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Abstract needed. Moreover, these embedded test structures need to
] ) . be distributed across the die in order to determine the spa-
Embedded test structures are increasingly being used tog| characteristics of variation on the entire die. The chal-

measure and analyze performance and power variations in ; S
product chips to better understand the impact of processIenges to adding such structures are similar to those that the

variations. In this work, we propose a minimally-invasive, maqufactunng test community deal \'N|.th'|n regard to
low-overhead technique for characterizing within-die and design-for-testability, i.e., they must minimize area over-
die-to-die leakage variation. The proposed technique lever-head, yield loss, performance/power impact, as well as have
ages existing power control circuitry added by designers to 5 small 1/0 interface, test cost, etc.

reduce the power consumption of inactive functional units. Test structure desi i o b . ¢
We manipulate these Osleep islandsO to isolate and measure ' €St SI'UCIUr€ design continues to be an aclive area o

their leakage current contribution to the chip-wide leakage research [9,10,11]. Embedded ring oscillators (EROs) have
current. The measured set of sleep island leakage currentdeen successfully used to characterize within-die perfor-

reBect the leakage current variation across the chip at a mance variations, and due to their simple design and /O

coarse level of resolution. In order to improve resolution, jnerface, they are the preferred embedded test structure
we propose a multiple power supply port (MSP) measure-

ment technique to provide Owithin-island® leakage curreritt2:13,14]. Unfortunately, the analysis of ERO frequency
measurements. A calibration technique is described thatthat is used to measure performance variations provides
corrects for differences between the sleep island and MSPonly limited information regarding leakage current varia-

approaches, effectively enabling the same information to betions, and therefore alternative methods are needed.
obtained using either technique. We demonstrate the tech- Process variation can cause an order of magnitude

nigues on a set of test chips fabricated in 65-nm SOl tech- .~ "~~~ . e
nology. The results show that leakage current variations Variation in chip leakage [15]. Leakage current variations

across a small test structure array have both a locally ran- can have a signiPcant impact on variations in product
dom and globally deterministic component that can be power consumption. Large levels of within-die variations in
accurately mapped using the sleep island or MSP |eakage can lead to undesirable scenarios in which a low
approaches. leakage, low performance region of a chip limits the maxi-
1 Introduction mum speed but a high leakage region(s) on the same chip

Controlling process variations is becoming more difp- INCréases its power consumption. A slow, high-power chip

cult with scaling. This is particularly apparent at the lowest IS N0t @ desirable combination. Therefore, it is important to
level of measurement granularity, i.e., across-beld (or with-develop techniques that can track leakage variations so that

in die), in contrast to the lot-to-lot, wafer-to-wafer and these types of problems can be identibed and mitigated.

across wafer levels. The main sources of across-peld varia- N this paper, we propose a product-oriented method
tion are related to 1) the limitations over the precise control for measuring within-die leakage variation that utilizes
of optical sources, resulting in across-peld focus and dose?0th global and localgpg measurements. Globappq
variation [1] as well as mask errors [2] and 2), layout refers to the leakage current of the entire chip. Loggld,
dependent systematic effects such as pitch and densityn the other hand, refers to the leakage currents measured
dependent line-width variability [3, 4] and microscopic from the multiple supply ports (MSP) of the chip. An
etch loading [5]. In contrast, the sources of across-waferimportant distinguishing characteristic of the proposed glo-
variation are related to wafer-level non-uniformities such as bal Ipp measurement process is that it leverages existing
post exposure bake (PEB) temperature gradient [6] andpower control circuitry inserted for implementing sleep
resist thickness variation [7]. islands. By manipulating the state of the sleep island con-
Scribe line test structures, i.e., those placed in thetrol circuitry and measuring the resulting global leakage
physical space between dies that is later destroyed when theurrent, the leakage characteristics of each island can be
wafer is diced, are routinely used to monitor process varia-isolated.
tions at the lot-to-lot, wafer-to-wafer and across-wafer lev- The core logic embedded within a sleep island may
els [8]. Unfortunately, this strategy is not effective for span a large region of the chip, and therefore, the sleep
measuring within-die variation, and instead, test structuresisland approach may be able to provide only a coarse level
within the product itself (embedded test structures) areof leakage current characterization. Resolution can be
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improved by combining the sleep island method with the
MSP technique. The regular, spatial distribution of the sup-
ply ports enables the measurement of Owithin-sleep-island® €—__ 550um  —p»

