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ABSTRACT

This paper studies the impact of shape and locarament (pattern layout) on the ability to deteleffects on the
reticle and the extent to which they affect the elision of the printed image on the wafer. The astliave made
extensive use of design information to performadhgh evaluation. OPC software was used to genenask data that
was comparable to product mask data. Defects waoeg on the post-OPC layout and OPC software Vsasused to
simulate the dimension of the defective featurepraged on the wafer. “Design Based Metrology” wesed to create
accurate metrology recipes to support wafer andknmastrology. Ultimately the procedures describedhis paper
allow a direct correlation to be made between leetitspectability and the impact of the same dsfectwafer CD. Data
is presented for the case of the Contact Hole lajer “65nm” Logic technology, though the methoésctibed in the
paper are applicable to all layers.
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1.0 Introduction

The 2006 ITRS Roadmap defines a Mask Defect aswistlA Mask Defect is any unintended mask anomaly thiatsp
or changes a printed image size on the wafer by 108tnore. The Mask Defect size listed in the rogaimahesquare
root of the area on the maskf the smallest opaque or clear defect that iseetgrl to print for the stated generation
This definition attempts to reduce all possibleedeftypes and environments to a single metric. Imear printing
regime, where the mask feature prints with no lmasthe wafer this metric may be appropriate. Howeearrent
patterning processes show significant variatiomémse/iso bias, Depth of Focus (DOF) and LinedMi£EF) from
layer to layer and from layout to layout. In tkituation, a “one size fits all” definition will &8 to over-specifying the
mask defect control, leading to lower yield andheigmask costs.

Traditionally there have been two types of insgettest masks. On one hand we have those thatdedeets placed on
ideal layouts (iso/dense, no-OPC) and on a spegifit and are used quantify the defect capture ahtae inspection
tool at some specific settings, e.g. Verinfas®on the other hand we have masks that are gitioetuct or product-like
layouts which are used to test the “runability”tbé inspection tool (i.e. the rate of false deifdentification) at the
same settings (mask name) e.g. UIS

In this paper we describe a methodology for desigai test mask that can serve both purposes. Addlty, this mask
design allows us to assess the impact of the shiagpdocal environment (pattern layout) on the abtlb detect defects
on the reticle and the extent to which they affeetdimension of the printed image on the wafere 8how the example
of a contact level mask that is built from layouips from real devices and with proper OPC treatmien the

technology node(s) used to pattern the layout. Veleepprogrammed defects at specific locations withe post-OPC
layout. Using these defect co-ordinates we are tbfgerform extensive simulated printability stugigsing calibrated
OPC models. From these simulations, and an unahelisig of the resolution limits of the mask makinggess, we are
able to select an appropriate range of defect sizé=st both mask inspectability and wafer priiligh Furthermore, we



are able to create SEM recipes from these co-aebria support mask and wafer metrology to validiageprintability
of the reticle defects on the wafer.

2.0 Mask Design and Layout

The basic building block of the mask is a layoip ¢hpproximately 100 x 100 m) that contains one defect. The layout
clip has been run through the OPC recipe apprapftatthe layer and technology. This ensures thé¢aures have the
correct bias to support wafer print studies. Initold, other OPC artefacts such as edge fragmentadnd Sub
Resolution Assist Features (SRAFs), which may imhpaticle inspection sensitivity settings are imt#d. The layout
clip contains a variety of environments collecteaini different areas of product chips. These laydutkide standard
cells, SRAM cells and layouts with poor printalyilias defined by image quality — e.g. high MEEHosv image slope).
Layouts and appropriate RET and OPC treatments sedezted for the contact layer for both 65nm afidnd nodes in
this study. The mask blank used was a 193nm

Based on the ITRS definition that defect area ésitiportant metric, scripts were used to automiyicgenerate defects
of different shapes but with equal area. Some efdfect types are shown in table 1. For each tiefeation, 14 types
of defects were generated as defined in the tabddowb The first eight defect representing classical
“particle/contamination” defects and the latteefnesenting imaging e.g. dose errors, pattern plane

Class Image Category
1x1 bump/divot “Contamination”

1x2 bump/divot “Contamination”

1x4 bump/divot “Contamination”

Isolated dot (Clear/dark) “Contamination”

Edge grow/shrink “Contamination”/Tool error
CD Error Tool error
Contact Shift X/Y Tool error
Group Shift Tool error

Table 1: Defect classes, images and categories

For the “particle’ and edge error defects, thesimere chosen such that the area of the defectstiversame, regardless
of shape, for each defect count. To determine tmeect range of defect sizes, simulation was peréat on the mask
layout using the same process models used to dteat®PC and CDs were measured at the defect dosatiterating
on the defect generation and simulation we detexchanrange of defect sizes that would result ir26% CD variation



at the wafer for the 1x1 edge bump and divot defe@onsequently, each defect counter correspandsi¥% CD
change). In the case of “65nm” logic design ruled associated lithography, the 10% CD error coordpd to a
100nm square opaque defect and a 150nm squaredefieat (reticle dimensions).

