
Several recently published articles have ques-

tioned the ability to carry out effective current-

based testing (IDDX) for deep-micron VLSIs.1-5 Yet,

current-based test methods for such devices are

more relevant than ever. The probability of a

defect occurring increases exponentially as its

size decreases. As the technology scales, even

smaller defects may become potential threats to

yield. Furthermore, ensuring gate oxide quality

and reliability for a multimillion-transistor device

under test (DUT) solely through voltage may

become unrealistic. Other techniques, such as

burn-in, although particularly successful for

memories, might not be economically viable for

most commercial digital products.

Several recent studies have raised concerns

about new failure mechanisms in scaled

geometries that may be more difficult to detect

with conventional means. Nigh et al. reported

the existence of many timing-only failures.

These failures did not influence the circuit logic

functionality; hence, slow-speed SA-based

(stuck-at fault) or functional tests did not detect

them.6 Similarly, for Intel’s manufacturing

processes, Needham et al. reported an increas-

ing shift toward “soft defects” as technology

migrated from 0.35 to 0.25 microns.7 These

defects do not always cause failures at all con-

ditions of temperature and voltage. According

to Needham et al., defects correlate with long-

term device reliability. These defects may be

due to resistive vias, highly resistive bridging

defects, and so on. IDDQ testing can detect some

defects, provided background leakages are

under control and circuits are designed to

make them IDDQ testable.

Traditionally, voltage testing and IDDQ testing

have had complementary objectives. In logic

testing, the stress is on DUT logic correctness,

performance evaluation, and detection of cat-

astrophic faults such as stuck-at faults. In IDDQ

testing, on the other hand, the focus is on

detecting subtle manufacturing-process defects

and reliability failures. As the technology

scales, the roles for these two types of testing

will diverge further. Therefore, effective deep-

micron current-based testing can play an

important role not only in ensuring VLSI quali-

ty and reliability but also in arresting the

already escalated costs of VLSI testing.

Current leakage in CMOS devices
The simplified MOS theory assumes a zero

drain current for VGS < VT. In fact, drain current

(IDS) does not drop abruptly, but decreases

exponentially, similar to a bipolar transistor’s

operation. The leakage current stems from

minority carriers and diffusion currents in the

noninverted MOS transistor. In the subthresh-

old region, the inverse rate of decrease of IDS in

volts per decade, S, is8,9
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Current-based testing for deep-submicron VLSIs is

important because of transistor sensitivity to

defects as technology scales. However, unabated

increases in leakage current in CMOS devices can

make this testing very difficult. This article offers

several solutions to this challenging problem.
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where CD is the depletion-layer capacitance,

Cgox is the gate-oxide capacitance, k is

Boltzmann’s constant, T is the absolute tem-

perature, and q represents the electronic

charge. The NMOS transistor’s source (n+), bulk

(p−), and drain (n+) terminals form an npn

bipolar transistor. This npn transistor’s base

capacitively couples to the gate terminal;

hence, only a portion of the gate voltage varia-

tion is reflected to the base. The capacitive

divider formed by CD and Cgox determines how

much of the gate voltage swing the bipolar base

sees.8 The rest of the equation is a different

representation of the familiar bipolar current

equation. In digital circuits, when the transistor

is off, Vgate and Vsubstrate have the same value;

hence, the capacitive divider is effectively

removed from Equation 1.

For a typical CMOS process, S is about 80

mV/decade. As CMOS processes scale to the

deep-submicron region, device reliability and

low-power constraints enforce a reduction in

power supply voltage. Lower supply voltage

requires lower transistor threshold voltage.10,11

Lowering VT increases the transistor’s off-state

current (Ioff). Figure 1a illustrates the transfer

characteristics of three NMOS transistors in the

subthreshold region on a semilog scale. The

rightmost curve in Figure 1a represents the

transfer characteristic of a transistor with a top

value of VT. As VT decreases, the transistor char-

acteristics move toward the left. However, this

linear leftward shift yields a higher Ioff on a log

scale. For example, if an n-channel transistor’s

threshold voltage decreases from 0.62 to 0.30 V,

its off current increases by a factor of 104.

