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Abstract— This paper quantifies the impact of threshold volt-
age variation on aging-related hard failure rates in a high-
performance 65nm processor. Simulations show that threshold
voltage variations can accelerate aging substantially, depending
on the thermal resistance of the heatsink and the total leakage
power of the processor before variation. For unfavorable values
of these parameters, our models suggest that the time at which
1% of the processors have failed can decrease by about 60%.

I. INTRODUCTION

Process variation is known to have a significant effect on
transistor power consumption. Variations in threshold voltage
(V) are of special interest because they are projected to have
one of the highest variation ranges [1]. Moreover, they strongly
affect a transistor’s subthreshold leakage power — since
leakage power is exponentially dependent on the threshold
voltage. With current high-performance processors pushing the
limits of a package’s power dissipation capability, any excess
power is a concern.

Meanwhile, industry is focusing increased attention on
failures due to device aging [2]. While current industry designs
have a design lifetime of seven to ten years [3], [4], guar-
anteeing device lifetimes becomes more difficult in smaller
technologies. Any further decreases in lifetime reliability could
lead to a dramatic increase in the number of failures in the
field. Consequently, it is necessary to take careful account of
any additional threats to reliability.

Failure rates for many important aging mechanisms are
exponentially dependent on temperature [5]. At the same time,
threshold voltage variation, by inducing significant increases in
leakage, can elevate die temperatures. This is because leakage
power often comprises up to 50% of total power consumption
in a processor [6]. A reasonable question, therefore, is whether
threshold voltage variation itself, through temperature, has a
major impact on lifetime reliability.

This paper specifically examines this question. It shows that
threshold voltage variation may affect the lifetime reliability of
a processor significantly. Depending on the thermal resistance
of the heatsink and the total leakage power of the processor
before variation, the time at which 1% of the processors have
failed can decrease by about 60%.

This paper proceeds as follows. It first presents models of
lifetime reliability, power, temperature, and threshold voltage
variation — all derived from previous work. It then uses them
to evaluate the impact of threshold voltage variation on the

reliability of a single unit in a die and of a high-performance
processor.

II. MODELS
A. Lifetime Reliability Model

Srinivasan et al. [7] model four different hard-failure mecha-
nisms and give their mean time to failure (MTTF) expressions.
The failure mechanisms are: (1) Electromigration, where elec-
trons flowing through a wire displace metal atoms over time,
causing opens and shorts; (2) Stress migration, with effects
similar to electromigration but caused by thermo-mechanical
stress; (3) Time Dependent Dielectric Breakdown (TDDB),
where conductive paths form in the gate dielectric over time;
and (4) Thermal cycling, where repeated heating and cooling
of the chip (e.g., due to switching it on and off) causes
mechanical failure of the die or package.

Degradation rates for these failure mechanisms except
thermal cycling have an exponential temperature dependence
governed approximately by the Arrhenius relation: the rate
of degradation r is r(T) = kie *2/T where k; and ko are
empirically-determined constants. The degradation rate in-
creases rapidly with temperature, and the MTTF plummets.
The TDDB degradation rate also depends exponentially on the
oxide thickness [5]. Previous work [8] has already identified
oxide thickness variation as a key threat to reliability. For
simplicity, however, our work ignores it to focus on threshold
voltage variation.

To model the spatial distributions of process variation and
temperature, we partition the die into a grid of approximately
1,000 rectangular cells. Within each cell, the temperature
and the systematic process parameters are assumed constant.
Cell failures are assumed to be independent and, for each
mechanism, are modeled by assigning a lognormal Time To
Failure (TTF) distribution to each cell. For each mechanism
in each cell, the MTTF is determined from the equations
and constants in [7]. The lognormal TTF distribution is then
constructed with the following parameters, also from [7]:

p=In(MTTF) —-0%/2, 0=0.5 (1)

The MTTFs of the four failure mechanisms in a given cell
are assumed to be equal to each other at 80°C. This assumption
is also made in [7], and is motivated by simplicity. To see
the relative MTTFs of the different failure mechanisms as
temperature scales, refer to Figure 1. The figure shows the



MTTEF values normalized to the values at 80°C. The Combined
line shows the combined effect of all four failure mechanisms.
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Fig. 1. Normalized MTTF for Thermal Cycling (TC), Time Dependent
Dielectric Breakdown (TDDB), Stress Migration (SM), and Electromigration
(EM) as a function of the temperature. The MTTF values are normalized to
those at 80°C.