The final mask layout is shown in Figure 1. Theedéfdie” is ~ 8.9 x 10.8 mm (wafer dimension) asglaced in a 3x2
array to fill the stepper field (reticle). The deffelie contains ~10,000 defects and &d6ntacts. The reticle supports die
to database and die to die inspection. It also supplefect repair studies. Additionally, the nafett die can be used
for “runability” studies.
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Figure 1: Test Mask Layout

3.0 Simulation Results

Simulation was performed with the OPC software. $ite lists used to generate the defects in the&krdasign were
used to define the locations for measurements @sithulated images. The models used were calibedtedminal dose
and focus. It would clearly be possible to extene &nalysis to stud y the impact of defects on ggsovindow by
including more models or alternatively simply loofiat aerial image simulation.

Analysis of the simulated CDs shows that the philits is a sensitive function of both defect typad environment.
Figures 2a and 2b show the CD variation as a fanaif defect area for clear defects of variousikion a contact in a
semi-dense array (i.e. at contacted poly pitch).dbgerve that the sensitivity for clear edge deféEtgure 2a) is quite
similar, but that isolated clear dots (a clear lthlf way between two semi-dense contacts) havesilmmimpact on the
CD of the adjacent contacts for this environmeot. dark defects (Figure 2b) we see more sensittaitgiefect shape.
Specifically, for edge defects the higher aspetit rdefects (1x1) have more impact than the loweaspation defects
(edge move). Furthermore, the isolated dark spogged in the middle of the contact) has even gresnsitivity.
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Figure 2 a) Simulated wafer CD change for cleaedebn a semi-dense contact, b) Simulated wafeclknge for dark
defect on a semi-dense contact

Simulations were performed on all defect environteemd types. Figure 3 shows the sensitivity (dgbeiatability) in
terms of wafer CD change versus defect area foerabdefect types and environments. Consideringadripe defect
environments individually, we observe that theraisange of ~ 4x in the defect sensitivity (notliking the non-
printing clear dot defects). The effect of defegvieonment leads to an additional range of sengjtiSpecifically we
observe that the print sensitivity of clear dot atiebt defect types are slightly enhanced in SRAddations, and are
greatly enhanced in the dense pitch layouts comdparsemi-dense and iso “random logic” layouts. €lear dot defect
in the dense array becomes the most sensitivedfypefect, whereas in less dense environments edigirthat it barely
prints at all.

Print Sensitivity vs Environment 65nm Contacts

A\ N N N
¥ e | —P-
) e 4 /'\\'/ =k
T ' T——t]
- 3 3\ 2 -+
E’ 25 o+
a 5] w— -
e 2 i =
| N X
3 1 WW,, e
8 \ o A
S £ P o o 5 o
s Sidl 6&\ % (@:\/ 0&/ O&/ P ‘\!95‘ Q;‘Q/
& & & < g & N
1T & &7 SRS & &

Environment

|—9—1 1_divat -8 11_bump —&—dot_clear —— dot_cr —& grow_plus |

Figure 3 Sensitivity (Wafer CD change/Defect Area)defects in multiple defect environments

The simulations presented represent one specifauta RET, OPC combination. By performing the siatigns in the
OPC environment, it is a fairly simple matter t@ptthe set-up to study other layouts (e.g. polynetal) and RET/OPC



conditions (SRAFs, different fragmentation stylégferent optical parameters), especially if onbrial image is used
for simulation.

4.0 Reticle Inspection

Reticle inspection was performed on a KLA 500 seti@ol with a 90nm pixel size. Several detectotirsgs were
studied (tests 1-4) including “Terafli3®, 10 runs were made for each setting. The inspectigorithms targeted the
65nm test patterns. By analogy with the simulatitidy we investigated the sensitivity of inspectisna function of the
designediefect area and as a function of defect environnfégure 4 shows the 100% (i.e. 10 out of 10) geptate for
various defects in a semi-dense contact hole laydbe black line in figure 4 represent the defeourters
corresponding to a 1 pixel defect (i.e. 90nm x 9Gmea).
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Figure 4: Detectability versus Designed Defect AmreéSemi Dense contact

For defects that are on the feature edge (i.e. bamdpdivot), all 4 of the inspection algorithms af#e to detect the 1
pixel defects regardless of aspect ratio. For tirerne and clear dot, the algorithms appear to & dapable (but this
may be related to the ability to resolve these asfen the mask — see ibid.). In the case of timtact sizing defects
(plus_grow_plus and plus_grow_minus) we observe ttia choice of inspection algorithm has a largedot on the
detectability of these defects and that it is viemgortant to have such defects on the reticle tsext-up the inspection
settings. The data in figure 4 (and data from o#miironments) indicate that the reticle inspectigstem cannot detect
all defects of the same area (regardless of shape).

