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Abstract have placed several bridging and open drain defects into

separate versions of a test circuit and have conducted
A novel approach to testing CMOS digital circuits is pre-  experiments using two-vector test sequences that do not
sented that is based on an analysis of Ipp switching tran- generate logic errors at the test points. The results pre-

sients on the supply rails and voltage transients at selected <o o for the experiments show regional variations in the
test points. We present simulation and hardware experi-

ments which show distinguishable characteristics between test point signals due to the presence of the defects.

the transient waveforms of defective and non-defective The remainder of this paper igganized as follows. In
devices. These variations are shown to exist for CMOS Section 2 we present related research on device testing and
open drain and bridging defects, located both on and offofa ~ the motivation for our research. Section 3 presents the

sensitized path. results of hardware experiments conducted on devices with
intentionally inserted bridging and open drain defects. Sec-
1.0 Introduction tion 4 gives a summary and conclusions.

Transient Signal Analysis (TSA) is a new parametric 2.0 Background and Motivation
testing method for digital integrated circuits. In TSA, tran- Device logic testing analyzes the logical integrity of
sients in both the voltage waveforms at selected test pointthe device by using input test vectors which are a subset of
as well as current transients on the power supply are anall possible stimuli. Howevethese subsets are generated
lyzed to determine the presence of defects. TSA exploithy techniques which are based on fault models that have
the fact that the power supply is globally connected to abeen shown to be inadequate to detect all forms of CMOS
large fraction of the transistors in a CMOS digital inte- defects [1][2].Parametric testing strategies [3][4], on the
grated circuit. TSA is similar to power supply curregi) other hand, are based on the analysis of a cisquetfamet-
test methods in this wagince power supply connections ric properties, for example, propagation delamagnitude
are unbufered at the 1/0O pads, it is possible to measure theof supply current or transient response. While the algo-
high frequency components of this signal without attenua-rithms for generating logic tests have been improved over
tion. Thus, thedp transients reflect the switching activity time to handle more types of fault behaviors, parametric
associated with the propagation of signals throughout thdesting strategies fafr intrinsically better solutions since
circuit. Howevey in lamger circuits, the number of transis- they have been developed from the structural and electrical
tors which can simultaneously switch often makes ft-dif Properties of CMOS circuits.
cult to identify a defect using this single resource. TSA There are many types of parametric tests that have
improves on defect detection capabilities g kest strate-  been proposed [5]. Recent research interest has focused
gies by additionally monitoring the voltage transients at aprimarily on three typesphq [6], Ipp [7], and delay fault
set of test points as well as gspl The voltage test points  testing [8][9]. bpg is based on the measurement of as IC’
are typically at or near the primary outputs of the device.supply current when all nodes have stabilized to a quies-
By using a combination of voltage transients on test signatent value [10]. ppq has been shown to be arieefive
paths anddp, transients on the power supphiSA can pro-  giagnostic technique for CMOS bridging defects, but is of
vide improved defect resolution while maintaining a high limited applicability for some types of CMOS open defects
degree of process insensitivity when compared with othe11]. Although defect observability is significantly
Ipp-based testing methods. improved by the addition ofphq to logic tests, gpg is

In this paperwe present results from four experiments handicappgdl by the necgssarily slow test vector application
conducted on actual devices with intentionally inserted"at€s; the limited resolution achievable fogifCs and the

bridging and open drain defects. In order to demonstratéeStriCted class of CMOS circuits to which it is applicable.
the sensitivity advantage of TSA over logic testing, we  Several dynamic supply curreg-based approaches



have since been proposed to overcome the limitations RecentlyMa,et al. [23] and others[1][2][24][25] eval-
caused by the static nature of thgd test. Frenzel and uated a lage number of test methodologies and determined

Marinos [7] proposed aryh-based method in which sinu- that a combination of several test strategies may be neces-

soidal waveforms are used as the input stimulus and defe&"Y in order to find all defective devices. In particuiéa,
detection is accomplished by comparing the number and® @ discovered thatgpg cannot detect all kinds of
position of the current pulse transitions across the meaflefects and must be used with some kind of dynamic volt-
current value with those of a defect-free device. Hashi-2ge test. Our techniquerahsient Signal Analysis (TSA),
zume, et al. [12] analyzed the frequency spectrum of the with its advantages in defect detection and process insensi-
Ipp Waveform as randomly selected test vectors werdiVily, is proposed as an addition to this test suite.

