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METHOD AND APPARATUS FOR ANALYZING AND FOR RE-
MOVING A DEFECT OF AN EUV PHOTOMASK

1. Technical field

The present invention relates to the field of analyzing and removing a

defect of an EUV photomask.

2. Background of the invention

As aresult of the constantly increasing integration density in the semi-
conductor industry, photolithographic masks have to project smaller and
smaller structures on wafers. In order to fulfill this demand, the expo-
sure wavelength of lithography systems has been shifted to smaller and
smaller wavelengths. In the future, lithography systems will use signifi-
cantly smaller wavelengths in the extreme ultra-violet (EUV) wavelength
range (preferably but not exclusively in the range of 10 nm to 15 nm).
The EUV wavelength range presents enormous challenges to the preci-
sion of optical elements in the optical path of future lithography systems.
These optical elements are probably reflective optical elements, since the
refractive indexes of presently known materials are essentially one in the

EUV range.

EUV mirrors comprise a substrate with a low thermal expansion as for
example silica. A multi-layer structure comprising 40 to 60 double layers
of silicon (Si) and molybdenum (Mo) is deposited on the substrate which
acts as a dielectric mirror. Apart from the substrate and the multi-layer
structure, EUV and photolithographic masks or simply EUV masks have
additionally an absorber structure which is arranged on the multi-layer

structure and which absorbs impinging EUV photons.

PCT/EP2012/063881
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As a consequence of the extremely small wavelength already smallest
unevenness of the multi-layer structure and minimal deviations of the
absorber structure from the predetermined placement and / or of the
predetermined target size of the structure elements of the absorber layer
result in imaging errors of the wafers illuminated with the EUV mask.
Moreover, defects in or on the substrate and /or in the multi-layer struc-
ture of the EUV mirror or the EUV mask also result in imaging errors of
the structural elements which are imaged by the EUV mask on a wafer
which cannot be tolerated. Defects in or on the substrate and / or in the

multi-layer structure are in the following called buried defects.

The obvious approach for removing a buried defect would be to remove
in a first step the multi-layer structure above the defect and to remove in
a second step the uncovered defect and then deposit in a final step the
part of the removed multi-layer structure. However, this process cannot
be performed due to the multitude of layers of the multi-layer structure
and their low thickness of approximately 3 nm for the molybdenum (Mo)
layers as well as of approximately 4 nm for the silicon (Si) layers and the

high demands on the planarity of the layers or their surfaces.

Rather the US 6 235 434 B1 discloses a method for compensating the
amplitude portion of a buried defect by the modification of the absorber
structure of an EUV mask close to the buried defect. This process is in
the following called “compensational repair” or compensation. Fig 1
schematically represents its mode of operation. A local decrease of the
reflectivity of the surface distorted by the buried defect is compensated
by removing portions of the absorber material of neighboring absorber

elements.

The above mentioned patent describes that not the geometrical size of
the buried defect is compensated, but its equivalent size. The equivalent
size of a buried defect depends on its position relative to neighboring
absorber elements and the farer the distance is between the defect and

the closest absorber element. Phase defects have a smaller equivalent
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area than amplitude defects. The position and the equivalent size of re-
flection distortions induced by defects can be determined by a character-

ization technique as for example photolithographic printing.

The thesis “Simulation compensation methods for EUV lithography
masks with buried defects” of C. H. Clifford, University of California,
Berkeley, Tech Report No. UCB/EECS-2010-62, http://www.eecs.
berkely.edu/Pubs/TechRpts/2010/EECS-21010-62.html proposes two
methods to reduce the effects of buried defects when a wafer is exposed.
The first method uses pre-estimated design curves in order to determine
a modification of the absorber structure solely on the basis of the CD
(critical dimension) change induced by the defect. In order to convert the
phase error of a buried defect in an amplitude error which can more
easily be corrected, and thus reducing the effect of the defect when
changing the focus conditions, the second method proposes to cover the
defect with absorber material in order to block the light which is reflect-

ed from the region of the multi-layer structure distorted by the defect.

The article “Compensation of EUV Multi-layer Defects within Arbitrary
Layouts by Absorber Pattern Modification” of L. Pang et al., SPIE Proc.
79069, 79691E (2011) describes the determination of a repairing form for
buried defects. The surface contour of the defect is scanned with a scan-
ning force microscope (AFM, Atomic Force Microscope). Using a growth
model, the structure of the defect is determined within the multi-layer
structure. An aerial image of the defective EUV mask is simulated and
the result is compared with the aerial image without defect. The repair-
ing form for the “compensational repair” of the defect is determined pix-

el by pixel from the comparison.

Another essential aspect of the effective removal of a buried defect is the
position of the apparatus used for the defect removal with respect to the
localized defect. The repairing can aggravate the negative effects of the
buried defect if the position of the buried defect is not precisely taken

into account at the defect compensation.
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The present invention is therefore based on the problem to provide a
method and an apparatus for analyzing a defect and for determining a
repairing form of the defect which at least partially avoids the above

mentioned drawbacks of the prior art.