The more appropriate measure, however, is howtivelinspection captures defects at an equal CDentle. Figure 5
shows the same sensitivity plot as figure 4 butrdierence marks now represent the defect sizelaietuto create >5%
CD error on the wafer. We observe that the gap &etvihe detection and printability of the chromeiddncreased, but
we also observe that the clear dot inspection v8 much too sensitive, leading to unnecessary reaieven rejecting
reticles which have no defects that would printtoe wafer.
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Figure 5: Detectability versus Simulated Wafer Glamge for Semi-Dense Contact

5.0 Wafer Inspection and CD Measurement

The simulated sensitivity thresholds in figuresndl & assume that the designed defects are perfegitpduced on the
reticle. Mask Defects were also measured. Desiged&EM recipe creatidrallows us to measure many locations.
Figure 6 shows the actual mask CD for chrome dfgate the resolution of the mask making proceswidinear and
some of the smaller defects are not present om#sk, or experience significant rounding. Consetiyetihe designed
defect size is not a good metric for some of thalkendefects, in particular, the actual dimensadrthe minimum
detected defect is likely smaller than that indidaby design.

Figure 6: Mask Dimension of Chrome Dot defects

Ultimately what is important is the ability to deteeticle defects that print on the wafer. Becahgsesame OPC is used
on the test mask as is used in production, it &siixde to print the test mask on the wafer and exakbthe environments

to print on-size. Since the layout on the test miasircuit-like and does not have large labelgpoimters identifying
defect sites. Instead we rely on design based fogiyaecipe creatichto create the SEM recipes to measure the wafer



dimensions of the defective sites. Using the sitelthat were created to generate the defectsoaial@ntify simulation
sites, SEM recipes were created. To study the itnplaeticle defect on wafer CDs the following natrgy sampling
plan was created: measure 9 fields across wafevienraging, measure 20 defect sizes per type/amaeat, measure 12
defect types in 6 environments. This results inrd400 locations and more than 13,000 CDs were unedsRecipe
setup time was ~1 hr plus an additional 4hrs dfrtgstotal SEM run time was approximately 72 hoansl the success
rates were over 95%.

Simulation accuracy was quantified by comparingdineulated and measured CDs for the oversized/simbet contacts
as these do not contain small, hard to resolvectief€igure 7 shows the fit for defect size erforsboth isolated and
semi-dense contacts. The correlation is excelksndl indicated that deviations from the simulaticedictions are due
to differences between the design and reticle.

Figure 7: Correlation of Wafer CD to simulation dnthges of measurement sites

A plot of Measured CD vs Defect Counter for the sdanse contact array is shown in figure 8. QueNigdy it shows
the same trends as predicted by simulation, ergnof dot is most sensitive, clear dot hardly prints also observe that
the 1x1 bump has more impact on wafer CD than #t#&Hump — also predicted by simulation. Additiopalle see
some subtle effects, for example, the chrome dutsvsno print impact for defects below counter 8sistent with the
inability to resolve these defects ion the maskc&iwe have measured all the defect locations ennédifer we can
identify the defect counter at which some specifidltolerance is violated.
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Figure 8: Wafer measurements showing the impaCiedr (a) and Dark (b) defects on CD for a semisderontact

array

Figure 9 shows the inspectability versus a +/- 5Bb\@riation spec. for CDs measured on the wafermfsemi dense
contact array. The algorithms chosen appear toubkegbout right for detecting dark bump defects, $ensitive in
detecting clear bump defects and not sensitive ginéor sizing errors.
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Figure 9a: Semi-Dense Contact mask inspectabititgus wafer printability

Figure 9b shows the same plots but for the SRAM-Befiect (see figure 3) for this environment, we e the
sensitivity settings seem to be just right for fimgd bump and divot defects, but that the oversiaad particularly



undersized defects are not well captured. This datnates the difficulty of setting up an algorittimat will work for all
defect types as well as defect environments.
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Figure 9b for Dense and Mid-SRAM-bar mask inspdtitalversus wafer printability

5.1 Wafer defect inspection

For wafer defect inspections the mask has beetegrionto a wafer by using best dose and best ilaosnation
conditions. The KLA-Tencor 23XX series tool wadiméd to perform the die to die inspection on wafgifferent
wavelengths, illumination conditions and pixel sizeere tested and the best ones in regards tdisgnsE/N ratio and
throughput have been used for further analysis.

