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ABSTRACT

As a consequence of the shrinking sizes of thegiated circuit structures, the overlay budget #wrims well. Overlay is
traditionally measured with relatively large tesustures which are located in the scribe linehef éxposure field, in the
four corners. Although the performance of the aerinetrology tools has improved significantly ouvane it is
questionable if this traditional method of overlegntrol will be sufficient for future technology des. For advanced
lithography techniques like double exposure or d®uytatterning, in-die overlay is critical and itirmportant to know
how much of the total overlay budget is consumethkgie components.

We reported earlier that small overlay targets wieduded directly inside die areas and good pemforce was
achieved. This new methodology enables a wide range ofstigations. This provides insight into processesctvh
were less important in the past or not accessinanietrology. The present work provides actual diaten productive

designs, instead of estimates, illustrating théetdihces between the scribe line and in-die registr and overlay.

The influence of the pellicle on mask and waferrtayeis studied. Furthermore the registration caerérror of the

reticles is correlated to wafer overlay residuals.

The influence of scanner-induced distortions (todbol differences) on in-die overlay is shown.

Finally, the individual contributors to in-die-oVay are discussed in the context of other overlantributors and are
compared with the available overlay budget. It Wwél shown that new overlay correction schemes wtaiké advantage
of the additional in-die overlay information needoe considered for production.

Keywords: in-die overlay, metrology, residuals, process control.
1. INTRODUCTION

Historically, DRAM and more recently Flash memomyvites have been the drivers of semiconductor tdobg. In
particular, overlay accuracy has always been agdlye for DRAM manufacturing. With the advent ofie patterning
scenarios, the concerns with respect to the coatraverlay grow dramatically.

In contrast to DRAM production, overlay has noti@emajor area of concern for production of loggwides thus far.
With the steep increase of on-chip cache memorstate of the art microprocessor designs and thdtireg need of
minimization of the individual SRAM-cells, the olay-requirements are suddenly similar to those BADIs and are
thus becoming a completely new challenge for erggman microprocessor manufacturing.

It is well known that the very tight overlay spécétions for 45nm and 32nm technology nodes areemdly
challenging. Sources of overlay error which were tolerableluriw might become critical and therefore needcigle
attention. The individual contributors to the tat&krlay error budget have been classified and uredsor estimated in
the past in various studie$

Besides scanner lenses, stages and alignment malitygthe impact of reticle registration on theeaall overlay budget
comes more and more into the focus of the Wérlds Lee et al. and Doh et al. concluded, retioleeticle overlay is
responsible for about 25% of the wafer overlay BrfoHowever, this number depends heavily on the @egfgrocess
control of both the reticle and wafer manufacturiState of the art mask shops are fully aware ath@ttchallenge and
work hard to decrease the registration of the leetidowever, the transfer of the reticle registmatonto the wafer has
not yet been fully explored on production retiélehis situation is mainly a result of the fact tttairrently mask
registration and wafer overlay are measured ormdifft structures and in different locations. It trues checked if this
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induces additional errors. In our study, we atteddb explore the transfer of the reticle regigtrabnto the wafer and
its context to other sources of intra-field overlgyrthermore, we compared reticle-to-reticle caxgnd wafer overlay
for a group of reticles from different mask shdpsis generating data for an overlay error budget.

2. METHODOLOGY
2.1 Wafer preparation and metrology

For the measurement of in-die overlay directly @sadoict wafers, micro AIM (advanced imaging metrgfpgverlay

targets with a 1X size of 13x13 um? were insertethe layout of successive lithography layers wittie actual die, in
multiple locations across the reticle fitldnsertion locations were selected in areas ofdéice without electrical
functionality. These areas are typically filled vdummy tiles, and some of the dummy tiles are revddo place the
overlay marks. Beside the in-die micro AIM targetB, reticles contained the normal box-in-box, si@nml size AIM as
well as micro AIM overlay targets in the four cors®f the scribe line. Fig. 1 shows the optical gmaf a normal size
AIM target compared to a micro target at poly gatehe same magnification.

