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Abstract: 2 Checkerboard Test Structure (CTS)

For efficient yield prediction defects are usually modeled by circularFor detecting a significant number of random defects which can
discs or squares. This paper presents a more accurate model tleause short circuits in a 2 metal layer process, a test structure with
considers the real outline of physical defects. To utilize this modelarge defect sensitive area is required. Furthermore defect locali-
only the maximum and the minimum extension of detected defectgation is necessary to determine the size and outline of defects
have to be determined. That can be done easily using a checkgrecisely using optical measurement equipment. diexkerboard
board test structure including a defect localization procedure. test structure (CTS) fulfils these demands and in addition allows to
use a standard boundary pad frame for the electrical measurement
procedure [HeWe92]. Section 2.1 describes the test structure design,
1 Introduction section 2.2 deals with the defect localization procedure, and section
2.3 shows some CTS data.

The frequency of defects and the defect size distribution are impor- .
tant data for inductive fault analysis and yield prediction. In order t02'1 Checkerboard Test Structure Design
avoid the time-consuming computations required by complex defect
shapes, defects are usually modeled as circular discs [Stapgdjormally a voltage can be measured between two pads of a test
[Stap84], [Ferr85], [Walk87], [Maly90], [MVM90] or squares chip, so that every test chip can be modeled with a graph. The nodes
[GyDi92]. However, real defects show a great variety of differentStand for the pads and the edges represent the possible connections
shapes. In literature there is no precise answer to the question B{atween the pads, therefore called potential pairs. Figure 2 shows on
how to determine the diameter of the circular disc model for reaf® [€ft side a well known comb test structure [Bueh83],
defect data. [LYWMS86], [Walk87] and its graph. By using the n boundary pads

of a standard chip, usually only n-1 edges are implemented which

In yield prediction the defect size distribution affects the probability,"6Présent the undesigned short circuits.

that a defect causes a fault in the implemented electrical network. If : U H
the diameter of the circular disc model is determined as the maxi- %
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mum extension of the real defect (see fig. 1 [Spie91]), the proba- %‘lﬂ] .ig,yggﬁi‘ n
bility of causing a fault is estimated too high. w .“{“'0'.'.". ’
n-1 conneclionslmiuim, (8) connections
A Fig. 2: Graphs and test structures
B The 3D-permutation procedure enables a test structure design,

where all possiblej) edges are implemented (fig. 2 right) in a
Fig. 1: Circular disc model material layer configuration like CONDUCTING, ISOLATING,

CONDUCTING (fig. 3).
This paper presents an improved model for the outlines of defects

upper layer

and gives a procedure to extract the required parameter values from
real defect data. Section 2 describes the checkerboard test structure
that facilitates the defect localization and the observation of the

defect shapes. Section 3 shows the novel approach of defect mode-
ling. Section 4 gives some experimental results. Fig. 3: Potential pairs
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For a test chip with n=2-m pads the elementsand ¢ of the
3D-permutation procedure are arranged BDamatrix with m rows
and m columns, wherg frepresents a potential number of the upper
layer (kb;;=m) and ¢ represents a potential number of the lower
layer (m<g;<n). Figure 4(a) shows a general 3D-matrix and figure
4(b) shows the 3D-matrix for n=8, m=4.

8.8, 7) 18)(8)18] Fig. 6: Subchip layout with the specification of the potential pairs
(8L.(3). . (&)(2)(8)(8)
: [2> (4) (1 ) (3) Only 2 horizontal parallel wires are required in a routing channel
- between the subchip rows or the 3D-matrix rows, respectively. The
. 2)(4)(1)(3
o (C>m.m [6> (ng(f) <7) channel is composed of only 3 basic routing elements as can be seen
a

in table 1, where the example m=8 and the permutation of the upper
layer was chosen. First the lines "2" and "7" are connected with two
basic elements (tab. 1 (a)). Then the lines "1" are connected with the
The flow table of the 3D-permutation procedure for calculating thethird basic element (tab. 1 (b)). This element also connects the lines
potential numbers;pand ¢; is shown in figure 5. It uses the equa- "4" after copying and horizontal mirroring (Tab. 1 (c)). These two
tion (1) with an integer value mg. elements ("1" + "4") are now copied again and again until all lines

Fig. 4: General 3D-matrix (a)
and 3D-matrix for n=8 potentials (b)

