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Rigorous simulation of line-defectsin EUV masks

Patrick Schiavone, Renaud Payerne
Laboratoire des Technologies de la Microélectroai@INRS, c/o CEA-Grenoble, 17 rue des

Martyrs, 38054 GRENOBLE Cedex 9, France

Abstract:

In this paper, rigorous electromagnetic simulat®aosed to investigate the behavior of line defects
in EUV masks. Using the Modal Method by Fourier &xgion, the geometry of the structure as
well as the polarization state can be handledpk analytical model has been developed in order
to generate the input geometry for the simulatidige deposition conditions can be mimicked by
changing an empirical parameter representing tlamgpisation properties of the process. The
influence of the defect size and of its positiorthe multilayer mirror is analyzed. The position of
the defect with respect to an absorber featurerg important and is also considered.

It is shown that the size of the nucleation pagtigy itself is not a relevant parameter to desaibe
defect. The process conditions modify largely theppgation of the defect into the multilayer
mirror and induce very large variation of its pabiity. Some defects that do not affect the swfac

of the mirror can induce a non negligible intensitgp

Keywords: EUV lithography, mask, multilayer, defect, simiida, rigorous electromagnetic

model



1. Introduction

Extreme UV lithography is seen as the main candidat the fabrication of the sub 40nm
generation integrated circuits. In addition to th#icult issues to be addressed like source and
reflective optics, more practical problems are ¢oitvestigated. The impact of the defects in the
EUV masks is one of these critical issues. It ipontiant to be able to define what kind of defect
will be printable and inspectable. Simulation ivexy powerful tool to investigate the different
possible situations for the size and position ofeéect (absorber, mirror, substrate defect ...) and
their impact on the wafer image. The speed of égmrous simulation allows us to make an
evaluation of the problem of the defects withoukimg too restrictive hypothesis (for example on
the number of layers or on the layer geometry).

The problem of defects in EUV mask has already baédressed by several autHdts In
simplified approaches, the defect is only seen aeréurbation of the surface of the multilayer
mirror*®. It is considered as a phase shift on the refieetectric field. Rigorous computation
based on finite difference schemes have the drawbibeing very memory and time consuming.
The use of such method in the case of EUV waveteisgthus very painful and do not easily allow
parametric analysis. In this paper, we show thada&lidMethod by Fourier Expansion can be
extended to handle the complex geometry of EUV adiafe masks. In the first part, we describe a
very simple analytical model that has been usedetoerate the input geometry for the optical
simulation. It is not intended to be physically miegful but rather to give realistic profiles ofeth
multilayer growth over a non planar topography. émpirical parameter of this model allows
representing conformal as well as planarizing digiposconditions. In the second part of the paper,
the influence of the size and position of the defecthe multilayer mirror is examined. It is
confirmed that the nucleating seed size and depostrongly affects the near field at the mask and
consequently the aerial image at the wafer. TheoslBpn conditions have also a significant

influence on the impact of a given defect. As algeahown by Bollepali et &l, in certain



conditions, a multilayer deformation that does exdn affect the surface of the mirror are shown to

be able to cause non negligible intensity drops.

2. Multilayer deposition simplified model:

In order to generate easy to use input topogragbrethe optical calculation, we have developed a
simple model of multilayer deposition. It is nottended to give deep physical insight of the
deposition process, but rather to give an empirtescription of the geometry of the multilayer
deposited on top of a defect seed.

This model is based on the classical problem ddlfrcurve®. The idea first came by considering
that in the case of perfectly conformal depositadiove a shape with smooth enough shape, the
resulting top surface of the layer is strictly piglato the bottom shape. This problem has been
addressed a few centuries ago by Leibniz in the aisa curve described by its parametric
equations. In this paper, we always deal with egadr ellipses but other shapes can be handled as
well.