3. Summary of the invention

According to a first aspect of the present invention this problem is solved
by a method of claim 1. In one embodiment, the method for analyzing a
defect of an optical element for an extreme ultra-violet wavelength
range, which comprises at least one substrate and at least one multi-
layer structure, comprises the steps: (a) determining first data by expos-
ing the defect to ultra-violet radiation, (b) determining second data by
scanning the defect with a scanning force microscope, (¢) determining
third data by scanning the defect with a scanning particle microscope,

and (d) combining the first, the second and the third data.

In order to obtain as comprehensive information as possible about the
buried defect, measuring methods are used which apply different meas-
uring principles. Apart from photons at the actinic wavelength one uses a
particle beam, in particular an electron beam as well as a scanning probe

microscope to scan the defective area of the optical element.

By combining data which comes from three different data sources, i.e.
which is determined by different measuring methods, it is possible to
determine a comprehensive image of the defect of an optical element for
the EUV wavelength range. Preferably, it is thus possible to directly
compare the deviation which is generated by a buried defect at the sur-
face of the multi-layer structure as well as its lateral extension with the
effect on the imaging quality of the EUV mask at a wafer exposure. This
is an essential prerequisite in order to be able to effectively compensate

buried defects.
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According to a further aspect exposing the defect with ultra-violet radia-
tion comprises exposing the defect with extreme ultra-violet radiation, in

particular with radiation of the actinic wavelength.

The shorter the exposure wavelength is selected, the more details of the
defect are contained in the first data. On the other hand, the effort for
the generation of suitable radiation sources increases with drastically

with decreasing wavelength.

A further aspect comprises using of a scanning particle microscope for at

least partially removing the defect.

A further aspect comprises generating at least one mark by locally depos-
iting material on the multi-layer structure and / or on the absorber
structure of the optical element and / or by etching a local indentation

into the absorber structure.

Another aspect further comprises using a scanning particle microscope

for arranging and / or for removing the at least one mark.

An EUV optical element as for example an EUV mirror does not have an
absorber structure with which various measuring apparatuses can be
aligned relative to each other. Therefore, one or several marks are pref-
erably temporarily arranged on the surface of the multi-layer structure.
In the case of an EUV mask, the absorber structure can be used as a
mark for aligning the different measuring apparatuses. If the elements of
the absorber structure are not sufficient or are not suitable, the ex-
plained method provides arranging one or several marks on the absorber
structure and / or on the multi-layer structure. At the end of the repair-
ing process, the mark(s) are again removed from the EUV mask or the
EUV mirror.

By the combination of data which have been obtained with the help of

three different measuring principles in combination with the arrange-
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ment of at least one mark, it can be secured that the defect repair occurs
at the position of the EUV mask at which the buried defect is in fact lo-

calized.

Thus, the scanning particle microscope has several functions. Apart from
analyzing a defect, it is preferably also used for generating a mark and
for repairing the defect. This means that the analysis device and the re-
pairing tool can be integrated in one device. Thus, the execution of the

overall process is facilitated.

In a further aspect combining the first, the second and the third data
comprises compensating deviations with respect to the mark and / or
with respect to a scale of the first data and / or the second data and / or
the third data.

When compensating a deviation with respect to a certain mark and / or
with respect to a scale, the three data of the data sources are combined in
such a way that the information of the various data sources can be inter-

related.

According to a further aspect combining the first, the second and the
third data further comprises transforming at least the first and / or the
second and / or the third data so that each pixel of the first data is asso-
ciated with a pixel of the second data and a pixel of the third data.

When the pixels of the various data have a one-to-one (1:1) equivalence,
the data of the various data sources can be combined in a single image.
Thus, a maximum of information is obtained from the various data
sources. In particular, the combined data can be input into a model in
order to determine the parameters characterizing the defect. The pre-
ferred one-to-one equivalence of the various data which can also be used
for aligning the repairing form makes sure that the repair of the defect

occurs exactly at the position of the buried defect.
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In another aspect exposing the defect with electromagnetic ultra-violet
radiation further comprises recording at least one aerial image of the

defect and / or exposing at least one wafer.

According to still another aspect recording the at least one aerial image
of the defect comprises recording an aerial image in the focus and / or
recording an aerial image stack by changing the focus relative to the op-

tical element for the extreme ultra-violet wavelength range.

According to still another aspect, a scanning probe microscope compris-
es a scanning force microscope, a scanning tunneling microscope, a
magnetic field force microscope, an optical near-field microscope, and a
scanning near-field microscope, or a combination of these microscopes,
and the scanning particle microscope comprises a scanning electron mi-
croscope, a focused ion beam microscope and / or an interferometer or a

combination of these devices.

In still a further preferred aspect, the defect comprises a buried defect
which is arranged in the multi-layer structure and / or in and / or on the

substrate of the optical element.

The described method is preferably used for analyzing buried defects.
However, the presented method can also be used for analyzing absorber
defects. Moreover, the explained method can also be applied for analyz-

ing defects of transmissive optical elements.

A further aspect comprises the step of adapting parameters of a model

for at least one defect to the combined first, second and third data.

The model for the defect or the defect model uses the fact that defects
which are accessible to an effective “compensational repair” have a simi-
lar surface contour. The multi-layer structure is deposited on the entire
optical element in a single step. When the growth process of the multi-

layer structure is finally adjusted all defects should have similar profiles.