applied to a circuit. Dorggt al. [13] evaluated thejp test TSA is based on a measurement of the contribution to

(and other parametric methods) as a reliability measure of Hme transient response of a device by physical_characte_ris—
device. Beasleyt al. [14] have proposed ap technique tics such as substrate, power supply or parasitic coupling

that | networks t | Wavef that which are present in any circuit. In previous papers
at uses neural networks to analyze fiigwaveform tha [26][27], we have demonstrated through simulation experi-

results from pulsing the power and ground supplies. Thi-ments that global variations of major device performance
beault [15] proposed a defect detection method that usegarameters, i.e. threshold voltage and gate oxide thickness,
the first harmonic to estimate the frequency spectrum of thgesylt in measurable changes of the cirsuiransient
current and output voltage waveforms. Maldtial. [16]  response at all test points. In contrast, the presence of a
have proposed am test that thresholds thgd transient  device defect will change both the value and topology of
generated by isolated transistor pseudo-partitions in ordethe parasitic components in the region of the defect. For
to accomplish defect detection. In general, thgsebased  example, a single open circuit for the connection to the
methods are not hampered by the slow test application rate@ain terminal of a CMOS transistor will remove a percent-
and are not as sensitive to design styleggg,lhowevey age of the normal parasitic capacitance _prcsent.on.the out-
circuit size and topology are still factors thafeaf the ~ PUt node of the associated logic gate. Similalpridging

defect resolution of these schemes. Also, these methods cﬁ?ort .b.etwee.n ,tWO or more gaf[e output lines will add new
not provide a means of accounting for changes due to nofarasitic resistive and capacitive elements at each of the

mal process fluctuations and are therefore subject to aIiasQihorte,d nodes. @have shown_through other simulation
ing problems experiments that the changes introduced by both of these

classes of defects result in measurable variations in the
Alternatively delay fault testing takes advantage of the transient response and that these variations are distinct at
fact that many CMOS defects cause a change in the propdwo or more test points.
gation delay of signals along sensitized paths [2]. Since the By analyzing the transients at multiple test points and
test is dynamic and regional, delay fault testing does notssuming process variation is uniform across individual
suffer from slow test vector application rates, as is true ofdie, TSA is able to distinguish between the changes in the
Ippg, @nd is not as sensitive to circuit size, likg.| More transient response caused by defects and those caused by
recently Franco and McCluskey [17] proposed two exten- process variation. This is true because, in the latter case,
sions to delay fault testing in which the outputs are moni-the transients generated at each of the test points will be
tored continuously before and after the sampling eventcorrelated in the defect-free device. On the other hand, the
Chatterjeegt al. [18] discussed a similar output waveform Presence of a defect will have ader influence on the tran-
integration method for the detection of stuck-at failures. Sients at test points closer to the defect. Therefore, defect
And Wu, et al. [19] proposed a testing method for analog detection is accomplished in TSA by analyzing the tran-
devices that uses a neural network to analyze the shape 8fents at all test points simultaneously so that global pro-
the output signals of the device. One of théiifties with ~ C€SS variations can be distinguished from the regional
delay fault testing is that test vector generation is compli-defect variations.
cated due to static and dynamic hazards [20]. Also, sinc& () Experiments

the number of possible paths in a circuit is mucpeathan In this section we present the results of several experi-
the number of paths that are typically tested, thectVe-  ments designed to demonstrate that it is possible to capture
ness of a delay fault test is dependent on the propagatiofhe important frequency components of the transient
delay of the tested paths and the delay defect size, for patfesponse at the test pointse\also show that these signals
delay fault testing, and the accuracy of the test equipmenigan be used to distinguish between defective and non-
for gate delay fault testing[21]. LastlpPierzynska and defective devices by demonstrating that signal variations
Pilarski[22] have shown that a non-robust test can detect &aused by defects couple across parasitic components and
delay fault undetectable by any robust test. are measurable on nodes topologically close to but not sen-
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Figurel. Waveformsfrom two devices (Ieft), and their Signature Waveforms (SW) (right).

