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Abstract with D/Dg the ratio of the defect densitief€CD/CDp) the
o ) ratio of the critical dimensions armda number between 2

Defects due to process-design interaction have a sysynq 3 3][4]. So by reducing the critical dimension we be-
tematic nature. Therefore they can have a profound iM-come ‘more sensitive for smaller defects, however, a
pact on yield. The capability to detect (and correct) them gmgjer critical dimension also means that the same logic
is a requirement to continue to follow Moore’s law. Most f,nction can be implemented in a smaller area. This re-
of the systematic defects are detected during the procesg,ction in area more than compensates the increased sen-
development. These defects are detectable with test Stru%‘nivity for defects. Therefore, the move to the next
tures or visual inspection tools. However some Processechnology nodes gave an improvement in yield. This as-
marginalities will only show-up in the topology of ‘real’  gmption s, however, only valid for random defects (of-
designs. Moreover, these defects are often not detectablgy, harticle related defects). This is not true anymore if
with stuck-at testing. We show two examples of process regy stematic or feature-related defects become dominant.
lated defects which could only be detected with more ad-r\oqe systematic defects cause an additional yield loss.

vanced test me_thods such as transitior_1 fault testing ands, it e cannot get systematic yield loss under control
low voltage testing. To correct systematic problems, how‘then we will loose one of the major drivers of Moore's
ever, one should not only have the capability to detect de]aw

fects but also to identify them. Our examples show that - o
other tests would have been far more sensitive in detect-  Additionally to the systematic yield loss one could
ing systematic issues. Therefore the detection of systema@rgue that new technologies will introduce new defect

ic defects gives new requirements to test suites and cafyPes. One of the panels at ITC'00 [5] discussed these
only be achieved with a shift in the position of manufac- new defect mechanisms and what kind of test methods are

turing test. required to detect them. The general agreement seemed to
be that we will see all the problems we used to see and
1 Introduction that there is no magical new test method to catch all the

problems. In our experience this is indeed true. In deep
The three main reasons for digital circuits to move to syp-micron technologies we see shorts due to particles,
the next technology node are performance, power andjjicidation problems, open vias, etc. like we used to see
cost (area, yield). It was taken for granted that all thesejn pre-DSM technologies. Of course shifts in importance
aspects improve if one moves to the next node. It meankys specific defect types can and will occur, however, the
that the same design would become cheaper, faster angysic test methods that we have, e.g. stuck-at testing, tran-
more power efficient. However, these reasons are not thagjtion-fault testing, current-based testing and testing un-
obvious anymore for the coming nodes. The performancejer different conditions, are sufficient to detect these
improvement is not something one can take for grantedits, This seems true for both random defects as well as
anymore since interconnect delay becomes more domitg; systematic defects. The big difference between the
nant [1]. The same holds for the power efficiency. DSM 4 defect classes is that systematic problems can be very
technologies are increasingly more leaky and itis pfediCt'topology specific and can have very specific defect char-
ed that stand-by power and active power consumption bezteristics. Therefore a small test coverage deficiency for
come comparable [2]. So two out of three reasons to go t1qndom defects can result in a giant loop hole for system-
the next technology node are already threatened. Moreogic gefects. This makes it important to have a good defect
ver, also the yield improvement is not that obvious any- coyerage to ensure the quality level. Furthermore, it is im-
more. For random defects a size distribution is predlctedportam to identify and solve systematic yield loss for eco-

which scales as: nomical reasons. Often only small adjustments in the
D _ CD 7" Q1) processing are required to resolve them. Therefore it is
D_0 ~ Lepo e important to have the proper set of tests and tools which
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enable us to identify these systematic defects. led to the introduction of artificial tiles to comply to the
We will show in this paper two examples of system- design rule. To make life even more complicated the latest
atic defects which are missed by test structures and coultiechnologies do not only require a minimum density but
only be detected in a real designs. The defects were dealso a maximum density. As a result large metal regions,
tected with existing test methods such as low voltage teste.g. pads, should have slots.
ing and delay-fault testing but other test methods would The metal density constraints are just one of the ex-
have been more efficient in identify the defects as a sysamples of how rules evolve over process generations.
tematic issue. The capability to detect and identify sys-Each of the new process steps in DSM processes intro-
tematic defects becomes a key requirement for theduces additional design rules. As a consequence a single
economical use of deep sub-micron technologies and willstructure has to comply to several rules nowadays. Such a
require a shift in the use and purpose of manufacturingstructure should have a high manufacturability on a per
test. rule basis but could have a poor manufacturability if one
The remainder of this paper is organised as follows.would consider all the rules together. These kinds of is-
Section 2 investigates the characteristics of systematic desues are missed by the dedicated test structures because
fects and its relation with design for manufacturability. In these only check for a few design rules at a time. This is
Sections 3 and 4 two cases of process related defects agspecially true for random logic in which the environment
described. Section 5 describes the lessons learned with ref a structure is not well determined (in contrast to memo-
spect to testing in DSM technologies. How this affects thery elements for example). The only way to check for these
position of test is investigated in Section 6. The paper isissues is to ‘test’ standard cells and real designs for sys-

