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Abstract - Defect inspection is required for process multiple faults that occur within test structures. So, Section 2
control and to enhance chip yield. Electrical measurements describes known test structures to measure faults and evaluate
at test structures are commonly used to detect faults. To defects. Section 3 introduces novel algorithms to disentangle
improve the accuracy to evaluate the defects that have multiple short circuit faults. Section 4 discusses methodologies
caused such faults, this paper presents a strategy to analyze to improve the evaluation of defects that result in open circuits.
single and multiple faults to precisely determine the Finally we present some experimental results and conclude our
number, layer and location of randomly distributed defects  approach.
within a test structure layout. For that we first discuss the

possibilities to analyze faults within known test structure 2 TEST STRUCTURES TOPROVIDE

layouts. Then, we present modified test structure layouts to FAULT ANALYSIS

improve the analysis of multiple faults. Finally we introduce

a methodology to disentangle multiple faults by calculating Generally two different principles will be used to design test

and comparing the probability of possible defect locations chips to detect faults and defects that may occur during

within large test structure layout areas. semiconductor manufacturing. The first principle to design test

chips contains many small test structures, each electrically

1 INTRODUCTION distinguishable to each other and therefore connected to an

individual 2-by-N pad array [Bueh83]. Comb lines will be used

EFECTS (e. g. particles) can become the cause db detect short circuits and meandrous lines and strings of vias

electrically measurable faults (killer defects) dependent omnd contacts will be used to detect open circuits. Each test
the chip layout and the defect size. These faults are responsitdéructure just covers a small chip area to ensure that no more
for manufacturing related malfunctions of chips. So, defecthan one defect may occur [KhMT94]. This design principle
density distributions are important for yield enhancement and tprevents the occurrence of multiple faults. But, more than half
control quality of process steps and product chips [StRo95)f the test chip area will be covered by the 2-by-N pads itself
Test structures will be used to detect faults as well as t@nd not by the defect sensitive test structures. So, many test
identify and localize defects. Faults will be detected measuringhips are necessary, to successfully detect random faults. For
voltage and current values between different pads of a test chithis reason, 2-by-N organized test chips will mainly be used to
Due to the known test structure layout, specific measuremertetect systematic faults only. They should not be used to detect
limits will be expected, if no defect occurs. Measured valuesany random problems, due to their enormous waste of chip
outside the limit will be called a fault. Aingle fault enables a area.
precise assignment to a specific region within the test structure

that contains the defect, which caused the measured fault, |© S&Vé money when investigating random problems, it is
So - without doubt - it will be possible to provide the layer andrequwed to more efficiently use the area within a test chip. For

the layout elements containing a defect. If such a Iayouthat’ a S(_acond prin(_:ip_le to design test chips provi_des_a large
specific assignment is not clear, the measured fault will b onsecutive area within boundary pads that contains Just one
called amultiple fault, because there are multiple possibilities arge test structure layout. So, for exa?mp'e memary chips are
where one or even more defects occur within the test structu sed to detect defects. [KMGS94] prpwdes pr ocedures to dgtect
layout. In most cases, single faults are the result o1and count defects. But, memory chips require a well working

measurements between two pads only. Multiple faults occur, ifontend and backend process. To just investigate selected

more than just two pads are involved in the collection of faulty'ot”.JCeSS s]:teps, Iargg areat C(,:mb I:Ines or mtleandr(iuz Imf’iﬁ. and
measurement valuas. strings of vias and contacts will be implemented within

boundary pads in specific layers only [IpSa77]. But, due to the
To provide precise defect densities for yield enhancement, iarge area covered by a single test structure, it remains
is necessary not only to handle single faults, but also to handienknown how many defects caused a measured fault. So, defect
multiple faults. For that, we present strategies to disentangldensity values tend to be to small. Furthermore, it is difficult to



assign a multiple fault to the defects that are responsible for theensitive structures. So, there is a large defect sensitive area to
measured fault pattern. So, we have to discuss ways to improvietect random defects even if the average defect density is low.
the evaluation of defects, that result either in short circuits or