sitized from the defect site. age 32 complete samples of the waveform before it is saved

We have first simulated and then fabricated four copiesm order to reduce ambient noise levels. These waveforms

of three versions of a test circuit (twelve ICs total), a ver- are subsequently passed through a low-pass filter to reduce

sion with intentionally inserted bridging defects, a version RF noise (above 250MHz). The experiments were ru at 1

with intentionally inserted open drain defects and a defectMHZ’ about half the maximum frequency of the devices.

free version. The defect locations were selected so that they ~ The test points for these experiments are the seven pri-
could be examined with minimal interaction. This required Marily outputs and the pp supply input of the test
that the sensitized paths disrupted by each of the defects lstevices. The Jp transient was measured feifentially

both logically disjoint and topologically distant. The latter across a 10 Ohm resistor while the voltage transients were
requirement additionally provides the ability to test on measured directly from the 1/0O pads. In each experiment
paths which are not sensitized through the defect but arour non-defective and four defective devices were tested.
topologically nearby in the layout. Additionaltfhe use of  One of the non-defective devices was chosen as a standard.
simulations allowed us to manipulate the circuit model to Simulation data of modeled defect-free and defective cir-
identify the key components contributing to the observedcuits were also generated for points both before and after
behavior of the transients generated in the actual devices. the MOSIS SCN20 I/O pads. This was done to estimate the

For these experiments, we used the ISCAS85 C4321egree of high frequency attenuation introduced by the I/O

benchmark circuit [28]. The circuit was synthesized with pa_ds used in the ICs. AS, shovyn belowgeneral, the simu-

OCTTOOLS using the ITD/AE SCMOS standard-cell lations were conservative with respect to the rrjegsured
library. Four copies of each version of the test devices weréjata' Furtherwe expect the response char_acten.stlc_:s_ of
fabricated by MOSIS using ORBE"2.qum SCNA pro- industry pads to be much better since there is a significant

cess. The defect-free versions were verified using boﬂperformance gain achievable by making them unidirec-

functional and Stuck-At test sets. The simulation modelstIonal and optimizing their response characteristics.

were created using the MAGIC circuit extractor and were3 1 Bridging Experiments
configured using simulation model parameters returned

from the fabrication runs. The simulation experiments were, Egj; steez:(ief?coafltl ogeltt\;vcc:ezntigelr;gs?(\a/fccttof);geﬂznecrgzso
conducted using SPICE. P y q

that no logic error is produced at any of the POs. The first

The TSA testing process involves applying a test vec-experiment illustrates the invalidation immunity of a TSA
tor sequence to the primary inputs (PIs) of an IC and samtest to static hazards while simultaneously demonstrating
pling the waveforms generated in boffpland a set of the defect presence directlyt is important to note that
primary outputs (POs). As an example, the plot shown orthe emphasis of this experiment and the open drain experi-
the left of Figure 1 is a waveform collected from a primary ment discussed in the next section is on the coupling of the
output of two devices. The @irence waveform is shown hazard signal changes to the other primary outputs and not
on the right, shaded along a zero baseline as a means of its direct observation at the POs. The second experiment
emphasizing the dirences in the waveforms.ewefer to ~ shows the detection capability of TSA for bridging defects
the diference waveform as@ignature Waveform (SW). that change the delay characteristics of sensitized paths but
do not produce logic errors at the primary outputs. Both
sets of results show the regional signal variations created
by the presence of the defect.

In our experiments, a 1 GHz channel of a digitizing
oscilloscope is used to collect a 2048 point waveform (1
point every 50ps). The minimum sampling interval of the
oscilloscope is 50ns, therefore 1000 repetitions of the two3.1.1 Bridging Experiment 1
vector sequence is required in order to build the waveform.  Figure 2 shows a portion of the schematic diagram of
The averaging function of the oscilloscope is used to averthe c432. Only those sensitized patliecied by the defect
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Figure 3. Portionsof the c432 layout showing spatial relationship of the std cells along sensitized paths of Figure 2.