(a) (b)
Fig. 1. Optical image of (a) a standard AIM, anji¥dbar micro AIM overlay target (FOV 50um).

The design of the 3-bar micro AIM target is shownFig. 2. In the reference layer the target wadt lasi a so called
simultaneous target with a segmented inner partaandn-segmented outer part. This special layost atasen for the
combination of the shallow trench isolation (STyé¢r and the poly gate layer. With this design,ttirget can be used
for pattern placement measurements at the refetagee After completion of the wafer processingtaghe poly gate
layer masking step, it can be used as a normakagmented micro AIM target. The segmentation ofrther part does
not negatively influence the optical image at tlwypgate resist mask as long as the segmented janeris fully
covered by poly silicon and resist. This fact miting the dynamic range of the special micro cagtiarget to a certain
degree compared to the standard design targetsnidie overlay experiments were conducted on pectido and short-
loop wafers. The overlay of the production wafeeswontrolled by a closed-loop APC controller aras wmall enough
to fall into the reduced dynamic range of the targre the case of short-loop wafers with manualrtaye correction,
special care was taken to avoid too large ovenleyrg

For the comparison of scribe line to in-die overlslyort-loop and production wafers were exposed simgle exposure
tool (ASML TwinScan XT1250). Due to the layout bktoverlay targets, a resist-in-resist processdcoat be used for
the short-loop wafers. Therefore the referencerl@tyehe short-loop wafer process was etched aapumoximately
120nm deep trench into bulk silicon. The seconédayas exposed on top of this structure using a BARating
underneath the ArF resist layer. The productiorevgaivere processed according to the normal prdioegsbut the two
layers of interest were exposed on a single exeosua.

All overlay measurements were performed on a sitdl&-Tencor Archer AIM+ tool in order to avoid adiinal
measurement errors due to tool-to-tool matchingc®p recipes were created using the ARC (autometipe creation)
function, which include the scribe line standardMAlargets, the scribe line micro AIM targets antliatdie micro
targets.



(a) (b) (c)
Fig. 2: Layout of micro AIM target: (a) simultaneotarget layout for STI, (b) layout for poly gatad (c) resulting
micro AIM overlay target at poly gate. In black d@ine structures from poly gate, and in white aeedtiuctures from the
STl layer.

During a first run, the recipes went through thedoeatic optimization process with OMC function (opl
measurement condition) enabled. Individual TIS ection was done for all target locations in theipeclt should be
mentioned here that the required overlay tool eecjpality was achieved only when all three softwasgures (ARC,
OMC, TIS on array) were used together. The colitrlatalues between reticle and wafer overlay ineeeasignificantly
when OMC was activated for recipe optimization. Bionpler comparison to production sampling plahs,dame fields
(9 per wafer) were selected as sampling plan iexgkeriments.

2.2 Reticle registration measurements

In this investigation, only sets of reticles prawsty or currently used for production of differ&@nm design rule logic
devices were included. A Vistec IPRO 3 was empldgeobtain registration data on both reticles afreset. The reticle
registration measurement was performed in a walyrtfiics the wafer overlay measurements, by meaguwh the
reticles the exact same features that are usetlebiltA-Tencor wafer overlay metrology tool. Thusstead of basing
reticle registration on IPRO crosses, as it is domenost products, the placement of the in-die onisiM targets was
studied, as well as scribe line micro AIM and stnddAIM targets. Fig. 3 (a) is one example distiitw of the
measurement locations (white crosses) througheutdticle. The two arrows (left and right) in eaxftthe four corners
point to the locations of the standard size andran&&lM targets in the scribe line, respectively.eTtotal number of
measurement points per reticle set was betweem®36, depending on the reticle set. The regisimatieasurement on
the micro AIM structures is schematically showrfig. 3 (b) and (c): for the measurements on theregice layer reticle
the outer features (b) and for the measurementiseoaurrent layer reticle the inner features (clenesed.
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Fig. 3: (a) reticle registration measurement lanatiand schematic of micro AIM targets (b) outet @) inner features.