open circuits. If just two pads are connected by a short circuit, it is
possible to conclude the subchip that contains the defect,
3 BvALUATION OF SHORT CIRCUITS because each MCC-pair can be clearly assigned to a specific

subchip and its containing test structure layout objects. But, a

To explain the principle to extract defects that result in shorkhort circuit measured between more than just two pads results
circuits, it is worth to model a test structure using thejn a multiple fault that indicates an undefined number of
neighborhood graph introduced by [HeWe94] and [HeSt94] andefects. So, the following methodology to disentangle multiple

summarized in the following table: faults will help to separate and localize the minimum number
layout comb lines of defects that are the reason for a measured multiple fault.
elements to (e. g. [Bueh83], [LYWM86]) PROCEDURE GET MCC PAIR (S)
detect defects -
S = {MCC;|1 <i <k A kON}; set of shorted MCCs
test structure % % k = number of MCCs in S
and @ . _ - .
model of ij := temporary indices of MCCs in S
test structure P, := {p,q,row,col,subset,weight}; pair of
shorted MCCs
(5F 5] p.q = MCCs
.-‘ L. row = row index of subchip
© col := column index of subchip
ﬁ ﬁ subset := subset index
Fig. 1: weight := factor to count a_defect
Left: Known test chip arrangement. n := number of possible pairs of MCCs
Right: Neighborhood graph (model). n=0
nodes of graplj maximal conductive component (MCC) FORi=1 TO k STEP iz=i+1 DO

Maximal set of conductive components (layout objects) that

are connected to each other by the designer. FOR=i+1 TO k STEPj=j+1 DO

edges of grapfj pair of MCCs (=possible undesigned short circuits): B z ?A%C
Two nodes are connected by an edge if anywhere inside| the q: = MC¢
test chip these MCCs are adjacent with only nonconduct|ng (row ,,col ,) = GET_POSITION (p .,q ,)
material between them. REPEAT
Tab. 1: Neighborhood graph to model a test structure. REPEAT

) ) ) ) RETURN({p,q,row,col} . 0P

An .undeSIQned short circuit defect is Only (_jetectable betWeelgig. 3. Procedure to extract MCC-paifsout of the setS of MCCs measured
two different MCCs - therefore calleddCC-pair . The number in a multiple short circuit.
of different MCCs is limited to the number of pads. To
increase the number of MCC-pairs or separable short CirCUitSpRoCEDURE GET_SUBSET (R)
respectively, all MCCs have to be arranged inside a test chip in, = {p.q.fow,col,subset,weight}
a way that each MCC is once adjacent to every other MCCn = number of pairs of MCCs
with only nonconducting material between them. This results if;j, start, ptr := temporary indices of P

the complete neighborhood graph containing all possible edgésart =1

as can be seen in the following figure. ptr = start+l
subset . =1
WHILE start < n DO

j = ptr
WHILE j < n DO
IF COMPARE_POSITION(R,; ,P;) = true THEN

subset = subset ga
EXCHANGEP, WITH P,,
ptr = ptr+l
ENDIF
j=i+1
Fig. 2: Complete neighborhood graph (here emg8 nodes and3})=28 edges). REPEAT
IF start+1 = ptr THEN
The complete neighborhood graph will be implemented subset ,, = subset g, + 1
within Checkerboard Test Structures described at [Hess94], ;‘t?” =:pgtr+1

[HeSt94], [HeWe95b] and [HeWB97a]. Checkerboard Tes
Structures partition the chip area into a large number of
subchips, each containing different edges of the complet
neighborhood graph, which enables the separation and ENDIF

localization of defects anywhere inside or in between numeroy&SEPEAT

layers. There is no limitation to the number of layers and n@RETURN({subset} , O P.); P , also sorted by {subset}
requirement of any active semiconductor devices. More thafig. 4:  Procedure to determine subset indices indicating comparable MCC-pairs
90% of the total chip area is completely filled with defect and also to sort all MCC-pait, by these index values.