The MTTEF is not a very practical metric for semiconductor
reliability. Manufacturers are more concerned with how long
they can guarantee a product rather than when it will fail on
average. They like to make statements like “There is a 99%
probability that the product will function for seven years or
more” rather than “The product will last 50 years on average.”
Therefore, as a metric for design lifetime, this paper uses
TTF:¢,, namely the time at which 1% of specimens will have
failed. Similar metrics are used in industry (e.g., [4]).

B. Power and Temperature Model

Figure 2 shows an approximation of the thermal model used
in this work. The die connects to the heatsink though a highly
conductive heat spreader, whose purpose is to diffuse heat,
ameliorating local hotspots and bringing all parts of the die to
a similar temperature. Because the die is mounted face-down
on the package, heat dissipated in cell i must flow through a
substrate resistance R.s; to reach the heat spreader. Finally,
the heatsink dissipates heat through thermal resistance R to
the environment, which is assumed to be at 45°C. We assume
steady-state operation, therefore ignoring heat storage in the
thermal components. Additionally, as shown in Figure 2, we
allow lateral conduction in the die by modeling a large thermal
resistance between adjacent cells.
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Fig. 2. Thermal assembly (right) and electrical equivalent (left) of processor
die, heat spreader, and heatsink.

Total power is the sum of dynamic and static power. Dy-
namic power is assumed to be unaffected by process variation,
while static power varies significantly. To model the latter, we
use the simplified BSIM3-derived subthreshold leakage model
from HotLeakage [6]. Using this model and assuming constant
supply voltage, leakage current and static power (P;) are both

prOpOI‘tiOIlal to:
( kj ) ef,Cp < t Co )

Vio — 01(T - To)

P,

where V, =

In the formula, p is the mobility, which is proportional to
T—15; Vio is the threshold voltage at nominal temperature
(Tp), which includes the effect of process variation; V; is
the threshold voltage at the actual operating temperature. For
constants cj, ca, and c3, we use the values from HotLeakage’s
65nm model, namely ¢; = 5.0 x 1074V/K, ¢y = 39mV, and
C3 = 1.3.

C. Variation Model

Threshold voltage variation can be die-to-die (D2D), within-
die (WID) systematic, and WID random [9]. At 90nm, D2D
variation was slightly greater than WID systematic variation,
but the relative contribution of D2D variation is diminishing
as technology scales [10]. Also, the amounts of WID system-
atic and WID random variation are approximately equal [1].
Consequently, this paper assumes that for 65nm, each of the
three components (D2D, WID random, and WID systematic)
contributes equally to the total V;o variance o3, .

The components of V;y variation are modeled as follows.
We first assign a value of the WID systematic component to
each cell using a multivariate normal distribution as described
in [9]. This spatial distribution is generated from three intuitive
statistics: the nominal threshold voltage V;o_nom, the standard
deviation o4 of the WID systematic variation, and a parameter
¢ that describes the degree of spatial correlation.

Our spatial correlation model assumes position indepen-
dence and anisotropy, so that the correlation function p(r) is
only a function of the distance r between two cells. We use
the Spherical function [11] for p(r), which fits Friedberg et
al.’s [12] experimental data well. In this correlation function,
cells separated by a distance of ¢ or more are totally uncor-
related. Following Friedberg et al.’s data, we set ¢ to be half
the length of the longest side of the die.

After the WID systematic component at each cell is deter-
mined, we add to every cell a fixed offset representing the D2D
variation component. This offset is normally distributed across
dies with standard deviation o404. Finally, we add to each
transistor a normally-distributed WID random component.
This component has a mean of zero, a standard deviation o,.,
and no spatial correlation.

