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Abstract—Test application at reduced power supply voltage
(low-voltage testing) or reduced temperature (low-temperature
testing) can improve the defect coverage of a test set, particularly
of resistive short defects. Using a probabilistic model of two-line
nonfeedback short defects, we quantify the coverage impact of
low-voltage and low-temperature testing for different voltages
and temperatures. Effects of statistical process variations are not
considered in the model. When quantifying the coverage increase,
we differentiate between defects missed by the test set at nominal
conditions and undetectable defects (flaws) detected at nonnom-
inal conditions. In our analysis, the performance degradation of
the device caused by lower power supply voltage is accounted for.
Furthermore, we describe a situation in which defects detected by
conventional testing are missed by low-voltage testing and quantify
the resulting coverage loss. Experimental results suggest that test
quality is improved even if no cost increase is allowed. If multiple
test applications are acceptable, a combination of low voltage and
low temperature turns out to provide the best coverage of both
hard defects and flaws.

Index Terms—Early life failures, low-temperature testing, low-
voltage testing, resistive short defects.

I. INTRODUCTION

PPLYING test patterns at reduced power supply voltage

and/or reduced temperature is known to be effective
in identifying defective ICs which have passed conventional
test. The extended defect detection capabilities of low-voltage
testing have been demonstrated in a silicon experiment [1], a
mathematical analysis [2], a SPICE analysis [3], and a simu-
lation experiment [4]. Low-voltage testing is sometimes also
called very-low-voltage (VLV) testing. A technique related to
low-voltage testing is called MinVDD [5]. The effectiveness of
low-temperature testing has been demonstrated for three (real)
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defect classes at Intel [6] and was investigated on a fabricated
silicon for resistive salicide, i.e., TiSis, which is used to enhance
the conductivity of polycrystalline silicon, in [7]. It has also
been applied successfully in combination with IDDQ testing [8].
In addition, low-voltage and low-temperature testing have been
reported to detect flaws in the so-called weak ICs, i.e., defects
resulting in infant mortality, reduced reliability, or transient
faults, rather than catastrophic failures [1]. These failures can
become catastrophic in the future due to aging processes such as
gate-oxide breakdown, hot carrier effects, and electromigration
[9], [10]. Alternative methods for detecting flaws, such as burn-
in, are often associated with considerable costs.

While low-temperature testing is associated with additional
equipment cost, low-voltage testing is a low-cost technique.
However, the frequency at which test patterns are applied
must be reduced because the switching speed of the transistors
decreases. This results in an increase of test-application time if
the same number of test patterns is applied. On the other hand,
if the available test-application time is fixed, the application of
the complete test set will become impossible.

In this paper, we study the effects of low-voltage testing,
low-temperature testing, and their combination on detection of
resistive shorts which are a major class of defects resulting in
flaws. For simplicity, we refer to test application using either
reduced power supply voltage Vpp, reduced temperature 7' or
both as testing under non-nominal conditions, or low-X testing.

If a short defect with a certain resistance is detected by the
low-X testing but not by testing at nominal conditions, this
can have two reasons. First, this particular defect could have
been detectable at nominal conditions, but it was not detected
because the coverage of the test set was insufficient, i.e., none of
the test vectors that activate the defect and propagate its effect
to an output sets the inputs of the gates driving the shorted
lines to values which are required to detect the maximum
short resistance. In this case, the low-X testing “increased” the
coverage of this test set. The second possible reason is that the
short resistance is too high to be detected by any test pattern
at nominal conditions. Such a defect might be considered
“redundant” and, thus, irrelevant. On the other hand, various
aging mechanisms previously outlined are likely to aggravate
the defect; therefore, the IC in question will fail the burn-in test
or become an early life failure. At least in some applications,
these “weak” ICs must be rejected.

In this paper, we quantify the impact of low-X testing on
resistive-bridging-fault (RBF) coverage. This allows us not only
to decide whether the low-X testing as such is beneficial but
also to suggest the best Vpp and T values in testing a given
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328 IEEE TRANSACTIONS ON COMPUTER-AIDED DESIGN OF INTEGRATED CIRCUITS AND SYSTEMS, VOL. 27, NO. 2, FEBRUARY 2008

circuit. We consider two scenarios: Scenario CN (cost neutral)
and Scenario AS (additional screen). Under Scenario CN, we
assume that additional costs due to the low-X testing are
unacceptable. In particular, no test-time increase is tolerated. As
a consequence, we assume that the low-X testing is performed
instead of testing at nominal conditions. When Vpp is lowered,
the operating frequency of the device is reduced such that
not all vectors of the test set can be applied. We determine
whether and when applying additional test patterns at nominal
Vbp yields better defect coverage than applying the test set at
reduced voltage (and, thus, at reduced frequency). Furthermore,
we consider only low-voltage testing because low-temperature
testing is associated with additional costs for the equipment to
control the temperature such as a thermal chuck. In contrast,
low-voltage testing does not require any additional equipment
cost. Scenario CN is designed to reflect the requirements of
high-volume manufacturing test.

In contrast, Scenario AS assumes a product with elevated
reliability requirements for which thorough testing at increased
cost is tolerable. Under Scenario AS, the IC is tested twice:
first under nominal conditions and then using the low-X testing.
Both Vpp and T can be lowered. All vectors of a test set
are applied in both test runs, irrespective of any performance
degradation.

To quantify the effects of the low-X testing on RBF detec-
tion, we enhance the RBF model from [11]-[13] by voltage-
dependence and temperature-dependence models. The models
are based on resistance interval propagation, thus allowing us
to determine the fault coverage taking into account all possible
bridge defect resistances from 0 2 to infinity (rather than
considering some fixed values). We account for the effects of
Vbp and T on transistor parameters and also the temperature-
induced change of the bridge resistance. We introduce met-
rics for quantifying RBF coverage under nominal and low-X
conditions, accounting for a performance degradation under
Scenario CN. We distinguish the analysis of the undetected
defects detected by the low-X testing (i.e., those for which a
test theoretically exists) from the analysis of the undetectable
defects detected by the low-X testing, which correspond to
flaws and are likely to result in reliability issues. Experimental
results are obtained by an enhanced version of the simulator
from [16]. We also demonstrate an example for which low-
voltage testing, contrary to the conventional wisdom, actually
leads to a coverage loss, and then, we quantify its extent.

The remainder of this paper is organized as follows. The
extensions of the RBF model from [11], [13], [16], and [18]
to the low-X testing are presented in Section II. This includes
metrics to quantify the impact of the low-X testing, the effects
of performance degradation, and the voltage-dependence and
the temperature-dependence models. The voltage-dependence
model is required for both Scenarios CN and AS, the perfor-
mance degradation is only considered under Scenario CN, and
the temperature-dependence model is only used for Scenario
AS. In Section III, experimental results for both Scenarios
CN and AS are reported. Section IV gives an example for
coverage loss through low-voltage testing, introduces a metric,
and reports experimental data on such loss. Section V concludes
this paper.

Fig. 1. Example circuit.
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Fig. 2. Rg,—V diagram.

II. RBF DETECTION UNDER NONNOMINAL CONDITIONS
A. RBF Model Under Nominal Conditions

The example circuit in Fig. 1 has a resistive stuck-at-zero
fault on line ¢, i.e., a resistive short to ground.1 The short
resistance is denoted by Rgy. If the applied pattern is “00,” then
two p transistors from the pull-up network of the gate A drive
the line c. In Fig. 2, a possible voltage characteristic of line c as
a function of Rgy, for a nominal Vpp and a test pattern “00” is
shown as Vi°™ (it is the uppermost curve in the figure).