ELSE
start = start+1

[¢)




The setS={MCC|1<i<k A k[IN} will contain the indices of If Checkerboard Test Structures are used, the decision
all k MCCs that are involved in a multiple fault. The first step weather two MCC-pairs are neighbored or not will be made
is now to extract alh MCC-pairs each described in the data setusing the procedureCOMPARE_POSITION" (ref. Fig. 5).
P={p,q,row,col,subset,weightyherep andq represent the two The third step is to creatd CC-bundles B={MCC;|1<i<b<k A
MCC indices. (ref. proceduréGET_MCC_PAIR" of Fig. 3).  bON} each containing the MCC indices of neighbored MCC-
The sub-procedureGET_POSITION" (ref. Fig. 3) provides pairs having the same subset index (ref. procedure
the location of an MCC-pair within a test structure layout. If e."GET_BUNDLE" of Fig. 6). Now, step four will determine the
g. Checkerboard Test Structures are used, [HeSt94pinimal set ofd MCC-bundlesB in a way that they together
[HeWe95b] and [HeWB97a] provide the necessary localizatiortontain allk MCC-indices ofS. To get a valid solution, it is
procedures that yield the row and column indesw,col} of  also required that each MCC-bundle within the solution must
the subchip containing the MCG@sandg. The second step is have at least one common MCC index with at least one other
to evaluate those MCC-pairs that are neighbored within the te8lCC-bundle within the solution. For that, the procedure
chip area. For that, the procedur@ET_SUBSET" will give "GET_DEFECT_NUMBER" first checks whether there is an
the same subset index to all neighbored MCC-pairdMCC-bundle containing alk MCCs of S (ref. Fig. 7). If there
P={p,q,row,colsubsetweight} (ref. Fig. 4). is no such MCC-bundle, the recursive procedure

PROCEDURE COMPARE_POSITION (PP)) "COMBINE_BUNDLE " tries to find solutions for an initial
P, = {p,q.row,col,subset,weight} numberd=2 of combined MCC-bundles and returns the number
i) = index of P mcl of valid solutions (ref. Fig. 8).
cmp = Position of MCC pair comparable (yes/no) PROCEDURE GET_DEFECT_NUMBER (S.B
cmp = false S = {MCC,|1 =i <k A k[IN}
CASE design = Checkerboard Test Structure k ‘= number of MCCs in S
AND designed subchip rows > designed subchip columns B, = {MCC;|1 <i <bsk A bCN}
THEN b, = number of MCCs in B
occ, := occurrence of B in solutions
IF (row ; - row;| < 1 ANDcol ; = col ;) t ‘= number of bundles
OR (|col ; - col ;| < 1 ANDrow, = row;) THEN ptr := index of B
d = number of defects
cmp = true )
tmp := {MCC,|1 <i <k A kON}; temporary set of MCCs
ENDIF i := temporary index of B
CASE design = Checkerboard Test Structure mcl := total number of solutions
AND designed subchip rows < designed subchip columns
THEN mcl =0
d =0
IF Jcol ; - col ;| <1 ANDrow; = row; THEN
cmp = true /* check for single defect */
ENDIF FORi=1 TOt STEP i=i+1 DO
ENDCASE IF b, = k THEN
d =1
RETURN(cmp) mel = mel + 1
Fig. 5:  Sub-procedure to evaluate comparable subchip positions within occ; =1
Checkerboard Test Structures. ELSE
PROCEDURE GET _BUNDLE (P) occ; =0
P, = {p,q,row,col,subset,weight}; has to be sorted ENDIF
by {subset} REPEAT
n := number of pairs of MCCs

