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Three-dimensional Rigorous Simulation of EUV Defective Masks
Using Modal M ethod by Fourier Expansion

Rafik Smaali, Maxime Besacier, Patrick Schiavone

Laboratoire des Technologies de la Microélectronique CNRS, c/o CEA GrenobleedieAdes
Martyrs, 38054 Grenoble Cedex 09, France

ABSTRACT
In Extreme Ultraviolet Lithography, the electromatjo modelling of the mask allows determining théuence of the
mask structure on the electromagnetic field. Thakes it possible to take into account the preseyica defect
modifying the multi-layer stac¢k. The method used troughout this paper is the MMMEBdal Method by Fourier
Expansion) also known as the RCWA (Rigorous Coupléave Analysis). Modal methods allow computing the
electromagnetic field just above the EUV mask a ttear field. Modal methods are well adapted forvVEtdask
simulation due to materials and structure size. ptevious works performed on 2D simulation with MEfFhave
shown the influence of a defect inside a EUV maslcture. In this article, the method is extendedatidress 3D
structures. The printability of a spherical shamedect is analyzed depending on the depositionga®aised. The
influence of a 3D defect position regarding theitpms of a line absorber is also shown.

Keywords: EUV Lithography, 3D electromagnetic simulationfedgive mask, modal method, absorber pattern, laeria
image.

1. INTRODUCTION

EUV mask manufacturing remains a challenge in teesgective of the EUV lithography development foe hext
integrated circuit generation. One of the main oeasof this difficulty is the presence of particleside the
Molybdenum and Silicium reflective multilayer staok the mask blank. These particles appear duliegdieposition
process and it is difficult to monitor their degsiThese particles are considered like defectsusegan spite of their
small size, they can disturb the very precise dépasof each layer and then disturb the periogticit the Bragg mirror.
Some experiments using programmed defects have geréarmed. These experiments underline the impoeaf the
deposition process. Some techniques combine etchimy smoothing to reduce defect influe¢heamd other using
nonsmoothing process are focused on the growthefdécts within the multilayer®’. The results show that the
understanding of printability is not a simple tasid depends on the defects characteristics suttte ahape or the size
but also significantly on the deposition processn&idering these difficulties, simulation is a cenient way to predict
if the defect will be printed on the resist or ribb. pretend on confident simulation results, motledé describe the input
geometry inserted in the electromagnetic simulatamis have to be as close to the real structuneoasible. The 2D
simulations are not adequate because of the ob\dBushape of a defect. The deposition processens how the
defect is propagated through the layers, mustlz@smodelled with fidelity.

The possible printability of a defect is observedtioe cross section of the resulting aerial imageafchosen threshold.
The modal method gives the near field charactesisiihe aerial image is computed using a softwaokgrovided by
the simulation group of the Fraunhofer InstituEihangen.

In the first part of the paper, the main modifioas needed for the extension to 3D extension oftbetromagnetic
simulation code is described as well as the contipatperformance. The second section deals witlptesence of a 3D
defect inside the Si/Mo multilayer stack. In theper, the shape of the defect is considered spgihebiat other shapes
can be handled by the code as well. The paramstgt 1o define this kind of defect is the diametethis second part, a
presentation of the model to consider the depasifioocess is also included. The study of the puifita is done
regarding the obtained aerial image. The third pansiders the printability of a defect in preseatdirst an absorber
line and secondly an absorber post deposited owftdpe defective multilayer structure. The infleerof the relative
position of the defect with respect to the absopussition is studied.



2. MODAL METHOD BY FOURIER EXPANSION IN 3D

2.1. 3D extension

Regarding the computation of 2D structures, acéogrfor a new dimension in the modelling structdoes not change
the global approach of the problem but several neavameters must be considered in the equatioteads to a more
complex problem and the code development must be darefully not to increase the computation timeeedingly.
This aspect of the code is not developed in thislarbut is to be kept it in mind.

The 3D approach is presented in Figure 1 with tise sut which is typical to MMFE computation. A machromatic,
linearly polarized, incident plane wave, with a whangthA, illuminates the grating with a propagation direct
specified by polar angkeand azymutal angle (Figure 2).
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Figure 1 : zoom of a 3D structure cut in slices
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Figure 2 : 3D structure of EUV mask with incideighit
description

The components of the incident wave vector are:

ky = ko.SinB.cosp
ky = ko. sirB.sing
k; = -ko. cO9

The angled between the magnetic field vector and the plariaadflence defines the direction of polarization.

The first step of the MMFE, also known as the riger coupled wave analy$is® (RCWA), is to find a solution of
Maxwell equations in each region (homogeneous aatihg region).

