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Abstract

A new approach is described for the automatic detection of defects in VLSI circuit patterns such as photomasks and wafers. It is
based on morphological feature extraction using templates that represent a set of local pixel configurations within a specified window.
These templates are stored in content-addressable memories (CAMs) to facilitate parallel comparisons of window-pattern scanning over
a tested image. Maskable CAMs reduce the size of a template set substantially. Two error-detection algorithms are implemented to
detect both random defects and dimensional errors.

fIntroduction

ILn As the minimum feature size of VLSI patterns is reduced and the number of mask levels is increased, the inspection of masks and
( wafers becomes increasingly important to maintain a high yield. The inspection methods based on binary image patterns have been

proposed' and am classified as reference methods for pixel-by-pixels comparisons and local-property methods based on local-pattern
configurations. The local-property method does not require computer aided design (CAD) data as a reference or rigid alignment because( every decision is based only on a local pattern; however, some patterns that do not violate the design rules, such as missing or additional

0 patterns, cannot be detected. These errors are rarely caused by the patterning process itself and can be eliminated by reliable CAD and
pattern-generation tools.

The VLSI patterns on the masks and wafers are normally restricted. Usually their edges are straight, and their directions are locked
on a small set of angles such as {0, 90, 180,270) in the Manhattan-style layout. In addition, there are design rules that limit the degrees
of freedom of the patterns. Although acquisition of the pattern is another difficult problem, a binary image of the circuit patterns is
assumed to be available for real-time inspection. This paper focuses only on image analysis.

An objective of pattern inspection is to locate the center of every window that contains an unacceptable pattern. This can be

achieved by comparing a windowed image to a set of templates that represent the morphological properties of the circuit patterns. This
template-set approach to pattern inspection of a binary image consists of the following steps:

Step 1: collect all acceptable or unacceptable local patterns as a template set

Step 2: obtain a local windowed image centered at a pixel

Step 3: determine whether any template matches the window pattern

Step 4: repeat steps 2 and 3 until all the pixels in the inspected image are scanned

Because the patterns are quite restricted, the acceptable or unacceptable patterns are well-defined. All possible acceptable patterns
or their complement must be stored as a template set. There are several difficulties in generating the template set, 2 however, and a
suitable approach must satisfy several conditions.

" Reasonable size of the templtte set. The template set is stored as a look-up table in a memory and, as a result, the number
of templates must be reasonably small because the size of the memory is limited so as to be manageable.

* Completeness of the template set. A template set for an algorithm must include all templates that match the window
patterns determined by the algorithm.

* Fast searching. Inspection throughput is determined by the speed of searching for any template matched to the window

pattern.

" High difect coverage. The two types of defects that must be detected in VLSI pattern inspection are random and
dimensional errors. The defect coverage of an inspection algonthm depends on the size of the window. It is difficult to
detect both types of errors with a reasonably small window.
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U0to3 and Jarvis4. published papes describing this template-set approach. Goto used a 3 x 3 window to lessen the template
number. Each window pattern was classified into one of 16 predetermined categories and represented by a 4-bit word. Because the
window was stull, its capability of defect detection was poor. As a result, a hierarchical method based on a 5 x 5 array of 4-bit words
was employed to detect a defect larger than the window. Jarvis applied this approach as a filtering step because it was difficult to obtain
a small complete template set. Although the template set was not complete, it could filter out most of the acceptable window patterns so
that the number of patterns to be further analyzed was minimized.