0 . . are connected (Tab. 1 (d)).
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Tab. 1: Routing channel composition
i1 So, only a minimum of additional layout effort and additional layout
“ area is necessary, because this routing channel is the same between
ji=1 all subchip rows (cf. fig 7) if the following rules are applied:
v — — .
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Fig. 5. 3D-permutation procedure wheféIN i+1

Each row of the 3D-matrix will be transferred into a test structure | hf’“'-:z 1 [
U

layout as can be seen in figure 6 for the light gray shaded row 2 of] %.t H
figure 4(b). The potential pairs are also shown with different shaded™ T I I
[ [ [ ‘ [ ‘ [

| 1] ] ] ] u

arrows. Theoretically in each of tHg (5-1) subchips a different test ||l | ==
in both metal layers as defect monitors in a subchip. The combs arE——J upperlayer [ lowerlayer M via between layers

structure can be placed. In this paper, superimposed combs are used
sized in relationship to the expected defects. Fig. 7: Wiring between the subchip rows where i is even
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« In arouting channel between an odd subchip row i-1 and an even
subchip row i the lower layer is permutated while the upper layer
is connected directly.

« In a routing channel between an even subchip row i and an odd
subchip row i+1 the upper layer is permutated while the lower
layer is connected directly.

Each potential number is placed at least three times at the boundary
of the 3D-matrix. 3 or 4 different potential numbers lay beside every
pad. So the connection of the potential numbers to the pads is trivial
and will be achieved without any additional layout effort and layout
area as can be seen in figure 8. More than 90% of the area inside
the boundary pads of a standard chip is completely filled with defect
sensitive test structures. (A test chip with the 2-by-N pads often uses
less than 50% of the chip area [Bueh83].)
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Fig. 8: Connection of the potentials to the n=2-m boundary pads
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2.2 Defect Localization Procedure

In case of a short circuit two (or more) potential numbers are con-

nected inside a CTS. The localization of the defect is possible due
to the analysis of the connected potential numbers. To ascertain the
subchip row i and column j (cf. fig. 7) it is necessary to use the
procedure which is described in the flow table of figure 9. The
subprocedures "SEARCH UPPER", "SEARCH LOWER" and
"SEARCH INTER" are illustrated in the flow tables of the figures
10-12, where the equations of table 2 are required.

%% where %DN A l<x<sm (2a)
f(x):= O

%m— _1E where X1ON A 1< x <m (2b)

0 020 2

0 m

02-x where XON A 0 <xs7 (3a)
f(x):= 0O

O(m-x)2-1 where XIN A %<xsm (3b)

X where XIN A 0 <x<m (4a)
9(x):= E

Ox m where XIZ A m<x<0 (4b)
Tab. 2: Search functions

form ¥4 - k - (k-1) mec pairs (p.g)
lout of the set of k connected mcc's

v

lako first mec pair (p.g) |

take next
mee palr (.4

A

exchangepandq

(p.g)in unﬁer layer;
cal
"SEARCH UPPER"

(p.q) in lower layer;
call
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call
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no
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Fig. 9: Defect localization procedure whereXis the number of
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Fig. 10: Subprocedure "SEARCH INTER"
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Fig. 11: Subprocedure "SEARCH UPPER"
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Fig. 14: Ratio between the maximum (max) and minimum (min)
extension of a defect
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(p.q) neighbored in . . .
row 1 agfigolumnl These results make clear, that a circle with a diameter equal to the
row m and column m j maximum extension of the defect cannot be an accurate model of

real defect outlines.
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3 Defect outline modeling

Fig. 12: Subprocedure "SEARCH LOWER" o .
To make the application of the model easy, the defect outline should

be transformed into a circle. The diameter of this circle has to be
2.3 Measured CTS Data determined such that the probability that the circular defect causes

a fault is the same as the probability that the real defect causes a
Different test chips were manufactured at thetitut fir Mikroelek-  fault. Since in general the grids used for layouts are orthogonal and
tronik Stuttgart(IMS). The test chips contain 870 subchips with a the subchips of the CTS have parallel comb lines, it is appropriate
test structure design far below the valid IMS design rules. All pro-to measure the extension of a real defect between two parallel
cess steps were performed according to the IMS 2 pum CMOStaight lines, which touch the defect as can be seen in figure 15. The
backend process. All lithography steps were performed via electrodefect extension (dependent on the ang)ecorresponds to the
beam direct write. Due to the small test structure design, the densitgistance d’ or d", respectively, between the two straight lines. The
of virtual vias (intermetal shorts) and metal-2 shorts could be abovangle ¢’ or ¢", respectively, is measured between the comb lines
the average, especially on topography. This gives a better oppoand the straight lines.
tunity to verify the defect localization procedure.