concluded in Section 7. tematic faults.
_ Another aspect of process related problems is that
2 DfM and systematic defects they can cause defects with very specific characteristics.

For example, let us assume a process problem that causes

Nowadays, one of the .first associations With,quignmetal stringers. This creates shorts of which the resistance
for manufacturability (DfM) is often the use of additional depends on the stringer's length and cross section. The

tricks to makg a design resistive again.sf[ random denceCt?ypical length is often related to the critical dimension of
and thereby improve the manufacturability. Examples of; .. technology while the cross section depends on the

these'techniques are via doubling or.wire spreading. Th%rocess issue and can be quite small. Therefore these
?ﬁSt '|mportant Irule, hhoonve'r, for c|1e5|gn for.rganufacturg-stringers often have a high resistance. If this resistance is
llity Is to comply to the design rules to avoid systematic o, e the critical resistance for the detection with stuck-at

faults. These dgsign rules are presgribed by the ProC€SBsting, one needs another method to catch them (e.g.
developers/engineers to ensure a high manufa(:turablllt3{DDQ testing or very-low voltage testing) [6][7][8].

of layout features. During the process development phase, So, in conclusion, the more complex processing indi-

?edmaéed teslft structtures, such dats V'ﬁ Cr:(atlﬁ.s » comb Strucc'ates that systematic faults become more important which

uresA ensefines € c.,fa(;e useato ¢ ?C r:s' | requires more effort to identify and solve them. The two
misconception of designers Is often that as long as,Jin properties in which systematic faults distinguish

they follow the design rules the manufacturability of their o\ <\ /a5 from random defects are the topology depend-

design is ensured. This is of course not the case. I"ke\’v'seéncy and specific defect characteristics. In the next sec-

Itis not tr#e tr:at ifa de5||gn _rule IS violated with a Sm?:” tions, we describe two cases of process related defects to
amount this always results in an incorrect structure. Othighlight these aspects.

each design rule there is a probability distribution as func-

tion of the design pgrameter, e.g. the clearance to the next case 1: salicidation problem in 0.13m
structure, that predicts if the feature ends up correctly on

silicon or not. So even for structures that obey the design Our first example is a problem that showed up in a
rules there is a (very) small chance that something badsield ramp-up vehicle processed in a 0|48 technology.
happens during the processing. This applies to both oldThis yield ramp-up vehicle contains among others DSP-
and new technologies. The big difference between the twdike cores, designed in a static standard gate library. The
is that the processing in advanced technologies becomefirst indication for the problem was the large number of
more complex and that therefore structures have to comdelay-faults with respect to ‘stuck-at’ faults in these
ply to more rules. For example, the metal density per areacores. This difference could not be explained by the de-
was not very important before the introduction of chemi- fect distribution as determined by test structures. Fault lo-
cal mechanical polishing (CMP) in the manufacturing calisation was performed with the aid of the program
flow. With the introduction of CMP a minimum metal Falocwhich is part of the Philips’ test tool§aloc identi-
density became a necessity in order to avoid dishing. Thidied flip-flops in the majority of the cases as the location
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Fig. 1: Pass/fail boundary (Shmoo plot) of the scan con- Fig. 2: Pass/fail boundaries of the scan continuity test as

tinuity test as a function of the duty cycle of the clock a function of the duty cycle of the clock and the clock pe-

and the clock period for a good IC. riod for a bad IC. In the region between ‘pass’ and ‘all
fail’ only the chain with a defect fails.

of the fault. This was unexpected. Delay faults often indi- the majority of the chains fail only in the lower right-hand
cate the presence of open vias, however, if it was just aside corner as was the case for the good IC. However, ad-
problem with the vias one would expect that it is picked ditionally the scan chain with the defective flip-flop fails
up by the via chain test structures. Furthermore, onemuch sooner. For this defective flip-flop a clock-high pe-
would not expect that only the flip-flop is affected. This riod of 8 ns is required (this time is of course defect de-
all pointed to a process problem in the flip-flop. pendent).