Based on projected variation levels from ITRS, we set
0v,, = 0.09 X Vip.nom. Using the assumption of equal
contributions for the three components of variation,
we set the standard deviation of each component to
(009/\/5) X ‘/tO,nom = 0.052 x ‘/tO:n,om-



III. EXPERIMENTS

Since the MTTF is chiefly dependent on temperature, the
main means by which Vj variation affects reliability is by
increasing the static power P, and, therefore, the temperature
of the device. Figure 3 shows the relationships between the
variables. V;( variation will cause some sections of some dies
to have low-V}q transistors. With decreasing Vg, Ps increases
exponentially. This increases the temperature linearly, which
in turn has an exponential effect on Ps. This positive feedback
loop can be seen in the figure. Under normal conditions,
the heat flow out of the heatsink allows the system to reach
equilibrium and thermal runaway does not occur. However, the
higher temperature induces a lower MTTF.

Vg~~~ "=V, —=P
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Fig. 3. Relationships between variables. Solid lines represent exponential
dependences, while dashed lines are linear dependences.

In the following, we consider the effect on the MTTF at the
cell level and at the processor level.

A. Per-Cell Effects

Perhaps the simplest way to understand the system in Figure
3 is by studying a single cell of an otherwise nominal chip.
Because power dissipation within the cell is small compared
to the total chip’s dissipation, a change in the cell’s leakage
power has little impact on the heat spreader temperature.
Therefore, we assume that the temperature of the spreader
remains constant. If we call Py the static power consumed
by the cell at the original operating temperature (7p), and Ps;
the static power consumed by the cell at a new temperature
Ty, the equilibrium temperature for the cell is then given by:

TO + Rcs(Psl - PSO) (2)

Since Py is a function of V; and 77, the only unknown is 77.
Lacking an analytic solution, we solve Equation 2 numerically.

As an example, assume a 50mm? processor chip divided
into 1,000 cells, and take a cell in a high-temperature unit such
as the register file. We assume Ty = 85°C, R.s = 100K /W,
and that the heat spreader temperature remains fixed at 70°C.
If we set the threshold voltage of all the transistors in the cell to
the same value Vg, different from V;y_,om (to model process
variation to a first approximation), the 77 and MTTF of the
cell will change. Specifically, if V;o is lower than Vig_nom.,
MTTF will decrease.

Figure 4 shows the resulting cell MTTF for different values
of Vio/Vionom. MTTF is normalized to its value at Vio_pom.-
The chart shows three lines, each assuming a different value
of cell leakage power Pso at Vig pnom.

Figure 4 can be used to see the effect of the D2D and
WID systematic components of V;y variation. Recall that
these components affect all transistors in the cell equally,
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Fig. 4. Normalized MTTF of a register file cell as we vary the Vo for the
whole cell. The three lines correspond to different values of leakage power
PSO at V%O:n,o'rrr

causing a cell-wide increase or decrease in V. Given the
standard deviations of the D2D and WID systematic com-
ponents assumed in Section II-C, the probability of having
a cell-wide value of Vg < 0.83 X Vig_nom 1S approximately
1%. In these conditions, the figure shows that a cell with an
initial Py = 50mW decreases its MTTF by 35% or more.
Consequently, if unfavorable values of the D2D and WID
systematic components of variation strike a cell, the cell may
significantly decrease its lifetime.

In contrast, WID random variation has a lower impact. The
reason is that it heats some transistors in the cell and it cools
others, without changing the total cell leakage much. To prove
it, we perform Monte Carlo simulation of a cell with random
variation only (05 = 0, 0424 = 0, and o, = 0.052). The
simulation shows that random variation decreases the MTTF
of the cell by only 0.7%.

Overall, to compute the effect of the total V}y variation
on the TTF;¢ and MTTF of a cell with Psyz = 50mW, we
perform Monte Carlo simulations. We generate 100,000 cells,
each with a cell-wide V;g value drawn from the D2D and
WID systematic variation distributions, plus an additional Vg
component from the WID random variation distribution. For a
given cell, we compute the total power dissipation of the cell
and its temperature. Then, we use the equations of Section II-
A to compute the MTTF and the lognormal TTF distribution
of the cell. We sample the distribution to obtain a concrete
failure time. We repeat this process for the 100,000 cells and
compile the sample failure times into a final TTF distribution.