Several short channel effects contribute to

Ioff in a deep-submicron transistor. Keshavarzi

et al. lists eight leakage mechanisms,3 which are

shown in Figure 2. These leakage components,

collectively referred to as short channel effects,

include the following:

■ I1 is pn-junction reverse-bias current.

■ I2 is weak inversion current.

■ I3 is drain-induced, barrier-lowering (DIBL)

current.

■ I4 is gate-induced, drain-leakage (GIDL)

current.
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Figure 1. Transfer characteristics of (a) an NMOS transistor in the subthreshold region

with different VT values, and (b) with (right curve) and without (left curve) reverse body

bias, where Ioff is the off current, VT is the threshold voltage, VT-T is the threshold voltage

in the test mode, and Ioff-T is the off current when the threshold voltage is VT-T.
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Figure 2. Summary of leakage-current mechanisms for deep-

submicron transistors.3



■ I5 is punch-through current.

■ I6 is narrow-width-effect current.

■ I7 is gate-oxide-tunneling current.

■ I8 is hot-carrier-injection current.

Not all of these components contribute sig-

nificantly to Ioff in a deep-submicron transistor.

I1 will likely remain insignificant for coming

technology generations; and I2, I3, and I4 will

increase for low VT transistors.3 The rest of the

components will most likely contribute rela-

tively small amounts of current and are not a

major issue for IDDQ testing in 0.25- and 0.18-

micron CMOS technology.

As the technology scales, control of transis-

tor parameters becomes increasingly more dif-

ficult. The spread in key parameters, such as VT,

increases, leading to higher spreads in transis-

tor delay and leakage. Consequently, because

of higher absolute value and a higher spread of

values, current measurement becomes difficult.

Why deep-micron current testing?
Current-based test methods have a relative-

ly short history. Do we really need them to test

deep-micron VLSIs? As we scale the technolo-

gy and pack millions of transistors in a small die

size, the number of defects that can cause a

fatal failure increases exponentially. Many of

these defects are shorts, which have relatively

poor defect coverage with logic tests.

Lower supply voltage and VT also influence

logic testing. For example, lower VT combined

with other factors can reduce the logic noise

margin, making defect detection increasingly

more difficult. Moreover, many subtle defects

can be detected only by at-speed tests. As

CMOS clock frequencies march past the giga-

hertz range, automatic test equipment (ATE)

can’t keep up. In the absence of at-speed logic

tests, many highly resistive defects might go

undetected. Finally, as mentioned earlier,

ensuring gate oxide quality solely through logic

tests is unrealistic. A typical value of gate oxide

thickness in a 0.25-micron process is 4 to 5

nanometers. Researchers expect this thickness

to be 2 to 3 nanometers for a 0.13-micron

process. Because most gate oxide shorts are

highly resistive, detecting them is difficult for

logic tests. Realization of high-quality gate

oxides is a major reliability concern and

becomes more difficult with decreasing gate

oxide thickness.

Current-based testing options
Several recently reported current-based

measurement techniques hold promise for

deep-micron VLSIs.

Current signatures and ∆IDDQ

Gattiker and Maly suggested that if IDDQ vec-

tors are sorted in ascending order, the presence

of one or more abrupt discontinuities in the cur-

rent level indicates a defect.5 Here, the back-

ground leakage is not important, and the defect

will likely cause measurable discontinuity in

the current level. Figure 3 can help explain this

concept. Figure 3a illustrates a three-input gate

without any defect, with a bridge between VDD

and the gate output (shown in Figure 3b), and

with a bridge between VDD and VSS (shown in

Figure 3c). Figure 3d also shows the corre-

sponding current signature as a function of test

vectors. For the defect-free case, the quiescent

current does not change with the input vectors.

In other words, the current signature is con-

stant. Similarly, for the case in Figure 3c, input

vectors do not influence the quiescent current,

but this current is significantly higher than for

the defect-free case. For the case in Figure 3b,

the quiescent current depends on the logic

gate’s input vectors. In other words, the quies-

cent current has a multilevel current signature.

Needless to say, this situation indicates a defect.

Gattiker and Maly further argued that the

method is suitable for a leaky environment

because the defect-related current is indepen-

dent of the chip background leakage.