The generated high sensitivity recipes are clogkeaamoise floor of the wafer, but eventually pidkeiisance defects are
randomly distributed across the wafer and a repaa@lysis could filter them out. The so generated file includes

the information of defect location, size, defegdyetc. and could be compared by script to thgirai programmed
defects.

Figure 10a and 10b show the defects detected ligrvm@spection grouped by defect type for thredfedint wafer
inspection recipes. For the given mask design wiaigection is beaten by mask inspection and detatity always 2-

3 defects below the mask inspection results. Furtbee wafer inspection is completely missing thend y shift
contacts. Earlier resultshowed that the sensitivity for wafer inspectiersimilar or better for contact and via masks
compared to mask inspection, but with the intromicof SRAM bars the sensitivity dropped.



Defect no.

Defect no.

Wafer Inspection capture rate 100% for Chip A3,ldb  F1

©
o & &~
3 &> / @ Y4
- Q>> Q>;L T e <>}°$ Vo\ >y NS
S & <& & & R i O .4&' .4&' RN I
¢ & @ ¢ & Q¥ & & 8 & & Dpefectclass

20 == e ———L T S S B
19 HA4 A A - - A - 11
8 HA A A - - 11 -1 11
IR R R e A i . Tt 11 |oTest2
16 HA 1t AT A -
15 HA A A AT A -
YVr1trtr 11 r 11— Mr1T Atr - O Test6
BHA A A AP A A -
2 H44 A A A - - H-A41-At------ -
WA A A H-H- - o Test7
10 H44 A A A -1 -4 --------
9777— J — 4 —444 t----—-- -— ] T e
g H{ A4 U ] S e - Wafer SEM
7+ - A e e i Printability (+/- 5%)
677777 e -—— [ TR
57 777777777 T T T T T pp—_— -—
A4 - -—— o ______
3, 777777777777777777777777777777777777777777777777
2, 777777777777777777777777777777777777777777777777
1

Figure 10a: Inspection sensitivity versus Wafentatbility for semi dense (denso) array
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6.0 Summary and Conclusions

We have presented a methodology for the correlatioreticle inspectability with the impact on theafer. The key
elements are: the use of real layout clips with BRC treatments to ensure meaningful wafer prasults, the
normalization of defect sizes by area, the useatibated OPC models to define the relevant rarfggetect sizes, the
use of layout co-ordinates to drive defect layocenearation, defect printability simulation and wa#M measurement.
The method has been demonstrated for a 65nm nadactdayer, but is equally applicable to any desany RET and
any technology node.

The key findings of this study are that defect fatnility is very sensitive to defect shape and pulgespecially for
attenuated PSM). The impact of defect environmeag @also studied. The influence of environment dntgiility was
less than that of defect shape (for the case amGdode contact layer), but this conclusion willlhghly dependent on
the k1-factor and MEEF of the process being studedan be seen by the increased sensitivity &y defects seen in
the dense array. Simulation was shown to be accuanad is generally useful for designing test maalslitionally it
provides a good initial indication of whether timspection is performing well. However, due to la¢kesolution in the
mask process, we cannot assume that the mask dimesfsa defect is the same as it's designed diioersnd so it is
ultimately necessary to compare the inspection tighactual wafer print data. Design-based metsotegipe creation
enables the accurate measurement of defectiverésatithin real layout clips.

The inspection algorithms studied do not map diyemtto a single area metric, neither do they nwap single printed
CD variation spec. Typically, defect spec.s prodide the mask shop define a minimum defect areateawéd no
restrictions on layout (often the same spec is @isedifferent critical layers in a mask set toods a consequence it is
necessary to specify a defect size that will flagngnnon-printing defects. At 65nm logic technoldlis does not appear
to be a problem as the mask process has suffithesidroom” to obtain satisfactory yields. With ewacreasing k1-
factor lithography it is likely that it will becomarder to continue this approach.

The consequence of this trend is that it will beassary to detect — or at least disposition —leetiefects bases on wafer
printability. Aerial image based defewpair disposition (using the AIMS tobfrom Zeiss) has been used in the mask
shop for many years. Several attempts have beeg tadtroduce aerial imagéor at least simulation bas@d?) defect
disposition into the mask inspection flow but hdnael limited success due to the difficulties of graing third party
defect review software with the inspection toolss Ithe opinion of the authors that future tecbgglnodes will require
systematic use of aerial image base defect dispogid allow good masks to ship to customers witheht yields. The
mask design and characterization methodology ptedeim this paper could be an useful tool in calilmg such
inspection and disposition flows.
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