leakage currents. Therefore, by combining the sleep islan coe

and MSP techniques, a higher resolution leakage currentg

variation proble can be obtained for the entire chip. 3 . 50x80 .
A major focus of this work is to demonstrate the sleep 5| ,* °

island approach and to validate a method that calibrates* eoo

MSP data to sleep island data. In an actual application in

which a high resolution map of leakage current variations is
needed, the process described in this paper is useful for
achieving this objective. However, other applications may Fig. 1. Block diagram of the test macro. Schematic of one test
not need such detailed leakage variation information. The ~ Circuit (TC) is also shown. The other TCs are identical.
following outlines the basic Bow of our proposed methods, variations using the sleep island approach. In Section 4, the
with various OexitO points identifying the level of informa- multiple supply port (MSP) technique is described. Calibra-
tion obtained. tion methods are discussed in Section 5 that equate the
¥ Sleep Island by itself: If the chip is designed with a MSP and sleep island approaches. Section 6 presents the
large number of sleep islands and high level of control correlation analysis of the sleep island and MSP tech-
over sleep states, it will be possible to obtain an accu-niques. The results of analyzing two defective chips is
rate map of within-die leakage variations with sleep described in Section 7, and we present our conclusions in
island alone, i.e., MSP is not needed. Section 8.
¥  Sleep Island and MSP: If the chip is designed with a2 Test Chip Architecture and Experiments
limited number of sleep islands or a limited level of A block diagram of the test structure fabricated on our
control, MSP can be used directly to obtain an approx- 65 nm SOI chips is shown in Figure 1 [18]. It consists of a
imation of Owithin-islandO leakage variations. 50x80 array of test circuits (TCs). The contents of a TC are
¥  Sleep Island and MSP with calibration: Non-uniform shown on the right side of the bgure. Each TC consists of
power grid architectures, Obleedingd effects and metalvo scan chain FFs whose outputs connect to individual
resistance variations (to be discussed) OdistortO thgates of a pseudo-inverter. The scan chain allows control
MSP values. If an accurate mapping of the chipOs leakover the leakage state of each of the 4,000 pseudo-inverters.
age characteristics is needed, calibration can be used tén this paper, we analyze the leakage characteristics of dif-
correct for these detractors. Calibration makes MSP ferent regions oislands of the array by placing the TCs in
equivalent to the sleep island approach but requiresthat island into a high leakage state while placing all other
additional effort, i.e., on-chip calibration circuits and TCs into a low leakage state. The low leakage state is real-

simulation experiments. ized by setting both FFand FF; of a TC to logic 010, which
¥ In any of these scenarios, it is also possible to obtaindisables both the nMOS and pMOS devices in the pseudo-
some defectivity information. inverter. The high leakage state is realized by placing the

We validate the sleep island and MSP techniques on apattern 0010 in&nd FF,. This pattern keeps the pMOS
set of test chips fabricated in a 65-nm SOI technology. Thedjsabled but enables the nMOS device. By subtracting the
following identibes the main contributions: current measured under a high leakage conbguration from a
¥  Using sleep island, we determined that the within-die base conbguration, which placat TCs into low leakage,
leakage current variations of our test chips span ait is possible to isolate the leakage current contribution of
range of approximately 90%. In comparison, the die- the pMOS devices in the high leakage island.
to-die variation analysis yields a change of approxi- Figure 2 shows a block diagram view of the TC array
mately 300%. and the set of high leakage islands investigated in our
¥ Using MSP and calibration, we were able to show aexperiments. The column labeled 04 island® shows 4 high
high level of correlation (> 80%) between the sleep leakage conbgurations of the array that provide a coarse
island and MSP techniques for chips with overall leak- level of leakage current characterization. This is true
age currents above the noise Boor of our measuremenbecause the 4 region partitioning strategy places 1,000 of
setup. the TCs into the high leakage (HL) state and 3,000 TCs into
¥  We were also able to identify two defective chips using the low leakage (LL) state. For example, the conbguration
either the sleep island or MSP techniques. The currentlabeled withp1 (for leakage pattern 1) places the lower left
behavior of these chips is easily distinguishable from island in HL (shown shaded in the Pgure) and the other
the variations that occur in leakage current. three regions in LL. Similarly, patterp2 places the upper
The remainder of the paper is organized as follows. In left island in HL, and so on. The conbgurations shown in
the next section, we describe the test chip architecture anatolumns labeled 016 island® and 064 island® incrementally
hardware experiments. In Section 3, we analyze leakagémprove on the leakage Oresolution® by partitioning the
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4-island 16-island 64-island Low-leakage, within-die Low-leakage, die-to-die
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Fig. 2. Sleep island conpPgurations of TC array. Left-most
column labeled O4-islandO provides low resolution, 16-island