The next stage was to perform failure analysis and Delay-faults in static CMOS circuits are most often
determine the root-cause. Unfortunately localisation onlyassociated with an increased resistance. Typical examples
to the gate level of a flip-flop is seldom sufficient for fail- of defects that cause this increase in resistance are incom-
ure analysis. The flip-flops belong to the largest and mosbpletely filled vias or mouse bites in interconnects. Due to
complex standard gates. It is a hard task to find a subtlehe increased resistance a transition takes more time to
process problem just by grinding and cutting the flip-flop. propagate. The impact of a resistive defect in general only
Additional information, which pin-points the location depends on the cycle time and is independent of the duty
within the flip-flop, strongly improves the success rate of cycle of the clock. In Figure 2 this would show itself as a
failure analysis. Therefore more thorough measurement$orizontal pass/fail border, this is clearly not the case for
were performed. These additional experiments showedhis defect type. Apparently the defect causes the flip-flop
that the fault is not only detectable with a delay-fault test to require a longer clock high period. Since this condition
but also in a fast scan continuity test (flush test). The typi-is also not fulfilled in the delay-fault test the IC failed this
cal pattern used in a scan continuity test within Philips istest although it is not a classic delay-fault.

00010111 embedded in zeros. Above a certain speed we  The next step would be to look at the layout of the

only observe zeros in defective ICs. flip-flop and find the most likely spots that can cause the
To further investigate the problem we made Shmooobserved problems or perform a complete inductive fault
plots. Shmoo plots [9][10] belong to the most powerful analysis [11]. In both cases the defects are modelled in
tools to obtain additional information about the defect be-the netlist and the defect behaviour is simulated. If the
haviour. This information helps to understand and therebysimulated behaviour matches the observed behaviour it
localise the defect. For this particular case we made a Shhecomes a candidate to look at with failure analysis. In
moo plot in which the cycle time and the duty cycle are this case we can obtain even more information about the
varied. Figure 1 shows the result for a good IC. The Sh-electrical response of the flip-flop. This yield ramp-up ve-
moo plot shows fails in the lower left-hand corner. This is hicle has as an advantage over normal chips that it con-
as expected since short duty cycles in combination with aains ‘observation pillars’ for each flip-flop. This
short cycle time make the total clock high period too short ghservation pillar connects the output of the flip-flop via a
for this design. The minimum clock high pulse is given by via-stack to a small pad on top. This pad can be observed
the pass-fail boundary and we observed that below an exwith an e-beam. This allows us to measure the response of
ternally applied clock high signal of 1 ns all scan chains the output of the flip-flop. In principle this information is
start to fail simultaneously. also obtainable for chips without these observation pillars
Figure 2 shows the results for a bad IC. As expectedbut this would require circuit modifications with the aid
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Fig. 3: Response of the output of the flip-flop measured
with an e-beam. For a good flip-flop and a bad flip-flop.
(Horizontal divisions are half Mp steps, vertical divi-
sions one clock period).

Fig. 5: Schematics of the pass-gate, slave latch and out-
put buffer of the affected gate. The encircled transistors
are the affected transistors 1 and 2 of Figure 3.

that when the clock becomes low this output drops to zero
indicating that the data is not latched in the slave. As a re-
sult only zeros are observed. A single response can be
separated in two parts. It starts with a very fast initial re-
sponse which rises the output signal within a few nano-
seconds to a level abovepy/2 followed by a slower
second part that takes tens of ns to rise the outpuigg V

if the clocks becomes low before this reachgs\Mevel

the data is lost and the output drops to zero as is shown in
Figure 3.