Solution

A solution to the above problems is proposed for easy implementation in VLSI circuits. An objective of the inspection is to detect
unacceptable deviations from the intended patterns. As a measure of deviation, edge roughness must be defined so that random error can
be determined precisely, and this will require additional definitions. For a discrete image I in a square grid system. l(ij) is a square
picture element (pixel) where (ij) represents its position. A pixel with the value of 0 (1) is called a 0 (1). A 4-neighbor of a pixel l(ij)
is any pixel I(mn) such that Im-4l + In-ji . 1. An 8-neighbor of a pixel l(ij) is any l(m,n) such that max{Im-ii, In-jl} - 1. A connected
pattern is a set of Is such that each has at least a 4-neighbor equal to 1. An edge pixel is any I with at least a 4-neighbor equal to 0. A
contraction operation C to a window pattern P sets every pixel p to 0 such that p is I and has at least an 8-neighbor in the window equal
to 0. The pattern resulting from the application of k contraction operations to the window pattern P is denoted by CP. For window
patterns A and B, A c B if B(ij) = I for all ij such that A(ij) = I and at least one pixel position exists such that B(ij) = I and A(ij) - 0.
A noise-free window pattern has a straight edge with zero or one corner in the window. A pattern with an edge roughness of k is
defined as any P such that P is a connected pattern, and a noise-free window pattern R exists such that OR c P c R, P z CR and C-IR
c P. It must be noted that this edge roughness is not a global but a local concept that is applied to window patterns. Pixel size is
assumed to be small enough that patterns with an edge roughness of 1 are acceptable. Random-error patterns are thereby defined as
patterns with an edge roughness of more than 1. This solution has three significant advantages.

" Bit maskability. The number of templates can be reduced substantially by changing every edge pixel of the template
pattern into "don't-care." The number of required templates with "don't-cares" increases polynomially as the window size
increases linearly, but it rises exponentially without "don't-cares." The completeness of the template set can be achieved
easily because its size is reasonably small. In addition, the false error detection rate is reduced. As a result of quantization
error, some degree of edge roughness may occur in the discrete binary image; however all the patterns with an edge
roughness of I must be accepted. False error detection can be avoided by masking all pixel positions corresp i; o edge
pixels of the intended patterns during the comparison operation. This is an effective approa-h to the qua ion-error
problem.

" Content adfressable memory. The speed of the matching operation can be independent of the size of the template set if the
templates are stored in a content-addressable memory. Bit masking can also be implemented for "don't-care" conditions.

" Multiple algorthmn. Two algorithms for random error detection (RED) and dimensional error detection (DED) are used
to enhance the defect coverage in VLSI pattern inspection. Them is no speed penalty because both algorithms can be
processed in parallel.

This solution can be implemented in hardware for real-time inspection at the video signal rate because of its high speed and
parallelism. The following steps are required to apply this approach to a specific problem.

" Determine the type of acceptable patterns.

" Develop error-detection algorithms and select a window for each.

" Construct a template set for each algorithm.
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Figure 1. Mapping of patterns to the window-pattern space.
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The window-pattern space is an N-dimensional binary space (0, I )" where N is the number of bits in the wimiow. After the
acceptable patterns ate defned, the inspection aigonthm to be used can be determined. A window for this algorthm is-aen chosen, and
patterns am mapped into the window-pattern space as illustrated in Figure 1. T'ere are two sets in the window-pattes space - one for
acceptable and the other for unacceptable window pattem; either one can be selected as a template set.

Error-Detection Algorithm

In VLSI pattern inspectioa, the two types of defects of intrest anm random defects and dimensional errors. High defect coverage
can be obtained by two detection algorithms; one is a RED algouithm that can detect irregular shapes and the other is a DED algorithm
that can detect patterns with widths or gaps smaller than their minimum allowable values.

A RED algorithm is represented by the statement, random-defect patterns have an edge roughness of greater ean I. More
precisely, however, some of the unacceptable patterns are characterized by edges that are not oriented in any allowable diretion. In this
algorithm, a square window is suitable for the extraction of the edge profile of the patterns. It should be large enough so detect most
random features but must contain only one corner or less of the acceptable pattern. If two comers are permitted, the nue of templates
in the set will increase by approximately an order of magnitude.

All acceptable window patterns aem included in the RED template set because the subset in the window space corespionding to the
acceptable patterns is smaller and easier to generate. 7h layout rules must be restricted so that the template set is sinupiA to generate.
Assume that the layout is based on the Mead-Conway design rules- and all comers are on the . grid points. It is also iisurned that the
minimum feature size equal to 2 X. is 10 pixels. The maximum size of the window is then limited to 5 pixels in each side so that the
window permits only one corner.