The X-position of the micro AIM marks was obtainleg averaging the placement of the 6 vertical lireeg] the Y-
position via the 6 horizontal lines, in an effoot ¢alculate reticle-to-reticle overlay in a mansénilar to the wafer
overlay measurement. A similar approach was usedstindard AIM targets. The IPRO recipes had toctsated
manually due to the non-standard character ohalktructures.

The following nomenclature for the reticle namefl bé used throughout this article: each reticlenads comprised by
product (1,2,3), layer (L1-L4) and reticle revisigkiL-C1). The names of the reticle pairs are gibgmroduct, layer and
reticle revision of the reference layer followedlayer and reticle revision of the actual layer.dtlof the work focuses
on layer L1 and L2, which represent the reticlassfrallow trench isolation (STI) and poly gate pexgtively. Layer L3
and L4 represent a metal and a via layer.

3. RESULTS
3.1 Registration error and reticle-to-reticle overlay

The result of the standard registration measuresnantthe scribe lines (3s, spec), which is an irtgrar quality
parameter of a reticle as it is used to verify thateets its specifications for 3-sigma registratiis compared in Fig. 4
to the result of the special reticle registratiorasurements on in-die overlay structures (3s, éh-dAll registration
measurements are corrected for magnification amdanthogonality. The standard registration measergmesults of
all reticles vary in a range from 8 to 17nm in #@ibe line. The first two reticles highlighted ithe box were
manufactured with an older generation mask writg, twhich explains the relative high 3-sigma in-tigistration error.

In contrast to the standard registration measuréethenin-die registration of all other reticlessimaller and less than
8nm. This is mainly caused by the order in which diifferent parts of the reticle are written: thie dr dies get written
first, followed by the surroundings, such as th&epscribe lines. If the scribe line structures everritten in the same
run as the chip, this would improve their placemeantd the scribe line registration would be moreamiggful. The
difference in pattern density in the scribe linenpared to the die should also be nétdd other words, judging the
quality of a reticle by the standard registratioeasurements in the scribe line is not represeetaivall of the
placement of the structures in the die. This sitmatan only be improved when the specificationaticle registration
error is based on a higher sampling plan includepyesentative structures and especially locatiotign the die.

Standard versus in-die reticle registration (4X)
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Fig. 4: Reticle registration results (4X) from @ifént reticles measured on standard IPRO crossksraim-die micro
AIM targets as described.



Fig. 5 shows the corresponding reticle-to-retickertay error for the standard registration measer@ni3s, spec), the
registration of all available overlay structures,(all) and the registration of the in-die overkguctures only (3s, in-
die), calculated as the difference between thestegion errors of the two reticles in the set. Tegcle pairs, which
include at least one reticle from an older writel thighlighted with box and doted box), show atsbigher mask-to-
mask overlay error. In contrast to the registratiatues, the differences between standard andeineticle-to-reticle
overlay vary significantly from reticle set to 1&é set.

Reticle overlay (1X)
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Fig. 5: Reticle-to-reticle overlay (1X) results findifferent reticle pairs measured as specifiee@qspon all standard and
micro AIM targets (all), and micro targets in-dielyp (in-die).

The reticle-to-reticle overlay error depends ontheelation between the registration errors of tefticles. When the

registration errors are fully correlated (corredatcoefficient r = 1), the mask-to-mask overlapésfect. The reticle-to-
reticle overlay is worst in the anti-correlated e&ds = -1, illustrated in Fig. 6), and randomlytdisuted in the non-
correlated case (r = 0). Lee et al. therefore peddo take the mask-to-mask overlay error (odekiel of correlation

between registration errors) into account for thaliy assessment of reticle sets for critical fagembinations (for

double exposure technique — DET, or double patigrrtiechnique - DPT), which could relax the registra

requirements, especially in the case of positiveetation. It is obvious from Fig. 5 that the samglsize and the
locations of the standard registration measuretinetiiie scribe lines are also not representativaigindo be used for an
estimate of the correlation level between the leticpointing again to the need for in-die measemm
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Fig. 6: Anti-correlated registration errors on masknd B leading to the worst case of mask-to-nwagklay error.

