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ABSTRACT

The use of Alternating Phase Shifting Masks (APSbt)dub 50nm half pitch pattern using 193nm lithpasawas
evaluated. Results show that polarized illuminatioay be necessary for APSM to compete with Half-TBhase-
Shifting Masks (HTPSM) when printing sub 50nm featurThe low sigma illumination conditions required APSM
constraints the choice of a possible polarizednihator to the TE polarized option therefore limitithg patterns to be
oriented in one direction.

Topography effects imply the use of polarizationategant balancing of APSM which should not be a shtmpper as
long as it is properly handled at the time the masknanufactured. Due to topography effects, the MEERIso
increased if compared to thin mask approximatiarthel relative numbers remain manageable.

The sensitivity of CD errors with respect to polatian errors of the source is comparable to HTPSMksaThe
induced displacement error due to polarizationreri®small compared to the CD variation of thekdiae.
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1. INTRODUCTION

Extension of 193nm optical lithography beyond theanrG5node will require the use of a variety of resiolu
enhancement techniques (RET) in combination with émzion technology and, most likely, polarized ilination.
Implementation concepts and possible issues retattite use of polarized light have already begonted [1-5], and
the first experimental results confirmed the paadndf the technology [6,7]. The interaction of rkdaepography with
polarized light has also been investigated botbrétecally and experimentally [8-10].

One potential RET for the 45nm node and below isaff@dication of Alternating Phase Shifting Masks G\ as they
offer high resolution and low Mask Error Enhancemieattor (MEEF). However, the introduction of poladzlight
has made their advantages less obvious compamtdomask types.

The goal of this paper is to explore some of theeiEnAPSM might offer in combination with polarizdight and
point out the advantages and drawbacks of alteremtike Half Tone Phase-Shifting Masks (HTPSM).

First, we explore the applicability of APSM for sGBnm half pitch printing in order to define the@é¢yof patterns that
can be printed and the optimum illumination comaii. For these patterns, mask topography effectdEBF as well
as APSM balancing are addressed for polarized argblarized illumination in a second step. Finathg influence of
polarization errors on the imaging performanceissussed and compared with HTPSM masks.

2. APPLICABILITY OF APSM FOR SUB-50NM HALF PITCH PATTERNS

In what follows, we will compare the imaging projies of APSM and HTPSM with 6% transmission for defises

and spaces by means of simple contrast and MEEFlatidais. As we are interested in the inherent prtigee of the

respective illumination schemes, we assume anitielfinthin mask (i.e. the Kirchhoff approximatiorfhe impact of

mask topography effects is examined in subsequeatioss. The influence of the resist processimeiglected and we
require that only the relevant orders, i.e. tHeadd first order, are completely captured by theilpuwnder these
assumptions both MEEF and contrast of the resiggéncan be calculated analytically.
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The printing of dense lines and spaces at low kidgulsinary masks or HTPSM requires off-axis illuntioa. In Fig. 1,

four generic cases using polarized or un-polariagiot which serve as a basis for the following istigations are
depicted: (a) perfect dipole illumination for piimg of lines in one direction (b) the correspondiwgrsion with

polarized illumination, (c) quadrupole illuminatidor structures in two directions and (d) the ceupart with bipolar
or azimuthal polarization. Whereas (a) and (b)tgpécal double exposure options, (c¢) and (d) carcdesidered as
single exposure options.
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Figure 1: Comparison of printing of dense lines vAfASM and HTPSM (6% transmission): MEEF and conti@stypical
illumination conditions using polarized and un-pidad light; calculations are based on perfect twthree beam
interference in resist n=1.7, infinitely thin masiish line/pitch=0.5 are assumed.

