions outside specified operating ranges may occur
in service life, it would be particularly useful if an
integrated circuit or integrated circuit board could be
equipped with an aging process monitor that can
determine if the component is entering, or is about to
enter, the wear out region of its life. This implies that the
probability of failure is no longer constant (as it is during
its useful life), but is getting increasingly larger. Such a
monitor is called a prognostic cell, and this cell is capable
of predicting impending failure.

Increasing the intensity of use or environmental stress may
shift the failure distribution of an integrated circuit along
the time axis. In this case the device will have a shorter
useful life, and may also exhibit degradation of its
operational performance parameters. This acceleration of
device performance degradation, or associated failure rate,
can be used to design and build a prognostic cell. A
prognostic cell for a given integrated circuit and a given
failure mechanism can be designed to apply different bias
intensities to a group of components. Excess stress causes
the detrimental effects of aging to appear at shorter times
in the particular devices. A measurable parameter that is
indicative of the amount of cumulative wear of the
stressed sub-circuit, such as a current or voltage, is
compared to a specific reference value within the
prognostic circuitry.

3. THE PROGNOSTIC CELL

The prognostic cell consists of a family of prognostic
devices, each with different trigger points. An impending

failure is indicated when the monitored value is greater
than a preset reference value. Ideally, the prognostic
detection method used will trigger at a calibrated time, or
prognostic distance, before the onset of the end-of-life
region, as shown in Figure 1.

Time dependent dielectric breakdown (TDDB) of silicon
dioxide has been found to be exponentially dependent on
the electric field across the gate oxide [1]. Although the
exact mechanism for every failure mode is not known, it is
generally accepted that breakdown is caused by oxide
charge trapping [2]. Acceleration of the breakdown of an
oxide can therefore be achieved by applying a voltage
higher than the supply voltage, to increase the electric
field across the oxide. When the test monitor device fails,
a certain fraction of the circuit lifetime has been used up.
The fraction of useful circuit life that has been used up is
dependent on the amount of overvoltage applied and can
be estimated from the known distribution of failure times.

We note also that because of the improvement in the yield
of modern commercial semiconductor processes, oxide
breakdown is typically of the intrinsic type.
Contamination or particle related failures are not common
today, so we do not consider in detail the extended models
for defect-related oxide failure.

4, CIRCUIT DESCRIPTION

The design challenge for the TDDB cell is to apply
sufficient, but not overly large, stress voltage to the test
transistor to enhance its gate oxide failure without
stressing the oxides of other transistors in the prognostic
cell. The constraint of having only a single power supply,
e.g.

Vpp = 2.5 volts, forces the need to generate a higher on
chip potential in such a way that it does not affect any
other component on the chip. This is accomplished by
designing a well bias circuit that will pump the well
containing the test circuitry to create a larger total
potential across the oxide of the test transistor than the
power supply voltage, as illustrated in Figure 2. Two
diodes and capacitors form the charge pump. A feedback
loop accurately controls the stress voltage.
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Figure 2 - Schematic circuit for the TDDB prognostic
circuit.



If failure of the test capacitor is indicated (by a drop in the
stress voltage), the output bit is set low and a second
feedback loop shuts down the charge pump (to avoid
excess power consumption in this stage).

For this experiment, a suitable 0.25 pm process was
chosen. The prognostic circuit average power dissipation
is less than 50 uW.

5. CALCULATION OF STRESS VOLTAGE

There are two field-dependent TDDB models in
widespread use: The E and 1/E models. Both models fit
the available data equally well for large oxide fields (Eqx >
8 MV/cm), however, the model that best describes oxide
breakdown at both high and low oxide fields typically
seen in circuit operation is the E model [3]. The E model
can be expressed as:

E
t =Cexp(—yE_)exp| = |,
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Where: tgpgz = time-to-breakdown with a failure fraction
of 63% (cumulative failure F =1-1/e), C is a constant,
y = field acceleration parameter, E, = oxide field,
E., = temperature activation energy, k = Boltzmann's
constant, and T = absolute temperature.

The field acceleration parameter is dependent on
temperature:

y=b+% )

where b and c are constants from [3]. Additionally, the
temperature activation energy is dependent on the electric
field:

E,=k-IE,, (3)
where k and | are empirical constants.

Time-to-breakdown values are distributed around tgpgs in
a manner following Weibull statistics [4, 5]. The time-to-
breakdown value, at which a portion F of the capacitors
has failed, tgpr, can be determined from

B
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Where F = cumulative failure percentage, A = capacitor
area, o = scale parameter, S = shape parameter.

The scale parameter « is related to the mean of the
distribution while the shape parameter g is related to its
standard deviation. While the shape parameter is largely
independent of the oxide electric field and temperature,
the scale parameter shifts with both. From equations (1)
and (4) it follows that there is a functional relationship
between the scale parameter « and the constant C. The
complete cumulative distribution can be written as:
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where C’is a (new) constant.