L,

are shownThe input stimulus for this experiment toggles gates are not shown. Paths shown with thick blue lines cor-
P1 66. P1 56 is held high and the other Pls (not shown) areespond to the paths shown in blue in Figure 2. The thin
held low The red dotted line in the figure represents theblue lines are sensitized paths which terminate at internal
bridging defect which was created in the layout by insert-gates and are not shown in Figure 2. A similar relationship
ing a first-level to second-level metal contact between theexists for the magenta lines in both figures. The bridging

output lines of a 4-input NAND gate and an inverter asdefect is shown in the figure as a shaded red circle. The
shown in Figure 3. This simulates an Si@@fect. The only  lightly shaded gates shown along the bottom of the figure
PO that changes logic state is 370. Howgivethe defect-  remain at DC values in this experiment. Some of the driv-

free circuit, a static hazard causes a pulse to propagate i6g gates for PO 223 are shown to illustrate the potential
POs 421 and 430 along paths shown in magenta in the figor signal coupling between the DC outputs and the sensi-
ure. Note that the bridging defect is not on any sensitizedized paths. Similar types of coupling exist for POs 329,

path and no contention exists between the two bridgedt32 and 431.

nodes in steady-state. Howevsince the output of the
inverter driven by Pl 56 is lowthe bridge eliminates the
pulse produced by the hazard in the defective circuit.

Each of the plots in Figure 4 shows a set of SWs from
a single PO orgp test point. The top-most waveform of
each plot is the output trace from the standard IC used in
Figure 3 shows the spatial relationships of all sensi-the diference operation to create the SWs shown below it.
tized paths in a portion of the c482&yout. Gates with no  The next three waveforms labeled DiF¢olored dark-
outputs are shaded gray and indicate the termination of siggreen) are the SWs from each of the tiDefect-Free ICs.
nal propagation. For claritynon-dominant inputs to the The next four SWs, labeled either BRfor BRidging
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Figure4. |1pp, PO 223, 370 and 421 SWsfrom Bridging Experiment 1.

defects or OD# for Open Drain defects (colored red) are in the Pre-Pad results, we hypothesize that the transients in

the diference waveforms from the four defective ICs. The the BR#x SWSs of this PO are not due to the transients gen-
bottom two waveforms (colored blue) represent the Preerated in the power supply lines of the pads. Moreover
Pad and Post-Pad SWs from the corresponding simulatiorsince the simulation model was derived without any resis-

The Ipp figures show only one simulation result since theretance between the core logic power supply and the sources
are no pad drivers for these pads. of the transistors, coupling through the common power
. supply lines of the core logic can also be eliminated as the

The top-left plot of Figure 4 shows thegl SWs pro- 4,1y source. Therefore, we can conclude that at least part of

duced from this experiment. There is clearly a variation inthjs variation is due to capacitance coupling between nodes
the current waveforms in the 15-40 ns time range correin the core logic.

sponding to the removal of the static hazard. The top-right . .
plot of Figure 4 shows the SWs generated on PO 223. The tTge bcggrzgigqfhplostx Figure étsgowsptgeéng gen-
defect causes a distinctive transient to be generated in aﬁra edon - he S generated on are simi-

four of the BR#x SWs of this PO. Since the simulation - As noted above, the bridge ‘shorts out' the pulise

SWs do not agree with these results, we know that in thiscrea’[ed by a static hazard in the defect-free circuit. This
case our simulation model does not capture the source Oc}learly shows up in the defective SWs since a defect-free

this coupling. This may be due to inaccuracies in mode"ngwaveform Is used as the reference.

the parasitics either in the core logic or in the power supply3.1.2 Bridging Experiment 2
rails of the I/O pads or both. Similar types of transients also

appear in the SWs of POs 329, 431 and 432. Figure 5shows a portion of the c432 schematic with

the sensitized paths for the second bridging experiment. Pl
The bottom-left plot of Figure 4 shows the SWs gener-69 is toggled while Pl 82 is held high. All other Pls are held
ated on PO 370. Like PO 223, this PO is not on a sensitizetbw. PO 432 is the only output that changes state in this
path with the bridging defect. Howeyeinlike PO 223, the  experiment. Unlike the previous bridging experiment, the
Pre-Pad and Post-Pad simulation results show transients iefect is on the sensitized path driving PO 432. Again, no
this region of the SWs. In fact, since the transients appeatontention exists between the two bridged nodes in steady-
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Figure7. Ipp, PO 223, 431 and 432 SWsfrom Bridging Experiment 2.