Printing of lines with APSM is conventionally perfoed with on axis illumination. Whereas for un-g@ed light no
special care needs to be taken for printing ofcétines in different directions, a linearly poladzeircular illumination
can be applied for structures in one direction ohlycontrast to the off-axis illumination schemesing azimuthal or
bipolar illumination, there is no obvious singlepegure option using polarized light for APSM. Thigplies that, for
gaining the benefit of polarized light, the desigay need to be decomposed based on the orientdtibe features or
the orientation of the features may be restrictetha design phase by using for example restriatiesign rules. In
particular, for 2D features like contact holes réhis no apparent illumination scheme offering lileaefits of polarized
light.

It is useful to compare the printing options usimgpolarized illumination first. Both contrast aMEEF for single
exposure with unpolarized light (see Fig. 1) shoslear advantage for APSM. The application of anolemized dipole



illumination for HTPSM is, at least within the asgpotions mentioned above, comparable to the perfocmaf APSM
but restricted to features in one direction.

This situation is somewhat different when polarizigimination is introduced. If the quadrupole illimation for
HTPSM is combined with azimuthally polarized lightoth contrast and MEEF become comparable to APSM
unpolarized in the range 40-50nm half pitch andwshetter performance for smaller nodes. That méangi5nm
applications the single exposure option using pmddr light together with HTPSM may compete well twithe
unpolarized imaging of APSM. Comparing both doug@osure options with polarized light, means diguarized
and circular polarized, shows no obvious advantag@PSM in terms of both contrast and MEEF.

However, through pitch solutions show a differeahdwior. This is illustrated in Fig. 2, where the MElBF APSM
and HTPSM is compared for different pitches withgpiaied light. Here, the simulations were performasthg SOLID
E under the assumption of a perfectly thin mask. ihleence of mask topography effects on MEEF aseulsed in
the next section. A 45nm line was analyzed forfedint pitches using NA=1.35 with an immersionuidjn=1.44 and
y (TE) polarized light. For the HTPSM mask, the dipdlamination was optimized at center partial cadrere
Ocenter=0.8 and a radiue,,qi,<=0.2. For the APSM mask we applied a circular illo@tion with a partial coherence of
0=0.2. To compare the inherent properties of bothkngses the partial coherence values were chosendh a way
that for both mask types all diffraction orders aoenpletely captured by the pupil. For all simuwas the intensity
inside the resist is considered. A resist model géltainly lead to an increase of the actual MEERIeaHowever,
main focus here is the comparison between both tyasls.

For a fixed pitch the intensity distribution is é&aed at different threshold levels resulting iffedent printed CD’s.
Plotted in Fig. 2 is the MEEF versus target CD fdixad geometry. Whereas for dense lines the MEE®msparable
for polarized illumination, the advantage of APSMharespect to MEEF is clearly shown for larger Ipis. At a target
CD of 45nm the MEEF for APSM is less than half of EEF for HTPSM for both line to pitch ratios 1:3 ahd.
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Figure 2: Comparison of MEEF for APSM and HTPSMddferent pitches under y (TE) polarized illumiratj depicted is
MEEF versus Target CD corresponding to varying isitgrthresholds; illumination settings are explairie text.

In particular the results obtained for dense limaply that polarized illumination may be necesséoy APSM to
compete with HTPSM when printing sub 50nm half pipeliterns. The low sigma illumination conditionguied for
APSM constraints the choice of a possible polari#kesninator to the TE polarized option therefore itimg the
patterns to be oriented in one direction.

Up to now perfectly thin masks were considered. B\, it is important to investigate the influerafetopography
effects on APSM performance. In a recent study [L1§as shown that mask topography effects canifgigntly
increase the MEEF for binary and APSM masks. Thesefarthe next subsection the influence of topolgyagffects at
small nodes is investigated. This study is quitevant since the topography of the mask increasheafeature size is
decreased while the quartz etch depth and the ladastiickness remain constant.