provides medium resolution and 64-island provides high
resolution analysis of leakage current variations in the array.
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array into a larger set of smaller islands. 50

In order to analyze leakage variations in the pMOS
devices across the HL islands of the array, we brst measure _ o
the global current with the array conbgured into a Olow Fi9. 3. Contour plots of low leakage chip of with-in die and
~ die-to-die leakage current variations at 3 levels of resolution.

leakage everywhereO pattpth(not shown). We then sub-

tract the pO current from the global current measured undeliCS as a percentage change. For example, the contours for

each of the 84 patterns shown in Figure 2. The resultingthe 4 island experiments (top-most row) contain only 4 data

sets of 4, 16 and 64 Onormalized® currents obtained for ttints, one from each of the 4 island experiments shown in

4, 16 and 64-island experiments, resp., debnenitigin- Figure 2. The current probles for the 16 and 64 island
die variation proble of the chip. experiments include 16 and 64 data points, resp. In order to

Given the propriety nature of the dataparcentage  facilitate comparisons between the three levels of resolu-

change metric is used to depict the variations in the nor- tions and across chips, the range within all plots showing
malized currents described above. The percentage chang#ithin-die variation results is set to -30% to +60%, and the
is computed by subtracting the normalized leakage currentrange within all die-to-die variation plots is set to -75% to

measured under @ference pattern e.g. p1, from each of +210%.

the currents measured under the remaining experiments in
that group, e.g., patterns p2, p3 and p4 from Figure 2. A
percentage is computed by dividing this difference by the
reference current and multiplying by 100. Patterns p5 and
p21 are used as the reference patterns for the 16 and 6

|sIanq experiments, respectl\{ely. A similar metric |s_d<_ebned son with the 16- and 64- island contour plots. The die-to-
for die-to-die variation. In this case, eference chipis

used instead of a pattern. The reference chip is constructeéi e analyses incorporate a.DC component, with th(.a entire
from a model in which 250 uAs of leakage current is uni- contour skewed to one particular region of the rengég-
formly distributed across the entire array. We collected dataure 3 shows the results from a low leakage chip, Figure 4
and processed it in this fashion for 33 chips. gives a medium leakage chip and Figure 5 shows a high
3 Sleep Island Results leakage chip from the popu!ation of 33 chipg that we ana-
Figures 3 to 5 display the results in contour plots for lyzed. Although the varla_tlon probles exhibits a large _
three chips, resp., under each of the 4, 16 and 64 islandiegree of randomness, their alsq appears to be a systematic
experiments (rows). The column of contour plots on the left COMponent where leakage magnitudes are smaller along the
side in each bgure give the with-in die results while the arrayOs edges, particularly along the left edge. This is most
right column of contour plots give the die-to-die results. €asily observed in the 16- and 64-island analysis.
The (x,y) plane in the bgures represent the (x,y) plane of
the array as shown in Figure 2. The coordinates assigned to 1. Note that the variation prople is identical for

- I 60 *
> 7 5 I 30 5

260 B 106 ;60 500 . 100 200 300 400 500
x-coordinate  64-ijsland  x-coordinate

The larger number of pMOS devices in high leakage,
e.g., the 4 island experiments, tends to average out local
variations, and reduces the overall range of variation (as
xpected). This is reRected in the contours by a smaller dif-
erence in the minimum and maximum values in compari-

each island and plotted in Figures 3 to 5 are given as the both the within-die and die-to-die plots for each
center point of each region (see Figure 2 for some exam- chip. Only the DC component and scaling are
ples). The contours depict the leakage current characteris- different.
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Fig. 4. Contour plots of medium leakage chip of with-in die and
die-to-die leakage current variations at 3 levels of resolution.
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Fig. 5. Contour plots of high leakage chip of with-in die and
die-to-die leakage current variations at 3 levels of resolution.
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Fig. 6. Box plots of % change of within-die variation under 4-, 16- and 64-island experiments (left to right). Chips along x-axis are
sorted such that overall leakage increases left to right in each plot.
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Fig. 7. Box plots of % change of die-to-die variation under 4-, 16- and 64-island experiments (left to right). Chips along x-axis are
sorted such that overall leakage increases left to right in each plot.