In accordance with previous works, we assume that the gate
C has an exact-defined threshold voltage Th¥™. All voltages
above Th¢?™ are interpreted as the logical value of one, and
any voltage below is interpreted as logic 0. In Fig. 2, Th¥™ is
shown as a horizontal line because it does not depend on Rgy.
The value Rj§™ is called critical resistance. The short defect is
detected only for the Ry, values within the interval [0 Q, R§5™],
which is called the analog detectability interval (ADI). The ADI
is defined with respect to a defect (here, resistive stuck-at zero
at ¢), a test pattern (here, “00”), and Vpp and T (here, nominal).

The voltage characteristic for pattern “10” is shown in Fig. 2
as ViiP™. Its ADI [0 Q, R}§™] contains the ADI for the test
pattern “00.” The pattern “01” leads to an identical situation:
RY§™ = RiP™. The pattern “11” does not detect the defect:
There is no critical resistance, and the ADI is empty.

Given a test set, the C-ADI is defined as the union of
ADIs of individual vectors (C stands for “covered by the test
set”). For instance, the C-ADI of the test set {“00”,*“11”}
is given as [0 Q, Rj§™] U0 = [0 Q, Rjg™]. G-ADI (global)
is defined as the C-ADI of the exhaustive test set; in our
example, it is [0 2, R}§™]. G-ADI can be calculated exactly
by either exhaustive fault simulation [16] or a method based

'Tt would be possible to use a circuit with an RBF for illustration purposes.
This would necessitate adding another line and further gates and considering
the voltage of this second line. The electrical modeling would remain largely
the same. As this would add complexity rather than insight, we decided to
use the somewhat less studied resistive stuck-at fault in our example.
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on a solver for Boolean satisfiability (SAT) problems [17] or
can be approximated by locally exhaustive simulation [15],
[16]. The exhaustive fault simulation is only feasible for small
blocks, whereas the method from [17] has a complexity which
is similar to automatic test-pattern generation for the stuck-
at faults. The locally exhaustive simulation ignores logical
constraints in the circuit and may result in overapproxima-
tion of the G-ADI (see [16] for data on the extent of that
overapproximation).

In our example, G-ADI is [0 €, R}g™]. The fault coverage
can be defined as

FC = 100% - / p(r)dr / / p(r)dr (1)

C-ADI G-ADI

where p(r) is the probability density function of the short
resistance r extracted from the manufacturing data (e.g., using a
method from [20]). Thus, C-ADI and G-ADI are “weighted” by
p in order to account for the short defects that are more likely to
occur than others. There are several alternative fault-coverage
definitions (see [16] for a discussion).

Statistical process variations may result in voltage charac-
teristics and thresholds of the gates in a manufactured IC
being different from their values in the electrical model. As a
consequence, the critical resistances, the ADIs, and the fault
coverages may also vary among the circuits. The model used in
this paper does not incorporate the effects of statistical process
variations. We note, however, that the critical resistances are
likely to vary monotonically, i.e., if a critical resistance in the
manufactured circuit is larger than in the model, then other crit-
ical resistances in the circuit are probably also larger than their
counterparts in the model. Since the boundaries of C-ADI and
G-ADI are critical resistances, C-ADI and G-ADI in the circuit
are likely to either both increase or both decrease compared
with the model. Since the fault coverage is calculated as the
fraction of integrals over C-ADI and G-ADI, the monotonicity
implies that, in many instances, the impact of process variations
on actual fault coverage will be limited.

B. Metrics for Detection Under Nonnominal Conditions

The basic RBF model assumes that testing is performed un-
der the conditions that the device will be exposed to during op-
eration. However, it is possible to run the test under a different
power supply voltage Vpp and/or temperature 7'. In general, the
range of detected defects will shift due to changes in Vpp and
T. In terms of the RBF model, the detection intervals C-ADI
and G-ADI will change. We denote C-ADI and G-ADI under
nominal conditions as C™°™ and G™°™, respectively, and their
counterparts under nonnominal conditions as C™ and G™",
respectively.? C™® and G™ can be calculated using the same
procedures as C™°™ and G™°™ if the electrical RBF model is
modified appropriately. We will describe the required modifica-
tions in Section II-D.

2In this paper, we assume circuits with one nominal voltage. Circuits that
employ dynamic voltage scaling (DVS) must work reliably under multiple
voltages. Our framework can be easily extended to DVS circuits. Results on
testing the DVS circuits have been reported in [21].

For instance, consider low-voltage testing of the circuit from
Fig. 1. The voltage characteristics for the reduced power supply
voltage (V" for the test pattern “00” and Vi§* for “107) are
shown in Fig. 2 as dashed lines. The reduced threshold is shown
as the horizontal line Th. C™ of the test set {“00”,“11”} is
[0, R5Y], and G™ is [0 2, R}

Both C-ADI and G-ADI have been enlarged by reducing the
voltage, which is in line with the results in [1]-[3]. Moreover,
in this example, C™" is a superset of G"°™. This means that the
(suboptimal) test set applied at reduced Vpp succeeds to detect
every defect that is detectable at the nominal Vpp. Furthermore,
it detects some flaws, namely, the short defects with resistances
between R13™ and R .

In order to quantify both effects, we propose three metrics:
the nonnominal fault coverage, the combined fault coverage,
and the flaw coverage FCjy,,. When considering the defects
detected by nonnominal testing (Rg, € C™), we distinguish
between the defects that are detectable by static (e.g., scan)
testing under nominal conditions (Rg, € G™°™) and the defects
that are not detectable by static testing under nominal condi-
tions (Rgp € [0 £2,00] \ G™™). The second category includes
defects that are detectable by delay testing only, latent defects
which might deteriorate and lead to early life failures [10], and
redundant defects. In accordance to the literature, we refer to
the first category as hard defects and the second category of
defects as flaws [1].

A hard defect is detected by nonnominal (low-X) testing
if Rgp € C"NG™™ (if Ry, € G™°™, then the defect is
not a hard defect). The nonnominal fault coverage FC™"
relates all hard defects detected by the low-X testing to all
hard defects, i.e., defects that are detectable under nominal
conditions

Jicmnpguomy p(r)dr
Jgmom p(r)dr

While FC"™ gives the probability that a hard defect is
detected by the low-X testing alone, the combined fault cov-
erage FC,.. . gives the probability that a defect is detected
by either nominal or low-X testing, i.e., it has a resistance

Ry, € (CPo™ U C™) N Go™ (recall that Cm°™ C G™o™)

FC™ =100% - (2)

Jienomycmnynguomy p(r)dr
Jznom p(r)dr

The FC™ reflects the coverage of one test run at non-
nominal conditions assumed in Scenario CN. The FCIl .
reflects the coverage of two test runs: one at nominal condi-
tion and one at nonnominal condition, which corresponds to
Scenario AS.

For the flaws, i.e., the defects that are undetectable under
nominal conditions, Rg, € [0 §2, 00] \ G*™ holds. The con-
dition for a defect to be detected by nonnominal testing is
Ry € ([0 ©, 00] \ G™*™) N C™. We define the flaw coverage

as the probability that a flaw is detected by nonnominal testing

FCR2 = 100% -

com!

3)

Jio sep\@nomyngmn P(7)

dr
Joa,ccpgunom P(T)dr

Fcnn

flaw

= 100% -

“4)
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Fig. 3. Venn diagram for (a) nonnominal fault coverage FC"" (2), (b) combined fault coverage FC7> , (3), (c) flaw coverage FC{7  (4), and (d) coverage
loss F' Cﬂ;;s [(8), introduced in Section IV]. Diagonal lines indicate the nominator; vertical lines show the denominator.
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Fig. 4. Performance degradation.