Intrinsic breakdown is the dominant failure mode during
the end of lifetime region. For intrinsic breakdown, the
parameters necessary to describe the oxide failure

distribution (3, E,, C' and /) depend only on the oxide
thickness. It is therefore possible to estimate the
parameters for a particular process by reviewing literature
data for similar oxide thickness values.

The y value and the C' value from data reported in [3]
have been used in this work. It is not possible to determine
B values accurately using capacitors that are all of the
same size unless extremely large sample sizes are used.
Because of this, reliable estimates of  could not be
obtained using literature data, so capacitor samples were
obtained from the foundry. Time to breakdown was
measured on these samples for five sets of capacitors with
different areas at 8V stress voltage. The areas ranged
between 1.07 x 10° cm? and 1.0 10% cm?. Equation (4)
can be rewritten,

ogr- "=l g Iog(t%j ©

This means that a plot of log[-In[1-F]/A] versus log[tspe]
will give a straight line with slope £. From Equation (6) it
follows that using a range of areas (different values of A)
will result in a much wider range of ordinate values in
such a plot, meaning that the slope can be determined
more accurately. A plot of the TDDB data obtained from
the foundry samples is shown in Figure 3. Because the
wide range in available capacitor areas is exploited, this
plot contains the same information (for purposes of
determining the TDDB statistics) as a set of 50,000
capacitors of a single size. The B value that is extracted
from the fit (the solid line in Figure 3 is 3.2.
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Figure 3 - TDDB results for sample capacitors. The
stress voltage was 8 V. The B value obtained of the fit
line is 3.2.

Since the oxide breakdown model relates oxide field to
the breakdown time, a relationship between gate voltage

and oxide field is required. A first order approximation
for the oxide field for an nMOS transistor that is turned on

Vs +(E%—¢pj
== t

0X

(1)

where Vg = gate voltage, E; = bandgap energy, ¢, =
substrate potential, t,, = oxide thickness.

Since the stressed device is biased in strong inversion, any
gate voltage over and above the supply voltage 4V, will
appear across the oxide (not across the depletion layer)
and result in an increase in the electric field AE:

AE = AV,

(8)

0X

A prognostic cell must trigger before the accompanying
circuit fails. This means that the cumulative failure
probability of the prognostic cell must be close to unity
before the cumulative failure probability of the circuit
becomes appreciable, as shown in Figure 4.

This can be realized by operating the prognostic cell at a
higher oxide field than the circuit. The probability of
correctly predicting circuit failure using a prognostic cell
is equal to the probability that the prognostic cell triggers
(fails) before the circuit. If the following variables are
defined: p(t) = trigger (failure) probability density
function of the prognostic cell, c(t) = failure probability
density function of the circuit, then the probability of
correct prediction is given by,

p(correct):Tc(t) jp(u)du dt (9

The probability that the prognostic cell does not correctly
predict failure of the circuit is equal to the probability that
the circuit fails before the prognostic cell fails. This is
given by,

[9) t
p(incorrect):jp(t) _[c(u)du dt (o)
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Figure 4 — The failure probability density of the circuit
c(t) and the trigger rate of the prognostic cell p(t)
as a function of time.

The prognostic distance is the time between the 1%
cumulative failure probability point of the circuit and the
99% cumulative failure probability point of the prognostic
cell, as shown in Figure 5.
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Figure 5 — Prognostic distance in terms of cumulative
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The current design attempts to achieve a prognostic
distance of 10%. This means that before 90% of the time
has elapsed at which 1% of the circuits have failed, 99%
of the prognostic cells must have triggered. The reliability
requirement can be stated in terms of time-to-breakdown
of the circuit and prognostic cell:
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Applymg Equation (5) for tBDOl,circuit and tBD99,prog.ceII results
in the basis for a design equation for a prognostic cell.,
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From this, the amount of overvoltage required is obtained:

AVG =AE tox = (on,prog.cell - on,circuit )tox

1Up
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(13)

Equation 13 is a design equation for the TDDB prognostic
cell, since it gives the excess stress voltage (AVg) that is
required for a given prognostic distance. For this
experiment, a particular 0.25 um process was chosen and
the excess stress voltage for the design is calculated using
Equation 13 to be necessarily equal to 0.9 V, for a total
stress voltage of 3.4 V. This stress voltage is achievable
using the designed TDDB prognostic circuit.

6. CONCLUSIONS

The goal of the improving electronic circuit and system
reliability using embedded prognostics is to develop self-
stressing cells that operate autonomously and give
advance warning of impending failure of integrated
circuits. The prognostic circuit design monitors sensor
devices to determine the cumulative aging effects in the
form of performance parameter degradation that is
dependent on the environment that the board is subjected
to.

The prognostic circuit described in this work is configured
for simple buffered logic high or low output, facilitating
integration into a governing control system or prognostic
health management (PHM) system.

A feedback module is designed into the prognostic circuit
to remove power from the stressing circuit at the point of
the prognostic cell triggers, thereby preventing a current
drain and increased power dissipation by the prognostic
cell in the event of an oxide failure.

The prototype prognostic cell has been fabricated in a
silicon process, and is scheduled for testing.
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