The box plots in Figures 6 and 7 give a statistical view, from left to right across them, i.e., the results for the 4-

i.e., medium value, extreme values, etc., of the within-die island experiment depicts small with-in die variations,
and die-to-die leakage variations, resp., of the 33 chips. Thewhile the 16- and 64-island results depict increasingly
chips are sorted along the x-axis according to their overalllarger variations. Moreover, leakage current variation
leakage current magnitude characteristics, from low (chipappears to track overall leakage current magnitude, as the
1) to high (chip 33). The y-axis plots the percentage changerange of percentage change within each box plot is rela-
metric described above. The most notable characteristics irtively constant across the chips. In contrast, the die-to-die
the box plots of Figure 6 is the increasing level of variation variation box plots in Figure 7 show a more pronounced
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4-island conbgurations MSP conbguration ations (as we did in the previous section) with the chips

LL LL | |LL HL conbgured into a specibc logic state. The goal of this work
Ro1|R11 Roa| R11 PPy, PPi1 s to show that MSP is highly correlated to the sleep island
Roo| R1o Roo| R10 L ot results, and therefore, can serve as a high resolution alter-

HL LL []LL LL Ro1 |R11 native to the sleep island approach in cases where the sleep

pl p3 Roo|R10 islands are too large to provide adequate resolution.

HL LL [ |LL LL [ L HL HL 5 Calibrating MSP to Sleep Island
Roa| Rua Roa| R11 PPog PP In order to determine the degree of correlation between

LL Roo| R1o mim Roo| R10 o the sleep island and MSP approaches, we focus this analy-

> v sis on a subset of the leakage conbgurations described in
P (a) P (b) Section 3, as shown in Figure 8(a). Each of the conbgura-
tions labeledh1 throughp4 place one region of the array in

Fig. 8. Sleep Island leakage conbgurations (right) and MSP . .. . .
leakage conbguration (left) for correlation analysis. high leakage (HL) and the remaining regions in low leak-

age (LL). By measuring the global current in each of these
correlation in this regard, i.e., higher leakage chips haveconbgurations and subtracting a base leakage measure-
larger levels of variation. Moreover, the range of variation ment, we were able to precisely measure the variations that
is approx. 3x larger in the die-to-die variation analysis. For occur in each of the HL islands. This is possible because of
example, the range of within-die variation is approx. 90% the high degree of control we have in the test structure. In
while the range of die-to-die variation is 300%. actual product chips, such precise control over the leakage
4 Multiple Supply Port Analysis state of large number of localized devices is not possible.

A product design that incorporates large-area sleep ~ An alternative approach is to measure the leakage cur-
island structures, and/or provides only limited control over rents through the MSPs on the chip, as shown in Figure
the individual states of the sleep islands, may only allow a 8(b)L. The power grid over the test structure on our chips is
coarse level of resolution to be obtained of within-die leak- connected to an external power supply using 4 supply ports,
age variations. For such designs, a better solution is to comshown as Plled circles along the edge of the array and
bine the sleep island approach with a multiple supply port labeled PR, through PR;. The goal is to correlate the

(MSP) technique, that is capable of providing Owithin- pranch currents measured through the four supply ports,
sleep-islandO variation information [16]. Our proposedie  the current vecto® debned earlier, with the four glo-
MSP technique obtains OregionalO leakage current inform@g| currents that we measure in each of the four sleep island
tion by meaSUring the Ieakage currents |nd|V|dua”y through experiments of Figure 8(a) In order to keep the |eakage
each of the power ports (PPs). Since the power grids oncharacteristics of the array the same in both scenarios, we
nearly every product chip incorporate multiple PPs to miti- conpgure the array with a Ohigh leakage everywhere® pat-
gate IR and Ldi/dt voltage droop problems, our method tern for the MSP experiments. If the MSP approach corre-
simply leverages these existing architectural features. Thgates to the sleep island approach, then MSP can be used to
set of leakage currents measured under MSP dePne a lealghtain the same information as the 4-island approach
age current vectd given by Eq. 1. Hereylto Iy represent  described in Section 3.