/* check for multiple defect */

j = temporary index of P
IF mcl = 0 THEN

{MCC, |1 <i <b<k A bON}

b, ; number of MCCs in B d=1
t = number of bundles WHILE mel = 0 ANDd < k-1 DO
t=0 ptr =1
FORj=1 TO n STEP j=j+1 DO d = d+l
IF subset ; #t THEN |t”|r'1nc’? = gOMBINE_BUNDLE (S,B,ptr,d,tmp)
tb[ = t0+ 1 REPEAT
ENDIF END
IF p; O B THEN /* delete MCC-pairs not involved in a solution */
b, =b +1 IF mcl > 0 THEN
MCG: = p FORi=1 TOt STEPi=i+1 DO
ENDIF IF occ, = 0 THEN
IF q; OB THEN B =0, 0b =0
b =b +1
o = epenT
ENDIF
REPEAT ENDIF
RETURN(B,) RETURN(d, mcl, B )

Procedure to determine the minimal set of MCC-bundles to be

Fig. 61  Procedure to determine MCC-bundles containing all MCCs ofFig. 7:
responsible for a measured multiple fault.

neighbored MCC-pairs.



PROCEDURE COMBINE_BUNDLE (S,B.ptr,d,tmp)
S = {MCC,|1 <i<k A k[N}

k = number of MCCs in S

B, = {MCC;|1 <i <bsk A b0ON}

b, = number of MCCs in B

occ, := occurrence of B in at least one solution
t := number of bundles

ptr := index of B

d := number of defects

tmp = {MCC;|1 <i <k A kON}; temporary set of MCCs
i = temporary index of B
i = temporary number of solutions

mcl := total number of solutions
mcl = 0
IF d > 1 THEN
FOR i=ptr TO t-d+1 STEP i=i+1 DO
IF tmp = O ORtmp n B # O THEN
IF i > ptr THEN
EXCHANGEB, WITH By,

i = ptr
ENDIF
j = COMBINE_BUNDLE (S,B,,i+1,d-1,(tmp O B))
mcl = mcl + j
occ; = occ; + j
ptr = ptr + 1
ENDIF
REPEAT

ELSE
FORi=ptr TOt STEPi=i+1 DO
IF tmp n B #0 ANDtmp O B = S THEN

mcl = mcl + 1
occ; = occ; +1
ENDIF
REPEAT
ENDIF
RETURN(mcl)

Fig. 8: Recursive sub-procedure to combine MCC-Bundles.

PROCEDURE WEIGHT_MCC_PAIR (BB ,,d)

{p,q,row,col,subset,weight}; MCC-pair
number of pairs of MCCs

{MCC; |1 <i <bsk A b[N}; MCC-bundle
number of MCCs in B

= number of bundles

:= number of defects

El

temporary index of B
temporary indices of P

:= number of MCC-pairs in disentangled solutions
h=0

FORj=1 TO j<n STEP j=j+1 DO

i = subset

o -~ a~owSU

]
IF B # 0O THEN
h=h+1
ENDIF
REPEAT
FORj=1 TO j<n STEP jsj+1 DO
i = subset
IF B # O THEN
weight | = d / h
ENDIF
REPEAT
RETURN({weight} , O P,)

Fig. 9: Procedure to weight each MCC-pair.

If a solution has not been found, has to be increased by
"1" and the procedureCOMBINE_BUNDLE " has to be run
again until at least one solution will be founoh¢l>0). At the
end of this procedurmclindicates the total number of possible
solutions for the smallest possible numberof combined
MCC-bundles. Furthermore all MCC-bundles, that are not part
of at least one solution will be deleteB£[1). Now, the value
of d gives the minimum numbed of defects that have caused
the measured multiple fault. And all still existing MCC-bundles
indicate possible defect locations within the chip area. So, we
get the MCC-pairs and also the subchips that may contain a
defect. If there are more MCC-pairs than the minimum number
d of defects, we finally have to weight each MCC-pair
P={p,q,row,col,subsetyeightt using the procedure
"WEIGHT_MCC_PAIR " (ref. Fig. 9).