This final TTF distribution has a TTF,¢ and an MTTF
that are 10% lower and 2% lower, respectively, than the
corresponding values without V;( variation. Consequently, we
see that Vo variation significantly reduces the time at which
1% of the cells will have failed.

B. Whole-Processor Effects

Processors are complex series-failure systems. Moreover,
heat transfer between cells renders their temperatures (and
failure rates) interdependent. To determine the effect of Vg
variation on the TTF;¢, of a whole processor, we use a pro-
cessor model based on the 65nm Intel Core Solo. Active power



is estimated by running the crafty SPECint benchmark on
a cycle-accurate microarchitecture simulator [13] augmented
with Wattch [14]. Total dynamic power is approximately 14W,
which is substantially lower than the processor’s thermal
design power (TDP) of 30W. Temperatures are computed
using HotSpot [15], and individual cell temperatures are
not allowed to go over 100°C. Unless otherwise specified,
Rse = 0.8K/W [15].

As an illustration, Figure 5 shows an example die before
and after Vo variation. The colors and contours indicate the
normalized cell MTTF, where MTTF=1 corresponds to the
MTTF of the L2 cache on the no-variation die. In this partic-
ular die, D2D and WID systematic variation have reduced the
Vio of the cells by one to two ov,,. Before variation, the total
leakage is 8.7W; after, it is 13.8W. Due to the increase in static
power, the cell temperatures increase by 3-5°C, reducing cell
MTTF by an average of 20%.
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Fig. 5. Spatial distribution of cell MTTFs before and after variation for an
example die. Color and contours indicate MTTF.

To compute the effect of the Vg variation on the TTF; g
of the die, we use Monte Carlo simulations with 20,000
dies. Each die has its own V,o map generated according
to the D2D, WID systematic and WID random probability
distributions presented in Section II-C. For each cell in a given
die, we determine its temperature using the detailed model of
Section II-B, generate a TTF distribution, and sample the latter
to obtain a concrete failure time for the cell as in Section III-A.
Then, we take the minimum of the failure times of all the cells
of the die as the die’s failure time. We repeat this process for
all 20,000 dies and compile the dies’ failure times into a final
TTF distribution. From this TTF distribution, we compute the
TTF;9.

Experimentally, we find that the resulting TTF;¢, can be
substantially lower than the TTF,¢, before Vo variation. We
find that the reduction in TTF;¢ is heavily dependent on two
parameters: the heatsink thermal resistance R, and the total
leakage power of the die before Vo variation. Let Pjeqx0 be
defined as the total leakage power of the die with no Vo
variation when the die is at a uniform 80°C. For a range
of configurations (Rse, Pieako), Table I shows the percentage

reduction in TTF ¢, relative to a no-variation die of the same
configuration. The data in the table shows that a good heatsink
(low R,.) can minimize the reliability impact of V;q variation.
It also shows that relatively small changes in R,. can have
strong reliability consequences when Pjc,xo is high.

TABLE I
REDUCTION IN TTFl% FOR DIFFERENT VALUES OF HEATSINK THERMAL
RESISTANCE AND OF NO-VARIATION LEAKAGE POWER.

IDleakO RSP(K/W)
(W) 0.6 7 ] 08 [ 09 [ 10
7.5 -2% -3% -4% -4% -9%
10.0 -2% 6% | -11% | -19% | -34%
12.5 8% | -12% | -25% | -50% | -62%
15.0 -14% | -37% | -61% | -67% | -64%

IV. CONCLUSIONS

Variation in threshold voltage can potentially reduce the
lifetime of a 65nm processor significantly. Two important
parameters that determine the processor lifetime reduction are
the thermal resistance of the heatsink and the total leakage
power of the processor before variation. For unfavorable values
of these parameters, our models suggest that the TTF; ¢, of the
processor can decrease by about 60%. These are important
effects to consider as processor manufacturers carefully tune
their designs for cost-effective die lifetime.
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