In the grating region, we use the same approach thathe article of Gran&t and the following second-order
eigenvalue equation is written:
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It should be emphasized that the matrix associated withl thend [J, . operator must follow the factorization rules
given by Li*.

Any component F of the electric or magnetic field can be egpdeas a superposition of eigenmode fields

F(xy,2)=2 (K exp- ik, 2 Aexpil, 2, F & (%) (Ba.3)

with
&n(X V) = exif- ik, Xexp(- ii6, y (Eq. 4)



ka, =k +mZ, K3, =k+ il (Eq.5)
d, d,
A;andﬁ\; are the unknown complex amplitudes of the upward anddivendard propagating or decaying fields. If the

truncation is described by -Mim< M and —N< n< N, where M and N are integers, the rank of the matrix frometwh
eigenvalues and vectors are computed is 2.(2.M+1).(2.N+aurlnumerical computations, M=N is chosen.
In the homogeneous regions, the second-order eigenvalue eqigidl) is written with a new operator

2 2 2
-0, -0, —k’ 2 02 2 (Eq. 6)
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Since thd ] operator is diagonal,and E are two independent components. These two components fullowtthe
same eigen equation. Finally, in a homogeneous medium gtteiebnd magnetic field components can be written as

E(xy. 9= (Kexp- ik, 2 Aexpik, D B, p.(x! (Ea.7)
H (X ¥,2) = (B exp- ik, z+ B expil, 2D, H., .(xy (Ea-8)

Ue = DeyUpe =

Numerical experiments show that every eigenvﬁlﬁje linked to a pai(a'm, ,Bn)with to the following relationship:

yotap+fBi=¢ (Eq.9)
The last step of the MMFE, is to compute the amplitudaefield with the S matrix propagation algorithm.

2.2. Perfor mance of the MM FE in 3D

The 3D extension of the modal method is a significant ingament to simulate the real behaviour of the modelled
structure. Nevertheless this progress is very costly in gtatipn time. However, in the EUV lithography domain,
where the wavelength is close to the feature size, it allowsssldg problems that the classical FDTD method is not
able to solve. The performance of the code can be representzthinftconvergence and computation time according
the number of truncation order.

2.2.1. Conver gence

The retained structure for the test of convergence of the MMFEDI is a grating of absorber dots deposited on a
multilayer. The incidence angles &e 7°,¢=0°,0 = 180°.

The diffraction efficiency of the zero order is the parameseduo establish the limit of convergence. Figure 3 shows
for three different values of pitches in the x and y directioee minimum number of truncation order to consider
computing correctly the electromagnetic field.

It appears that for small pitches the convergence is achieved fagr 100nm pitches, the convergence is achieved with
a truncation order close to 5. For 200nm pitches the triomcatder is close to 9.

2.2.2. Computation time

Compared to the 2D simulations, the computation time fosigmilations has drastically increased. Figure 4 shows the
time needed to compute an electromagnetic near field using a 82GHnder windows OS. The current version of the
code is written in Matlab. It reaches large values if the nurobetices is important. This is especially true when
structures of defective multilayers are modelled. Indeed, flmvag part will show that a defect inserted inside the
multilayer disturbs the deposition of layers. It leada tmooth perturbation of the interface of the layersrétatests a
larger number of slices to be described. The structure of refeietice same than the one used for the convergence
tests.
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Figure 3 : Diffraction efficiency vs truncation @dM for Figure 4 : Computation time vs truncation order
different values of dand ¢

The near field above a EUV mask with a grating of dots can imputes within about 30 minutes for a truncation order
M=10. This value allows for reaching convergence. The intepéitlyis reflected near field is represented in the Figure
5.

The features of this simulation are the following: near figltbnsity of a grating of dots, period=256nm, dot

size=128nmP=5°, ¢=0°, 5=180°,A=13.5nm, absorber: 50nm chromium, 40 pairs of Mo 2.78nhmA1nm.

The computation time becomes larger for more complex strudfareinstance, to address a defective multilayer
structure, the computation time reaches about 8 hours.
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Figure 5 : Intensity of the near field above an Eld®sk with a grating of dots

3. SIMULATION OF 3D DEFECTSIN SI/MO MULTILAYERS

3.1. Input geometry for EUV defective masks

The propagation of the defect inside the different layerstha described as close as possible to the real geometry.
Article®® have shown how it is difficult to define a global mettaidle to model this propagation accurately. Indeed,
depending on the size and the shape of the defect, but alse degbsition process used, the influence of the defect
through the multilayer deposition can lead to very diffeteftaviours.

Nevertheless, by using the parametric equations of thelgdazatves in 3D, as defined below, we assume that the
behaviour of a defect inside a multilayer is described wigmaanable accuracy, but overall, it allows representing in a
simple way a variety of deposition process and defect seeds.