For instance, if C™°™ is [0 €2, 800 ], G™°™ is [0 €2, 1000 €],
and we lower the temperature or voltage, the intervals may
become C™ = [0 2, 1250 Q] and G™™ = [0 €2, 1400 €2]. Then,
the interval in the nominator will be [1000 €2, 1250 ]
(all defects cannot be detected by the nominal testing but can
be detected by the nonnominal testing), and the interval in
the denominator will be [1000 €2, oo]. It is obvious that the
definition is only sound if there is a limit Ry, such that p(r) =
0 for any r > Rj;,. This limit can be safely assumed for short
defects as p is a monotonic decreasing function [20] and the
size distribution of particles that cause the short defects is also
decreasing [22].

All fault coverages are defined with respect to one fault;
for a fault list, average numbers are taken. Fig. 3 shows the
definitions in a form of Venn diagrams.

C. Impact of Performance Degradation

Low-voltage testing imposes some performance degradation.
This means that the frequency with which the device operates
decreases, leading to an increased test application time. If the
test-application time is limited, one may be confronted with
a choice whether to apply a given test set 7S “as it is” at its
nominal power supply voltage or to reduce Vpp and frequency
and to apply a subset T'S” C T'S that requires the same test-
application time. Fig. 4 shows the application of six vectors,
i.e., vop—vs. If the voltage is reduced, individual vectors may
detect more defects, but if test-application-time increase is
unacceptable, as in Scenario CN, only four vectors out of six

can be applied. The analysis in this paper allows one to decide
which option leads to a better defect coverage.

To further illustrate the tradeoff between the improved de-
tection by vectors and the restriction on their number, assume
that, for the example used in this paper, 7'S = {“00”,“10”} and
TS = {“00”}, where T'S’ is obtained from T'S by truncating
its second test vector. The decision problem is whether to
apply the test under nominal voltage (and to keep vector “10”
which is more efficient than “00” in the test set) or to lower
the voltage and, hence, also the frequency.® In the electrical
situation previously proposed, reducing the voltage results in
detecting all defects detectable by the vector “10” and even
some additional flaws. Hence, in our example, this option is
superior. However, if Rgy < Rig™ would hold, leaving “10”
in T'S would appear to be the better choice than lowering the
power supply voltage.

In order to accurately determine the benefit of low-voltage
testing, given a test-application-time budget, we define a time
unit as the duration of a clock cycle for the nominal frequency.
For testing under nominal conditions, & test vectors can be
applied to the circuit in k time units. Let the performance
degradation necessitated by low-voltage testing be expressed by
the factor 7,4. Then, the number of vectors that can be applied
during the same period of time becomes |k/7,q]. Coverage

3In this simple example and considering only the mentioned short defect, it
would be more efficient to exclude from T'S' the vector “00” rather than “10.”
For a nontrivial circuit, however, excluding the vectors suboptimal for a given
resistive short from the test set 7°S could result in losing coverage of other
defects for which they have been generated.
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FC (1) of the original test set T'S = {t1,t2,...,tm} iS com-
pared with the nonnominal metric FC™" (2) of the pruned test
set T'S" = {t1,1a,...,tn }, Wwhere m' = |m/7,q|. Comparing
FC and FC™ gives the answer whether testing under nominal
conditions or low-voltage testing detects more defects within
an identical period of time and, thus, is more effective under
the test-time constraint imposed by Scenario CN.

D. Voltage- and Temperature-Dependence Models

This section describes the modifications in the procedures
for calculating C-ADI and G-ADI to obtain the intervals for
the nonnominal conditions (C™ and G™"). The procedures
consist of two parts: critical resistance computation by local
electrical analysis at bridge site (done for C-ADI and G-ADI)
and interval propagation (done for C-ADI) or automatic test
pattern generation (ATPG, done for G-ADI). Changing the
power supply voltage Vpp and/or temperature 7" has implica-
tions on the critical resistance calculation but not on the interval
propagation or the ATPG procedure.

Critical resistances are calculated analytically using electri-
cal equations. For a gate driven by an n transistor network, the
critical resistance is given by

214s,»,(Th
[Vrpo| — Th + \/(VDD — [Virpol)” — el
Ids,n(Th)

crit,n —
(5)

where Th is the logic threshold of the succeeding gate, Virpo,
tp> Wy, and L, are the zero-bias threshold voltage, the mo-
bility, the channel width, and the channel length for a PFET,
respectively, and I4s »(Th) is calculated using
VdQs,n
2

(6)

where i, is the mobility, Coy is the oxide capacity per area
unit, and W, Ly, and Vo are the channel width, the channel
length, and the zero-bias threshold voltage for an NFET, respec-
tively [23], [24]. For a gate driven by the p transistor network,
similar equations hold.

Under the nonnominal conditions, R..i; shifts to a different
value, i.e., B3, (which may change C-ADI and G-ADI). In
addition, the short-defect resistance Ry, itself is a function of
the temperature.

Dependence of Re.it on Vpp: Vpp is part of (5). Further-
more, the threshold Th of the succeeding gate is a function
of voltage. It can be determined using a SPICE simulation or
analytically. R2%, is calculated using (5) with new parameters.

Dependence of Ry, on T': The impact of temperature change
to the resistance of a material is governed by

W
Ly

Ids,n(vds,n) = ,U/nCox ((Vgs,n - VTnO)Vds,n -

R:Rref'(1+a'(T_Tref)) (7)

where « is called thermal resistance coefficient, R, is the
resistance at temperature T;.¢, and 7' is the actual temperature.

For metals, the resistance rises with increasing temperature.
The thermal resistance coefficients o of metals used in semi-
conductor processing range between 0.003715 and 0.005866 at
293 K.

Dependence of Re, on T: We considered the tempera-
ture dependence of the threshold voltage Vr, the mobility p,
and the intrinsic carrier concentration n;. We used the
temperature-dependence model from the Berkeley Predictive
Technology Model (which is provided by the Device Group at
UC Berkeley) [25], [26] in connection with the Berkeley Short-
Channel IGFET Model 4 (BSIM4). We used BSIM4.4.0 which
was released in March 2004 and is available at http://www-
device.eecs.berkeley.edu/~bsim3/bsim4.html.

To calculate the critical resistance for low-temperature test-
ing, (5) with new values of Vr and p is employed (and the
new value of n; is used for equivalent transistor calculation).
Furthermore, the resistance of the defect decreases with the
temperature by some factor that can be calculated by (7), taking
the thermal resistance coefficients « into account. Suppose that
a is 1.2 and that calculated R{3, is 1000 €. Then, any short
defect with resistance at nominal temperature being less or
equal to 1200 2 will have a resistance of 1000 €2 or less at
low temperature, and hence, the faulty effect will be interpreted
by the succeeding gate. Consequently, 1275, which is calculated
using (5) must be multiplied by the factor of 1.2.

III. EXPERIMENTAL RESULTS

One thousand random test vectors were applied to ISCAS 85
and 89 benchmark circuits. The fault set consisted of 10000
randomly selected two-line nonfeedback RBFs (representing
short defects), where available. austriamicrosystems 0.35-pum
technology parameters were used. We employed the density
function p derived from the one used in [15] for all experiments.
We are not aware of more recent published data for resistance
distribution of short defects. In an industrial setting, the actual
short-defect distribution can be derived from monitor structures
manufactured in the same facility or even on the same die as
the actual product. The experiments in this paper can be easily
repeated using an arbitrary density function. All measurements
were performed on a 2-GHz Linux machine with 1-GB RAM
using the simulator from [16]. In calculating G-ADI (and, thus,
proving which defects are redundant under given conditions),
exact SAT-based ATPG procedure from [17] was used.