Several issues associated with MSP need to be dealt
with in order to achieve high correlation with the sleep
island approach. First, from Figure 8(a) and (b), it is clear
measured through the MSPs, fhat .MSP uses.multiple. measurements frpm 1 pattern to

o obtain leakage information that the sleep island approach

It .ShOU|d be npted thqt access to the mdmdual POWET ohtains with 4 patterns. Since the power grid over the 4
poirts is only possible during wafer probe, €., _be_forg the leakage islands is continuous, the single pattern approach
chips are packaged. In order to get around this limitation in results in a Obleeding® effect, in which the leakage currents

our hardware experiments, we designed our test chips SUClﬁf‘rom non-local islands Obleed® into the local power port cur-

that each of the power ports is connected to dedicated paCkFent measurements. For example, a portion of the leakage

age pin. We then designed a test board .that allowed the,  rent drawn by the test structure in islandgs,RR; g and
individual PP currents to be measured using an ammeter.

Details of the test setup can be found in [18]. R14 of Figure 8(b) will be sourced from BR Other PPs
In previous work, we demonstrated that a normalized will also be impacted by this bleeding effect. The mathe-

version ofQ is well-correlated with the leakage characteris- ma_tlcal model of this bleeding effect is given by_Eq. 2,
tics measured through the PPs of our test chips [18]. InWhich dePnes a measured PP currégy, as a fractional
those experiments, logic states in the chips were manipu-

lated to vary the leakage characteristics artibcially, i.e., we 1. Note that access to the individual power ports is
carried out a vector-to-vector analysis of leakage current. In only possible during wafer probe testing, and
this work, we measure and report actualwithin-die vari- not after the dice have been packaged.
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PR PPy gous fashion. Once the matrix of X, constants are com-
CGy /ﬁﬁﬂ puted, the leakage characteristics of each redigp, are
X160 /R/ R determined by inverting the matrix and multiplying it by
o1) ™1 the leakage current vect@, represented bl on the left
Roo| Rio side of Eq. 2, as given by Eq. 3.
111
X - = Eqg. 3.
PRk X00 —2___o PPy, I:'—:I I:X:I I:Q:I .
CCo0 @ Unfortunately, the island leakage estimates obtained

_ T _ from this procedure are not useful because of several other
Fig. 9. Calibration circuit (CC) tests to obtain constants for  gjfferences that exist between the sleep island and MSP
estimating island leakage currents using MSP. - . . .
approaches. In addition to the distortion introduced by

sum of the island leakage currenit,, from islandsR,y in ObleedingO, the MSP approach must also deal with current

Figure 8(b). distribution distortions introduced by the power grid archi-
tecture. The power grid architecture does not affect the
100 = %0000+ *10t01 * X2010 F *30L 11 Eq.2 sleep island approach because it analyzes total (global) cur-

I rents. Second, the Opoint sourced estimation of bleeding

provided by the CC tests misrepresents what actually
occurs from the distributed leakage sources in each fsland
Both of these problems can be dealt with using a small

set of simulation experiments, namely, a simulation of the

The objective is to solve these equations ligy, the Oleak everywhereO scenario depicted in Figure 8(b) and a set

leakage current corresp(_)ndlng to each island. In order to doof simulations modeling the four CC tests depicted in Fig-
so, we need to determine the value of the constagis