Thibeault extended the concept of current

signatures to compute vector-to-vector differ-

ences in IDDQ.12 He called this technique ∆IDDQ

and defined it as

∆IDDQ(i) = IDDQ(i) – IDDQ(i – 1) (2)

where IDDQ(i) is the IDDQ measurement at test vec-

tor i. From these differences in IDDQ vectors,

Thibeault computed the ∆IDDQ distribution’s

mean and variance. A probabilistic framework

helped him compare the probability of making

Current-Based Testing

78 IEEE Design & Test of Computers



a false decision based on IDDQ and on ∆IDDQ.

Thibeault applied this technique to Sematech

data and demonstrated that the probability of

making a false decision decreased by approxi-

mately two orders of magnitude.6

Miller also demonstrated the effectiveness of

∆IDDQ.13 He applied the ∆IDDQ test technique on

100 SRAM and 197 Pentium microprocessor

dies in wafer sort. The IDDQ mean and standard

deviation for the SRAMs were 2.3 mA and 1.4

mA. Miller set the three-sigma pass/fail limit at

6.6 mA, and 17 SRAM dies failed. Subsequently,

he tested the SRAMs with the ∆IDDQ test tech-

nique. The mean and standard deviation were

43 µA and 94 µA. Miller set the pass/fail limit at

330 µA. Using this technique, 13 devices failed,

out of which 10 were common failures with the

traditional IDDQ test. Interestingly, the ∆IDDQ test

method did not catch 4 DC short failures 

(current > 400 mA). This is understandable,

because the difference between two current

measurements was small.

Both approaches, although effective, face

measurement and instrumentation challenges.

You have to measure a precise value of IDDQ for

each vector, and this is more time consuming

than comparing measured current value

against a single threshold. Furthermore, the
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levels of current signatures should be distin-

guishable beyond the measurement inaccura-

cies and noise. Finally, engineers must design

multithreshold IDDQ monitors for high-speed

measurements, because traditional single-

threshold IDDQ monitors will not be suitable.

Maxwell et al. further argued that both

approaches are based on some threshold of

current differences14 and therefore suffer from

the effects of process variation. Setting a thresh-

old based on either maximum allowable cur-

rent or the difference between currents will be

difficult because of large vector-to-vector, or

die-to-die, variations. Maxwell et al. suggested

plotting IDDQ in ascending order as a function of

test vectors, and characterizing it. Figure 4

shows the signature, which can also be repre-

sented by an equation relating maximum and

minimum currents:

Max = Slope × Min (3)

where Slope represents the slope of the line

from the origin to the point representing a die

on a graph of maximum current plotted against

minimum current. The value of Slope thus

effectively represents the current ratio of the

design. This basic equation is modified to

include state-dependent leakage mechanisms:

Max = Slope × Min + Intercept (4)

Maxwell et al. obtained the parameters of

Equation 4 by performing a linear regression on

many good and defective devices. The defec-

tive devices appear as outliers. Once an itera-

tive process removes the outliers, the data

contains defect-free devices. Once the design

is characterized by the regression technique,

upper and lower pass/fail limits are set along

the regression line. A device lying outside the

limit is considered defective.

Figure 5 shows the results for 124 devices.

The proposed ratio technique rejected 14

devices. Figure 5 also illustrates the rejects from

using three different IDDQ thresholds. For each

threshold, the shaded portion represents dies

also rejected by the proposed method. When

the IDDQ threshold was 50 µA, 13 devices failed

in both methods. However, the conventional

IDDQ resulted in many good devices (the white

portion of the bar on the left) also failing. On

the other hand, with a 330-µA IDDQ limit, the

same number of devices (14) failed in both

methods—but only three of these devices were

the same. Obviously, the proposed ratio

method is better suited for leaky devices.

Furthermore, this method is self-scaling and

does not depend on the background leakage.

Reverse body bias
Several researchers have discussed the

implications of CMOS scaling on IDDQ testing.1-3

Applying a reverse body bias (RBB) is one pos-
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sible technique for reducing the leakage cur-

rent in test mode.

Conventionally, in CMOS logic gates, the p-

substrate connects to VSS, and the n-well con-

nects to VDD. For an n-channel transistor, reverse

body bias results when the substrate gets a neg-

ative voltage with respect to the source. For a

p-channel transistor, a positive n-well voltage

with respect to the source has the same effect.