state and the circuit operates logically correctly under this ~ The top-left of Figure 7 shows thgd SWs. As in the

test sequence. Figure 6 shows the spatial relationships gfrevious experiment, transients in thg ISWs correlate in

the sensitized paths for the second bridging experimentijme (at about 25 and 65ns) with observed changes in the
The brldglng defect is shown in the figure as a red dOttquOs_ The top-right p|0t of Figure 7 shows the SWs gener-
line but is physically represented as an extra piece of secated on PO 223. The same type of pattern exists for POs
ond-level metal between the outputs of two 4-input NAND 329, 370, 421 and 430. Some type of coupling is occurring
gates. but, as in the first bridging experiment, we can not deter-
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mine the source using our simulation model. The bottom-between the p-transistor drain pairs. Both of the open drain
left plot of Figure 7 shows the SWs generated on PO 43lexperiments test this type of defect in twdetiént NAND

The transients are unique to this PO and may be the resuffates in the circuit. The input stimuli for the experiments is
of coupling that occurs through the gate oxide of the 4-shown in the middle of the figure. The test sequence for the
input NAND driving this PO. The pre-pad simulation SWs first experiment generates a number of pulses at the POs
support this conjecture. The bottom-right portion of Figure which are created by a static hazard. Théedihice in the

7 clearly shows the delay introduced by the defect on PGsignal arrival times on the inputs to the NAND driven by Pl
432 in both the simulations and the hardware. This is the87 cause the output of the gate to pulse oy the second
best example of the advantages in TSA of continuouslyexperiment, the loading capacitance on the output node of
monitoring the POs. Wnow turn to more ditult detec- the NAND gate consists ofL8FF drain, 40FF routing and
tion task of open drain defects. 59FF driven-gate capacitance. The open circuit removes

I I 0,
3.2 Open Drain Experiments two drains for approximately 42 FF or 19% of the total.

The results of two open drain experiments are pre-3-2.1 Open Drain Experiment 1

sented in this section. Like the bridging experiments, we  The top-right plot of Figure 9 shows the SWs for PO
have selected the test vector sequences so that no logi23. This PO is on a sensitized path from PI 37 but is not
error is generated at any of the POs. The first experiment ign a sensitized path from the defective NAND gate. The
similar to the first bridging experiment in that the signals SWs highlight the dferences in the propagation delay of
from static hazards are exploited for defect detection. Thesignals driving this output. It is apparent that the delay
test sequence selected for the second experiment igharacteristics of the DF#2 and OD#3 ICs are each unique
designed to test the change in loading capacitance causegithin their groups. This same type of behavior is also
by the defect and in this sense represents a harder defegiesent in the SWs produced on POs 329 and 370 (not
detection experiment. The results of the experiment alsahown). Unfortunatelythe relationship between the ICs
serve to illustrate how process variations cdecafdefect  and the wafers on which they were fabricated could not be
detection when the change in the transient response is mirbbtained. Howeverwe suspect that at least some of the
imal. variation we see in the SWs is due to fluctuations in the

Figure 8 shows the sensitized paths through the defed@brication process. More interestingthe region labeled
tive gates for the open drain experiments. The left side Of_:haracterlzng transient in the figure reveals other transient

. . . . information that is consistent with the classification of
Figure 8shows an open drain defect in the transiktoel .
- . these ICs as defect-free and defective.
schematic diagram of a 4-input NAND gate. A three
micron wide piece of first-level metal has been removed  The bottom-left plot of Figure 9 shows the SWs gener-
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Figure9. Ipp PO 223, 431 and 421 SWsfrom Open Drain Experiment 1.

ated on PO 431. This output does not transition under thation in the process and/or variation in the pad circuitry
test sequence. Howeyéhe variations in the SWs provide The classification of these devices as defective and defect-
a clear indication as to which group each of the ICs belongfree is not clear based on these SWs.