The parametric equation of an ellipse placed jbsva the axiy=0 is given by equation (1) where

a is the half length of the ellipse in the x direatiandb is the half length of the ellipse in tlye
direction. Thex andy directions are respectively parallel and perpardicto the multilayer

surface. In the following, all objects are cons@ttto be invariant along ttzadirection.

x(t) = acos(t)
{y(t) = bsin(t)+ b (@D)

the parametric equation of the curve parallel eodtirve defing by x(t) andy(t) sitting at a distance

d from it can be written:

xp(t) = x(t) + d ——2
O +y O o
ypt) = y(t) -d ——X U
X ()2 +y (1)?

wherex'(t) andy'(t) are respectively the derivativesxgt) andy(t) with respect to the parameter



In order to be able to represent more closely expartally observed planarizing deposition
processed equation 2 can be modified slightly by introdugithe empirical parametar. Its

practical impact is to pull up or down the "parllleurve in they direction with respect to the

direction.
xp(t) = x(t) + d -—L 1
VX ®? +y )7 )
yp) = y(t) - a.d —— XV
X ()2 +y (1)

Figure 1 shows the impact afon the resulting curve. It can clearly be seentilnainga allows to

get a shape that can be thought as representirigrowl (@ =1) or planarizingd >1) deposition
conditions.

Equation 3 has been used to generate the inputagaemthat are needed for the optical simulation
in this paper. In the following, we have genera#iiten two different values of the parameterl

and a=1.05. The former case is the situation usuallyoantered with a standard off-normal
sputtering process (for example using lon Beamt8pny) where the deposited material is close to
conformal. The latter occurs when using for examp&ar normal incidence sputtering in
association with milling steps that has the cajitstmf gradually flattening the multilayer surfdée
using a=1.05, a 20nm circular seed is close to be completmoothed. Figure 2 shows the full
geometry that is resulting from these two typegeasimetries (for sake of clarity of the pictures, no
all layers have been drawn). The size of the intit@ular defect is 20nm. It can be seen thatdipe
surface height variation is equal to the defeat sizthe conformal case whereas no surface bump is
produced in the planarizing deposition conditiorréha=1.07). The height and width of the
deformation induced at the top surface of a 40 rlgyair mirror for different planarization
coefficients is shown in Figure 7. The defect site¢he substrate interface ranges between 20 and

100nm.



3. Simulation method:

3.1. The Modal Method by Fourier Expansion (MMFE):

The basic principle of the MMFE has been alreadyrsarized in a previous pafeand will not be
detailed here. The main characteristic of this catafoon is that the whole structure (considered as
periodic in the x direction) is cut in slicésEach slice is considered as a lamellar grating
comprising two or more refractive indices. Maxwetjuations are solved in each slice in order to
get the eigenfunctions and eigenvalues. Scattemiagyix formalism is used to deal with the
boundary conditions at each layer interface. Thieadtion efficiencies of the mask feature as well
as the electromagnetic field within the structuaa be computed.

An example of the slicing is shown in Figure 3 whére structure has been cut into 3 slices. In the
case of a EUV multilayer defective geometry it heqgpthat one lamellar grating can be composed
of more than two different refractive indices, than be handled without problem by the MMFE.
Convergence checks have shown that 3 to 4 sliceplpssical layer of the mask X0 slice
thickness) are sufficient to get a good descriptibthe structure by the stair step approximation.
means that for a typical EUV mask with 40 layer@aihe number of slices to consider is in the
range of 300.

The electromagnetic field within and just above thask (called near field) is computed. The
number of retained order is 2M+1, all the resutisspnted in this paper use M=25. This choice is
dictated by keeping a good compromise between acgwand speed. It has been checked that the
aerial image remains unchanged if the number oérsras increased, even if slight differences

appear in the near field.

3.2. Aerial image:

The electromagnetic field at the mask is very diffi to be measured, thus cannot be used for

experimental comparison purpose. The so-calledhlagnage, i.e. the light intensity distribution



computed at the wafer (image of the mask througlrstepper lens) quantifies the light that exposes
the photoresist. It is able to provide reliablstfiorder information on the developed resist imége.
order to compute the aerial image, the near fielthputed as described in the previous section is
used as an input for a commercial lithography sataul The electromagnetic field at the mask
surface is considered as the complex transfer ifumcif an equivalent phase shift mask. A proper
format conversion is used so that we get an eqemtdransmission mask that is handled by the
commercial software in a usual way. The aerial iensgcomputed using the Hopkins approach.
This is not the most accurate way of doing, bustesvn by Otaki®, this provides results that are
close from the one obtained using the rigorousiynmated diffraction pattern. The EUV optical
system is considered to provide a 4x demagnifioat® simple threshold model is used for the

resist development. We used a threshold of 0.25.

4. Results:

Our simulation code based on MMFE is fast enougith{mvone minute for the simulation of the
reflected field of a 40 deformed layer pair blanmidarneath a patterned absorber using a Pentium
[l 800MHz computer). This allows an easy invedtigia of the different parameters of the mask
geometry. In this paper, we investigate the influence of thefect size and position in the
multilayer mirror as well as the effect of the dsgion conditions.