3.2 Pellicle influence on reticle-to-reticle overlay

Reticles L1A1 and L2A1 from the Product3 set weseduto study the effect of different pellicles be teticle-to-reticle

overlay error. The first registration measurememniredie overlay structures was performed with ¢lesting pellicles.

Then these pellicles were removed and a seconsdtratipn measurement was done without pelliclea hrext step new
pellicles were mounted and a third registration sneament took place. The effect of the pellicles walculated as the
difference between the measurements with and withellicle respectively. The vector maps of thdedi#nces in mask-
to-mask overlay are shown in Fig. 7 (4X). No systémpattern can be seen, which might be relatag@ltdive sparse
sampling across the reticle field. At wafer levieé tcontribution of the pellicle, expected to be ragpmately 1nm

3sigma, was too small to be detected with the gimethodology and precision levels of the overlayrotegy.



(a) (b)
Fig. 7: Mask-to-mask overlay error introduced bifestent pellicles: (a) old pellicle set, (b) newllje set (4X).

3.3 Scribe line versus in-die wafer overlay

Overlay errors can be decomposed by modeling iifferent terms. The systematic terms can be usedotoect
(reduce) the overlay error on the wafer. The redidtom the model is the non-correctable part & tverlay error.
Residuals should be ideally close to zero and nauhdlistributed. When overlay is measured in mamgations per
field, the residual distribution across wafer aiedids actually exhibits a large systematical portio

In order to compare the quality of different ovgrtaorrection scenarios (standard: scribe line 4@omeasurements vs.
a combination of scribe line and in-die overlay,exclusively in-die overlay measurements) the @yeresults were
analyzed with a standard 10-parameter ASML scanmedef. The data was processed with KT Analyzer in three
different analysis sets: the first set includedyotile standard size scribe line AIM targets (repndag the normal
production use case), the second set includedailadle targets and the third set included onéyitirdie micro targets.
The comparison of the 3 sigma residuals of theetlagalysis sets is shown in Fig. 8 for normal potida lots with
different product layouts. Layers L1 and L2 weneals exposed with the same reticle pair for eacdymt on the same
single exposure tool (indicated in the chart). $tawp wafers were used for the reticle set fromdoct 3. It can be seen
that the residuals from all analysis sets are@r#imge from 3nm to 7nm.

The absolute difference of the residuals, notedbsgRes 3s delta), and the maximum predicted gvertar between
analysis sets 1 and 2, noted as abs(MPError deli@shown in Fig. 9. Although the differencesasiduals of the three
products are below 1nm the differences of the marinpredicted overlay error are not small enoughedgnored in
future technology nodes. This indicates that tesult of the modeling depends on the number andspatial
distribution of measurement points in the sampBeg It also shows that, as in the case of thbedime registration
measurements, the overlay measurement in the dimdbés not representative enough of the wholeat&a and can
introduce significant overlay errors when only ttiéga is used for overlay correction.
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Fig. 8: Comparison of residuals (1X) for threefeli€nt analysis sets (setl- standard AIM targets ¢orners, set2- all
targets, set3- only in-die targets) for differergucts and wafer lots.
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Fig. 9: Absolute differences of residuals and treximum predicted OVL error between analysis set ¢drners) and 2
(all targets) for different products and wafer I(2X).

3.4 Correlation of wafer overlay residuals to reticle-b-reticle overlay

Although the statistical concept of overlay martefity was developed for overlay marks printed liose proximity,
some of the ideas are useful when the correlatiomader overlay to reticle-to-reticle overlay isidted. If the targets
are not in close proximity but distributed acrdss teticle field, the assumption that all targetsdpice the same overlay
results is no longer valid. Therefore one has folyap linear (inter- and intrafield) overlay modelthe overlay values
and should replace the overlay values in the caficul with the respective residual values for eacbet.