Inspection of the layout of the flip-flop gave several
candidates for the defect location. The slow response of
the output points in the direction of the output buffer of
the flip-flop. Figure 4 shows this part of layout (slave
Fig. 4. Schematic layout of a part of the slave latch and latch and output buffer). One of the candidates is marked
the Output buffer of the affected latch. Filled areas mark with a crossThe reason this location was a Suspect is be-
poly gates while the ha;ched areas mark a(_:tive. The cause poly tracks parallel to the p-n boundary were
cross is the suspect location of the open that dlsconnectsknOWn to be susceptible for manufacturing issues. An ad-
the gates of transistors 1 and 2. diti . . . X .

itional interesting feature of this defect is that a single
defect affects two transistors (marked 1 and 2 in Figure
4). This makes the defect behaviour more complex. Tran-
%istor 2 is part of a parallel output driver. This defect af-
. . . . ... fects the driver strength of the drivers and therefore can
is certainly not an easy task in modern technologies with o L
6-9 layers of metal, cause additional delays. _quever, this is not the root-
’ . cause why the scan continuity test cannot run at the ex-

Figure 3 shows the measured response with the epected speed. The output is still driven by the second part
beam for a good and a bad flip-flop. The applied pattern isyf the parallel output driver and the delay owing to the de-
a scan continuity pattern. The clock period is 100 ns andggctive transistor 2 is small. It is the combination of tran-
represented by one division in Figure 3 while the duty cy- sistor 1 and 2 that causes the fast scan continuity to fail.
cle for these experiments was 45%. The top picture showshe increased resistance makes the response to rising
the response of a good flip-flop which matches with the pulses of this transistor slower. Therefore it requires more
expected response. The bottom figure shows the measime to latch the data in the slave. If this time is not pro-
ured response of the next flip-flop in the chain which wasvided and the clock becomes low too soon then the data is
identified as defective. Expected was the same responsgot stored. This effect is what is causing the fast continui-
but shifted for one clock period. The observed response isy test to fail. When we introduce this defect in our defect
very different. Although one sees a response we also sesimulation we get exactly the expected behaviour. If one

part of %
slave
latch

of a focused ion-beam. In these modification an additional
pad is created and connected to a signal wire stemmin
from the flip-flop. Although this is in principle possible, it
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Fig. 6: Simulated response of a defective flip-flop.

Fig. 9: Shmoo plot of the scan continuity test for a bad
IC.

countered in a 0.1@m technology (nominal supply volt-
age 1.8 V). The defect is not observable with the common
visual defect inspection tools. Furthermore, their high-re-
sistance makes their impact easy to miss with test struc-
tures. As a result this process marginality was initially
missed. The first indication of a problem was an increased
number of stuck-at fails at a reduced supply voltage. A re-
duced supply voltage makes tests more sensitive for
shorts [7][8]. So in itself it is not strange that ICs pass at
the nominal voltage but fail at a reduced voltage. Howev-
er in this case the fraction was too high and therefore a
more thorough investigation was initiated.

Fig. 7: Cross section of the affected poly track. The dark , L
area region is the salicidation and the area enclosed To localise the problem the fault |0caI|§at|on pro-
with 1 is the open defect. gramFalocwas used. In general this program is very suc-

' I cessful (as for example in the case of the salicidation
compares figures 3 and 6 one sees a fast initial reSPONSEsye described in the previous section), however, in this
followed by a slower second part. Furthermore, if the case the results did not make sense. Instead of a single lo-
clock becomes low too soon, the output drops to Zero...sion a large number of flip-flops was marked as sus-

Moreover, we see that for a series of ones the ".““a' "€ pects. Furthermore, these suspects were not consistent for
s,po.nse.becomes stronger(O..7, 0.9, 1.0\(for t.he first thre‘giﬁerent fail vectors. This points in the direction of a
.13 't? Flgl;)re 6). The same kind of bre]hawour IS ot;servgdmore structural problem and additional experiments were
In the e-beam measurements. Other suspect location erformed. These experiments quickly pointed out that a

could result in the defect behaviour as observed with th - )
tester but they do not match the behaviour as observeéCan continuity test at a reduced supply voltage is capable

with the e-beam. This made this location our top suspect—0 detect the problem. Instead of the expected 00010111

: . ) S attern faulty chips gave a 001111 response. Therefore
ed. Failure analysis confirmed this. Figure 7 shows a cros
. ; . - we called the problem the 6-ones problem. The faulty re-
section along the line marked with the arrows in Figure 4.