In order to compute the parametric equation of the parallgksun 3D for an axisymetric geometry, it is easier and
faster to compute twice 2D parametric equations of the paraligtirOnce following x direction and once following

the y direction.

= &
X, (t) = x(t) +d. X' (02 + Z (12 Eqg. 11

2,(t) = 2(t) ~ad <

JX'(D)2+ Z'(1)2
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In order to take into account the possible plamagiZor widening) effect due to the characteristi€she deposition
process, a parameters inserted in the parametric equations.
o < 1 means that the height of the image of theadefe top of the mask is higher than the heigtihefdefect seed.
a = 1 represents a conformal deposition procesdeight of the image of the defect on top is thees¢han those of the
defect seed.
o > 1 represents a planarizing effect; the heighbefimage of the defect on top is lower than thafdbe defect seed.
These three different configurations are showménthree following figures (Figure 6 a,b & c):
Our standard deposition process (based on lon B8puttering) is very close to be conformal. A velighg
planarization effect can be observed this meanalmramaten very close but larger than 1 is a good approxiomadif
this process.
i |
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a)a < 1: widening effect by = 1: Conformal effect ax > 1: Planarizing effect
Figure 6 : Representation of three different caadg of deposition process.

3.2. Influence of the parameterson the aerial image and on the CD
3.2.1. Influence of the defect size for a confor mal deposition model

In this section, we compare the influence of a defa the aerial image for three different sizeslefiect seed: 10nm,
50nm and 100nm diameter. Thesalue is 1. The MMFE allows computing the inteysif the near field above the EUV
mask. This intensity is represented for the thifferént size of defect on Figure 7.

The light incidence is defined for these parametérb°, ¢=0°, 6=180°. On the figure of near field intensity, it
corresponds to a light coming from the bottom effilgure as represented by the blue arrow.

The magnitude and the phase of the electric filitovadetermining the aerial image. The illuminatioonditions used
are the following: NA = 0.3g = 0.7,A = 13.5nm. 2D maps of the aerial images are shaviigure 8:

A cross section along the y direction is more coeet to see clearly the drop of light intensitduiced by the defect. It
is represented Figure 9.

The cross sections show that the drops of intefisitthe three different sizes are very importaiite defect will print in
the resist even for a low threshold whatever tize.sThe lowest level of intensity is the same fatedect seed with
50nm diameter and for a defect seed with 100nm eli@mThe only main difference according to thdedént defect
appears on the width of the intensity dip. Obvigushe figures show that the smallest defect seidlemd to the
smallest CD.
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Figure 7 : Intensity of the near field above thesknfor three different sizes of defect.
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Figure 8 : Aerial image of three different sizeslefect for conformal deposition process
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Figure 9 : Cross section of the aerial image cdettifferent sizes of defect for conformal deposifprocess
3.2.2. Influence of the deposition process

In section 3.2 it has been shown that the conformmadel of the deposition process leads to a priatdbfect even for
the smaller seed size of 10nm. It is now intergstinsee the influence of the deposition proceshemprintability. This
study is performed for a small defect (of 10nm) abhis not able to be printed. Three valuesooparameter are
consideredo = 0.96 (widening or amplified effect),= 1 (conformal)o = 1.06 (planarizing effect).

In the aerial image cross section (Figure 10) ttop af intensity is small for the planarizing sitioa. Whatever the
threshold of printability of the resist, the defadti not print in the resist.

The planarizing deposition process aims at reduitiaglisturbance of a defect seed inside the rayétil on the reflected
intensity of the electrical field. If the defecteskedimension is relatively small (lower than 10nt@an be too weak to be
printed on the resist as shown on Figure 11.

For large defects (larger than 10nm) the planagigfiect reduces the printed feature size comparembnformal and
widening effects. But this improvement remains sufficient to avoid the defect to print.

For small defects, the conformal and widening ditjeosprocesses leads to a printing of defects ehethe planarizing
effect allows hiding the presence of a defect segide the multilayer.
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Figure 10 : Cross section of aerial image of titifferent Figure 11 : Size of the printed feature versus sfagefect
deposition processes for a 10nm defect seed. (spherical) for a threshold at 0.25.

4, 3D DEFECT CLOSE TO AN ABSORBER PATTERN

In the section 3, the influence of a defect on réftection of a Bragg mirror used in the EUV madank has been
shown. Considering the EUV mask topography, thedefan be located more or less close to an alrspattern. The
goal of this study is to analyse the influence de&ect on the pattern print in the resist verbessize and the position of
the defect.