The contribution of the reticle should be presenevery field on the wafer. The best way to exttai information,
which is constant for all fields, is to calculateetaverage of alK (respectivelyY) overlay residual values in each



locationi across all fieldg, wherei is the index of the overlay target out iéfoverlay targets in the field ands the

index of the field number out & fields:

S szlres_Xij
res=————— 1
S - 1)

The attempt to correlate wafer overlay to mask-tskn overlay clearly reveals the current limitatiook the
methodology and the available metrology in respegbrecision and signal to noise ratio. The masadvantage of
using average field residuals as defined in eqodltics that any process-related non-linear acradeneffect influences
the average field residual. Therefore one cannpeeixa 1:1 transfer of reticle error to the wafethis case. A good
way to check for such process effects is for exanplplot the residuals versus the wafer radiusgy @rhe residuals
change very little along the radius can the slopthe correlation be expected to be close to onmetler reason for
imperfect correlation is the presence of aberat&ated pattern placement error (PPE). Since tleeafiIM target was
designed with device-like structure size, it issséwe to PPE and the measured overlay is the duimemverlay and the
PPE. This needs to be taken into account whendtrelation of reticle and wafer overlay is studied.
Commercially available overlay analysis softwarekages currently do not have the capability to deigh reticle
registration or reticle-to-reticle overlay data.eféfore a data-handling software and a mathematioatept of an
empirical model of mask placement error transfeinduexposure was developed by one of the co-asithoThe result
of the model is shown in Fig. 10, where DX-DX pertato the correlation of the overlay error in thalirection on
mask (x-axis) and wafer (y-axis) in nm at mask lel®Y-DY to data in the Y direction, and DX-DY aridY-DX
represent the cross-terms. Of particular interestthe shared variance values’)(Rwhich are representative of the
correlation between the mask and wafer data set & for uncorrelated sets, and R 1 for fully correlated or anti-
correlated sets. The sign of the correlation coieffit R indicates that the data is positively datesl, and the Rvalues
indicate that the correlation between mask and maferlay error is very good.

Fig. 10: Correlation of reticle registration overta wafer overlay (4X) for product 1 reticle setA1-L2A1.

Besides the correlation coefficients, the valuethefslopes are indicative of the correlation akléhereof: the slopes
are close to O for the cross-terms, as can be teghethe slopes are greater than one for the pkaterror transfer in
both X and Y directions, which can be explained miiee reticle-to-reticle overlay, shown in Fig. &).(is subtracted
from the wafer overlay, plotted in Fig. 11(b). Thector map resulting from the subtraction of maskraask overlay
from wafer overlay, in Fig. 11(c), shows the conation of exposure tool contribution and measurenteoit noises.
Further work is needed to study the factors thiii@mce the remaining difference between averagilwal error and
mask-to-mask overlay.
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Fig. 11: Vector map of (a) reticle-to-reticle oway (b) wafer overlay, and (c) tool-induced distors (same scale for all
plots, 4X).