The templ atterns for the RED algorithm are local two dimensional (2-D) patterns because its defect coverage in superior to that
obtained from any other local-propefty method that does not fully use the 2-D information. The RED algorithm fo the I . square
window(Figure 2a) can be refined by the comer number in the window, edge roughness, and edge direction and can be smd as follows.

If tere is one corner or less in the window
and the direction of any edge is one of the locked directions
and the roughness of any edge is less than or equal to 1,
the window pattern is acceptable.

A pattern can be acceptable in the RED window but unacceptable in the DED window(Figure 2b) because the minmum gap and
width requirement is violatcd. The DED algorithm is as follows.

There is an error pattern in the window if
(I) thfr is a pair of parallel ees within a circle or if
(2) sonie pixels within the circl differ in value from tho on the circle

when all pixels on the circle have the same value.
Her. the dianweer of th circle is equal to th minimum feature size.

Became a squae grid systemn is employed, an octagon must be used as an approximated circle. AU pixels inside the octagon need
nt be in the window because of redundancy. All pixels in the boundary of the octagon (condition I) and sevea additional pixels
inside the octagon (condition 2) must be included in the window, as illustrated in Figure 2b. The unacceptable pansm are selected as
tie templase set for the DED algorithm because it can be represented by a smaller number of templates.

If the minimum allowable width and gap differ, separate template sets and windows are needed for gap and width error detections,
respectively; for simplicity, it is assumed that they anm equal.
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Figure 2. Window shapes for DED And RED (a) A 25-bit RED square window (b) A 32 bit tw'agon DED window
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In Fgur 3, the subsets .air . whose IWow pattersS match the template sets from RED and DED ame labeled A and B,
Ye~ecvT. These of accetbepte is A -5B because the RED template is for acceptable window patterns and the DED template

b winowpaternwit con. Do DED algorithm can be adjusted to eiminate all unacc-ptable patterns fromn the subset
corresponding to the RED template set.

Template Set

For a window w with N bits, a mim i s defind as a subset of the window space (0O. )M ad is represenited as a doublet with two
N-bit wees l( tp I, ) - aP--wwd tpad aaak word tIfw - t or alk such thatt-. w s m che o h tmplae t
6.)-wherewt (,12-J~ -t-( 1L AW.4 11,), w -(wI-W2... w) If t," I- then t is 'don't-caWe arid w will be
matched so ,. Actually, a template cm be implemented with a makable CAM. If w is matched to atlt one template in the template
sot T, T is said to match w. If T mtches only every acceptable window patient. it is complete for acceptable pattern; if it matches at
but one window patern dung the wsming only for each error pattern, it is complete for unacceptable patterns.

A eMplat ad is optimal when it is small in sizand mutenimt in defect coverage. The template set can be generated by the
emiical COllecton method, prinotive panem method, and algorithmic prpeiy method.

" Eamqiee rofels eshe.d. Window patterns ems be collected a template by seanning a defect-free image until there
an no mor templates. t isa empirical extractmo proem of local panerns without direct use of an erro-detection
algorthm; however, it as simple and wtagaowaxi. This method encounters, two problems. First. it is difficult to ensure
the couiless of the templat so hecaise it as not emy to seat all possible pattern and, seconid, it is difficult to
Aeemihn t wao ranish collecting the templates.

" ?A&iw paen muthed. Becaus VLSI circuit pattern can be represene by a sot of prinuitive patterns. real images are
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Flgure 4. Examplirs of a RED template and a wimo* pmtern cot RED acmplAt (b) Window pattern mitched to it



ra macessal to Illmu tho weplate act. In tie Manhattan style, the primitive patterns wre a square pattern with each side
lagir thu the ainsa I -s sial aid its cemplementary potter, which is a squaw hole. It is basically the sm as the
ewpkkca maheod hat exummiest from only prumitive pasterns is required to guarantee the completeness of the template st.