The analysis of the electrically measured data allows the detection
and localization of defects inside the subchips of the CTS, which
facilitates an additional optical measurement for determining the
sizes and outlines of the defects.

Figure 13 shows typical defect shapes. The ratio between thkig. 15: Measurement of the real defect extension

maximum extension and the minimum extension ranges between_llh ientati f the defect is defined h avh q
and more than 3. The ratio data of more than 200 defects are sum- € oneq a |on. c,) € detect 1s de ',ne as the anglevhere do)

. L . . . reaches its minimum. The analysis of the detected defects has
marized in figure 14. The shown relative frequency is practically

independent of the defect size.

shown, that the distribution of the orientation is almost uniform for
¢=0° .. 180°. Then the average extension of a defect with respect to
an arbitrary but fixed direction is
¢=y-180°

d-_t . [ de) a0 5)

180 oy
In order to reduce the high cost of measuring a large number of
d(¢) values, the defect outline can be modeled by an ellipse that is
determined by the maximum extension and the minimum extension
of the real defect (see fig. 16).




Fig. 16: Maximum (max) and minimum (min) extension
of a defect and the elliptical model

Using the elliptical model we have
d@) = min
0 @D (6)
Omin &0 .
1 O—[sinfa
’ O oOmaxgQg

and choosing an appropriate valjiethe average extension is

a-180

d- min [ da
180°
a=0 4y/1-k2-sinfa (7)
where k= |1 Eﬂg
omaxp

An analytical solution of this first order elliptical integral is not

4 Experimental Results

Two CTSs, CTS A and CTS B, with comb lines of different width
(see fig. 19) were manufactured side by side on a number of wafers
for eliminating possible wafer cluster effects. As both have the same
defect sensitive area, yield prediction is simplified. Only defects of
type "extra material" are considered.

CTS A CTSB
i 2.0 2.0
“—> —
2.25 um 6.0 um

Fig. 19: Manufactured test structures

The analysis of the CTS A with the finer combs (using the localiza-
tion and optical measurement procedure of section 2.3) yields the
defect size distribution of figure 20. The left bar of each size
interval shows the size distribution using the max circle model of
figure 1. The bars in the center represent the size distribution using
the elliptical model which was described in section 3. The right bars
show the size distribution using the min circle model, where the
diameter is chosen equal to the minimum extension of the defect.

known [RHJ71], but it can be computed numerically. Alternatively number of defects

the approximation

d= Lo+/min-max

min-max
min - max

(8)

can be applied. Fai-2-% < 4 the approximation error is less than 1%.
So for almost all cases (cf. fig. 14) the value ofsdestimated very
precisely (fig. 17).

d
min

gpproximated -7
2 ~ compurted numerically
Tttt T
1 2 3 4 5 6 7 8 9 10 ™

Fig. 17: Values of the normalized average extensininl for diffe-
rent ratiosg 24

Figure 18 summarizes the approach, where the real defect is first

modeled by an ellipse and then this ellipse is transformed into

circle with the same probability of causing an open line or a short

circuit between parallel lines, respectively.

@

Fig. 18: Defect modeling
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Fig. 20: Measured defect size distribution of CTS A
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For each model figure 21 shows the sum of all the defects larger
than 6,25 pm. All defects larger than 6,25 um cause a short circuit
with probability 1 and thus are detected with certainty.

number of defects

a

max circle elliptical min circle

Fig. 21: Accumulated number of defects of CTS A



The same procedure was applied to CTS B with the coarser comi§ Conclusion

(fig. 22).
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Fig. 22: Measured defect size distribution of CTS B

The accuracy of the predicted number of defects can be substantially
enhanced by modeling real defect outlines with the elliptical model.
Only the minimum and maximum extension of defects have to be
measured. If the elliptical model of the defect outlines is applied, the
defect size distribution implicitly contains the information about the
physical defect outlines. Hence for yield prediction the inspection of
defect outlines can be omitted.

If one uses the max circle model or the min circle model, which
both neglect the defect outlines, the real defect outlines should be
taken into account in a modified layout specific fault probability
kernel. But that fails due to the high additional expense.
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of defects. The probability kernels of CTS A and CTS B are shown

in figure 23.
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