Therefore, for chip-level reverse bias, n-well and

substrate connections should be on separate

VDD and VSS supplies. Researchers have known

for some time that the reverse-bias technique

can achieve VT modulation. Equation 5 illus-

trates the relationship between substrate bias

and transistor threshold shift.13

(5)

where K is the body effect coefficient, ψB is the

potential difference between the actual and

intrinsic fermi level for a given process, and VBS

is the (bulk) substrate-to-source voltage. For a

typical submicron process, the body effect

coefficient is 0.59 V1/2, and 2ψB has an approxi-

mate value of 0.8 V.9 For these numbers, an

application of 1.2 V reverse bias increases VT by

310 mV. In other words, the subthreshold cur-

rent decreases by approximately four orders of

magnitude. Figure 1b illustrates the effect of

reverse bias on transistor transfer characteris-

tics in the subthreshold region. The leftmost

curve represents the original characteristics for

an n-channel transistor. On the application of a

reverse bias, the graph shifts to the right, reduc-

ing the subthreshold current.

Keshavarzi et al. reported the first silicon

results on reverse body biasing and IDDQ testing.3

In a detailed study, they quantified the effec-

tiveness of reverse biasing over 0.35-micron

PMOS and NMOS transistors. A reverse bias of

±2 to 3 V resulted in 2,500× to 4,400× reduction

in quiescent (subthreshold) current. As the

reverse bias further increased, the quiescent

current increased because of GIDL.

The reverse-biasing technique requires signif-

icant changes in cell library development. Logic

gates should be designed with separate n-well

and substrate connections, VDD-well and VSS-sub.

These connections are routed in the same fash-

ion as for VDD and VSS. At the chip level, applying

appropriate voltages at VDD-well and VSS-sub puts the

entire chip into low quiescent leakage mode.

Extra supply lines may lead to increased chip

area. I estimated a 3 to 8% increase in chip size to

implement the concept.2

The effectiveness of RBB diminishes as tech-

nology scales below 0.25 microns. Body effect

coefficient K in Equation 5 is not constant, but

reduces with technology scaling. Consequently,

with each successive technology scaling, RBB

becomes less effective in reducing the leakage

current. Keshavarzi et al. estimated that RBB’s

effectiveness decreases by approximately 10×
for each technology generation.15 In an experi-

mental study conducted on 0.18-micron tech-

nology, RBB reduced leakage by only about 2×.

Power-supply resistive drop (ICCQ)
Current flowing on the VDD or VSS supply caus-

es distributed voltage drops in these supply

lines. The extent of voltage drop depends on the

length of a power supply segment (resistance)

and the current flowing through it. If a defect

causes significantly larger than normal current

flows through this segment, the increased volt-

age drop can be measured and distinguished

from the nominal situation. Simple means such

as differential pairs can be used to measure the

voltage drop. Working on this hypothesis,

Lammeren implemented this concept into a

BiCMOS VLSI.16 Figure 6 (next page) illustrates

a simplified built-in setup. M1 and M2 form a

pair of switches across which the voltage drop

is measured. M3 and M4 represent another pair

of switches to measure voltage drop at a differ-

ent segment of the power rail. A complex VLSI

may contain several such pairs, measuring cur-

rents in different segments of the power supply.

The outputs of these pairs connect together and

terminate on the inputs of a differential pair.

A shift register controls these switches such

that only one pair of switches samples the volt-

age drop at any given moment. A bipolar dif-

ferential pair measures this voltage drop.

Canceling the differential pair’s offset voltage

involves two measurements, with inputs of the

differential pair interchanged between the mea-

surements. A total of 24 measurement points

∆ = ( ) − =( )
= + −{ }

V V V V V
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were put on different segments of

supply lines to test the technique’s

effectiveness.

Figure 7 illustrates the results of

a comparative analysis. The func-

tional test program detected 99.3%

of all rejected ICs. A simple power-

supply current test (Ip) detected

only 10.5% of all failed ICs. The ICCQ

measurements detected 42.7% of

faulty ICs. A detailed data analysis

found 100% correlation between

some ICCQ test points and several

functional tests. Therefore, those

functional tests can be eliminated

from the test program without sac-

rificing the test coverage.

