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ABSTRACT

In case drastic changes need to be made to tofijaaations or blank specifications, it is importan know as early as
possible under which conditions the tight imagec@haent requirements of future lithography nodestsamchieved.
Modeling, such as finite element simulations, cafpipredict the magnitude of structural and therefédcts before
actual manufacturing issues occur, and basic axpets using current tools can readily be conduttederify the
predicted results or perform feasibility tests fature nodes. Using numerical simulations, experital mask
registration, and printing data, the effects ongmalacement of stressed layer patterning, blankedsional and
material tolerances, as well as charging during&sbwriting were investigated for current mask klapecifications.
This provides an understanding of the areas thatnegore work for image placement error budgetseanet and to
insure the viability of optical lithography for fute nodes.

Keywords. optical mask, registration, charging, mask clngkoverlay, wafer exposure.

1. INTRODUCTION

For the successful extension of 193-nm immersitimodjraphy down to and below the 45-nm node, maskgém
placement and wafer overlay errors are a conce®urrently, overlay at the wafer level is spedifte be no larger than
19% of the mask half-pitch. From this overlay etadget, roughly 30% is allocated to mask placeameemors. The

maximum image placement at the mask level allowgeldalf the maximum overlay. As linear parts of fl@cement

errors are correctible in exposure tools, mask analgcement is specified after multi-point alignitnand removal of
isotropic magnification. Thus, the maximum allovealwafer overlay error at the 45-nm node is 8.0 amg the

maximum permitted mask image placement error is\h8

Year of Production 2005 | 2006 | 2007 | 2008 | 2009 | 2010 | 2011 | 2012 | 2013
DRAM % Pitch (nm) (contacted) 80 70 65 57 50 45 40 36 32
Overlay (3 sigma) (nm) 15 13 11 10 9 8 7 6 6
Mask magnification 4 4 4 4 4 4 4 4 4
Image placement (hm, multi-point) 9 8 7

Fig. 1.  Excerpt of 2005 ITRS document, focusingmage placement issués.

Some well-known sources of pattern distortionstheemask writer stage and beam positioning ertouciring of
stressed layers, and mask heating during writingvals as under 193-nm light exposure. This papaus$es on
additional causes of mask distortions, namely blam&rging during electron-beam writing, as welltalgrances in
substrate dimensions and material properties, whitllence the structural response of masks underity in various
tools. Additionally, the sources of overlay errdrge to masks and tools in wafer fabs are mentioned
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The outline of this paper is as follow: sourcesmége placement error are presented, starting wethkmown or oft-
published effects, then effects that are not sd-kvedwn or underestimated according to the autlodithis paper, and
effects occurring during mask usage in the wafbr Fanally, each effect will be classified as noisesystematic, and
according to whether solutions are already knowmitfo reduction or correction, thus pointing to thein issues
demanding research and development work for futades.

2. WELL-KNOWN EFFECTS
21 Writer positioning error

An obvious source of registration error is the masiker stage and beam positioning error. Thisrezem be monitored
and represents the pattern generator’s best ratipstrcapability. Tuning a mask writer consists oalyy in minimizing
this positioning error, also referred to as foatfrbut also in making sure this footprint is ngstematic. To test this,
dedicated testmasks can be written and their ragimh can be analyzed to determine if this plageneror is
systematic or merely noise. In particular, thetritigtion of the displacements can be compared tGaaissian
distribution, characteristic of noise, or a statet evaluation can be used, such as a QQ ploeseptation. As an
example, Fig. 2 (a) illustrates the distribution »eflisplacements obtained with a particular maskewr called
generation | in this paper, on which a Gaussiavecis superimposed. In this example, the writeduszas a 50kV
electron-beam system, and the distribution is Gansémplying that the tool footprint has no sysédim part. The
standard deviation of the distribution is repreatw¢ of the tool's placement capability. This exmewriter can be
compared to tools of later generations, as depictédgs. 2 (b) and (c). Improvements in imagecptaent are visible
via the reduction of standard deviation, while skege positioning error remains non-systematic.
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Fig. 2.  Histogram of writer placement errors infif, an e-beam of generation (a) I, (b) II, andi(kc) All scales identical.

As already mentioned, a QQ plot is another wayesfing if the distribution of the writer stage matent is Gaussian,
and Fig. 3 (a) is a QQ plot of the x-displacemeritsr this example, a well-tuned e-beam of genamdtiwas used and
the straight line obtained is characteristic ofau&sian distribution. As a comparison, the histogof the distribution
of the placement for a poorly-tuned tool can beashn Fig. 3 (c), and the corresponding QQ ploFig. 3 (b). Both

figures show that the stage placement error wa§&aassian-distributed in this case.