Our study of resistive feedback faults [27] demonstrated that
such faults can alter the circuit’s behavior in a highly complex
and somewhat unexpected way. For some resistance ranges,
they result in oscillation, so that assumptions on the test equip-
ment sensitivity are needed in order to accurately determine the
fault coverage. We decided not to introduce another stochastic
parameter in our analysis and to concentrate on nonfeedback
faults.

A. Scenario CN

Scenario CN assumes that only low-voltage testing is per-
formed (not complemented by a test run under nominal con-
ditions) and that vectors which exceed the test time spent in
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TABLE 1
FC™™ FOR 10 TIME UNITS
Circ 33V 3.0V 2.8V 2.5V 2.0V
c0432 50.89 51.09 4300 41.89 32.68
0499 61.75 62776 6226 6229 51.75
c0880 81.10 79.76 80.05 79.71 76.74
c1355 7179 7336 7270  72.10  60.25
c1908 8147 8132 80.01 7725 69.84
2670 68.46 67.67 6729 6479 5572
¢3540 64.18 ©62.16 57.84 5372 47.06
c5315 69.57 70.62 63.09 62.17 56.52
¢7552 7583 75.82 7381 7144  63.06
cs00208 | 58.84 59.72 56.74 5492 46.76
cs00298 | 86.72 86.28 8556 8294 77.61
cs00344 | 81.75 82.19 79.14 7940 74.16
cs00349 | 81.88 8223 79.21 7947 7437
cs00382 | 83.54 82.57 8294 7895 6842
cs00386 | 4545 4626 46.56 46.63 29.79
cs00400 | 82.94 8199 8232 7858 56.67
cs00420 | 58.33 58.55 57.87 57.16 53.11
cs00444 | 61.86 57.18 57.09 5746 5743
cs00510 | 74.54  72.87 7277 7144  61.04
cs00526 | 73.57 7027 7028 7096 67.93
cs00641 | 9030 89.10 88.16 8298  68.39
cs00713 | 89.33 87.77 86.55 8137 66.34
cs00820 | 39.10 3598 3423 3144 2250
¢s00832 | 37.51 3494 3435 3124 2241
cs00838 | 53.62 5220 5211 51.08 46.87
cs00953 | 5425 55.15 5530 5574 51.76
cs01196 | 41.02 39.83 3947 3827 3333
cs01238 | 42.53  41.60 41.15 39.89 3484
cs01423 | 71.17  69.54  69.61 6536 62.15
cs01488 | 45.14 3996 39.79 37.17 2844
cs01494 | 4440 3995 3972 37.12 2793
cs05378 | 75.12 7489 72,62 7147 68.77
cs09234 | 64.16 6444 63.68 6147 55.00
cs13207 | 85.09 85.84 8536 8452 79.12
cs15850 | 76.29 7582  75.18 7417  68.61
cs$35932 | 69.59 6144 6186 4695 38.86
cs38417 | 83.96 8494 8453 83.10 76.72
cs38584 | 67.83 6431 6471 6472 6273
Average | 6697 65.85 6471 62.67 55.15

the nominal case are cut off. Test-application temperature is not
lowered and held constantly at 300 K. To obtain the number of
vectors to cut off, we determined the performance-degradation
factors 7,q for the power supply voltages of 3.0, 2.8, 2.5,
and 2.0 V (with the nominal Vpp being 3.3 V) by computing
individual gate delays under these voltages and performing
critical path analysis. The values of 7,4 were between 1.08 and
1.11 (i.e., between 8% and 11%) for 3.0 V, between 1.14 and
1.20 for 2.8 V, between 1.27 and 1.39 for 2.5 V, and between
1.66 and 1.91 for 2.0 V.

Tables I-III report the fault coverage after 10, 100, and
1000 time units, respectively. As a reminder, one time unit
corresponds to one clock cycle at the device’s nominal fre-
quency. Consider the circuit c1355 and 100 time units. For
3.3 V, which is the nominal Vpp, 100 test vectors have been
applied, resulting in the fault coverage of 97.02 [computed
using (1)]. For 3.0 V, the performance-degradation factor 7,4
has been determined to be 1.11. Thus, only 90 test vectors
out of originally 100 could be applied; however, they achieved
97.13% coverage FC™ (2). Note that the detections of defects
not detectable at 3.3 V are not accounted for. Consequently, if
only 100 time units are at our disposal, it is better to lower Vpp
and to apply the first 90 vectors of the test set than to apply
all 100 vectors at the nominal Vpp. For 2.8, 2.5, and 2.0 V,
the values of 75,4 are 1.20, 1.38, and 1.91, and the numbers of

TABLE 1I
FC™" FOR 100 TIME UNITS
Circ 3.3V 3.0V 2.8V 2.5V 2.0V
c0432 97.71 9832 98.43 9870 98.02
0499 89.26 8642 86.57 8655 84.81
c0880 96.32  97.14 97.77 9798 97.90
cl1355 97.02 97.13 97.27 97.15 95.14
¢1908 95.07 95.86 9555 9562 9341
¢2670 92.73 9359 9393 9322 90.87
¢3540 93.40 9377 9371 9279 90.13
c5315 99.02  99.33 9935 99.00 97.88
¢7552 97.63 9823 9844 9822 97.39
¢s00208 | 94.66 93.01 9326 9250 90.71
cs00298 | 98.43 98.83 98.69 9881 98.36
cs00344 | 99.22 9928 9939 9936 98.36
cs00349 | 99.24 9929 9940 9936 98.33
cs00382 | 99.09 9940 9949 9935 98.71
cs00386 | 74.47 7399 7441 7391 73.92
cs00400 | 99.09 9940 9933 9931 98.63
cs00420 | 80.11 80.29 8047 7993 76.36
cs00444 | 9830 98.74 98.77 9888 97.56
cs00510 | 97.70  97.89 98.07 97.78 96.88
cs00526 | 96.11 96.88 96.15 96.64 95.66
cs00641 | 98.50 9924  99.61 99.51 9947
cs00713 | 98.63 9926  99.51 9936 99.33
cs00820 | 79.48 7792 77.57 7409 69.09
cs00832 | 78.60 77.17 76.69 7333 67.88
cs00838 | 62.81 6336 62.65 6284 62.66
cs00953 | 86.87 87.17 87.25 87.11 8581
cs01196 | 82.68 82.17 8259 81.58 76.93
cs01238 | 83.74 8342 8393 8325 79.30
cs01423 | 96.05 96.76  97.09 96.73 95.66
cs01488 | 84.49 83.85 83.57 8212 77.59
cs01494 | 84.10 8343 8292 8156 77.23
cs05378 | 93.02 93.62 93.70 9354 9252
cs09234 | 7856 79.37 80.02 79.58 78.10
cs13207 | 93.33 9449 9506 9527 94.82
cs15850 | 90.26 9126 91.67 91.69 91.06
cs35932 | 99.32 9926 9894 98.68 97.68
cs38417 | 95.16 9627 96.89 97.12 96.82
cs38584 | 88.24 88.90 89.12 89.21 88.40
Average | 91.27 9141 9151 91.10 89.46

applied vectors are 83, 72, and 52, respectively. From the fault-
coverage figures in Table I, it can be seen that it is maximal for
2.8 V (which is indicated by the bold font).

The results suggest that low-voltage testing under
Scenario CN pays off better when more test time is available.
While for 10 and 100 time units, testing at the nominal Vpp
is optimal for quite a few circuits, this almost disappears for
1000 time units. In addition, the optimal voltage tends to drop
with increasing test-time limit.