The SWs of PO 421 shown on the bottom-right of Figure 9
also provide confirming information. By monitoring the
output continuouslythe defect can be detected since its

presence eliminates the pulses normally produced by th . )
static hazard. The SWs from POs 430 and 432 are no 0 shows thegp SWs. Even though there is good correla

shown but are similar to PO 421. The IDD SWs are shown{'®" between these SWs and the corresponding SWs gener-

on the top-left of the figure. The correlation between thesﬁated at the voltage test points for each of the ICs, there is

SWs and the SWs generated on the POs providieienf ess than expected correlation within each group (e.g.,
information to identify the defective ICs. These results OD#3 and DF#2). Other tests of OD#3 show that the out-
show why we believe that by continuously monitoring the puts from this IC were slower than the three other OD test
POs and correlating thefeéts among the POs we can dif- ICs. Therefore, we believe that the change in the transient
ferentiate between fefcts due to regional variations caused "€SPONse caused by the defectiodification in the loading

by defects and cts that are a result of process variation CaPacitance is not significant enough to be clearly observ-
between dierent ICs able at the POs given the amount of process variation

present within the defective and defect-free IC groups. This
3.2.2 Open Drain Experiment 2 signal variation may be attributable to inteafer process
variation since MOSIS guarantees that the four identical
The top-right plot of Figure 18hows the SWs gener- copjes of each device are fabricated on at least tvierdif
ated on PO 421 of the second open drain experiment. Thent wafers.
SWs for POs 223, 431 and 432 are not shown since they
are similar to these results. PO 421 is on a sensitized path0 Summary and Conclusions
from P1 69 but is not on a sensitized path from the defective  The simulation and hardware experiments conducted
NAND gate. Therefore, these SWs primarily illustrate vari- on the c432 have shown that it is possible to capture the

The bottom plots of Figure 10 shows the SWs gener-
ated on POs 329 and 370 which are on sensitized paths
from the defective NAND gate. The top-left plot of Figure
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Figure 10. |pp, PO 421, 329 and 370 SWsfrom Open Drain Experiment 2

important frequency components of the transient responsesient waveforms that take into account variations caused by
We have also demonstrated the existence of regional signalormal process fluctuations becomes an important issue.
variations due to the presence of a defect, first in the bridgThe most straightforward approach of obtaining these
ing experiments and then in one of the open drain experiwaveforms would be to use a self-calibration method in
ments. which a set of defect-free reference devices, fabricated in
o o the same lot as the test devices, are used to generate the
For bridging defects, distinctive changes are observ-gynected set of transient waveforms. Another concern is
able on the /0 pads driven by POs that are not sensitizeéqne practicality of implementing this method for production
This was shown on PO 223 in both bridging experimentsiast. Clearly the methodology shifts the emphasis of the
and PO 431 in the second experiment. The same is true Qbst 1o the back-end and redefines the data collection
open drain defects as shown for PO 431 in the first opeRequirements of the test equipment but does not necessarily
drain experiment. This implies that the number of test veCymply an increase in overall test cost. This will be true if it

tors required to achieve a given fault coverage may D§s getermined that TSA can provide higher levels of quality
lower for TSA than for other testing strategies. This work it fewer test vectors.

also demonstrates that process variation can still make

open drain defects di€ult to detect under certain test We are currently conducting a set of on-chip probing
sequences, as we illustrated with the second open draiexperiments to verify the source of the transients observed
experiment. in some of the results presented above and to evaluate the

_ _high frequency filtering properties of the 1/0O pads. More
More importantly howevey the second open drain  pargware experiments are planned to determine the detect-

experiment illustrates that each of the test point signals ar@pility of gate oxide short defects and other types of opens
strongly correlated within each device. This attribute per-5.,4 bridges.

mits the use of a method based on the cross correlation of

signature waveforms to help identify which variations are We are also currently investigating a means of quanti-
caused by process variation and which are due to defect$ying the degree of coupling through each of the main para-
Consequentlythe generation of a set of defect-free tran- sitic coupling mechanisms, namelypower supply



internodal, well and substrate when defects are introducefll6] RaficZ. Makki, Shyang-Tai Su, and Troy Nagle.
into neighboring circuit components. This information and

other simulation experiments will help us determine the

number and position of the test points or the amount of
observability required and subsequentlye number and [
type of test vectors necessary to achieve a given fault cov-
erage and quality level improvement factor [
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