It must be noted that the histograms and QQ plots rt only representative of pattern generatoceqtent
distributions, but also of the registration meamest capability, i.e., the distribution of the maasnent errors, which
will be addressed in a later section. Anotheritefanote is that the generation Il e-beam writexsn’t been in use as
long as the other writers, which explains why ieslmot yet bring as great an improvement as thaquetool did.
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Fig. 3. QQ plot for placement errors in X for gajvell-tuned e-beam writer of generation | anda(lpporly-tuned e-beam writer of
generation Il, as well as (c) a histogram of plageterrors in X for a poorly-tuned e-beam writegeheration 1.

2.2 Absorber etching

Another well-known source of image placement eisdhe selective etching of stressed layers, sonestreferred to as
pattern transfer from the resist to the absorbEnis effect is easily evidenced by measuring regjistn first on the
resist and later on the absorber: the overlay eéhtwo measurements is the contribution to mastortions of
absorber etching. A simple analytical formula b&nused to link the out-of-plane displacements ofagk due to the
uniform etching of a layer: Stoney’s equatforOn the other hand, the calculation of a maskpléme displacements
due to the local etching of a layer requires theafdinite element modeling.

Multiple articles have been written on the subjettpattern transfer for optical masks, illustratittee order of
magnitude of this effect depending on the maskkstalbsorber thickness and stress) and mask d&Sigm particular,
mask patterning distortions were shown to varydrihewith layer stress. Additionally, numericahsilations were
performed for EUV masks, due to their even moregémt image placement requiremetftsSuch models were put in
use for the correction of simple patterning effefiis designs consisting of etching away absorbex large square or
rectangular regioh. Finally, models linking layer stress values amége placement magnitudes were experimentally
verified, and some absorber layers were charaet#tiz

Examples are shown here to illustrate this effedtthe fact that it can be modeled, as well asdéigeddence on mask
design and materials properties (layer stresgjurEi4 (a) is a plot of the experimentally-obtaineaksk distortions due
to the etching of a MoSi absorber in two oppositeadfants (top-left and bottom-right). The inwadiscted
distortions are characteristic of the etching ofampressive layer such as MoSi. Figure 4 (b) isla of the
numerically-calculated mask distortions for thehetg of the same design, showing good qualitatiyeement with
the experimental results (the overlay of these tegults is within the accuracy of the registratineasurement tool).
From the comparison of results of such experimantsmodels, stress values can be extracted fauslayers, which
can then be used to predict distortions due t@éterning of other designs.

Similarly, Figs. 5 (a) and (b) illustrate the digtons due to the patterning of a large L-shapedctire on a Cr layer,
without any correction and with scale and orthodjpnaorrection applied, respectively. The edgeshaf L structure
are marked on the plot in Fig. 5 (b). The resultBigs. 4 and 5 show that stress effects are matas well as layout-
dependent, systematic, and that they can be mod&efinite elements, which could allow to pre-aut for them
during mask writing. In addition, new absorber enals with lower stress could be introduced, whiabuld help
reduce etching-induced distortions or might renithem negligible. Naturally, the introduction of new materials is
done cautiously, as it influences other parameétettse mask-making process.
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Fig. 4. Mask distortions obtained (a) experimdptahd (b) numerically due to the local etchingaoMoSi layer in its upper-left
and lower-right quadrants. No correction appliedibes multipoint alignment.
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Fig. 5. Experimentally obtained mask distortiong do the etching of a L-shaped pattern in a Crrlajg@ before and (b) after
scale and orthogonality corrections.



23 Mask writer heating

Optical mask heating under pattern generator exposas first studied numerically, experimentallgdaanalytically
with the focus on resist heating, to investigatenasital changes in the resist, such as its developrage and impact on
critical dimensiong®*? Eventually, the studies of heating were extendeitsteffect on the substrate, in particular the
displacements caused by the thermal Idad#t was numerically calculated that substratesicdieat up by a few
degrees at most (in comparison to resists thathean up to hundreds of degrees), resulting in ténsanometers of
placement error, which was later confirmed via pefelent finite element simulatiols. Different parameters and
writing styles were then investigated, such asitifleence of multipass writing, and a 4-pass wgtisequence was
calculated to induce a 0.4 K temperature rise a@cdhé maximum distortions. Up to this point, no magnification
correction was applied to the reported distortiolmsa later study, single-pass writing was repbttelead to heating by
1.0 K, resulting in 10.0 nm distortions before #mplication of corrections, and 4.0 nm after magatfon correctiorf.
However, multi-point alignment was not applied e tresults, which could have greatly reduced tséodions. In
addition, a higher dose was used in the models tharmnes employed with current resists (5 to &sirhigher than
current doses) and the writer simulated had aréifteacceleration voltage, which can lead to belitnat the distortions
reported were over-estimated. Thus, it is belighad the use of low doses, multipass writing, gredproper alignment
and magnification corrections render this effegliggble.