The dark region in the image is the salicidation. This sponses are only observed below a critical voltage,

should run undisrupted from the left to right. For bad tran- * PP fail _ o
sistors this is not the case. In the centre a spot is not salici- ~ FOF 1ow frequencies good ICs pass the scan continui-
dated (box 1 in Figure 7). This confirmed our ty and stuck-at test for su_pply_ voltages below_ 1.Q V. For
identification. An en-route improvement of the salicida- the bad ICs one scan chain fails the scan continuity test at

tion module solved this issue. higher supply voltages. Figure 9 shows an example of a
Shmoo-plot of a scan continuity test for a bad IC. For this
4 Case 2: high-resistive shorts in 0.16m IC the affected scan chain failed at 1.2 V. Typical this

Vb fail VOItage of affected ICs is 1.0 to 1.5 V. The fact
Our second example are high-resistive shorts enthat the scan continuity test failed under very specific
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18 PASS failing for Vpp < Vpp 14j- On forehand one would expect
164 l the same behaviour for the stuck-at test, however, this is
Bad IC not the case. Figure 11 shows that we have two different
fail regions for the stuck-at test. In the dark gray region
1.2 1 we always have a large number of fails. This fail voltage
is close to \hp 14 Of the scan continuity test. This is as
expected since if we cannot scan in the correct stimuli
0.8 1 then the test will always fail. However, there is also a sec-
06 1 Good IC ond region with a supply abovepy 4 in which the I1C
FAIL ' sometimes fails. The number of fails is small compared to
04 ‘ ‘ ‘ ‘ ‘ ‘ the number of fails in the first region and not (completely)

0 50 100 150 200 250 300 350 .
Delay (ns) reproducible.

Apparently even above M ) it is not ensured that
Fig. 10: Another example of a Shmoo plot of defect-free we shift in the correct values. This can be explained with
IC (black line) and one with a short (grey line). The lines 3 voltage drop due to the increased activity. It is well
mark the pass-fail boundary. (After [8]) known that scan patterns can create an activity in a circuit
which is factors larger than the activity in functional

mode. The power network is designed for the activity in

191 the application and not for the activity during scan. This
S '8 results in a larger IR drop than during functional mode. In
g 7] a static CMOS design this is in general not a problem and
% :i a reduction of the cycle time is sufficient to handle this
Z 14l Unstable number of fails power drop. Therefore stuck-at testing via scan chains is
R often performed at a cycle time below the operational fre-
@ 12 Consistent large number of fails guency of the IC. However, an exception that cannot han-

dle this power drop, is a defective flip-flop. The local
activity in the neighbourhood of the defective flip-flop
100 150 200 250 300 350 400 450 500 causes a power drop.pp jocal b€COMes smaller than
Cycle time (ns) Vb fail @nd incorrect data is shifted in (0's become 1's).
When the local activity is reduced, for example due to the
Fig. 11: Shmoo plot of the stuck-at test for the bad IC of series of ones instead of the stream of 0 and 3p ¥eal
Figure 9. rises again and the flip-flop functions properly again. Ap-
parently we can have power drops of upto 0.5 V during
scan-in (note that the amount of power drop also depends
conditions and with very distinguished characteristics on the test setup which in this case accounts for part of the
points again in the direction of a process problem in thelR drop). The smaller drop explains the behaviour in Fig-
flip-flops. ure 11, if Vpp is below Vpp ¢, the scan chain malfunc-

The behaviour in Figure 9 is typically for a shortin a fions and we always get a fail; in the regiomy, to
static CMOS technology; the short causes a fail below a¥pp,fail * 0-5 one has unstable behaviour and above
specific supply voltage and its impact is independent ofVbb,fail + 0-5 V we have defect-free behaviour. Further-
the cycle time. Figure 10 shows another example of thisTOre; it explains the strange results obtained wifoc.
behaviour for a different design [8]. A good chip passesPartlally_mcorrect data is shifted in and the locations
even for supply voltages below 0.6 V as long as the cycIeWhere this data ends up at the normal cycle are marked as
time is adjusted. The bad chip starts to fail below 1.4 \ SUSPECtS. . _
and its fail behaviour becomes independent of the cycle ~ Before we can start failure analysis we have to local-
time. Above \p 1 the bad chip performs as a defect- 1€ the affected flip-flop. A simple way to achieve this is:
free device as is shown by the identical pass/fail borders scan-in data a the nominal supply voltage
in the left-hand side of the figure. The specific value of

Vb fail depends on the driver strength of the involved . ) -
transistors and the resistance of the short. . continue with shifting and observe the result.