Fig. 5 shows the fault coverage FC™ in graph form as a
function of test time for different power supply voltages. The
first graph covers the first 100 time units, whereas the second
one shows time units 100 through 1000. It can be seen that in the
beginning of the test, the coverages (adjusted for performance
impact) for 2.5, 2.8, and 3.0 V and the nominal voltage are close
together. In the second graph, the curve for 2.5 V turns out to
be most efficient, whereas the nominal voltage saturates, not
achieving the same test quality despite more vectors being ap-
plied. Note that the y-axis of the second graph shows coverages
between 90% and 100%. The curve for 2.0 V is relatively low
in the beginning, but it overtakes the nominal voltage soon after
100 time units. This is consistent with the conclusions previ-
ously drawn.

Table IV shows the flaw coverage (4) for four values of Vpp
for 1000 time units. The power supply voltage of 2.0 V seems
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TABLE III
FC™™ FOR 1000 TIME UNITS
Circ 3.3V 3.0V 2.8V 2.5V 2.0V
c0432 99.78 99.90 99.96  100.00 99.94
c0499 99.99  100.00 100.00 100.00 99.95
c0880 98.88 99.26 99.47 99.74 99.90
cl1355 99.89 99.93 99.92 99.90 99.80
c1908 99.25 99.52 99.53 99.46 99.37
¢2670 95.93 96.62 96.90 96.97 96.84
¢3540 99.19 99.43 99.41 99.41 99.11
¢5315 99.96 99.99  100.00 100.00 100.00
¢7552 99.12 99.46 99.57 99.60 99.59
¢s00208 99.56 99.52 99.53 99.33 98.25
¢s00298 99.98 99.99 99.99  100.00  100.00
cs00344 99.97 99.98 99.98 99.99  100.00
¢s00349 99.97 99.98 99.98 99.99  100.00
¢s00382 99.96 99.97 99.98 99.98 99.99
cs00386 99.82 99.46 99.46 99.49 98.95
¢s00400 99.96 99.98 99.98 99.98 99.99
¢s00420 85.20 85.63 85.82 86.02 85.96
cs00444 99.98 99.98 99.99 99.96 99.96
¢s00510 99.98 99.99 99.99 99.99 99.85
¢s00526 99.44 99.62 99.73 99.80 99.59
cs00641 99.61 99.84 99.96 99.92 99.92
cs00713 99.68 99.84 99.93 99.90 99.90
¢s00820 96.29 96.49 96.60 96.64 95.99
¢s00832 96.13 96.31 96.44 96.47 95.69
cs00838 69.83 70.29 70.53 70.76 70.27
cs00953 97.33 97.76 98.00 98.19 98.13
cs01196 96.07 96.57 96.78 96.71 95.92
cs01238 96.49 96.96 97.12 97.24 96.71
cs01423 99.21 99.49 99.65 99.80 99.75
cs01488 99.65 99.77 99.81 99.77 99.47
cs01494 99.66 99.77 99.82 99.71 99.51
¢s05378 98.68 98.91 99.04 99.16 99.00
¢s09234 90.92 91.37 91.61 91.23 89.06
¢s13207 95.90 96.86 97.17 97.26 97.09
¢s15850 96.76 97.39 97.40 97.52 97.20
¢s35932 | 100.00 100.00 100.00 100.00 100.00
cs38417 97.73 98.48 98.77 98.94 98.87
cs38584 92.42 92.77 92.95 93.06 92.43
Average 97.32 97.55 97.65 97.68 97.42

to be a good voltage to detect flaws—although the number
of vectors actually applied is low. However, this is paid by
suboptimal coverage. It seems that, if only one test run can be
afforded, low-voltage testing is efficient, but the voltage should
be lowered moderately, i.e., 2.5, 2.8, or 3.0 V, rather than to the
lowest considered value of 2.0 V.

B. Scenario AS

Scenario AS assumes a test run under the nonnominal
conditions in addition to one under the nominal conditions.
Low-temperature testing is allowed in addition to low-voltage
testing, and no performance degradation is accounted for as the
complete test set is always applied.

We performed experiments for two values of 77°™: 300 K
and 370 K. During testing, the device dissipates power which
leads to increased junction temperature, unless the temperature
is controlled during (nominal) testing using a thermal chuck.
Tmom of 300 K is valid when the temperature is controlled,
whereas T"°™ of 370 K holds if the temperature is not con-
trolled. Note that the packaged IC operates under temperatures
closer to 370 K than to 300 K. We considered the Vpp values
of 3.0, 2.8, 2.5, and 2.0 V and the temperatures of 300 K and
196 K (which is the evaporating temperature of nitrogen) as the
nonnominal conditions. In [7], 373 K (100 °C) was taken as
the nominal temperature and 273 K (0 °C) as low temperature.
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Fig.5. FC" for c2670 and different Vpp’s as a function of test time for time

units (a) 0-100 and (b) 100-1000.

We chose a higher value of 300 K for our “low-temperature”
scenario, as it is less likely to lead to condensation issues.

We took the values of the constants required for the
temperature-dependence model from the same SPICE technol-
ogy card that was used to derive all other parameters. We as-
sumed that the defect material is aluminum, which resulted in a
resistance reduction by a factor of 1.29292 between the nominal
and low temperatures for 77°™ = 370 K and 7" = 300 K.

Table V reports FC.,,, for 7°™ = 370 K and 7" = 300 K.
It quotes the RBF coverage at the nominal temperature and
voltage (1) followed by the combined fault coverage obtained
after applying the same vectors at the nominal and lower
temperatures and a different voltage. (3). The numbers in
column 3 are obtained by lowering only the temperature,
whereas the numbers in columns 4-7 result from simultane-
ously lowering the voltage and the temperature.

It can be seen that the fault coverage does increase, but
the increase is not very large (less than 1% on average). We
performed the same experiment for different values of 7" and
Tmom, The average results are reported in Table VI (note that
the last row of the table describes testing at the nominal tem-
perature). We can conclude that the increase in the coverage of
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TABLE 1V
FCAL,, FOR 1000 TIME UNITS

Circ 1000 time units

3.0V 2.8V 2.5V 2.0V
c0432 2347 3939 6022 88.62
c0499 18.73 33.61 5340 85.82
c0880 2134 3529 5565 87.18
cl1355 17.64 3192 5153 85.28
c1908 18.87 33.09 52.65 84.09
¢2670 17.28 3075 5146 83.95
¢3540 2097 3546 5628 86.99
c5315 20.34 3497 5645 88.18
¢7552 19.02 3334 5450 86.93
cs00208 | 22.80 37.32 58.67 86.65
¢s00298 | 2326 38.12 60.00 89.28
cs00344 | 22.00 36.00 57.65 88.15
cs00349 | 22.07 36.13 57.80 88.25
cs00382 | 24.82  40.32 6243 90.44
cs00386 | 20.73 3440 5584 86.76
cs00400 | 24.65 40.11 62.12  90.26
cs00420 | 17.86  29.70 4792 74.25
cs00444 | 2359 3897 60.19 89.25
cs00510 | 2456  40.05 61.82 89.91
cs00526 | 23.87 38.64 60.08 88.40
cs00641 | 20.64 3505 5578 88.20
¢s00713 | 2074  35.18 55.85 88.03
cs00820 | 2324 3795 5798 84.02
cs00832 | 2333 38.08 58.10 83.93
cs00838 | 14.09 23.55 3821 59.47
¢s00953 | 2148 3573 56.85 86.31
cs01196 | 1938 3279 53.52 83.08
cs01238 | 19.54 33,13 5399 83.62
cs01423 | 21.18 3531 5620 87.43
cs01488 | 21.38 3525 57.27 88.09
cs01494 | 21.39 3526 57.26 88.18
cs05378 | 25.67 40.78 62.80 90.42
¢s09234 | 1627 28.00 4690 76.97
cs13207 | 17.86  30.68 51.04 84.77
cs15850 | 1898 3199 5235 85.08
c$35932 | 1946 33,51 5373 85.84
cs38417 | 19.15 3263 5373 86.73
cs38584 | 19.12  32.01 51.57 80.22
Average | 20.81 34.85 5552  85.50

detectable defects is limited. Furthermore, the advantage of the
combined low-temperature and low-voltage testing over low-
voltage testing alone is almost negligible. Given the relatively
high cost of low-temperature test, it appears not to be efficient
in detecting the hard defects.