It has to be noticed that the model used herelistaro dimensional; this means that every feature
is a cylinder with its axis along the z directiofherefore these results do not allow drawing
guantitative information about practical and usefuantities such as the minimal printable defect
size because real defects are point defects, metdefects. Approximate quantitative evaluation
about the 3D behavior can nevertheless be drawdeeth as pointed out by Pistoit can be
considered that a point defect will cause an intgrisop that is as a rule of thumb twice smaller
than that caused by a line defect of the same $izis. is particularly true for mid-size objects.

Anyway, these 2D results give very useful insightw@ the way defect size or deposition process



gualitatively influence the electromagnetic neafdiat the mask as well as the aerial image at the
wafer.

Otherwise specified, the following parameters héeen used for the simulation: wavelength
13.5nm, incidence angle 5°, the mirror is madeGpdirs of Mo (2.85nm)/Si (4.15nm), the defect
seed material is silicon. For aerial image companathe numerical aperture is 0.3 and the partial
coherence is 0.6. The reduction ratio of the imgdems is supposed to be 4x. A perfect lens
without aberration or flare is considered.

In the following, the term defect size refers te 8ize of the initial seed within the multilayeio T
avoid any misunderstanding, the size of the pestish at the top surface will be explicitly

mentioned every time it will be used.

4.1.Position of the defect in the multilayer mirror:

Although it seems that most of the defects lietmdubstrate, some of them can appear during the
multilayer deposition process. We investigate is #ection the influence of the defect within the
multilayer. The aerial image are plotted in Figéteand Figure 5 for different planarization
coefficients ¢=1 anda=1.05 respectively). They correspond to a 20nm g#aded in different
layers (from 10 to 20 pairs from the multilayer tbat. The first observation is that in both cases,
the defect causes a larger intensity drop wheitsitckoser to the substrate. This is illustratedhie
plot of the printed CD in Figure 6. The printed @Bcreases when the defect sits further from the
substrate.

This can appear in contradiction with an intuitileught that considers that the defect should affec
more effectively the light reflection when it siis the upper layers of the mirror where the
electromagnetic field is stronger. In fact, theabmentioned intuitive way of thinking is not true.
In the configuration we are dealing with, the defeeed is small (20nm) and its material is silicon
which is relatively transparent in the EUV rangéeTcause of the intensity drop lies in the

perturbed geometry of the Bragg mirror layers nathan in absorption, like it would have been the



case in the deep UV wavelengths. In these conditidhe defect causes a more significant
perturbation of the mirror topography if it lies ithe lower layer of the multilayer. And

consequently has a larger effect on the refleatéghsity that leads to a larger printed feature. We
have verified that a 20nm silicon defect on tophaf mirror does not induce any print on the wafer.
It is too small and too transparent to have a Baamt effect on the reflected intensity. We have

also checked that larger defect seeds (50nm amhiOBehave similarly.

4.2.Influence of the defect size:
The diameter and height of the deformation of tige durface induced by defects of different size
for various planarization coefficients is showrFigure 7. For example, a 20nm seed will cause no
deformation of the surface for a planarization Gioeit of 1.08. Fora=1, the deformation is
105nm and its height is equal to its size 20nm.sTp@rameteir will allow us to generate
geometries that affect the shape of the multilayieror while keeping a flat top surface.
The way the defect size affects the aerial imaggh@®vn in Figure 8 and Figure 9 far= 1 and
0=1.05 respectively; the defect size ranges fromol@00nm. As an example, the corresponding
reflected near field (that is used to generatesth@valent transmission mask) is presented in Eigur
13 fora = 1 and a 40nm seed. The high frequency osciliatiasible on the graph are mostly due
to a numerical effect caused by the truncatiorhefRloquet-Fourier series. This induces a so called
Gibbs effect. It can be noticed that these oswmiat are not seen in the corresponding aerial
images. They are filtered out due to the limitednetcal aperture (0.3 in this case) of the EUV
stepper optics.
Not surprisingly, the printed CD plotted in Figur@ is roughly proportional to the defect size when
o=1 and line defect smaller than 20 nm do not causefficient intensity drop foo=1.05. The

intensity drop is mainly caused by diffraction ¢ ttilted layers of the distorted multilayer above



the edge of the defect. This assumption is confirtme the fact that fon=1, the intensity curve
shows a bump above the middle of the defect. A plaisition, the layer topography is rather flat,

especially for the larger defects, less diffractacurs.