*AkPWhm prepee astbedA Templat goamo can be simpliflec by using the local property of the patterns in the
islip and the perty o( this algorithm nseg. It is anmctve method if the patterns required to match temoplates are-inl usthe user datsle aljorithm.

RED Templte Sel

h is asiest to ceu*c a RED template set for acceptable pasterns by using the primitive pattern method because the primistves ame
small in amber. A tm"9plaeaeratl algorithm, a outlined below, obtains window patterns from an image tdad includes only
primitive panama and changs each of its edge pixels to "don't-cae." Is guarantees the completeness of the template set-

begint temlat& set Veneration 6)

set tempiateset emty;
repeat

read a new pixel data;
foro a new wisdom pattern U.

T- U,
fo. ea pixel W 1, J) do begin

if V(L, J) in an edge pixel then b.oin
M,)- don't care;

end eIse begin
T U, J) - (i J) I

It T is not in teolateset then begin
templateset - templateset # T;

eWWI
until all pixel data are scanned;

end; (* temlate set generation .)

Asan example, a windowp pa-r and lits matched templates ame illustraed in Figure 4.
DIED Templiate Set

T1he DIED -mplate sot is constucted otl for unacceptable patterns and itos prpose is to detect the errom ha cannot be
ditstinguished by the RED algorithm. AUl ireglar pasterns can be detected by the EDalgorithm~ however, unacceptable rectangular
pens doat violate the minimuma width and gap requirement can ams be mathe to a RED template. Thiese ecror can be observed by
creating a DIED templata dha corresponds to every posible rectangular eclor pastern positioned at the center of the DIED window such
that it must be mached to the template at lear once during scanning. T7he algorithmic propelty method is suitable for temnplate-set

gisoebecause rectulrptrns am simple. An error pattern and a template matched to it are illustrated in Figure 3.

1 01213141
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FigureS. Examples of a DIED template and an errm pattern. (a) Dl) templitc (b) [nut pjattet matched to it

Anlysis and Sinsulation of Decfect tCoverae

Defect coveage is panfet if thene is neither a missed defect nor a false detection The prob~abilitv ot false detecto caused by noise
is assumaed to be negligible. To evalute detect coveragte ith two RLD and D)1Ditemp~tes %cts. it cant be %.enmad by %imuagioi b~ut
covera asnalyss smorneekctive. It is aswumed that the MIS) squAle windowt is N rasca in each side and t:.e DIED oraion vindow

.....................................



is 2N. I ift diamer whM ie OW111e0 mi2i01m b.Sile is 2N piXel The following type of defiects can be completely dmcd

* Evey pom tm..ws i e g t --g o 2 or mere. All patterns except those with an edge roughness of I or 0 can be
doe s aems by tho RED algondiha becaie a RED template ad ncklds all possible templaes for patievu with an
edg mueimse ofIl or &~

*" mbey r d pniem witha mhemmwidthat gp .1 Sm anN-I pl&. Itcan be detected byie RED
inmpie on becamme it hm two parallel edgms. nhe wimidow; however. there is no templat for the window pattern with two
parallel edges in the RED , mlate et.

* vey relampWla pasern with a iminimmumm width or gpp of Sm than 2N pizeb and greater than N-2 pixe. It can be
demaed by the DIED templime set. Uf its maximum width or gap is greater than or equal to 2N. it is detected by condition
(1) at the DED algmitim; otherwise, it is deseesed by condition (2).

la smomay, every petw. with a rado shape and every rectangular pattern with at widt or gap of less than ZN pixels can be
dammd by the RED ad DIED templame sets Undesird additional rectangular patterns whose mUiniu widths are greater than 2N
cannot be datecomed. The probability, .1such atr petterns, however, is negligible.