ure 9. The Oleak everywhereO simulation is carried out on a
which depbne the nature of the bleeding from the various power grid model of the chip in which a set of uniform-val-
islands to the PPs. One way to estimate these constants is {ged current sources are distributed at regular intervals in
insert a special calibration circuit (CC) into the layout at regjons that correspond to the core logic area(s) of the chip.
positions underneath the PPs. In previous work, we pro-Thjs simulation enables the impact of the power grid archi-
posed a calibration circuit similar to the TC shown on the tecture to be determined. The CC simulations enable a set
right side of Figure 1 as a means of correcting for imped- of correction factors to be computed between Opoint source®
ance variations in the power grid and probe card for appli- cajibration and an ideal form of calibration that we will call
cation to manufe_lcturing test [17]. This circuit can also be Gleakage calibration®, as explained below.
used here to derive an estimate of the consteys Eq 2. As we did with the calibration test data collected from
Figure 9 illustrates the process, where one copy of the TCihe chips, we build a 2-D matrix of current fractions, i.e.,
shown in Figure 1 is placed underneath each PP (labeletbp cyrrents divided by the total CC current, using the cur-
CC in the bPgure). The calibration process involves creatingrents produced under the CC simulation experiments. This
a sequence of shorts between power and ground at thesggjibration matrix is inverted and used to transform the data
positions in the power grid and measuring the correspond-measured under the Oleak everywhere® simulation experi-
ing PP currents under each test. A short is created by setment using a vector-matrix multiplication operation (Eq. 3).
ting the state of FFand Fk, in Figure 1 to O000, which The calibrated Oleak everywhere® PP currents represent a
enables both the NMOS and PMOS transistors in thenominal, zero-leakage-variation scenario.
pseudo-inverter. Figure 10 shows the data from simulation experiments
The PP currents measured under these four calibratiorcarried out on a power grid model of our chips. For the
tests are then converted into the constagisfrom Eq. 2. Oleak everywhereO simulation, we distributed 200 nA cur-
For example, the constants for the brst equation of Eq. 2 aréent sources uniformly across the layout. The total current
obtained by enabling each of the four CCs in Figure 9, oneintroduced in each of the islands is 192.5 uA, labeled as
at a time, and measuringg the current in PR). The four Llyy in the bguré. The currents drawn through the PPs
currents are converted to fractions by dividing them by the

01 = *o1too* *11l01 2110t X311
l10 = Xo2Loo* *12L01 * X202 10 X320 11
11 = Xo3Loo* *13L01 * *23-10 ¥ X33 11

total current drawn by the corresponding CC pseudo- 1. It is important to note that the Opoint source®
inverter. The total current is determined by summing the calibration serves an important additional role
currents at all of the PPs under each CC test. The fractions of signibcantly reducing current distortion
effectively express the amount of current sourced through caused by resistance variations in the power
PRy from these four points in the layout, and can serve as distribution system, including those introduced
estimates for the, constants directly. Th&,,, constants by process variations in the power grid metal
for the other 3 equations in Eq. 2 are obtained in an analo- wires.
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Fig. 10. Simulation derived Oleak everywhereO data before

and after calibration with computed correction factors.
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under this simulation are labeled in the Pgure as OOrig:
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Fig. 12. Sleep Island vs. MSP % change for 2 chips.
Correlation coefbcients computed for each curve.

irregularly shaped sleep islands, the shape of the leakage
characterization region around each power port may vary as
shown by the two examples in Figure 11. This poses no

problem because the objective of the technique is to ana-
lyze leakage variation across the sleep island and therefore,
controlling the precise shape of the characterization region
is not important. In fact, the leakage characterization

regions in our rectangular shaped test structure are not dis-
crete rectangles as shown in Figure 10, but rather are ellip-
tical in shape. This shape mismatch in combination with

measurement noise are the primary detractors to the corre-

dation analysis of the MSP and sleep island methods pre-

§’_ented in the next section.

played values, it is evident that subtle variations in the © MSP and Sleep Island Correlation Analysis

power grid architecture Odistort® the individual sleep islan
current distribution to their respective PPs. For example,
the calibrated Pfp current is 185.5 uA, which is 7 uAs

smaller than the corresponding island value of 192.5 uA.

d Our correlation analysis focuses on determining the
degree of correlation between tHg €hangeO values com-
puted under the sleep island and MSP analyses. Figure 12
plots the sleep island % change values (x-axis) against the
MSP % change values (y-axis) for two chips that exhibit a

The values labeled as OFactor:O in the Pgure give the Co'ﬂigh level of correlation (>90%). Each curve consists of 4
stan_ts needed to scale the PP values to make them equal ata points, one for each of the 4 islands/power ports. The
the island values. These factofs,, are computed as the o, change values are computed with respect §gfer the
ratio of the island current,l,,, to the calibrated PP current, sleep island analysis and fffor the MSP analysis (see
Cxy as given by the left side of Eq. 4. Applying these fac- rjgre g(a) and (b)). Therefore, one of the data points in
LI each curve is (0,0). The global currents are used as the
ny = C_xy —> CLXy = ny’ ny Eq. 4. sleep island data while the corrected PP currents,Glg,,
Xy from the previous section, are used as the MSP data. The %
tors to the calibrated chip data,, as given by Eq. 3, chgnge vglues u.nder 'eat.:h analyosis are paired to preserve
yields a Ocorrected leakage® value for the Chig, This their spatial relationship, i.e., the % change value for sleep