The following example will explain the procedure to
disentangle multiple short circuits as illustrated in Figure 10
and described in Table 2. A multiple short circuit is measured
between the pads or MCCs, respectiv&ly{3,13,16,18,20}
The tracks of the MCCs are marked with differently dashed
lines. First, all possible MCC-pairB will be extracted and
clearly assigned to a so-callddulty subchip. Then, MCC-
bundlesB will be determined by collecting the MCCs of those
MCC-pairs, that are located in neighbored subchips. There is
no MCC-bundle that contains &k5 MCCs, but the procedure
"COMBINE_BUNDLE " detects, that the MCC-bundI&s and
B, contain all MCCs of the multiple short circuit. So, the
minimum number of defects id=2. This is the only possible
solution (ncl=1), because no other pair of MCC-bundBsB,
will meet: S=BOB; A B;nB#0. So, one defect located within
the subchips {5,10} and {5,11} as well as another defect
located within the subchips {2,14} and {2,15} are responsible
for the measured multiple fault.
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Fig. 10: Checkerboard Test Structure containing defects connecting 5 pads.

The described disentangling procedure should be individually
done per layer, if defects may be located within a single layer
only. The disentangling procedure will be done just once over
all layers, if defects may be located within a layer as well as



between adjacent layers. The disentangling procedure is In contrast to the neighborhood graph, there is no possibility
applicable to all kind of test structures that enable theo increase the number of distinguishable CCs without either
localization of short circuits or MCC-pairs, respectively. Forincreasing the number of pads or using directed CCs which
that, only the algorithms GET_POSITION" and results in the so-called geometry digraph [HeWe94a] as can be
"COMPARE_POSITION" have to be adapted to a specific seen on the left side of Figure 12. Directed CCs should restrict
test structure design. So, not just Checkerboard Test Structurdee measurement current to flow in one direction only. If

but also SRAM based test structures as well as Harp Tesliodes are available in addition to the backend polysilicon and

Structures [HeWe97a] may be evaluated. metal layers, a diode array increases the number of
subset index |MCC-pairs [faulty subchip |MCC-bundles |weight distinguishable CCs for a given number of pads. In this case
{subset};OP;, |{p,q}c0Pso |{row,col},o0P;, (B, {weight},OP,, each diode stands for a distinguishable serpentine line or a via
1, (313}, |©.19), 313, - 0 [{0}, (or contact) string, respectively.
2 @316} |49 3,16}, -~ 0_|{0}, E1 A1 Ao E4
{3} {3.18);  [{5,10}; {31820},  [{0.5}; % %% %% *
@, (3201, (5,11}, 0.5}, E2 A2 A2 ?k" ?k" ?k" ?k"
{435 {13,16}; |{2,14}, {13,16,18}, |{0.5} Skn Sku -X(» Sk»

E3 A3 AS o e 'le e
N [T 09, "R,
{5}, 13,20}, {3,161}, {13,20}, - O [{0}, E4 = 3= Ad Ad_o Lo o e
{6} 4 (16,18},  [{9,1}, {16,18}; — O [{0} ¢ inputs outputs ->k» ->k« ->k» ->k»
{7} {16,20},  [{10,2}, {16,18,20},  |{0}, Fig. 12: Geometry digraph and diode array to detect defects that result in open
T {1820}, [{10,1},0 - 0 )10 aireuts.

Tab. 2:  Procedure to disentangle the multiple short circuit measured among the So, test structure designs based on a diode array reduce the
5 pads of Figure 10. The white boxes mark the minimum set of MCC- . .
bundles indicating that at least 2 defects have caused this multiple shorfif€a covgred by a Smgle cc a”F" .ther.efore even mul'tlple

defects will be measurable as a distinguishable set of single

4 EVALUATION OF OPEN CIRCUITS faults per defect (ref. WWGH92], [HeWe94a)).

To explain the principle to extract defects that result in open 5 EXPERIMENTAL RESULTS
circuits, it is worth to model a test structure using the geometry . ] ] ]
graph introduced by [HeWe94] which is summarized in OVer the past years different test structure designs including