Figure 12 shows an example of a cross section3® &£UV mask structure with a spherical defect sei@ithg at the
bottom of a multilayer and close to an absorbex for various horizontal positions.
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Figure 12 : Cross section of a 3D defective EUV kstsucture.

4.1. I nfluence of the defect position.

The parameters of the 3D defective EUV mask ardaiewing:

- Spherical defect shape with 10nm diameter seed.

- Conformal depositiono(= 1)

- Absorber line of 48nm in width (this is in agresmmhwith the gate length of a MPU at the 22nm rgiglen in the ITRS
roadmap).

- The illumination conditions used are the follogiNA = 0.3,6 = 0.7,A = 13.5nm.

The obtained aerial images are represented in &iir The distance mentioned corresponds to thendis on the mask
between the middle of the absorber line and thallmidf the defect.

The corresponding cross sections are shown in Eigir The drop of intensity in the middle of thetpie is due to the
defect and the moving dip is due to the absorber i

These different configurations show that for a defar from the absorber pattern, the effect ofaheorber and the one
of the defect are independent and lead to two rdiffiedrops of intensity (Figure 14.a). Consequetttig printed CD of
the absorber line has the same width than in tke ofa non defective mask. With the distance réatucthe two dips
come closer but with no influence on the printed Eiure 14.b & Figure 14.c) until the level of énsity between the
two dips is lower than the threshold of printakilin the resist (Figure 14.d). This configurati@adis to the largest
printed CD and thus, the worst position for a defé¢hen the defect and the absorber line are esecthe printed CD
is reduced. Finally, when the defect is just undath the absorber, the width of the global prir@&dwill depend of the



size of the defect on top of multilayer stack.Hhé tdisturbance due to the defect is smaller tharatisorber line, the
influence of the defect on printed CD will be hiddey the absorber. But, if the width of the printeD of the defect at
the given threshold is larger than the absorbey; linwill have an impact on the printed CD of @iesorber line (Figure
13.f and Figure 14.f). This evolution of the prish€D is summarized with the Figure 15.

These results have been obtained for a threshd8f the absorber line width is 48nm at maskescHhe defect has a
spherical shape generated by a 10nm diameter seed.

In Figure 15, the printed CD of the absorber Imeééfined for two deposition process parametensttiiconformal, the

curve follows the explanations describes in thevipres paragraph. For the planarizing process, femall defect size

(10nm), the defect is not printed therefore it hasinfluence on the printed CD. The resulting m@hiCD remains

constant and corresponds to the printed CD oflbiserder line alone.

Note that in the conformal model, with the behavéodescribed above (printed CD of the defect latigen the printed

CD of the absorber line), the resulting printed i8Marger than the printed CD of the absorber Vitien the absorber is
just on the defect. This would be different if thiglth of the absorber line were larger. Indeedadarge absorber which
covers the whole defect perturbation on top ofrthdtilayer, the final value, for the defect plagedt underneath the
absorber line, would reach the same value thampiimed CD of the absorber line. On Figure 15, lthee and the red

curves would cross at 0.
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Figure 13 : Aerial images for different absorbaelposition regarding the defect position.
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Figure 15 : Printed CD of the absorber line regegdhe position of the defect.

5. CONCLUSION

The influence of a 3D defect inside a EUV maskdite has beenanalyzed by simulation. The methed tesaddress
this kind of topography is the MMFE, often used2d simulation because it is fast and well adaptadttie EUV
lithography simulation. The extension of this methio 3D has been presented. This modal method altmasidering
many different shape of defects. For sake of sititglionly the spherical shape for the defect hemsnbaddressed. This
paper underlines the importance of the depositiongss to hide the effect of the defect withinnmgtilayer stack. The
three models of deposition process (conformal,aiamg and widening) show that for conformal arideming, even if
the defect is small (lower than 10nm), it can biatpd. This is not true anymore with the planagzimodel. It is still
hard to consider a model very close to an expeliaheleposition process; nevertheless, the confoomalseems to be
the closer. Indeed, experimental measurements $laoen that the height of the defect on top of Hayér do not
undergo a large compression effect whereas théwieitomes larger.

For a defect close to an absorber, the influencihemprinted CD has been shown. Many parameters meusonsidered
to address a realistic structure, namely the sizbeabsorber line, the shape of the defect, tigtipn of the defect
regarding the absorber line position, the depasifioocess and the threshold of printability in tesist. This last
parameter will determine the position of the defeere the two dips of intensity due to the absopadtern and to the
defect will merge to create a single print.



Finally this simulation tool is able to model dafee EUV masks with a behavior very close to theerimental
process. Additional work will be done to improve ttomputing time in 3D and, arbitrary models of akfion process
can be implemented that match the experimentaltsesu
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