. . island is paired with the % change for MSP fPetc.
process makes the MSP chip currer@s,) nearly equiva- Fu .p ) ° g . &P.
. . The data points in each curve are sorted in ascending order
lent to the sleep island chip currents.

according to their sleep-island values (x-axis) to enhance
Although we developed this procedure using a regular, clarity in the bgure. P labels are given in the bgure to
rectangular shaped sleep island architecture, it can bedentify the correspondence of the data points to the
applied to any arbitrary shaped island in practice. The sameslands/PPs shown in Figure 8(a) and (b).
process is carried out as shown for the OL-shapedO sleep The brst important characteristic of the plot is the dif-
island in Figure 11, i.e., calibration tests are simulated for ference in the range of the sleep island values (approx.
each PP and a Oleak everywhere® simulation is run. FB0%) and the MSP values (approx. 12%). This range differ-
ence is reRected in the slope of the regression' lofed.5,
also shown in the bgure. From this subset of data, there
appears to be a factor of 2 reduction in sensitivity of the
MSP approach in comparison to the sleep island approach.

INTERNATIONAL TEST CONFERENCE 7

2. The size of the simulated array is slightly
smaller than the chip test structure and is 50x77
instead of 50X80.

Paper 22.1



B ; . : 100——————————————————
o Slqp%of(‘)%estllatlineé EA.A,AA 28::::::::::::::::::::
jo)) . [ ] LY -
3 0ol €8 o o4d 40
= MUITON * e O
@) ° O 20
: AR 2 %
o 1 S Q2 o -20
[0} 1 ° [ ] [ ]
= . % -40
' o 600 5 10 15 20 25 3033
0 4 8 12 ] Chip #
Sleep Island % Change Fig. 14. Correlation coefbcients associated with % change
. . . curves from sleep island analysis vs. MSP. Overall leakage for
Fig. 13. Sleep Island vs. MSP % change analysis of 12 chips chips along x-axis increases from left to right.
for scaling factor.
Defective chip #1 Defective chip #2

We suspect this is caused by the difference in the shape of
the regions that are characterized under each of the meth-
ods (as mentioned earlier), and differences between the
chips and the simulation model in the overall resistance
characteristics of the power grid. The most important fea-
ture of the plot is the high degree of correlation that exists
between the % change values from each analysis, which is
reRected as the degree of OstraightnessO in the curves. This
suggests that MSP is capable of delivering similar results
and is suitable as an alternative to the sleep island
approach.

Figure 13 gives a scatter plot of the data points from
the % change analysis for all 33 chips. The Plled triangles
correspond to the a 12-chip subset whose correlations (dis-
cussed below) are large, i.e., >+90%, while the Plled circles Fig. 15. 64-island within-die contour plots (top row) and 3-D
correspond to chips with smaller correlations. The slope of surface plots (bottom row) of 2 chips with naturally

. . - . . . occurring defects.

the regression line using all data points is 0.4, but remains
at 0.5 if the highly-correlated triangle-shaped data points currents in the MSP experiment for these chips. For exam-
are used. ple, the measured differences in the PP currents for these

We computed Pearson correlation coefbcients (PCCs)ChiPS are on order of a couple uAs. The higher leakage
for each of the % change curves of the 33 chips [19]. The chips produce differences |_n th_e individual PP cur_r_ents in
range of PCC values is -100% (perfect negative correlation)tN€ range of 5-10 uAs, which increased the stability and
through 0% (no correlation) to 100% (perfect positive cor- reproduublllty of the measurements. Note that in product
relation). A curve with data points that are perfectly aligned ChiPS, the number and position of the PPs can be chosen

with positive slope receives a score of 100%, the best scoreCh that the signal-to-noise ratio is much larger, simply by
possible. A bar graph depicting the PCCs from our analysisChoos'”g PPs that have larger spatial separation. A trade-off
is given by Figure 14, with chip number plotted on the x- needs to be considered here because widely separated PPs

axis against the PCC on the y-axis. The chips are orderecﬁlso reduces the measurable resolution of leakage current

according to the overall leakage value, with low leakage Variations in the substrate.
chips on the left and high leakage chips on the right. 7 Defect Analysis