In contrast, very high coverage of flaws by the low-X testing
in Scenario AS is achieved. Tables VII-X summarize the results
for the flaw coverage (4). The average numbers are shown
in graph form in Fig. 6. It can be seen that the low-voltage
and low-temperature testing indeed cover a significant share
of flaws. The combination of both techniques is particularly
effective, yielding up to 92% of flaws. Low-temperature testing
has the largest effect if the voltage cannot be lowered to very
small values. For instance, lowering the voltage from 3.3 to
2.5 V yields approximately 60% of the flaws. However, almost
the same flaw coverage can be achieved for Vpp of just 3.0 V
if the temperature is lowered.

C. Discussion

Low-voltage testing is a cost-efficient technique for enhanc-
ing the detection capabilities of a test set. It imposes no limits
on the test equipment and does not require any additional
design for testability logic. Its main cost is the performance

TABLE V
COMBINED FAULT COVERAGE FC7D , FOR T™°™ = 370 K, T = 300,
VBER" = 3.3V, AND DIFFERENT VALUES OF Vpp

Circ FC Fom™

“comb
3.3V 3.0V 2.8V 2.5V 2.0V
c0432 99.84 99.88 99.91 99.94 99.98  100.00
c0499 99.99 | 100.00 100.00 100.00 100.00  100.00
c0880 98.52 99.10 99.33 99.51 99.74 99.91
c1355 99.90 99.94 99.96 99.97 99.99  100.00
c1908 99.08 99.33 99.43 99.51 99.60 99.69
c2670 92.96 93.88 94.14 94.22 94.39 94.62
c3540 99.25 99.47 99.54 99.57 99.62 99.66
c5315 99.88 99.93 99.96 99.98 99.99  100.00
c7552 97.99 98.39 98.50 98.55 98.64 98.76
¢s00208 99.57 99.73 99.78 99.80 99.81 99.82
¢s00298 99.99 | 100.00 100.00  100.00  100.00  100.00
cs00344 99.97 99.99 99.99 99.99  100.00  100.00
¢s00349 99.97 99.99 99.99 99.99  100.00  100.00
¢s00382 99.96 99.97 99.98 99.98 99.99 99.99
¢s00386 99.78 99.90 99.93 99.93 99.94 99.94
¢s00400 99.96 99.97 99.98 99.98 99.99 99.99
¢s00420 83.84 84.68 84.97 85.09 85.26 85.41
cs00444 99.99 99.99  100.00 100.00  100.00  100.00
¢s00510 99.97 99.98 99.99 99.99 99.99  100.00
¢s00526 99.56 99.70 99.79 99.82 99.85 99.88
cs00641 99.56 99.86 99.91 99.94 99.97 99.97
¢s00713 99.61 99.86 99.91 99.93 99.95 99.95
¢s00820 95.88 96.36 96.66 96.74 96.85 96.97
¢s00832 95.48 95.92 96.21 96.30 96.41 96.54
cs00838 68.10 68.79 69.02 69.14 69.36 69.59
¢s00953 97.24 97.65 97.84 97.95 98.09 98.20
cs01196 95.17 96.14 96.50 96.66 96.83 97.00
cs01238 95.29 96.19 96.56 96.72 96.92 97.12
cs01423 98.92 99.42 99.59 99.65 99.73 99.77
cs01488 99.62 99.79 99.84 99.85 99.85 99.85
cs01494 99.66 99.80 99.84 99.85 99.85 99.85
cs05378 98.57 99.02 99.24 99.31 99.37 99.39
cs09234 89.77 91.14 91.58 91.75 91.92 92.05
cs13207 94.15 95.34 95.76 95.93 96.11 96.27
cs15850 94.77 95.59 95.90 96.05 96.20 96.32
¢s35932 | 100.00 | 100.00 100.00  100.00  100.00  100.00
cs38417 95.53 96.3 96.71 96.88 97.06 97.20
cs38584 92.15 92.77 93.02 93.16 93.34 93.51
Average 96.83 97.21 97.35 97.41 97.49 97.56
TABLE VI
AVERAGE FCZ , FOR DIFFERENT Vpp's, T"%™’s, AND T’s
Trem T FCum

3.3V 3.0V 2.8V 2.5V 2.0V

300 196 | 97.35 9741 9743 9744 9752

370 196 | 9746 9749 9751 9752 9759

370 300 | 97.21 9735 9741 9749 97.56

370 370 | 96.83 97.11 9723 9740 97.55

degradation such that not all vectors of a test set can be applied
due to test-time restrictions. We analyzed whether the defect
coverage increase compensates for this effect. It turned out that
low-voltage testing is increasingly advantageous when the test
set becomes large. Furthermore, we studied the question which
voltage level Vpp should be lowered to. This value seems to
decrease for larger test sets. In contrast, experimental results
for low-temperature testing suggest that the coverage increase
is limited for the hard defects. In comparing the performance of
the combined low-voltage and low-temperature testing and low-
voltage testing alone, the relatively high cost of temperature
control does not appear to be justified for detecting the hard
defects.

The detection of flaws by low-voltage testing is optimal
when the voltage is reduced to the lowest meaningful level,
whether the performance degradation is accounted for or
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TABLE VII
FLAW COVERAGE FCRY | for VI = 3.3V, T"o™ =T = 370K,
AND DIFFERENT VALUES OF Vpp

Circuit 30V 28V 25V 20V
c0432 51.55 6835 8341 9561
c0499 3490 5090 ©68.16 88.70
c0880 33.07 48.06 6450 84.15
c1355 4923  69.70 8721 97.63
c1908 3456 5070 6796 86.28
c2670 2825 4077 5736  79.51
¢3540 3290 46.15  63.71  86.57
c5315 3485 49.68 67.80 89.63
c7552 3413 4993 6783 87.63
cs00208 | 2791 42,60 62.10 86.80
cs00298 | 26.30 38.19 5572 83.16
cs00344 | 25.07 40.15 60.67 86.37
cs00349 | 2532 4038 61.10  86.66
cs00382 | 37.94 5410 7298 92.11
cs00386 | 18.03  28.57 4837 80.84
cs00400 | 38.15 5448 7325 92.14
cs00420 | 21.08 3215 4791 70.25
cs00444 | 40.28 5776 7589  93.48
cs00510 | 2991 4463 6445 8941
cs00526 | 27.13 3850 5859  84.30
cs00641 | 1896 2875 4933 8091
cs00713 | 1933 29.66 50.09 81.23
cs00820 | 27.13 3741 5524  79.77
cs00832 | 27.12  37.06 5477 79.34
cs00838 | 16.80 25.54 38.06 56.49
cs00953 | 2829 43.18 62.89 8523
cs01196 | 28.10 40.60 57.86 81.23
cs01238 | 2946 42.08 5877 81.18
cs01423 | 25.66 40.09 5951 84.81
cs01488 | 2323 3534 5493 8421
cs01494 | 2353 3566 5518 8434
cs05378 | 32.85 46.65 6627 88.88
cs09234 | 18.76  28.87 46.54  73.02
cs13207 | 20.71 3146 5030 77.14
cs15850 | 21.58 33.12 5230 7875
cs35932 | 3649 5372 7181 87.32
cs38417 | 22.63 3488 53.67 79.61
cs38584 | 2363 36.25 5334 76.40
Average | 28.81 4227 60.52 83.71

not. The coverage of flaws is significantly improved by low-
temperature testing. This renders the combined low-voltage
and low-temperature testing the method of choice to detect
dynamic and reliability defects by (static) scan test. While low-
temperature testing is expensive, the alternatives, such as burn-
in, are also associated with high extra costs.