3.5 Scanner matching influence

For the study of scanner matching, production fiaisn Product4 and Product5 were used. Referencdayveata was
generated by exposing both layers of Product5 single exposure tool, STP A, and both layers ofiBctt on STP B.
These results were compared to lots for which laylewas printed on the reference scanner whilerlagewas printed
on scanner STP C. In order to quantify the systentantributors to the total residual error, theeday was measured
on all available scribe line and in-die overlaygtts, as described in section 2.1 and modeledandifferent ways: in
one model (composite field), the intra-field modeldetermined using the intra-field data averageer @ll measured
fields, and in the second model (field-by-field)etintra-field model is allowed to vary by fieldhd difference in the
residuals between the two models is an estimattheofinmodeled systematic field-to-field Bia& further breakdown
of this bias into a process- and scanner-inducetigpaot directly possible with the data set udad,it can be assumed
that the process-induced systematic residual coemois the same for all lots in the experiment siticey were
manufactured with an identical process flow. Finathe average field residuals (which are identfoalboth modeling
methods) were calculated as an estimator of thidualscomponent, which is constant for all field$he results are
shown in Fig. 12. In the case of single machinerlaye the wafer residuals are small, as expectéded difference
between the composite and the field-by-field madedlso small, but a difference between STP A ah® 8 can be
noted. The average field residuals (sum of reticlesticle overlay and PPE) contribute between 0% 70% to the
total residual error. One can assume that for DETD®T processes with tighter overlay and CD unifitym
specifications a single machine exposure scenaitidb/ the best solution. In this case, the ovedantribution of the
reticle is the dominating component. This emphasittee necessity of better sampling for registratma overlay
metrology, as mentioned in Sections 3.1 and 3.8,tha need to manufacture positively-correlatettleesets for the
overlay-critical layers. For the case of mixed-niaehoverlay, the wafer residuals of the composiéédfmodel are
significantly higher compared to the field-by-fieldodel and the average field residuals stay alrizestsame. The
contribution of the average field (reticle-to-rédioverlay plus difference in lens distortionsyésgluced to between 35%
and 55%. The majority of the total residual mustrekated to the imperfect matching of the stagelgyrDifferent
scanner vendors are aware of this source of overiay and are working on solutions to improve #itsatiort*. This
example shows that with a relatively small datactgtined from in-die overlay measurements it isside with the
proposed methodology to get quantitative measurasage grid error (difference between the two nfiagemethods)
and lens distortion differences (differences inrage field residuals). From Fig. 12, it can be ¢oded that the stage
grid matching of STP A and STP C is not perfectekglas the lens distortion differences are slightgher for the
combination STP B to STP C.



Guidelines for future overlay and registration sfieations can be derived more easily when in-diertay results are
analyzed in the proposed way and compared to eaggjistration and reticle-to reticle overfay

Influence of scanner matching on wafer and average field residuals
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Fig. 12: Influence of scanner matching on wafeidwes for a composite field model (Wafer Res),ieddfby-field
model (Wafer Res FxF) and average field residualg (Field Res).

4. CONCLUSIONS

It was shown that the current way to measure andifypreticle registration and wafer overlay does eorrespond well
with the requirement to be representative of theoletreticle area. Therefore, in-die test structusegable for
registration and overlay measurement need to Haded in future product layouts. The quality asses# of reticles
should be based on a higher sampling rate fortragisn measurements including die-area targetsat shown that in-
die overlay measurements provide a better modé&ingcanner corrections than scribe-line targets.

The correlation between reticles should be takemaacount for overlay-critical layer combinatioespecially since the
reticle contribution dominates when single machegosure scenarios are used for production. Optionalrlay
sampling plans need to be developed, which tale astount the individual fingerprints of reticleirgaused for the
exposure. The transfer of reticle registration exrm the wafer was studied on production platesi a very good
correlation was found, pointing to the importan€eeaticle registration in the overall wafer overlaydget. However, the
limited amount of data collected did not make isgble to derive a complete and statistically soemdr budget.

Since the AIM and micro AIM targets were non-staxdfor registration, recipes had to be created &gdh which
should be avoided in the future, as automatic eeciigation and optimization helps to avoid humaarsrwhen recipes
with many sites need to be set up. For the requaeels of overlay control, sub-nanometer precidimnoverlay and
registration metrology on small in-die test struetuwill be necessary for future lithography nodéstrology tools with
higher intrinsic resolution (CDSEM) or precisioncdtterometry-based overlay) could be used in amditr as
alternative to image-based overlay metrology tdaebetharacterize the influence on overlay of re¢lscanner lenses,
and process steps. The capabilities of currentl@yenalysis software packages should be improvguaificantly,
including easy-to-use import and export functiomsrfon-standard overlay data sources (CDSEM) agidtration data.
Although data handling was made in a semi-manwliéen and metrology tools showed their limitatioihsyas possible
to reach conclusions on the better suitability ofdie overlay measurements for reticle assessmedtsaanner
correction modeling. More work is needed to bettederstand how the registration of reticles cannggroved and
what contributes to the remaining differences betwaverage field residuals and reticle-to-reticlertay, and therefore
to the overall wafer overlay error budget.
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