Although the ICCQ test method was originally

applied to a BiCMOS analog VLSI with very high

(>100 mA) quiescent current, the application

of the method is feasible for deep-micron VLSIs

with high off currents. The implementation cost

depends on the number of measurement

points. However, for complex VLSIs, the area

overhead may be reasonably small.

Transient current testing (IDDT)
Even in a leaky environment, defects can

give rise to distinguishable currents if the cur-

rent’s DC component can be filtered out. This

difference is more pronounced in the signal

transition phase. Working on this hypothesis,

my colleagues and I developed a transient cur-

rent measurement technique (IDDT).5

Figure 8 shows the experimental setup for

IDDT measurements. The setup includes the DUT,

a decoupling capacitor (C), a series resistor

(Rs), a current probe, an amplifier, and the dig-

itizer. The current probe is an inductively cou-

pled device that goes around the VDD line. This

probe is sensitive only to transient behavior and

insensitive to the DC level. In other words, it fil-

ters out the DC behavior from the transient

response. The VDD line has a largely reactive

(inductive and capacitive) load, yielding an

under-damped system. Therefore, at the

instance of clock transition, oscillations or ring-

ing occur on the VDD line, making robust cur-

rent measurements difficult. In general,

appropriate selection of resistance Rs can make

the under-damped nature of transient current

over-damped.

Because this behavior depends on the DUT

and the test vector, some trial-and-error experi-

ments are necessary to identify a smooth,

monotonic transient-current waveform.

Subsequently, the digitizer in the setup helped

characterize the response of a known-good

device. We created this golden response for

predetermined IDDT test vectors. With tech-

niques similar to those for generating IDDQ test

patterns, we generated IDDT test vectors using

node toggle coverage, and we executed exper-

iments for devices in 0.35- and 0.25-micron

technologies. We compared the DUT response

with that of the golden device for pass/fail deci-

sion making.

We also compared the method’s effective-

ness with that of conventional IDDQ and logic

tests. Figure 9 shows this comparison. Out of 64

failed devices, all three methods detected 57.

Four failed devices were detected only by the

IDDQ and IDDT tests. One failed device was detect-

ed only by the IDDQ and logic tests. The last failed

device was detected only by the logic test. We

conducted failure analysis on some of the failed
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devices to ensure the correctness of the com-

parative analysis. This failure analysis demon-

strated that IDDT is effective in catching defects.

As mentioned earlier, a deep-micron current

test method should work on devices with higher

background leakage. We conducted an experi-

ment to verify the IDDT technique’s validity in envi-

ronments with higher background current. The

modified setup (Figure 8) included a variable

resistor, Rleakage, in parallel with the known-good

DUT (golden device). Hence, we introduced a

known background leakage in the IDDT measure-

ment. We measured the IDDT response at several

values of background leakage and compared

these responses with the IDDT response without the

background leakage. Increasing the leakage cur-

rent through the variable resistor up to 3 mA did

not cause any appreciable difference in the IDDT

response. In other words, the background leak-

age did not influence the technique’s defect

detection capability.

We demonstrated that this technique’s

defect coverage is comparable to that of IDDQ.

However, unlike IDDQ, this method can work in a

high subthreshold current environment.

Moreover, it allows current measurements 15

times faster than achievable with conventional

IDDQ monitors.

In a subsequent article, Kruseman et al.

developed an IDDT monitor,17 which they used

to test 132 devices processed in 0.25-micron

technology. The IDDT test method gave the high-

est test coverage and detected all the failures

that IDDQ and logic testing detected.

CURRENT-BASED TEST METHODS have played a

crucial role in improving test economics, qual-

ity, and reliability of VLSIs. The effectiveness of

these methods must be revalidated as technol-

ogy moves toward 0.18 microns and beyond.

Increased transistor off current, along with a

higher level of integration, threatens the effec-

tiveness of deep-micron current testing. At the

same time, the relevance of a deep-micron cur-

rent-based test method is high because of the

higher defect sensitivity of modern designs and

the inadequacy of logic tests.

This article presented several current-based

techniques for deep-micron VLSIs. Most of

these techniques have potential for deep-

micron testing. However, more experiments are

needed to revalidate the effectiveness of cur-

rent-based test methods in a leaky, deep-

micron environment. ■
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