3. INFLUENCE OF MASK TOPOGRAPHY
Influence of Polarized Light on Balancing

It is well known that the application of APSM masksgjuires a balancing of neighboring features oskmntne reason
being phase and transmission errors due to masigtaphy or non perfect mask fabrication. A numbfecarection
schemes exist, among them pattern biasing or atigiic of an undercut (see, for example [12]). I$ l@en shown
recently that the imbalance between neighborintufea is also dependent on polarization [13]. thexefore important
to investigate balancing schemes with respecta ffolarization properties.
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Figure 3: Alternating Phase Shifting Mask with linias — definition of underlying geometry and releyparameter.

Throughout the paper we will restrict ourselves ginaple balancing scheme based on a bias of tlwenghline and an
adjustment of the quartz etch depth. The underlgmgmetry is defined in Fig. 3. The offset is deflras the difference
between the CDs of zero and pi shifted spaces shfbeus, whereas the slope is the derivative efGD difference
with respect to defocus. The mask error enhancefaetdr is defined as the variation of the dark ®ith respect to
Chrome CD in best focus (both values given in watale):

0CD
dLine

MEEF =

BestFocus

For all rigorous simulations the optical lithogrgmimulator SOLID E is used [14]. The mask is modalethg a full
Maxwell equation solver based on the finite diffeze time domain (FDTD) method. As discussed in 8ec#, to
distinguish between mask topography and effectschvimay arise from resist processing we concentatghe
intensity in resist underneath the resist surf&dso, back reflections in the wafer stack are netglé by assuming an
infinitely thick resist. As we are mainly interedtén effects arising for half-pitches between 50anmd 40nm, an
immersion fluid with refractive index of n=1.44assumed. If not stated otherwise, all other ggttare as in Section
2.

In a first step, the influence of polarized ligitt APSM balancing of dense lines is investigated. Gd&lancing strategy
is based on the mutual minimization of the offsed the slope by varying the line bias and the digith. Fig. 4 shows
the optimum etch depth and line bias for denses lared spaces with polarized and un-polarized ithatidon for varying
half pitch on wafer.
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Figure 4: Optimum etch depth (mask scale) and (was$er scale) for dense lines and spaces versier Wwaff

pitch for polarized and un-polarized illumination.

It is found that for half pitches down to 60nm times can be balanced with a constant bias of afd®mm and an etch
depth of 168nm. For smaller lines the structuresasminimum offset and slope for a wider pi-spacd ahallower
guartz etch. Whereas the line bias can easily bptad by pattern dependent design rules, a pitpbrdient etch depth

is not trivial to compensate.

Comparing balancing between different polarizastates shows significant deviations for structgraaller than 70nm
half pitch. The difference in optimum bias can bdaage as 4-5nm on the mask. More importantly, effect of a
required shallower etch depth is more pronounced o polarization. It is obvious from Fig. 4 thatusitures which
are balanced for polarized light may show a sigaifit imbalancing for un-polarized light and vicesa This is
illustrated in Fig. 5, where the offset and slope@epicted for varying degree of polarization (D&d? dense lines with
45nm and 65 nm half pitches. Whereas for 65nmpitdh the offset is largely affected by a variatafrDoP, for 45nm

half pitch the phase error is the main contribtdambalancing.
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Figure 5: Slope and Offset versus Degree of Palto for different line widths and pitches; liree® balanced

for TE-polarized illumination (DoP=1); 45nm line NA35, 65nm line NA=0.937=0.2.



Another scenario particularly relevant for logicpépations is the problem of balancing a fixed lieough pitch. A
corresponding simulation is shown in Fig. 6. Cadtiohs were performed for 45 and 65nm wide linespectively.

The differences in optimum etch bias for polarizad an-polarized light are rather small. For 45nrdenines the line
bias required is around 2-3nm smaller than for 6%ines. The sharp decrease in optimum etch depbbssrved for
45nm dense lines only. For larger pitches the requétch depth’s are in the order of 168-171nm. [@lgest effects of
polarization on optimum etch depth can also be deerd5nm dense lines and spaces. For increasitolp phe

polarization effects become smaller (see alsoFigThis implies that an increase of topographeaff which manifest
themselves in a variation of the required etchligpes along with larger polarization effects.
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Figure 6: Optimum bias (wafer scale) and etch déptisk scale) for fixed line (width 45nm and 65 ramjl
varying pitch for polarized and un-polarized illuration.