The kind of behaviour in Figure 10 is the same as weThe shift cycle at which the supply voltage is reduced is
see in the Shmoo plot of the scan continuity test in Figuremodified based on the previous result. If the test passed
9: defect-free behaviour if N > Vpp 5 While always  then, # should become smaller, if # failed it should be-

11

. reduce the supply voltage below Y, at shift cycle #
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Fig. 12: Schematics of the flip-flop’s (TI multiplexer, Fig. 13: Micrograph of a good (left hand-side) and an

master latch and pass gate). The short creates a leakageaffected (right hand-side) transistor. The arrow points to

path which can flip the master latch. a small discoloration which is the resistive source-drain
short.

come larger. With a binary search the affected flip-flop is 100
localised within a small number of iteration cycles.

1.0V

—_—— 1.2V

1.4V

Although the localisation of the affected gate is sim- 80 1
ple, it is not sufficient to find the root cause. Again it is re-
quired to pinpoint the exact location within the flip-flop.
In the affected fab the yield vehicle with observation pil-
lars was not used and therefore a direct observation of th
behaviour of the faulty flip-flops was not possible. So we
had to rely on the layout and schematics to find a defect 201
type and location that explains the observed behaviour
The defect behaviour indicates resistive shorts. This al- °
ready limits the number of options, however, it still leaves
a large number of potential suspects. An important break-
through was the realisation that to activate the defect, the
clock edge itself was not important but only the fact that
during the clock high period the supply voltage dropped
below Vpp i This limited the suspects to the multiplex- ins quring test are shown but a similar configuration
er stage of the scan flip-flop. The schematics of the mum'exists forData in. If the supply voltage drops below a

plexer stage is shown in Figure 12. The top suspect is thPCriticaI value the driver strength of the master latch is not
sufficient anymore to retain its value. Once it flips it re-

60 -

40 +

Current (uA)

Time (ns)

Fig. 14: Simulated fp behaviour for the flip-flop with a
50 KQ defect for four supply voltages.

resistance 1.8V 1.6V 1.4v 1.2v . . . . .

; , , - mains in this state. This data is propagated and results in
15K fail fail fail fail the 6-ones signature. The critical voltage depends on the
20KQ pass fail fail fail resistance of the short. Table 1 shows results of the defect
25KQ pass pass fail fail simulations. The typical fail range of 1.0 to 1.5 V matches
50kQ pass pass pass pass a defect range of 20 to 50Ck Once identified failure

analysis had again an easy job to find the root-cause. The
defect is visible in Figure 13 as a small discoloration be-
tween the source and drain area. Again an adjustment of
the processing removed the problem.

transistor, which is controlled b§LK_bar. If a short ex- This process problem was not only detectable with
ists to ground or between source and drain then a leakagkw voltage testing but also with current-based testing.
path exists that can flip the content of the slave node. ThisThe leakage path shown in Figure 12 caused an increase
location is marked in Figure 12 with a grey box and la- in the number of smalljpg anomalies. An advantage of
belled ‘short’. The figure shows a simplified schematics the use of §)Ippq testing is that it is more sensitive than

of the master latch of a scan-able flip-flop. Only the con-low voltage testing and can detect smaller anomalies. The

Table 1:Simulation results for several resistance - supply
voltage combinations.
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Fig. 15: Measured }pg as function of the shift cycle for ~ Fig. 16: Measured Iddq as function of the shift cycle for

a 10111 scan continuity pattern and different conditions. a 10111 scan continuity pattern and different conditions.

The four activations indicate a ‘normal’ defect. The two activations match the behaviour of the source-
drain defect in the flip-flop.

best we could detect in this case with low voltage testingparts in the 010111 scan continuity pattern. Furthermore,
were Vdd,fail voltages of 1.0V (or 50k defects, see Ta- the defect is not active when the clock signal is low or if
ble 1). Delta hpq testing was capable of detecting even we reduce the supply voltage to less thapsa; (1.3 V
smaller anomalies of hundreds of2k. An interesting for this IC). In Figure 16 we see that under these condi-
characteristic of this defect is thaidq testing can only tions the ppg anomalies disappear. This is in perfect
detect it for supply voltages abovep¥ s;. Figure 14  agreement with the expected behaviour and confirmed the
shows the result of the defect simulation for current-basedlefect localisation.

testing. In this figure thejy current is plotted as function

of time for several supply voltages. The introduced defectS Lessons learned

in the simulation is a 50® short. The fail voltage for this
shortis 1.0 V. For supplies above 1.0 V an increasgh)l
current of 20pA is observed while QA is expected for
defect-free ICs. If we reduce the supply voltage to 1.0 V a
different kind of behaviour is observed. After the transient 5,1  Test structures versus real designs
peak at 0 ns we have an elevatgg level for about 3 ns.