24 M easur ement accur acy

Another item to take into account in placement rebuadgets is the accuracy of the tool used fornleasurement of
mask registratio®® Three main parameters describe a placement mesantretool’s capabilities: short-term
repeatability, long-term repeatability, and nomim@aicuracy. Short-term repeatability of the metgglesystem is
influenced by temperature variations, acoustic atibns, air turbulence, and pressure variations. ngkierm
repeatability represents a drift from footprinttime and is influenced by the precision of the miasiding on its 3-
point holder. If all metrology tools (within a nkalouse and in different mask houses) were caéidraia a standard
reference, monitoring long-term repeatability wollle enough to ensure that the measurement ermccisptable.
However, as this is not the case, another parammtest be checked: nominal accuracy, which is a oreasf
differences in X and Y scales as well as orthogtnaf the coordinate system and higher order diistos.

With tightening registration specifications, coneeidher requirements on tool accuracy and the needdwer tools.
For example, Leica introduced its LMS IPRO 3 in them$&er of 2005, featuring improved temperature anfor
both temperature stability and homogeneity, as albther hardware and software improvem&ntan overview of
the targeted capabilities of this new tool, an@mgarison to its predecessor, is given in Table 1.

Table 1. Leica LMS IPRO 2 and 3 registration measerg tool specifications’

Performance IPRO 2 Target for IPRO 3
Short-term repeatability 2.0 nm 1.3 nm
Long-term repeatability 3.0 nm 2.2nm
Nominal accuracy 4.0 nm 2.7 nm

A detail to be noted is that these tools measugestration while holding the mask horizontal vie8goint mount.

Therefore, part of the distortions measured aretdyggavity acting on the mask. Since these maglgisg distortions
are systematic and can easily be modeled, thepearumerically corrected for in order to report tbgistration of an
unconstrained mask. To test the validity of tlempensation algorithm, an experiment was run: &kmes measured
with and without applying this compensation. Thertay of these results thus represents the effegravity, as

removed by the algorithm, and is shown in Fig. 6 (As a comparison, Fig. 6 (b) is the result dindte element

calculation performed in-house, which is in goodeagnent with the experimental values (well withie teported tool
short-term repeatability). However, given the tagted registration specifications of future lithagfny nodes, any
numerical error in the application of these compéinas could be detrimental, as discussed in the section,

focusing on lesser known effects.
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Fig. 6. Registration compensation of gravity effeg) measured experimentally and (b) computed micaiy. No corrections
applied besides multipoint alignment.
3. NOT SO WELL-KNOWN EFFECTS
3.1 Influence of substrate properties

The thickness of optical masks is specified by SEfsihdards, and a variation of + 0.1 mm is currealigwed’® Such
variations influence the mask’s behavior under yafor example in a 3-point mount, i.e., the amblyy which it sags
as well as the corresponding in-plane distortidihsvas calculated that a + 0.1 mm thickness viamaivould induce a =
0.6 nm variation in the registration, which willtrtee a trivial amount for future nodésTherefore, thickness variations
from blank to blank and blank thickness non-unifities might have to be specified more tightly, ceasured so that
numerical compensations of mask sagging effectdbeappropriately adjusted.

Additionally, the elastic modulus of substrates hasinfluence similar to that of their thicknesadaa variation of
elastic modulus by + 1.2 GPa has been calculatdddioce a variation in mask registration of £ 016.n Unlike
substrate thickness, elastic modulus values anertly not specified. Therefore, efforts might ndedbe put into
monitoring and eventually specifying blank matepedperties, as is done for blank dimensions.

3.2 E-beam writer charging effects

Each shot of an e-beam writer induces charging éntsid blank. Such charges deflect the next sHakotron beams,
which results in misplacement. This interactionamen reticle and e-beam is well-known, but its nitaigie might be
underestimated. Furthermore, no rigorous modeitfea currently available beyond the simplifiedeoproposed by
Cummings et al Some work has been put into investigating thectfof charging on critical dimensions, leading to
proximity correction models, but does not overlaphwegistration issue€. Placement errors due to low-energy
electron beams have been studied, but the effeetmach larger for these tools (up to hundredsamfometers when
writing on Quartz substrates), due to the loweredpef the electrons at low voltage.Some experiments have been
performed with high-voltage e-beams and have evdieéthe beam deflection induced by charges in alpiasks? %2

A simple experiment was run in-house to verify attémpt to characterize such effects: a refererideofjcrosses was



first patterned, followed by the design shown ig.Fi7 (a), which was exposed with an e-beam wdteng with a

second set of registration crosses. The overlaggitration data from these two sets of placemsarks, shown in
Fig. 7 (b) after application of standard correcsiois thus representative of charging effects duthé large L-shaped
region. It must of course be noted that this @edlso contains errors due to the stage positipeiror as well as the
measurement accuracy, both of which are randonglydduted for well-tuned tools. Therefore, theteysatic effects

seen can be attributed to charging only, unlessietof e-beam heating have grossly under-estinthtthal effects.