PCT/EP2012/063881
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Even so these profiles are not known in detail, it can be assumed that all

defects have the same cause, and therefore have a similar profile.

According to still a further beneficial aspect, the model for the defect
comprises a rotational symmetrical Gaussian profile which is parameter-

ized by a height and a full width at half maximum.

A visual buried defect has typically a certain height or depth of 3.5 nm.
This corresponds to a quarter of the EUV wavelength of approximately
13.5 nm, and provides that the light reflected at the multi-layer structure
has a phase shift of approximately +7. In practice, visual defects occur
which have a height (or a depth) of several nm and a half width (FWHM)
in the range of some 10 nm. Buried defects which are significantly shal-
lower are only very restrictively visible. Defects which are laterally signif-
icantly more extended are only reparable to a limited extent by means of
compensation or compensational repair due to a large area modification

which is necessary on the absorber structure.

According to a further aspect, the model for the defect further comprises
at least two parameters with respect to the position of the defect relative

to the at least one mark.

The position, the height and the half width parameterize the model for
the defect. These parameters can be determined from the combined first,

second and third data.

A further aspect comprises placing the model for the defect so that the
coverage of its half width (FWHM) is optimized using the second data.

According to a second aspect of the present invention, this problem is
solved by a method according to claim 14. In one embodiment, the
method for determining a repairing form comprises a least partially re-
moving at least one defect of a photolithographic mask for the extreme

ultra-violet wavelength range, having at least one substrate, at least one

PCT/EP2012/063881
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multi-layer structure and at least one absorber structure, comprises the
steps: (a) analyzing the defect by one or several measuring methods, (b)
determining a model of the at least one defect, and (c) determining the

repairing form by using the model of the at least one defect.

The repairing form is adapted to the model of the defect. Due to the
symmetry of the model of the defect, the repairing form resulting from
this model is simple. Necessary calculations can be performed very rap-
idly. In particular, the resulting repairing form is intuitively understand-
able. Thus, the influence of the individual process parameters can be
simulated independently from each other, and therefore their effects for
different absorber structure can be analyzed. Further, the repairing form
allows an evolutionary further development by the introduction of fur-

ther parameters when systematic deviations occur.

Moreover, it is beneficial for the acceptance of the analysis and repairing
method if the user can understand and / or physically interpret the func-
tioning of the method. Thus, when necessary, he can adapt the method
to a specific situation. Solutions which are exclusively numerically base

often have acceptance problems at the user side.

A further beneficial aspect further comprises using the repairing to the
absorber structure of the photolithographic mask for the extreme ultra-

violet wavelength range.

According to a further preferred aspect analyzing at least one defect
comprises: (a) determining first data by exposing the defect to ultra-
violet radiation, (b) determining second data by scanning the defect with
a scanning probe microscope, and (c¢) determining third data by scan-

ning the defect with a scanning particle microscope.

Still a further aspect comprises the step of combining the first, the se-
cond and the third data.
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In still another aspect, the determined repairing form essentially com-
prises the rotational symmetry of the model for the least one defect. In

another aspect, the repairing form has essentially the form of a cycle.

As already mentioned, the topography of most defects should have a ro-
tational symmetry due to the fabrication process of the multi-layer struc-
ture. The rotational symmetry translates into the symmetry of the repair-
ing form which is used for the compensation of the defects. The diffrac-
tion limitation of the imaging systems which acts as a low pass filter re-

moves higher spatial frequency components.

A further aspect uses a perturbation approach for describing the repair-
ing form, wherein a reference defect at a reference position determines a
reference diameter at the reference position and wherein deviations of
the defect from the reference defect and the reference position are de-

scribed by perturbation quantities.

According to another aspect, the reference position is determined by the
at least one mark. Apart from the reference defect, the reference diame-

ter also depends on the absorber structure.

The described method has especially two beneficial aspects. As the defect
analysis is based on a comprehensive measured data set, the defect as
well as its repairing form can be determined with the help of a broad
data basis. It is possible to adjust the defect relative to the repairing form
by adjusting pixel by pixel the image data obtained from various data
sources, so that the application of the repairing form onto the absorber

structure gives a maximum compensation effect.

According to still another aspect, perturbation variables of the repairing
form takes into account deviations of the defect from the model for the at

least one defect and the reference position.

PCT/EP2012/063881
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According to a further aspect, the repairing form comprises a correction
variable which takes the kind of the modification of the absorber struc-
ture into account. In still another aspect, the correction variable com-
prises a reduction of the diameter of the repairing form if the at least
partial removal of the defect comprises removal of material of the ab-

sorber structure.

The repairing form actually realized in the absorber structure is larger
than the calculated repairing form due to scattering processes of the par-
ticle beam of the scanning particle microscope which is used for modify-
ing the absorber structure. The correction variable takes this fact into

account.

A further beneficial aspect comprises the step of determining parameters
of the repairing form by varying individual parameters by means of sim-

ulation.

The parameters of the repairing form can be determined during the
analysis of the defect by simulation. Design data of the absorber struc-
ture and / or parameters of the multi-layer structure can be used as in-
put quantities for the simulation. Alternatively, the parameters or at
least a portion of the parameters for various absorber structures can be
simulated in advance and the result can be stored in a memory. If no
design data are available for the absorber structure, the input data for
the simulation can be determined by means of an optical photographic

image of the absorber structure.