From Fig. 4-6 it follows that the imbalance betweeighboring features due to mask topography effeath depend on
the polarization state of the exposing light. Maififiects are observed for dense lines and spaces. fiay have
consequences on the mask making process. As arpkxdor verification of balancing in a mask shapAMS-tool is
frequently used. The results obtained here ertatlfor an APSM mask which will be illuminated wibolarized light
also the AIMS-tool needs to be capable of handbiolgrized illumination.

I nfluence of Topography on MEEF

In the preceding section it was shown that maskdoaphy effects and, in particular, polarizatiofeefs increase for
half pitches smaller than 60nm. As a small MEEF isstered to be one of the main advantages of APSka it is
interesting to investigate the influence of magkotgraphy on MEEF. Fig. 7 shows the outcome of a spaeding
simulation. Shown is the comparison between thehfioff approximation and a rigorous simulation f@rying
pitches using polarized and un-polarized light. Width of the line of 45nm is fixed; all other segs and the
evaluation procedure are as in Fig. 2 of Section 2.

For dense lines with a 90nm pitch and a target €850m, the MEEF simulated with mask topography facior of
1.2-1.3 larger than expected for a thin mask. Bagdr pitches, the effect becomes smaller and fioeato space ratio
of around 1:3 the MEEF including topography is betttian for a Kirchhoff mask. Interestingly, in tliase the MEEF
for polarized and un-polarized light is similar ahére is no obvious benefit from using polarizgtitl
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Figure 7: MEEF for APSM mask with fixed line widdbnm and different pitches 90/130/190nm: comparisetween
Kirchhoff approximation and rigorous simulatiddA=1.35,0=0.2.

The topography effects shown here imply the useotdrization-dependant balancing of APSM. This shawtbe a
show-stopper as long as it is properly handlechattime the mask is manufactured. Also, the MEERdseased if
compared to thin mask approximation but the retatiumbers remain manageable. To further assessséimlity of
APSM in combination with polarized illumination, weeed to consider the effect on the image qualitpatential
polarization errors in the illuminator.

4. INFLUENCE OF POLARIZATION ERRORS

As was shown in the preceding sections, the topdgraffects of APSM masks show a certain degregotsrization
dependence. This evokes the question how sensitvprinted CD is with respect to polarization esrof the source. It
was shown in [4] that mask topography effects calnaace the sensitivity of CD variations to poldtiiza errors,
mainly because of polarization dependent transomssi the mask.

For an APSM mask, besides the actual CD the imbalgrand hence the displacement error is an impoparameter
which needs to be monitored. The displacement isrgin terms of the CD’s of the zero and pi-spaseC®D0-CD1)/4.
It was shown in the preceding section that the rudtly of an APSM mask varies with the polarizatiohthe
illumination. This could lead to a displacemenbentue to polarization errors of the source.

The analysis applied here follows the one in [4].Filg. 8 the CD over intensity threshold for delises is plotted for
polarization rotation; shown is a comparison betwd®SM and HTPSM for both Kirchhoff approximationdaa
rigorous simulation. For the APSM rigorous simwatiwe have chosen a balanced structure with patte® as
discussed in Section 3. The duty cycle for the HTP®Mrous simulation is optimized to line/pitch=B.3 In both
cases the half pitch is 45nm. All other paramedeesas in Section 2 and 3.