A comparison with the results in Fig. 5 (b), whidpresent stress effects induced by the same laghatvs that

charging effects can be as large, or even larpan stress effects. This experiment was conductddsmgle-pass

writing, which is not a standard practice anymard tends to increase charging and heating effeatgheir magnitude
makes it clear that they need to be understoodpassibly modeled and corrected for. To check nwddli/anced in
previous articles and try to understand this effdistortions were also monitored in the denseayaof crosses marked
in Fig. 7 (a), and the results are shown in Figit8out correction.
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Like Fig. 7 (b), this plot of the x-distortions ifitrates the deflection of electrons by chargep#dpnside the substrate.
More work is required to come up with a model andfy it. Analogous to stress effects, there dse possibilities to
reduce or eliminate this effect via the use of gmematerials. Charge-dissipating layers havenbglgown to reduce
placement errors by preventing charging and theesponding deflectioré: # As with new absorbers, the same
caution surrounds the introduction of new materad new chemistries

4. WAFER FAB EFFECTS
4.1 Scanner heating

Masks can heat up during exposure at 193-nm wagtleteading to temporary distortions that contiébto the
overlay errors. As for mask writing in an e-bedinite element studies have been conducted to ctexiae this
heating effect. For 193-nm exposure with a 100 miff/input power, Abdo et al. predicted a maximum terapee
rise of 1.2 K and corresponding maximum distorti@is29 nm at the mask level, at steady state aridréoehe
application of magnification correctidf. The distortions at steady state can be used ¢alas a worst case of overlay
between a layer written as the exposure tool wetsyarming up and a layer written after steadyestes reached.

In one of the most recent studies, a maximum teatper rise of 1.0 K to 1.2 K, depending on thestes¢nsitivity and
scanning speed, was calculated for an input powethe reticle of 100 mW/cm These temperature changes
corresponded to maximum distortions of 20 nm ton80 before the application of magnification corrent® The
distortions after corrections were 12 nm to 16 ron ibotropic magnification corrections and 4 nm5Saom for
orthotropic corrections. It must be noted thabath of these papers the structural boundary conditvere as follows:
full chucking, i.e. no displacements allowed, ie #) y, and z directions on both sides of the mask.

In the most recent study, other boundary conditiwase used, and various designs, with different@erages, were
considered. Maximum temperature rises from 0.5 K.1 K were calculated, depending on layout, tesyin 26 nm
to 60 nm maximum distortiorfS. No magnification corrections were applied, andonerlay between two masks was
calculated, which could be worth investigating.sé\to consider are the boundary conditions emplaye¢de models,
as they influence the results. Finally, an expental verification by wafer fabs and tool vendarsdvisable.

4.2 Scanner clamping effects

In an experiment, a mask was exposed with a réiteography tool. Distortions are shown in Fig.a®the mask-level.
In this case, no large lens signature was obsearetia good correlation (at least qualitative) lbarseen between mask
and wafer data. However, the overlay of mask amdewdistortions shows that there are large exmosool
contributions to image placement errors in soméerey

Such exposure tool contributions could possibiathebuted to mask non-flatness if they turn oubéonon-repeatable.
Indeed, masks are held more rigidly in exposurdsttitan in e-beam writers and registration tooisd ¢heir non-
flatness in areas that contact with the chuckirgjesy could lead to in-plane distortions. Thid stileds to be tested,
and there is no concrete proof of a mask flatngfisence on wafer overlay so far.

More studies are needed to fully understand trecetff mask distortions during their usage.
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Fig. 9. (a) Mask registration, (b) wafer registsat and (c) overlay of the two at mask level,daecent exposure tool.

5. SUMMARY AND CONCLUSIONS

A combination of experiments and modeling as wslpablished results was used to characterize thieusaeffects
that come into play in optical mask image placenendr budgets. Writer positioning errors are sgatematic for
well-tuned tools and reduced with each generatfopattern generator. Absorber etching distortians systematic,
and can be corrected for or reduced with the inictidn of new materials. Mask heating during erbeeriting could
be negligible due to the use of sensitive resiats multipass writing. Measurement accuracy is systematic and
improves with newer metrology tools, but monitoriofblank thickness and elastic modulus, as weld@ggropriate
corrections, might be needed in the future. Clmargiffects can be as large as stress-induced tibst®iduring etching
but are not currently understood well enough tartmeleled and corrected for. in the near future ghhbecome the
main source for registration. More work is requjrédthe use of charge-dissipating layers provesufficient or
impossible. Finally, mask distortions during thesage should not be underestimated, and moreestadé needed to
improve layer-to-layer overlay.
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