Yet another aspect further comprises: (a) determining the parameters of
the repairing form by simulating an aerial image of the model for the at
least one defect with the repairing form, and (b) comparing with the aer-

ial image of a region of the absorber structure which is free from defects.

Still another aspect comprises determining of initial parameters of the

repairing form from the combined first, second and third data. Accord-
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ing to another aspect comparing in step (b) is effected by means of a

predetermined critical dimension.

Another aspect further comprises determining the parameters of the
repairing form by comparing the model of the defect with stored defect
models and selection of parameters of the repairing form of the defect
model which is closest to the model for the defect. According to still an-
other aspect the comparing the model for the defect and the stored de-
fect models is done using the first data and / or the second data. Another
aspect further comprises determining the stored defect models from at
least a series of programmed defects and determining the repairing

forms associated with the defect models by simulation.

By generating and measuring a series of defined defects, the connection
between the buried defects, its manifestation on the surface of the multi-
layer system and its effect for the exposure of the wafer can be deter-
mined without any further model assumptions. The depth profile or the
propagation of the buried defect in the multi-layer structure is explicitly
considered at the determination of the parameters of the repairing form
by comparing both measuring data sets, the data set determined from
the aerial image stack and the data set determined from the surface con-
tour of the stored aerial image stack and the associated surface contour
with each other. Thus, the repairing form fixed for a defect is preferably
based on a maximum of measurement data. The repairing form of a de-
fect which is already known and investigated is associated with the ana-

lyzed defect.

Another aspect further comprises determining the parameters of the
repairing form by comparing an aerial image simulated with the wafer

repairing form with a target aerial image in a repetitive process.

According to still another aspect determining of a repairing form com-
prises the following steps: (a) simulating an aerial image of the model for

the at least one defect of the repairing form, (b) comparing the simulated

PCT/EP2012/063881
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aerial image with an aerial image of a region of the absorber structure
which is free of defects, (c) if the deviation of the simulated aerial image
and the aerial image of the defect free region is smaller than a predeter-
mined threshold, selecting the repairing form with the present parame-
ters, and (d) if the deviation of the simulated aerial image and the aerial
image of the defect free region is larger than a predetermined threshold,
changing the parameters of the repairing form and repeating steps (a) to

(c).

According to still a further aspect, the simulation of the aerial image
takes place without an absorber structure. In still a further aspect, the
simulation combines the absorber structure as transmission matrix with

the defect.

In still another aspect, the simulation comprises various propagation
variants of buried defects through the multi-layer structure. In another
aspect, the simulation comprises buried defects of different height and /

or lateral extension.

Apart from the parameters which fix the surface contour of the defect,
the propagation of the buried defect within the multi-layer structure or
its depth profile is decisive for the effect of the defect on incident EUV

radiation.

Another aspect further comprises using the repairing form for at least a
partial removal of the defect by modification of the absorber structure
with the scanning particle microscope. Another aspect further comprises
determining the parameters of the repairing form by means of at least

one focus stack of aerial images of defect free EUV masks.

A further aspect for determining the repairing form comprises the steps:
(a) analyzing the defect with one of the methods of the above described
aspects, (b) determining a repairing form with one of the methods of the

above represented aspects, and (c) removing the defect by applying the



10

15

20

25

30

WO 2013/010976

14

repairing form onto the absorber structure of the defect of the optical

element.

Still another aspect comprises repetitive application of the method to a

defect which has remained from a previous defect removal.

Another aspect further comprises analyzing a defect which has been re-
mained from a previous defect removal with at least one data source of
the first mentioned aspect, and removal of the remaining defect accord-

ing to the features (b) and (c) of the at last indicated embodiment.

Generally, parameters of the defect model and the referred repairing
form are calibrated such that a repeated defect removal for removing a
defect rest remaining after a first defect removal is only very rarely nec-
essary. However, as each defect is at the end unique, it cannot be ex-
pected that the defect removal is completely successful at the first at-
tempt. Therefore, the described method can be designed as a repetitive
method in order to suppress, if necessary, a remaining defect rest below
a predetermined threshold in a second process step. A remaining defect
rest can occur when too much absorber material has been removed at
the first defect correction and / or when too little absorber material has
been removed at the first defect correction. Moreover, a defect rest can
occur if at the first attempt of the defect removal too much material has
been removed from at least one position of absorber structure while too
little absorber material has been removed from at least one other posi-

tion of the absorber structure.

Another aspect comprises adapting the parameters of the repairing form
to the defect remaining after a previous defect removal. Still another
aspect comprises adjusting the parameters of the repairing form so that

a non-circular repairing form is generated.

A reason for a deviation from an axial symmetry can be the imaging sys-

tem for the ultra-violet radiation source. Complex aperture arrange-

PCT/EP2012/063881
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ments, so called DISAR arrangements reach better resolutions for struc-
tures with a certain symmetry (for example for vertical line stripe pat-
terns) as these approaches only transmit diffracted light in one direction
(for example horizontally through two 60° quadrants). This can lead to
the requirement to slightly adjust the optimal repairing form in two di-
rections. This adjustment depends on the exposure of the mask. Further
lithography nodes in the EUV range will presumably have their own ex-
posure settings (among other things the numerical aperture (NA) and
the pupil diameter o). These settings represent a further parameter
which has to be considered at the simulation of the repairing form. How-
ever, these exposure settings only change between various stepper gen-
erations. Typical values for the 40 nm and 32 nm lithography nodes are
NA = 0.25 and ¢ = 0.5 (annular). The next generation will probably have
values of NA = 0.32 and 0 = 0.4 — 0.8 (DISAR).