If no test cost increase is acceptable, the low-X testing is re-
stricted to low-voltage testing, and the test set must be stripped.
In this case, testing at slightly reduced voltage improves the
detection of hard defects while detecting a significant number
of flaws. However, testing at a very-low voltage does not yield
the optimal coverage and, thus, seems to be advisable only in
addition to a second test application at the nominal Vpp and 7.
The same holds in the case of low-temperature testing. Testing
under both the nominal and nonnominal conditions results in a
large improvement in coverage of the hard defects and is very
efficient in detecting flaws, particularly for very low values of
VDD and 7.

IV. COVERAGE L0OSS BY LOW-VOLTAGE TESTING

Conventional wisdom states that lowering the power supply
voltage extends the resistance range in which the short defect is
detectable. Somewhat surprisingly, we demonstrate that a short

TABLE VIII
FLAW COVERAGE FCi? | FOR VIR = 3.3V, T™ = 370 K,
T = 300 K, AND DIFFERENT VALUES OF Vpp

Circuit 33V 30V 28V 25V 2.0V
c0432 594 3324 5455 8078 97.17
c0499 1150 13.51 3271  68.63 94.73
c0880 1490 3243 5035 72.64 92.72
c1355 1.63  11.13  37.46 76.03 97.44
c1908 12.34 2319 4351 7138  92.03
c2670 17.37 3029 4550 67.77 87.16
c3540 2369 41.16 5587 7629  94.88
c5315 20.78  34.16 51.14 7627 9643
c7552 15.66 28.16 46.79 7342 93.45
cs00208 | 23.99 4236 5733  76.83 95.18
cs00298 | 24.08 40.57 5420 7424 9487
cs00344 | 26.16 4330 57.27 76.66  95.38
cs00349 | 25.69 4284 5692 76.55 9550
cs00382 | 18.12  39.17 5550 7837 96.91
cs00386 | 30.36  44.03 5572 7325 9429
cs00400 | 16.69 37.19 5450 7775 96.76
cs00420 | 1852 33.71 4574 61.82  79.00
cs00444 | 1278 2939 4944 7720  96.78
cs00510 | 17.51 34.65 5221 7538  96.04
cs00526 | 21.06 3946 5212 7356 93.70
cs00641 | 31.13 4683 5850 7476 9536
cs00713 | 30.62 4583 5791 7466 95.18
cs00820 | 1693 36.82 4826 6734 87.94
cs00832 | 16.44 3598 4732 66.60 87.54
cs00838 | 1441 26,50 36.11 4899 6281
cs00953 | 1491 30.52 4738 6994 92.14
cs01196 | 1693 3328 48.67 69.50 89.70
cs01238 | 16.04 33.09 4872 6944 R89.16
cs01423 | 22,57 4086 5543 7474 9468
cs01488 | 31.26  49.67 60.58 76.79  95.49
cs01494 | 3140 4987 60.79 7693 95.54
cs05378 | 2379 5274 6475 80.59 96.41
cs09234 | 21.17 3471 46.69 6460 84.76
cs13207 | 22.07 3575 48.64 68.00 89.10
cs15850 | 2391 38.68 51.29 70.09 90.18
cs35932 9.82 1820 37.53 6896 89.82
cs38417 | 23.60 39.83 5243 70.89  90.68
cs38584 | 2042 36.78 4940 6728 85.71
Average | 19.67 3579 50.77 7223 9191

defect with a certain resistance which has been detected at the
nominal Vpp becomes undetectable by low-voltage testing.

Consider the circuit in Fig. 7. Its single input a is inverted,
and the output of the inverter b has a resistive stuck-at-zero
fault. The voltage characteristics on line b for the pattern “0”
under nominal conditions and the reduced power supply voltage
are shown in Fig. 8 (as V"™ and V""). The AND gate C' and the
OR gate D succeed the short defect; their side inputs are fixed to
noncontrolling values. The thresholds of C' and D are not equal;
they are shown in Fig. 8 as Th™ and Thy™, respectively,
when the power supply voltage is a nominal voltage, and Th¢'
and Thy', respectively, for low-voltage testing.