The PCCs of 22 of the 33 chips are >70%, 17 chipsare  Tyo additional chips that we analyzed were found to
>80% and 12 chips are >90%. All chips to the right of chip have naturally occurring defects. The defects are not pro-
#16 (high leakage chips) have PCCs >70%. The lower val-yoked until a high leakage state is conbgured into the por-
ues of the PCCs for the chips on the left is attributed t0 atjon of the array that possess the defect. Figure 15 shows
!ow S|gnal—to-q0|se ratio. A combination of factors includ- -gntour plots (top) and 3-D surface plots (bottom) from the
ing the small size of the array (approx. 380 um by 560 um), g4-island experiments for the two chips. Defective chip #1
the large series external resistances in series with the suppag multiple defects as is depicted by the multiple peaks.
ply ports (approx. 3 Ohms) and the 0.5 uA noise 3oor of The current probles of both chips show that the defect cur-
our setup, made it difbcult to distinguish between the PP ents are signibcantly larger than the leakage current. The

% change values shown in Table 1 under the sleep island

1. The regression line is the best bt line through  and MSP techniques both indicate the presence of an anom-

the data points from the curves. aly (see bold entries). The point source nature of defects, as
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opposed the distributed nature of leakage current varia- Control in the Manufacture of CMOS Logic ChipsO,
tions, causes unique behavior in the % change metric thatis ~ |BM J. of Res. and Deyvol. 39, pp. 189-200, July

easily identibed using either the sleep island or MSP 995.

|[14] J.-Y. Lai, N. Saka and J.-H. Chun, OEvolution of Cop-
approach. Interestingly, for these defect types, the slee per-Oxide Damascene Structures in Chemical Me-

island approach continues to prOVIde valid data for the chanical P0|ishir]g(jT of Electrochem. Sqmp G31-
other regions because the defect is essentially de-activated G40, 2002.

when islands other than the defective island(s) are tested[5] C.Hedlund, H. Blomand S. Berg, OMicroloading Effect
Aside from applying these methods to product chips, these ~ in Reactive lon Etching@, of Vacuum Science and

; o Tech, vol. 12, pp. 1962%01965, 1994.
exper_lment_s de_monstrat_e the L_Jtl_hty of the test structure [6] Y. Lee. M. Sung, E Lee. Y. Sohn, H. Bak and H. Oh,
described in this work in providing valuable DFM and OTemperature Rising Effect of 193nm Chemically

defect data for the purpose of yield learning and process Amplified Resist during Post-Exposure Bak&BJE
bring-up. vol. 3999, pp. 1000-1008, 2000.
[7] C.Berger etal., OCritical Dimension Variations of I-line

Processes due to Swing EffectSBPJE vol. 6153, pp.
% Change 61523T, 2006._
Chip and [8] C. Hess et al., OScribe Characterization Vehicle Test
Exoeriment| 00 | PPo1 PP1o PPy Chip for Ultra Fast Product Wafer Yield MonitoringO,
P Intl. Conf. on Microelectronic Test Structurepp.
Def. chip #1 0.00 3716.13 578 10925 110-115, 2006. R
Sleep Island [9] K. Agarwal and S. Nassif, OCharacterizing Process
Def chp#1 0.0 7764 118 2576 Lariation in Napometer CMOSOesign Automation
MSP [10] M. Ketchen and M. Bhushan, OProduct-Representative
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Sleep Island gglr;/()zlt)%hg J. of Res. and Deyvol. 50, pp. 451-468,
Def. chip#2 0.00 23.66 S7T.78  264.38 [11] D. Boning et al., OTest Structures for Delay Variabili-
MSP tyO, TAU Workshop, pp. 109, 2002.

[12] M. Bhushan, A. Gattiker, M. B. Ketchen and K. K.

Table 1: % change values for defective chips under Das, ORing Oscillators for CMOS Process Tuning and

sleep island and MSP approaches. Variability ControlOTrans. on Semi. Manyfvol. 19,
pp. 10-18, Feb. 2006.
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