If the method for the defect removal has to be used for a second time, the
parameters of the repairing form are adjusted to the new situation. It
may occur in this process that absorber material has to be removed or to
be added only at one absorber element. The repairing form can have the
parameters leading to a non-circular repairing form in order to perform
such a process. It is a benefit of the described repairing form that it may
flexibly be adjusted to the respective situation. Thereby, it is an ad-
vantage that the user can intuitively understand the action of a parame-
ter modification. Moreover, if necessary, he can simulate the effect onto
the absorber structure or on the wafer exposure prior to the actual appli-

cation.

Another aspect comprises the adaptation of the repairing form if a sys-
tematic deviation and / or a redetermination of the parameters of the

repairing form occurs.

Also the method for removing a defect is described in view of a buried
defect on a reflective EUV mask; its application is not restricted to bur-

ied defects. Rather, the method also allows the compensation of defects

PCT/EP2012/063881
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of the absorber structure, in particular also for defects which are caused
by particles embedded in the absorber structure. Further, its application
is not restricted to reflective optical elements; defects of transmissive
photolithographic masks can also be analyzed and removed with the

described method.

According to still another preferred aspect, an apparatus for analyzing a
defect of an optical element for the extreme ultra-violet wavelength
range comprises: (a) at least one ultra-violet radiation source for deter-
mining first data of the defect, (b) at least one scanning probe micro-
scope for determining second data of the defect, (¢) at least one scanning
particle microscope for determining third data of the defect, and (d) at
least a combination unit which is adapted to combine the first, the se-

cond and the third data.

The ultra-violet radiation source, the scanning probe microscope, the
scanning particle microscope and the combination unit can be integrated
in a single apparatus. However, it is also possible to realize the various
means for determining data as separate apparatuses which can in addi-
tion be arranged separated from each other and the combination unit.
Furthermore, a partial integration of the various means for determining
the data is also conceivable. The apparatus is not restricted to the analy-
sis of defects in reflective optical elements; rather it can also be used for
investigating and / or for removing defects in transmissive optical ele-

ment.
According to a yet another aspect, the ultra-violet radiation source fur-
ther comprises a charge-coupled device camera which is arranged in the

beam path instead of a wafer.

Finally, the apparatus further comprises means for performing one of

the methods according to one of the above mentioned aspects.

4. Description of the figures
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In the following detailed description presently preferred execution ex-

amples of the invention are described with reference to the figures,

wherein

Fig. 1

Fig. 2

Fig. 3

Fig. 4

Fig. 5

Fig. 6

Fig. 7

Fig. 8

schematically illustrates an example of a “compensational repair”

of a buried defect;

illustrates a schematic overview of various defect types occurring

in an EUV mask;

shows a representation of a buried defect recorded with a scan-
ning electron microscope (SEM) (upper left corner), an image of
a wafer exposure (upper right corner), and an illustration ob-

tained with a scanning force microscope (AFM) (lower part);

schematically depicts the definition as a positive (+) defocussing
(over-focusing) and a negative defocussing (under-focusing,
dashed lines);

presents on the left side AFM images of a bump defect (upper
part) and of a pit defect (lower part), and presents on the right
side a focus stack of aerial images (upper part) and of an exposed
wafer (lower part) again with a bump defect (upper part) and a
pit defect (lower part);

represents simulated effects of various pit defects and the varia-

tion of their critical dimension;
depicts schematic representations of images of a defect recorded
with an AIMS® (upper part), an AFM (middle part), and an SEM

(lower part);

presents a schematic flow diagram for analyzing a buried defect;
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Fig. 9 schematically illustrates the determination of the parameters of
the defect model in the partial images A to C, and presents the ef-
fect of the parameters of a repairing form model in the partial

5 images D to F;

Fig. 10 represents in the upper partial image a cross section for a buried
defect, illustrates in the two middle images the effect of a repair-
ing form, and the lower partial image represents the effect of the

10 repairing form on the critical dimension (CD) of the absorber

lines;

Fig. 11 presents the determination of the diameter of the repairing form
model by means of a simulation process;
15
Fig. 12 presents the determination of two further parameters of the re-

pairing form model according to Fig. 1;

Fig. 13 depicts a flow diagram of a concept for determining a repairing

20 form;

Fig. 14 shows a flow diagram of an alternative concept for determining

the repairing form; and

25 Fig. 15 depicts a flow diagram of a further concept for the determination

of the repairing form.

5. Detailed description of preferred embodiments

30 Fig 2 gives an overview of the essential defect types of EUV masks. Ab-
sorber defects occur if absorber material is available at positions which
have to be free from elements of the absorber structure. The inverse sit-
uation can also occur, i.e. the absorber material is completely or partially

missing at positions which have to be covered with absorber elements.
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Moreover defects of the anti-reflection (AR) layer which is deposited on
the absorber structure and / or dust or dirt particles on the surface of the

multi-layer structure can also lead to absorber defects.