After thi iod th ter latch fi d h The two process problems examined in the previous
er this period the master fatch Tps and we have a Secy, ., sections were missed by the process evaluation test

ond.t.ransient peak. After this second transient there is NQiructures and could only be detected in a real design.
add|t|or'1al current rowmg anymore. So abovpp/iai the This certainly does not mean that real designs are pre-
defect is detectable with a static current-basesh@)  ferred above dedicated test structures to find systematic
test..BeIow \bp fail NO static current. IS rowmg and a dy- defects. These dedicated test structures are used during
namic current-based test gy test is required. the process development to evaluate the processing and
The predicted defect behaviour is indeed Observedmost of the process related prob|ems are p|cked up by
Figures 15 and 16 show experimental data fgsd test-  these structures. Typically they give a very clear signal,
ing. The bpo measurements were performed during which is easy to interpret and therefore results in a fast
scanning-in of the scan continuity pattern to get a selecfeed-back to the process engineers. Moreover, the em-
tive response of the affected flip-flops. For most cycles noployed set of test structures are continuously refined
(additional) defects are activated by the 10111 sequencenased on previously encountered problems. Furthermore,
The two exceptions are the anomalies at cycle 837 andhe fact that the test structures can be made correctly en-
2655. The first anomaly is a normal ‘short’ somewhere in sures that the encountered problems are usually simple to
the cone controlled by the flip-flop. For each of the four solve once identified (as indeed turned out to be the case
1's the defect is activated. The defect is active independ-in our two examples). Although test structures can cover
ent of the clock signal (low, high) or the supply voltage all aspects of very regular structures (such as memories) it
(1.2, 1.5 or 1.8V). So this is just a common resistive shortis virtual impossible to create test structures that cover all
and therefore not very interesting. The second anomaly isaspects of random logic. Therefore the fact that process
related to the resistive source-drain short in the flip-flop. evaluation structures do not pick-up a specific problem
Only two vectors activate the defect. These are the 0ldoes not mean that they cannot occur if the topology is

The two examples in the previous sections were se-
lected to highlight several aspects of testing deep sub-mi-
cron technologies which we will address in this section.
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slightly different. This happened for the salicidation is- in delays. This robustness of static CMOS is an advantage
sue; only the layout as used in the flip-flop gave a problemsince one only needs to detect these resistive shorts from a
while several types of salicidation test structures proc-yield improvement or a reliability point of view. In dy-
essed fine. The only way to identify systematic problemsnamic CMOS designs one needs to detect the resistive
is carefully analyse the test results of designs that used thehorts from a performance point of view but also to detect
routing tools and which are based on the standard cellsdefects with even larger resistances if one wants to ensure
For this reason Philips uses, in its 350 to 90 nm technolo-the reliability of the chips.
gies, yield learning vehicles that contains modules that Static CMOS designs, however, do have a weak spot
represent real designs. in the form of the flip-flops. Flip-flops belong to the more
5.2 Test methods for systematic yield loss ;:omplex ggtes and are Qynamic elem_ents. If a defect af-
ects the flip-flop then this robustness is not ensured any-

A relevant question is if one needs any special stmore. On the one hand one could solve this by adding
methods f_or_sy_stemanc yield loss. The examples illustrat-pfT [12]. On the other hand one could solve this by ap-
ed that this is in general not the case. Defects caused byying better tests. This on its own justifies more attention
process-design interactions have open-like or short-likeg improve the scan continuity test. Part of this improve-
behaviour. This is the same kind of behaviour as we segnent within Philips is the use of additional scan continui-
for random defects. So the existing set of test methodsty patterns but with different data backgrounds. For
such as transition fault testing, stuck-at testing, low volt- example, a 01 background increases the activity and
age testing and current-based testing, should be sufficientherefore enhances the detectability in second case study.
The two examples confirm this. Although both could not \oreover, the scan continuity patterns should all fail for
be detected with stuck-at testing at the nominal supplythe same IC. If this is not the case for a substantial
voltage, they could be detected with either delay-fault ,ymber of ICs then something strange is going on that
testing or low voltage testing. justifies a more thorough investigation.