Table 3. Checkerboard Test Structures and Harp Test Structures were
. . . manufactured at several fabs. The following Figure 13 shows
layout meandrous lines or strings of vias . k
clements to | (e. g. [IpSa77], [Bueh83], [LYWM8E]) the percentage of single faulte=2) and multiple faults K>2)
detect defects dependent on the ability to evaluate an unambiguous set of
test structure 1 nputs defect locations within the test structures. Within the
and 32 Checkerboard Test Structures "A25", "A26", "D13", and "C11",
;‘;gfzt'r;’f:ture up to 25% of the faults occur as multiple faults. About 2/3 of
2—® them may be assigned to an unambiguous set of defect
3@ ® locations. Within the Harp Test Structure more than 45% of the
- faults occur as multiple faults, because the design provokes
6 5 multiple faults to determine the defect size between connected
Fig. 11: outpts parallel lines [HeWe97a]. More than 90% of these multiple
Left: Known test chip arrangement. faults may clearly be disentangled because most of them are
Right: Geometry graph (model). caused by a single large defect.
nodes of grapl“ pads 804

edges of grapl“ conductive component (CC)(=possible open circuits):
Two nodes are connected by an edge if layout elements|jare
connected to each other and placed between the two pafs
by the designer.

-
o
PR

Tab. 3: Geometry graph to model a test structure.

ccurrence [%]

An undesigned open circuit defect is only detectable on an©
implemented conductive component (CC) measuring thefg_f
resistance between its two pads. But, in case of a measurec®
open circuit it is generally impossible to determine how many =
defects have interrupted the conductive component between the
pads. So, open circuits are alwagimgle faults but they are

e

(k=2) unamb. loc.  (k>2) unamb. loc. (k=2) muilt. loc. (k>2) mult. loc.

the result of either aingle defector more than just one defect Fig. 13: Relative occurrence of single and multiple faults dependent on different
then called amultiple defect. To separate single defects and test structure designs.

multiple defects it is necessary to implement a large number of

CCs so that each CC just covers a small portion of the total For the Checkerboard Test Structure design "C11", the
test structure area. But, the number of different CCs is limitedollowing Figure 14 gives the distribution of defects and faults
to the number of pads. dependent on the type of fault. As mentioned in Section 4, the



number of open circuits is identical to the number of defectslefect density distributions based on just counting the number
that have caused them. Also, all single short circu#&2) are  of faults are insufficient. Our results clearly show, that the
the result of a single defect each. More than 80% of them arsumber of defects and therefore also the defect density is to
unambiguously locatable. We also get some single short circuitmall, if multiple faults are not disentangled, which may also
where just one MCC is involvedk$1) which is the result of be one reason for trouble in yield prediction.

connections to permanent power supply. There are multiple . . .
possible locations of those faults and defects, because a sin eT0 handle this problem, one way 1S to design test structures
MCC is implemented in several subchips (ref. dashed lines c?,bat preven_t_the occurrence of multiple faults or at I_east reduce
Fig. 10). Some single short circuit&{2) connecting MCCs the probability that they_occur. A secqnd way will an_alyze
coincidently placed in adjacent layers will result in the Samemeasured data of multiple faults__ using m(_athodolog_les to
problem. Multiple short circuitskt>2) are caused by an average calculate "’?”‘?' compare the probability of possible Ioca_ltlons of
of two defects per fault. So, the actual number of defeC,[gefects within a test structure layout. To determine the

within a test structure is higher than the number of measure@'nhmum.gumber ?jf defer?ts t?at hngtcaudsed atnj[;lltlpledfa}ult,t
faults which has a detrimental impact on the determination o € describe procedures how to weight and count these detects

defect densities, if multiple faults are not disentangled. o finally provide layer specific defect o!ensmes thaj[ correspond
: to the known product model for yield prediction. These
[ unambiguously locatable faults

I unambiguously locatable defects procedures may be adapted to any test structure design that
[ mu:ﬂ-:ocaﬁag:e Lat;ltst enables the localization of defects like SRAM, Checkerboard
B8 multrlocatable defects Test Structures, and Harp Test Structures.
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