An absorber defect essentially causes an amplitude error in the reflected
radiation. Typically, it can be visualized by scanning the EUV mask with
a scanning electron microscope (SEM) and can be repaired with a mask
repairing system, as for example a MeRiT™ system of the company Carl
Zeiss. In this process missing absorber material is deposited by a local
deposition process and excessive absorber material is removed by a local

etching process.

Buried defects are on the one hand defects which have their origin within
the multi-layer structure and are on the other hand defects which are
localized in or on the substrate on which the multi-layer structure is ar-
ranged. Furthermore, they can also be arranged below an absorber ele-
ment. Buried defects cause both amplitude errors and phase errors in the
reflected EUV radiation. In contrast to amplitude errors, phase errors
reverse the sign of their CD variation during passage of the focal plane
through the surface of an EUV mask. Thereby, in contrast to amplitude
errors, phase errors reduce the depth of focus of the image or the process

window when exposing the wafer with an EUV mask.

As it is indicated in the left upper partial image of Fig. 3, the buried de-
fect can regularly not be detected with a scanning electron microscope.
However, the buried defect clearly emerges on the wafer — as it is illus-
trated in the right upper partial image of Fig. 3 — as an image defect of
the EUV mask. Only by using a scanning force microscope (AFM) (lower
partial image of Fig. 3) a small bump or a small depression can be de-
tected which is typically caused by a buried defect at the surface of the
multi-layer structure. Fig. 3 is taken from the publication “Natural EUV
mask blank defects: evidence, timely detection, analysis and outlook” of

D. Van den Heuvel et al., Proc. SPIE, vol. 7823 (2010).
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Generally, buried defects can also be detected by a series of wafer expo-
sures and / or by a series of aerial images. Thereby, the focus plane of the
illumination system is systematically changed from above the EUV mask
to below the EUV mask. Fig. 4 illustrates this interrelationship. A focus
plane which is above the mask is called positive (+) defocusing or over-
focusing; on the other hand, if the focus plane of the illumination system
is within the mask itself as it is exemplarily represented by dashed lines

in Fig. 4, this is called negative (-) defocusing or under-focusing.

The upper partial image of Fig. 5 shows an arching or a so called “bump
defect” which is scanned with a scanning force microscope (AFM) in the
left partial image. The right upper partial images represent images of a
focus stack or a modification of the focus plane from an under-focusing
to an over-focusing condition. The representations of the lower half im-
age repeat the images for a small depression or a so called “pit defect” on
the surface of the multi-layer structure. Fig. 5 is taken from the article
“Evidence of printing blank-related defects on EUV masks missed by
blank inspection® of R. Jonckheere et al., Proc. SPIE, vol. 7985 (2011).

Fig. 5 shows that archings or bump defects are more visible in both aerial
images and also on wafers if the images have a negative defocusing or
are “under-focused”. Pit defects or small depressions on the surface of
the multi-layer structure are more clearly visible with optical measuring
methods preferably on the side of positive defocusing or at an “over-

focusing” of the image when the focus plane is varied.

However, the detailed optical effects of buried defects cannot be detected
by means of optical measurements of a stack of aerial images through
the focus plane alone. Moreover, it is also not possible to simulate the
effects of a buried defect as long as its topographic characteristics within
the multi-layer structure and at the surface of the multi-layer structure
are unknown. Thereby, the topographic characteristics at least comprise
the height (for bump defects) or the depth (for pit defects), the lateral

extension of the defect on the surface of the multi-layer structure, its
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position with respect to a reference point as well as its transmission or

propagation through the multi-layer structure.

The surface of the multi-layer structure above a buried defect can be
scanned by means of a scanning force microscope (AFM), and thus its
surface contour can be determined. However, an image recorded with an
AFM cannot provide information with respect to the propagation of the

buried defect within the multi-layer structure.

The publication “Localized defects in multi-layer coatings” of D. G.
Stearns et al., in Thin Film Solids 446 (2004), pages 37-49 describes a
nonlinear model for the growth of a multi-layer structure whose layer
growth is distorted by bump defects of various geometries. The investi-
gations of these authors reveal that a buried defect which has a height
modification of the surface of approximately 2 nm results in a critical
error. The defect growth can be effectively suppressed by depositing the
thicker Si layers and by partially removing in a subsequent eching step

by means of an electron beam.

Fig. 6 illustrates that pit defects can propagate through the multi-layer
structure in different ways. The partial image (a) shows a pit defect with
a depth of 15 nm which propagates essentially unchanged through the
multi-layer structure and can be seen in both the aerial image and in the
photoresist on the wafer by a local melting of neighboring structure ele-

ments.

The partial image (b) of Fig. 6 illustrates that a buried pit defect which
cannot be detected on the surface of the multi-layer structure as a de-
pression leads to a variation of the CD. Fig. 6 is taken from the publica-
tion “Printability and inspectability of programmed pit defects on the
masks in EUV lithography” of I.-Y. Kang et al., Proc. SPIE, vol. 7636,
76361B (2010).
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In the following preferred embodiments of the inventive method and of

inventive apparatuses are explained in more detail.