For both APSM and HTPSM mask there exists a regfantersection, means an intensity threshold wisbbws no
CD change with polarization. This so called iso-paktion point has been discussed in some detd#]inFor both
APSM and HTPSM mask the iso-polarization pointiféedent for the rigorous simulation. Whereas foe tKirchhoff
approximations the iso-polarization point nearlyncaes with the iso-focal region, for the rigorosisnulation the
intersecting point moves away from the target tesmlin larger CD errors. The transmission of theSMP mask
decreases due to topography effects resulting allenthresholds for the target CD. The largerdmaission and hence
the higher intensity threshold for the HTPSM mastue to the chosen bias of the line.
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As discussed above, for an APSM mask the displaceimean additional parameter which needs to beitmo@d. In

Fig. 9, the displacement versus intensity thresHoldthe same settings as in Fig. 8 is depictedteNbat the
displacement for a Kirchhoff mask is always zerdhesline is balanced for all polarization anglése displacement
for a topographical mask results from the polai@atiependent balancing of the mask. The displaceareor is small
compared to the CD error of the dark line. Thishswn in Fig. 9, where the CD and displacementrgrace depicted
versus the intensity in the preferred state (IP$he IPS is defined as the percentage of light larjzed and un-
polarized - in the targeted polarization stateetire TE or y-polarization. In [4] the IPS value vghswn to be directly
related to CD. However, the IPS in the simulatipresented here was changed by a simple polarizattation.

The CD errors resulting from a topographical maskrauch larger than for the Kirchhoff approximatianfact that
directly follows from Fig. 8. The displacement erisrconsiderably smaller than the CD error of tlaekdine. A

comparison between HTPSM and APSM shows similar €&@-but in opposite direction.
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Fig. 10 shows a comparison of CD error and dispiece error versus IPS for different line widths aitthes. The
45nm lines show larger CD errors than 65nm lindse @isplacement error in best focus is mainly driby the
polarization dependent bias of the structure. IctiSe 3 it was shown that 65nm dense lines showattgest sensitivity
of optimum bias to polarization (see Fig. 4 and Big This is in agreement with Fig. 10, whereldrgest displacement
errors are found for 65nm dense lines. Howeveraliozases the displacement is much smaller theu€ib variation of
the dark line.

The large polarization effects on optimum etch degiikerved for 45nm dense lines (see Fig. 4 andighould
mainly result in a phase error and hence a displané in defocus. Therefore the CD and displaceraenors were
calculated with 50nm and 100nm defocus, respegtivithe results are shown in Fig. 11. Whereas thglatisment
error for 65nm dense lines is nearly unaffected, gblarization induced displacement for 45nm ddimss is much
larger in defocus. Nevertheless, the CD variatiares again more severe than displacement errors. ifiplies that
polarization dependent transmission of the maskrhae impact on the lithographic performance thatafization
dependent balancing.



5. CONCLUSIONS

The use of Alternating Phase Shifting Masks withapakd light entails a number of problems. Firsalbfin contrast
to off-axis illumination schemes there is no obw@olution for printing structures with differemientations in a single
exposure. The same applies to the printing of2Bastructures like contact holes. The benefitssifigt APSM with un-
polarized light compared to embedded phase shiftingks used with polarized light are small in t#wege of 40nm to
50nm half-pitch.
For typical double exposure options with polaritigtit, a comparison of HTPSM and APSM with respecptinting
performance of dense lines and spaces shows simi&F and contrast. However, APSM shows advantagésrins
of lower MEEF for through pitch imaging. Whereas ftlanse lines mask topography effects increase tBERV for
large pitches the MEEF can actually be better thaa feerfectly thin mask.
The optimum balancing of an APSM mask varies wittagpation, which implies that balancing schemesd® be
adjusted depending if polarized or un-polarizednilinations are used. Furthermore, metrology tootsbialancing
qualification like an AIMS tool need to be capabféhandling polarized illumination.
The sensitivity of CD errors with respect to polatian errors of the source is comparable to HTPSMksaThe
induced displacement error due to polarizationreni®small compared to the CD variation of thekdiae.
As the performance advantage of APSM is decreasetbared to HTPSM and the manufacturing of APSM is
complicated by polarization dependent light balagcthe option of using APSM becomes less attradtiv sub 50nm
half-pitch printing.
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