4.3.Defect in the vicinity of an absorber pattern

The case of a defect in an open area discussée jrévious sections is only a part of the problem.
The effect of the defect in the vicinity of an atiser pattern and the way it affects the printedi€D
also very important to look at. In Figure 11 andufe 12 the aerial images of a 20nm defect close
to a 200nm chrome line (50nm @ wafer level) arat@tbfor two planarization coefficients=1
anda=1.05. In each plot, several aerial images are nrearresponding to varying defect positions
raging from —50nm to +100nm from the line centere WaAn see on these graphs that when the
defect lies either underneath or far (>75nm) frov® &bsorber line, the aerial image of the line is
not affected. However, a significant widening issetved when the defect lies close from the
absorber edge. For=1, the line widening is 22nm and 46nm when theclek placed at a distance
of 25nm and 50 nm respectively. These line widthngfes reduce to 6nm and 30nm for a more
planarizing deposition process<1.05). These large values have to be considerd#daoare since
we deal in this paper with line defect only. Thag aot expected to provide results that are

guantitatively representative of real defects Hratessentially three-dimensional.

4.4. Printability of defects with a flat top surface

In this paragraph, we would like to draw the aitembn a result already pointed out by Bollegalli
concerning planarized defects which perturbatianaat reach the top of the mirror. Let us take the
case of an hypothetical, but nevertheless potgnt@tisting, multilayer deposition proces¥
which is such that on top of a defect, the sucueskiyers have planarized the reldafe to the
defect and the top of the surface of the mirrdtais(see for example Figure 2b). The reflectedrnea

field intensity of such a defective mirror is shownFigure 14. It can be seen that although the



surface is flat, the reflected light suffers a &igtensity drop above the defect seed. This iitiens

dip can surely make such a defect printable. The tfaat this example is a line defect does not
change the validity of this observation; a siméaample with a slightly larger 3D seed would have
lead to the same effect. From this fact, the qaestif the inspection strategy based on deep UV
microscopy, as it is presently performed arise®nftthese simulation, as well as from some
experimental worl), it seems that an inspection tool based on adtisjzection is probably needed

to catch some defect of the kind described in seistion that do not perturb the surface but the

underlying layers of the mirror.

4.5.Cause of the intensity drop at the defect:

From these simulations, it comes that two main rapidms are the cause of the intensity drop.
First, diffraction at the sloped layer interfacauses a first kind of intensity loss. Second, under
planarizing deposition conditions, the multilayegripd on top of the defect seed is necessarily
smaller than the period of the ideally matched oniffoecause the total multilayer thickness is
reduced). In these conditions, the mirror is netlly resonating anymore and a severe reflectivity
loss is observed. This is illustrated in the twifedent situations which corresponding near fields
(intensity and phase) are shown in Figure 13 agairEi 14. A 40nm circular seed is considered,
covered by a 40 layer pair mirror. In the first €gfigure 13),a=1, the mirror is conformally

deposited, in the second one (Figure &41.18, the planarization parameter has been chsssn

that the surface of the mirror does not show anpun Figure 13, the intensity drop is observed
at the two sides of the defect where the layerfates are sloped. The influence range of the tefec
is large, the central part of it is almost unpdréugt as far as the multilayer period is consideaed,

moreover the layer interfaces are almost flat. Te&ls to an intensity that recovers almost the
value of the reflectivity in the unperturbed cehteggion. The phase, which is here unwrapped and
corrected from the skew due to the oblique incigemaries according to the surface topography.

The configuration of Figure 14 is clearly differeht this case, the mirror surface is flat. Thegqgha



of the reflected near field varies in a small ranfjd0°. However a severe intensity drop is due to
the period reduction that comes with the plandadsaindeed in order to get a planar surface with a
20nm seed, a planarization coefficient of 1.07awgér is required (cf. Figure 7), this mean a 7%
period mismatch. Considering the high selectivityh@ Bragg mirror, this is largely sufficient to
cause the reflectivity to drop to a value smakemt 10%.