The diagrams 700 of Fig. 7 schematically show representations of a de-
fect in a section of an EUV mask 710 as it appears in the image data or
images of various data sources. The upper partial image 720 represents a
top view of an aerial image of an oval defect 730 of the multi-layer struc-
ture 735. The defect is arranged between two vertical absorber lines 725
which are arranged on the multi-layer structure 735. The aerial image is
taken with an AIMS® (Aerial Image Measurement System) provided by
the company Carl Zeiss at the actinic wavelength, i.e. at 13.5 nm. An
AIMS® is essentially an optical illumination system of a lithography
apparatus which arranges a CCD (charge coupled device) camera at the
position of the wafer in order to measure the aerial image generated by

the EUV mask.

Instead of measuring an aerial image with an AIMS®), a wafer can also
be exposed, and thus the defect can be determined on the exposed resist
arranged on the wafer (not represented in Fig. 7). This alternative re-
quires the usage of a wafer which can no longer be used for other pur-
poses at least at the exposed position without having a larger correction
effort. Therefore, the defect analysis by measuring an aerial image with
an AIMS® is preferred. For defects 730 which are particularly difficult
to identify, it may be beneficial to use both measuring methods in com-

bination.

In the exemplary representation of the partial image 720 of Fig. 7, the
detected defect 730 is a buried defect which is buried in the multi-layer
structure 735 of an EUV mask 710. Further, in the partial image 720 as
well as in the following diagrams, the absorber elements are vertical
straight absorber lines 725 arranged in a regular distance. However, the
application of the methods and apparatuses described in the present

application are not restricted to this structure of an absorber pattern.
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Rather, this specific absorber structure has simply the purpose to illus-

trate the performance of the described methods and apparatuses.

After the defect 730 is localized by the analysis of the aerial image taken
with an AIMS®), one or several marks 750 are generated close to the
defect 730. It is the purpose of this mark or of these marks to facilitate or
to enable the alignment of the further apparatuses used for analyzing

and / or for removing the defect 730.

In the exemplary embodiment of Fig. 7, a mark 750 is generated on the
absorber line 745 which is closest to the defect 730 by locally depositing
material. However, it is also possible to generate one or several marks
750 on the multi-layer structure 735. It is also possible to generate a
mark 750 on an absorber line 745 and to generate a further mark 750 on
the multi-layer structure 735. Apart from locally depositing material, a
mark 750 can also be formed by etching one or several local recesses in
one or several absorber lines 745. Moreover, several marks 750 can be
formed by a combination of local depositing material and by local etch-

ing of recesses in the absorber lines 745.

For example, a mark 750 can be generated by depositing material from a
precursor gas, as for example dicobaltoctocarbonyl (Co.(CO)s) by means
of a particle beam, i.e. by means of an electron beam and / or a focused
ion beam. In order to etch a recess in an element of an absorber struc-
ture 745 for the generation of a mark 7750, a particle beam can for exam-
ple be used in combination with one or several etching gases (as for ex-
ample xenon difluoride (XeF.)). It is conceivable to use a combination of
an electron beam and of an ion beam for both locally etching and locally
depositing. The application of an electron beam is preferably compared
to the application of an ion beam, since electron beams typically cause
less damage in radiated materials than ion beams. A mask repairing de-
vice, as for example the MeRiT® system provided by the company Carl

Zeiss can be used for generating a mark 750.
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The middle partial image 760 of Fig. 7 presents a scan of an AFM (Atom-
ic Force Microscope) across the region in which the defect 730 has been
localized by the AIMS®. Thereby, on the one hand, the mark 750 is used
for finding the defect 730 on the UV mask 710, and, on the other hand,
the mark 750 is used for determining the region of the multi-layer struc-
ture 735 which is to be scanned with the AFM in order to cover the defect
730. The AFM is able to analyze the precise surface contour of the defect
740, since its resolution again surpasses the resolution of the AIMS®
and can reach into the sub-nanometer range. For illustration purposes,
the partial image 760 again highlights the defect 730 recorded with the
AIMS®. The absorber lines 745 in the partial image 760 are sharper
than in the partial image 720 also due to the higher resolution of an AFM
with respect to the AIMS®.

In addition to an AFM different types of scanning probe microscopes can
be used, as for example a scanning tunneling microscope, a magnetic
force microscope, an optical near-field microscope and / or an acoustical
scanning near-field microscope. It is also possible to use a combination

of several scanning probe microscopes for scanning the defect 730.

The lower partial image 780 of Fig. 7 schematically shows a section of
the EUV mask of the partial images 720 and 760 as it appears in the scan
of the scanning electron microscope (SEM). The contrast between the
multi-layer structure 735 and the edges of the absorber lines 785 is clear-
ly seen in the SEM image. Furthermore, the mark 750 on the absorber
line is clearly recognizable. The defect 730 or 740 is generally not or only
very weakly visible in the SEM image due to the small height difference

of its surface contour.

It is suitable to start the analysis of a defect 730 with the measurement of
an aerial image and to generate in the next step at least one mark 750 in
order to facilitate the further analysis of the defect 735. However, the

sequence of the subsequent SEM and AFM analysis can be freely chosen.