Although we could detect both defects it is clear that
our test suite was not perfect in both cases for the identifi-  Position of testing for DSM technologies
cation of systematic defects. It was no problem detecting
the defects with delay-fault testing or low voltage testing The capability to identify systematic defects also
but they could have been detected with a more aggressiveeans a shift in the position of testing. If one looks at the
scan continuity test for very little additional test cost. Ag- chain: fab-test-product-customer, manufacturing test had
gressive means in this case that a test is not only peras purpose to minimise the cost down-stream. Testing was
formed within the specification window but should cover only about determining if a chip is good or bad and we
all the corners in which an IC can function. In the first were willing to spend this money on testing because we
case a faster scan continuity test could detect the problerknew that replacing bad ICs in PCBs or products is far
while in the second case a lower supply voltage during themore costly. Test gets additional requirements, however,
scan continuity test was sufficient. This aggressive scarif testing has also to provide feed-back to the process en-
continuity test would directly point to the flip-flops as the gineers to correct systematic defects. It is not sufficient to
main source of the problem and, far more important, atell which ICs are bad and good but it should also tell if
smaller defect signal can be detected if one combines ithe defect is systematic in nature. This is of course not
with a normal scan continuity test and compares the refossible on basis of a single event and requires a statisti-
sults. Especially the capability to detect small yield cal analysis. The simplest and very common method is to
anomalies will become important to fight systematic de-compare the observed yield with the expected yield. This

fects. method is only suited to detect large yield anomalies. In
) ) future technologies it is likely that yield becomes affected
5.3 Static CMOS designs by multiple systematic defects. Each of these defects can

There is one additional lesson related to statichave a small impact on their own but combined they can
CMOS designs which we want to highlight. The two ex- have a profound impact on yield. The detection of small
amples were not only chosen because they show some gfield anomalies, however, requires more sophisticated
the aspects of process problems/systematic yield loss buhethods. Statistical defect localisation [13] is one of
also because in both cases the flip-flops were affected. Ithese methods. In this method, fail-vector information is
static CMOS designs flip-flops take a special place. Staticused to localise all defects in the layout. If one applies
CMOS is not only very robust against all kinds of distur- this method to a large sample base then one gets a distri-
bances, such as ground bounce, but is also fairly insensibution, which marks the high risk areas. If these areas do
tive for resistive shorts. This is in contrast to dynamic not match with those of a yield simulator then it is time to
CMOS designs in which these resistive shorts can resulstart a more thorough investigation.
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For advanced yield analysis it is not sufficient any-
more to have only pass/fail information. Methods, such as
the statistical defect localisation require additional infor- [3]
mation. The test results should allow us to classify de-
fects. This means a shift in the kind of information testing
should produce. It also introduces new aspects in the co#]
analysis for test. For example, one single test which is
cheap and detects all defects is ideal for removing bad[5]
ICs. However, this test is not very helpful for providing
feed-back to the yield/process engineers since they have
only one metric to compare the yield to. Therefore multi- [6]
ple tests, which could even be partially redundant can be
more cost economical for the total product chain than this
single test. Examples are: additional stuck-at tests abové’]
the commonly applied two or three tests at minimum,
maximum and nominal supply voltage and the introduc-
tion of additional scan continuity patterns. Especially for
the first designs in a new technology this effort is worth-
while.

(8]

[9]
7 Conclusions

The increasing complexity for new technology nodes [10]
makes it more likely that we get systematic defects. Proc-
ess evaluation structures alone are not full-proof and our
two examples show that feed-back based on real designs
is required to find systematic problems. If one is not capa-
ble to detect and remove these systematic defectg11]
Moore's law is endangered.

The increased importance to detect systematic de-
fects also means a shift in the purpose of manufacturing2l
test. Instead of just providing pass/fail information to op-
timise cost down-stream it should also provide feed-bac
upstream for yield improvement. This last feature is pos-
sible because our experience learns that once identified
and accepted by both test and yield engineers the problem
is usually easy to correct. One of main capability of test
for yield improvement should be to be able to identify
yield anomalies. This extension of the purpose of manu-
facturing test does often not require sophisticated new test
methods but only the implementation of slightly modified
tests as was the case in the two examples.

13]
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