The analysis of detectability for the nominal voltage is sim-
ilar to [13]. The good values at the lines ¢, d, and e are one,
one, and zero, respectively. Let the critical resistances for the
inputs of the gates C' and D be R™ and R}Y™, respectively.
For Rq, < RE™, the gate C' interprets the logical value of
zero at its inputs and drives a zero at its output c. Similarly,
D drives zero at d, and the logical value at the output e is zero
(no detection). For RE*™ < Rq, < RP™, however, the logical
values at ¢, d, and e are one, zero, and one, respectively, which
means that the fault is detected. For Rg,, > R7y™, the behavior
is identical to the fault-free case (no detection).
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TABLE IX TABLE X
FLAW COVERAGE FCiY | FOR VP = 3.3V, THo™ = 370 K, FLAW COVERAGE FCiY | FOR VI = 3.3 V, TH™ = 300 K,
T = 196 K, AND DIFFERENT VALUES OF Vpp T = 196 K, AND DIFFERENT VALUES OF Vpp
Circuit 3.3V 3.0V 2.8V 2.5V 2.0V Circuit 3.3V 3.0V 2.8V 2.5V 2.0V
c0432 2434 29.69 4350 7035  90.49 c0432 21.50 30.66 4620 72.66 90.24
c0499 28.52 3097 38.62 48.64 72.38 c0499 2259 2952 36.87 5463 71.93
c0880 40.70 4798 5621 77.17 97.61 c0880 31.13 4251 5423 79.06 97.37
cl1355 4.63 5.65 873 2953 5452 c1355 4.33 7.19  10.89  36.12 54.06
c1908 2992 3491 4255 60.52 9221 c1908 2333 33,50 41.74 6853 91.94
c2670 45.01  52.07 5878 70.67 88.97 ¢2670 3347 4614 5473 7275 88.49
c3540 57.53 6530 7174 8154 96.92 ¢3540 43.69 5746 6587 8224  96.50
c5315 4955 5643 6376 7690 98.68 c5315 37.88 51.18 5991 8033 98.16
c7552 3935 4547 5336 6926 94.79 c7552 30.33 4253 51.17 7434 9423
cs00208 | 63.06 72.78 7824 87.01  95.78 cs00208 | 47.10 6139 70.19 84.68 9542
cs00298 | 64.11  70.76  76.89 9034  98.96 cs00298 | 4842 59.05 6943 87.15 98.75
cs00344 | 66.65 7578 80.46 86.59 97.32 cs00344 | 50.02 63.48 71.38 8470 96.93
cs00349 | 66.37 75.65 80.64 86.99 97.13 cs00349 | 4998 63.72 71.86 8493 96.74
cs00382 | 49.31 5799 6422 79.00 96.63 cs00382 | 37.77 5251 6248 81.63 96.25
cs00386 | 76.28 84.32 8996 9565 98.69 cs00386 | 56.83  69.53 7881 89.86  98.29
cs00400 | 46.79 5524 61.89 78.05 9593 cs00400 | 36.15 50.78 60.98 80.75 9554
cs00420 | 51.60 60.62 6573 7334 81.59 cs00420 | 37.83 5049 5832 71.09 81.26
cs00444 | 35.64 4240 4882 63.13 90.18 cs00444 | 27.87 3898 47.07 69.95 89.75
cs00510 | 51.74 6030 6827 82.87 9530 cs00510 | 40.00 5232 6347 81.55 95.01
cs00526 | 58.93 6745 73.18 8428 96.57 cs00526 | 4459 57.07 66.40 8232  96.78
cs00641 | 7530  84.15 90.28 96.30  99.68 cs00641 | 5536 69.85 7940 9045 99.24
cs00713 | 73.98 8259 8850 9430 99.34 cs00713 | 5447 6851 77.81 89.24  98.90
cs00820 | 49.10 57.81 6394 7745 89.93 ¢s00820 | 37.18 48.83 5944 7550 90.11
cs00832 | 47.81 56,53 6275 76.39 89.73 cs00832 | 36.29 47.77 5839 7473  90.15
cs00838 | 4041 4749 5153 57.58 64.42 cs00838 | 29.49 3942 4566 5595 64.18
cs00953 | 4430 54.01 60.74 73.83  86.08 cs00953 | 33.51  47.14 5674 72.56  86.34
cs01196 | 47.76 56.13 6286 7720 92.60 cs01196 | 35.63 4842 5852 7741 9221
cs01238 | 4591 5424 61.08 76.04 91.68 cs01238 | 3434 4697 5717 7649 9132
cs01423 | 60.18 70.63 7891 89.77  96.99 cs01423 | 4525 6147 7200 86.08 96.62
cs01488 | 77.00 86.58 91.55 96.68  99.35 cs01488 | 57.14 7231 80.86 9123  98.97
cs01494 | 77.10 86.68 91.61 96.71  99.37 cs01494 | 57.23 7244 8094 9128  99.00
cs05378 | 68.01 8450 90.60 96.50 99.24 cs05378 | 49.83  71.74 81.06 91.77 98.94
cs09234 | 55.07 63.71 69.82 7738 88.96 cs09234 | 39.64 53.44 6199 76.06 88.53
cs13207 | 56.27 6498 72.09 80.25 93.60 cs13207 | 4096 5574 6459 79.60 93.14
cs15850 | 59.09 68.03 74.69 82.55 94.13 cs15850 | 4325 58.00 66.85 8120 93.69
cs35932 | 23.83 27.55 3342 4637 73.08 cs$35932 | 18.92 2696 3292 5341 7251
cs38417 | 59.93  69.57 7551 82.85 9532 cs38417 | 4377 5857 6734 8155 94.88
cs38584 | 5329 6225 68.62 7796 88.00 cs38584 | 39.57 5294 6197 7623 87.64
Average | 51.69 59.72 66.16 77.58 91.37 Average | 38.86 51.59 60.68 77.37 91.05
. .. 100 T T T
Under low-voltage testing, both the voltage characteristic and
the threshold shift down, leading to the new critical resistances 90 =
¢ and Ry Using a reasoning similar to the aforementioned 8O T 1
. . PR e
case, it can be seen that the fault is detected for R < Ry, < 70l e i
R Since [RE™, RY™] is not included in [RY", RYS'], a short S sl .- ’// |
defect with a resistance from the first interval is detected at o R e
. - -
the nominal voltage but not detected by the same test vector ~§ 50F e ]
. . R Pt s
in low-voltage testing. Note that other defects, which are not 2 4oL e _
detected when testing at the nominal Vpp, are detected now. T 0 -7
. . . [ - 7
Furthermore, in general, other test vectors might cover this -
. . . . -
defect. However, this is not possible in the example under 201 300/196 ------- ]
consideration: The only other pattern possible, i.e., “1,” does 10} SZS@SS A
not excite the fault. Therefore, a short defect detected at the 0 . . . 370 ——
nominal Vpp can even become redundant. 3.3 3.0 2.8 2.5 2.0
The analysis in [2] shows that for some width/length parame- Voltage

ters of a transistor, lowering Vpp will result in shrinking ADIs,
and it is argued that transistors with such parameters are rarely
used in practice. This anomalous behavior is not the reason
for the coverage loss described here. In our case, the “local”
ADIs ([0, R¢c] and [0, Rp]) are actually enlarged (which is
consistent with the research published before), and the coverage
loss results from the propagation through an XOR gate as the
reconvergency point. Hence, this behavior is possible for the
conventional transistors. Fig. 7. Example circuit.

Fig. 6. Average flaw coverage from Tables VII-X.
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TABLE XI
COVERAGE LOSS

Circ 3.0V 2.8V 2.5V 2.0V

#F P | #E FCPY | #F FCR | #F FCRT
¢3540 1 0.0003 1 0.0004 1 0.0004 0  0.0000
¢s00208 0 0.0000 0 0.0000 0 0.0000 2 0.0222
¢s00420 0 0.0000 0 0.0000 0 0.0000 4 0.0176
¢s00510 0 0.0000 0 0.0000 0 0.0000 | 32 0.1404
¢s00838 0 0.0000 0 0.0000 0 0.0000 1 0.0044
cs09234 2 0.0125 2 0.0201 2 0.0201 2 0.0201
¢s15850 1 0.0003 1 0.0003 1 0.0003 0 0.0000
cs38417 2 0.0009 2 0.0013 0 0.0000 0 0.0000

In order to quantify the coverage loss due to the phenomenon
previously described, we introduce the following metric:

J (Grom\ ey P(7) T

FCM . = 100% -
: fGnom P(T)dr

®)

Fig. 3(d) shows the definition.

Table XI contains the number of faults for which G™™ \
G™" is nonempty, i.e., which have resistance ranges that are
detectable at nominal voltage but not detectable at low voltage,
in the columns marked “#F,” and the coverage loss according
to (8). Circuits with no such faults are not shown. It can be seen
that the coverage loss does occur in practice but its extent is
very limited.

V. CONCLUSION

We investigated the effectiveness of the low-X testing, i.e.,
low-voltage testing, low-temperature testing, and their com-
binations, in detecting the resistive bridging defects. We en-
hanced the RBF model in order to account for changes in
both the transistor parameters and the particle resistance. We
extended the fault-coverage definition for the low-temperature
and low-voltage testing, accurately distinguishing between the
hard defects that are detectable under nominal conditions and
the flaws that are undetectable under nominal conditions. We
derived recommendations on the optimal use of the individual
techniques and their combinations. Moreover, we demonstrated
that in certain situations, low-voltage testing can introduce
coverage loss and that such situations occasionally occur for
actual benchmark circuits.

Open questions include the implications of lowering Vpp
on other classes of defects such as resistive opens [5] and
its relation to Ippq testing [28] and outlier screening [29].
Experiments with deterministic rather than random test vectors
may yield new information. Extension of the model used here
to dynamic behavior (in a way similar to [30]) would allow us
to determine the influence of delay defect detection on the cov-
erage for different power supply voltages. Silicon experiments
would provide the ultimate proof of the efficiency of the studied
methods. Finally, the introduced techniques may be useful for
finding optimal test strategies for devices which have to operate
under a variety of voltages and temperatures such as dynamic-
voltage-scaling circuits.
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