These considerations lead to some comments albdefeat mitigation strategy. It seems clear that
in order to mitigate the printability of the defecta technique that only consist in flattening the
mirror surface is not foreseen to be efficienthistflattening is obtained by a process that in the
same time changes the multilayer period or/andrtineor reflectivity (for example local heating of
the mask). In the same way the question of theeictspn strategy can be raised. Some buried defect
can cause an intensity drop at the exposure wayttlemithout any perturbation of the mask
surface. This type of defect cannot be detecteagugsible or DUV inspection tools and probably
require inspection at the actinic wavelength. Adasim this paper, such kind of features has

already been pointed out using simulafiband experimentalfy.

5. Conclusion:

The influence of line defects in a EUV multilayeashbeen investigated. Although the quantitative
values are only valid for line defects, this stadlpws drawing qualitative conclusions that areals
applicable to point defect. It appears that, eggdior conformal deposition, defects that sitsdo

to the substrate lead to larger intensity drop bseathey induce more important topography
perturbation in the multilayer mirror. Defects tlaae in the close vicinity of an absorber line have
the larger impact on the printed CD. If the defiée$ just underneath or far from the absorber
pattern, it will have less impact because, eitteeffect on the reflected intensity is maskedhsy t
absorber when both are at the same place or, Wigedeffect is too far, its intensity dip and the one
of the absorber feature behave independently. We ha#so shown that the main causes of the

intensity drop above a defect are twofold. Diffrantat the tilted layer interfaces is a first effec



Secondly, when dealing with smoothed defects, #reo@ mismatch is the major contributor to the
reflectivity loss. The defect material does notymasignificant role.

Planarizing deposition conditions help in keepinigwaer sensitivity to substrate defects but a flat
topography does not guarantee a defect free pgintihis can be considered as a serious issue and
raises the question of the mask inspection. Indeesihle or even DUV inspections are only
sensitive to the blank top surface topography. Avelength inspectid® could be necessary to
track all kind of defects in the EUV masks. Moregvellowing the trend observed in the DUV
lithography, at wavelength aerial image microscapdikely to be used in addition to faster

inspection tools.



Figure Caption

Eigure 1 Influence of the planarisation parameter:da}l; (b)a>1; (c)a<1. The original shape is
acircle

Figure 2 Geometry of the multilayer mirror after deposition top of a 20nm diameter seed. (a)
a=1 (b)a=1.07. One interface every five is shown.

Figure 3 Sketch of the structure discretisation neededtlier MMFE. (a) a circular defect of
refractive index pis shown, 3 layers are used. (b) the corresporglimglated structure.

Figure 4 Aerial images of defective multilayera<£1) as a function of the defect position within
the multilayer. From the lowermost curve of theufig to the uppermost, the 20nm diameter defect
seed is placed respectively at 0, 2, 4, 6, 8, 2314, 16, 18, 20 layer pairs from the substrate.
Figure 5 Aerial images of defective multilayers£1.05) as a function of the defect position within
the multilayer. From the lowermost curve of theufig to the uppermost, the 20nm diameter defect
seed is placed respectively at 0, 2, 4, 6, 8, 2314, 16, 18, 20 layer pairs from the substrate.
Eigure 6 Size of the printed feature versus seed verticaltipo from the substratex=1 (solid
line); a=1.05 (dashed line).

Figure 7 Height (a) and diameter (b) of the deformatiarthee top of the mirror versus for
different seed sizes (from bottom to top: 20, 30,50, 60, 70, 80, 90, 100nm)

Figure 8 Aerial images of defective multilayera£1). The defect seed diameters are (from top to
bottom) 10, 20, 30, 50, 70, 100nm.

Figure 9 Aerial images of defective multilayera£1.05). The defect seed diameters are (from top
to bottom) 10, 20, 30, 50, 70, 100nm.

Figure 10 Size of the printed feature versus seed sizé. (solid line);a=1.05 (dashed line).

Figure 11 Aerial images of defective multilayera<£1) for different relative position of the defect

and the absorber; defect seed=20nm, 50nm absa@beafer scale). Position of defect center (from



the leftmost to the rightmost curve): -50, -2528, 50, 75, 100nm (@wafer scale) from absorber

center.
Figure 12 Aerial images of defective multilayersi£1.05) for different relative position of the
defect and the absorber; defect seed=20nm, 50nrkesys(@wafer scale). Position of defect

center (from the leftmost to the rightmost curv®Q, -25, 0, 25, 50, 75, 100nm (@wafer scale)

from absorber center.
Figure 13 Reflected intensity (a) and phase (b) from a 40efect,a=1.

Figure 14 Reflected intensity (a) and phase (b) from a 4Qefect,0=1.18.
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