The dginitm have bee simuirnd to varify thew correctness and the defect coverage, and the results were also used to determine
the number of dimections for a puuicular amto. Figure 6 is binary SEM mage of contact-hole patterns in phosoresis. Thei RED

wem ai su0 enrtdSooleaft the roundig effect at each corner, and the DIED templates were generated to detect only feature
siam;ha wmr less than 80 p ofa a the allowmable naumum sin. These constraints resulted in an RED set with 128 templates and a
OWD Wa with 16 templats. A simulation result with these tmplate set is shown in Figure 6. The positions where ame patterns exist
am mashe with a sm for diaaminl aiim and a small circle for random error. For convenience the inspection operation was not
aphed. the iugoa ctaide ofdosed lie. The twotyes t errors in this i -ape were the unintended bridging and namow ga between
Commc boles eammed by overdevalopment of meut. and both were correctly detcted.

----------- -- ------ ------------------------------------------------
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The swaut of RED templa generaio for vurius sium of square windows in the Manhattan-style patterns ame summarized in
lbbh 1. As the window iacremes. the menmay required to stare the templates grows rapidlywhich limits the size of the window.

Table 1: Number of RED templates versus size of window.

Windw l eN 3 X3 4 X4 S X 6 X6 7 X7

Wlidw sin (bibs)N 2  9 16 25 36 49

Templatle sde (bits) 2W3  13 32 so 72 9

Template nomber T 3n 72 128 200 283

Meory reoire (bite)M RG M7 230 640 '4002M

Custom VLSI Circuits

As ilhuamed in Figure 7. two functional blocks for windowing and comparing are required to inspect a senal binary input as a
Weoed mutes. ThU wndowng block forme a 2-D window pattern from a sertal video signal and is basically a set of shift registers. Its
output is connected to the bit-line driven that drive the bit lines of the CAM army of the comparing block.

The matchting black consisting of umkabie CAM cells compares the window pattern to all templates stored in the content-
addreseable memories in parulel, and Nf maskable CAM cells are tied together to a match line where Nf is the number of bits in a
window Patent. Becausee thus is a match line for each template, the match signal is the output of an OR operation on all match lines.
A makable CAM elil with 17 transison (Figure 8) can store one bit for the pattern word and one for the mask word. Two custom ICs
harve been designed and we beingl fabricated. A RED IC can store 128 templates for the 23-bit window and a DED IC can contain 64
templases for the 32-bit window.

Figure 9 is a block diagram of a prototype inspection system The input is a serial binary image of the VLSI circuit patterns, and
One output is a color display. The delays are used to locate the centers of the RED and DED windows at the same pixel and to
synwomse the outputs of the RED and DED chips to the delayed input signal, which corresponds to the center pixel of the RED and

sr lo"window pattern CAM array motch/no match

windowintg block comparing block

Figure 7. Functional diagram of an VLSI inspection circuit.

Conclusion

flsu mplate-Wa approach is a simple and effective method for resolving the problem of VLSI circuit pattern inspection. A rcal-
time inspection can be accomplished with fast consent-addressable memories. The advantages Of this approach are summarized as
follows.

_ Donstcaion is employed to reduce the number of templates and so resolve the problem of quantization error effectively.

*The maskable commot-addressable memory is used as a storage for the template set and parallel-companson unit.

*The consaw-addressAWl memory required so more the template sets is orders. of magnitudes smaller in volume than the
CAD data of the patterns.



pattern word line

match line

mask word line

FigureS. Circuit diagram of a maskable content-addressable memory cell.

Figure 9. Block diagram of a prototype inspection system.

" The template set can be adjusted if the set of error patterns to be covered is changed.

" Multiple template sets can be employed to enhance defect coverage if a template set cannot detect all the error patterns.

" Real-time inspection is possible because of the high speed and parallelism of a CAM array.

" This approach is compatible with the raster-scanned image because the window pattern at every pixel position must be
compared to the template set.

Because outputs of this inspection method are poitions where the unacceptable window patterns exist. it can be used for analyzaing
the unacceptable window patterns to classify the type of defects, which is in area ol further reseArch.
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