10

15

20

25

30

WO 2013/010976 PCT/EP2012/063881

25

The image data of the partial images 720, 760 and 780 are then mutually
aligned relative to each other so that their pixels have a one-to-one (1:1)
correspondence. This is achieved by adapting the scales of the individual
pixels and / or by compensating deviations with respect to the at least
one mark 750. Thus, it is possible to obtain a maximum of information
with respect to the defect 730, 740 and its localization on the EUV mask

710 from the combination of the three different image data.

Generally, an electron beam is used in combination with an etching gas
or a precursor gas for correcting the defect 730, 740. The mark 750 al-
lows in combination with a pixel by pixel 1:1 correspondence of the im-
age data of the partial images 720, 760 and 780 of Fig. 7 an exact guiding
of the electron beam during the defect correction or the defect removal,
although the defect 730, 740 is not or only unclearly visible in the SEM

image.

Alternatively to an electron beam, an ion beam can also be used for
scanning a region around the defect 730 identified in the partial image
720. Generally, the focus depth of an ion beam is also not sufficient to
represent the flat surface contour of the defect 730, 740. Moreover, it is
also possible to use an ion beam instead of an electron beam in combina-
tion with suitable etching gases or precursor gases for the removal of the

defect 730, 740.

In the example presented in Fig. 7, the defect is a buried defect. If the
defect is an absorber defect, the analysis of the defect can be done as
described above. Alternatively, the defect analysis can also be interrupt-
ed after the evaluation of the AIMS image (upper partial image 720), and
the absorber defect can be corrected by using the image data of the aerial

image.

The flow diagram 800 of Fig 8 briefly summarizes the process of the de-
fect analysis. After the beginning at 810, the surface of an EUV mask is

measured with an AIMS® at step 820. In the next step 830, at least one
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mark 750 is generated close to the identified defect 720, for example
with the aid of a mask repairing device. At step 840, the region around
the defect 720 is scanned by means of an AFM in order to obtain a pre-
cise contour of the surface of the defect 740. At step 860, the parameters
of a defect model are determined on the basis of the determined and re-
spectively combined image data, and the localization of the defect model
with respect to the mark 750 is determined. Details of the last step are in

the following explained in more detail.

Most of the defects 730, 740 visible on a wafer have a cylinder symmetry
or can be modeled in good approximation by a model having cylinder
symmetry. Complex two-dimensional (2D) surface contours of buried
defects are exceptions. The reason for this may be that manufacturing
methods and polishing methods of the mask substrates mainly generate
in combination with the growth process of the multi-layer structure 735

round surface contours of buried defects 730, 740.

The multi-layer structure 735 is deposited on the entire EUV mask 710 in
one process step. After the growth process of the multi-layer structure
has been adjusted, all defects 730, 740 should have similar profiles on
the surface of the multi-layer structure 735, since they are caused by the
processing of the mask substrate and / or the deposition process of the

multi-layer structure 735.

A defect visible on an exposed wafer has often a certain height or depth
of approximately 3.5 nm. This corresponds essentially to a quarter of the
actinic or EUV wavelength of 13.5 nm. This height difference is the rea-
son that the radiation reflected from the defect 730, 740 has essentially a
phase shift of £ compared to radiation which is reflected from non-
distorted regions of the multi-layer structure 735 of the EUV mask 710.
The applicant has found out that defects which are visible on a wafer
have a height (depth) or an arching (depression) at the surface of the
multi-layer structure of approximately 2 nm to approximately 6 nm.

Moreover, defects 730, 740 visible at a wafer exposure have a half width



10

15

20

25

30

WO 2013/010976 PCT/EP2012/063881

27

(FWHM, full width half maximum) of about 40 nm to 80 nm. Defects
which are much flatter are only poorly visible in an aerial image 720 and
defects which have a much larger lateral extension cannot be removed by

compensation by means of a “compensational repair”.

Visible defects which have to be repaired and which are accessible to a
defect removal are according to the above explanations generally stati-
cally distributed about a common height (or depth) and a common half
width. Therefore, a model is defined for the defect or a defect model for a
reference defect that has a cylindrical Gaussian profile. In case of an
arching of the surface of the multi-layer structure 735 or of a bump de-
fect, the parameters of this reference defect model can for example be

fixed with a height ho=3.5 nm and a half width of w.= 50 nm.

The parameters of the defect model of a measured defect 730, 740 can be
selected as desired either by its absolute height k2 and half width w, or by
its deviation with respect to the reference defect model, i.e. by the pa-

rameter Ah= h-h, and Aw=w-wo.

The defect 730, 740 is completely described within the framework of the
explained defect model by specifying the parameters h and w as well as

the position of the defect 730, 740.

The diagrams 900 of Fig. 9 schematically illustrate the parameters of the
repairing form which is used to repair the defect 730, 740. The partial
image of Fig. 9 shows the surface contour 910 of the defect 740 which
has been determined by means of an AFM. In all partial images of Fig. 9

the mark 750 is not indicated.

The partial image B presents the top view of the defect model 920. As
explained above the defect model 920 is characterized by the height h
and the half width w. The parameters describing the position of the de-
fect model 920 with respect to the mark 750 are also omitted in the par-

tial image B.
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The partial image C shows the half width w of the surface contour 910 of
the defect 730, 740 described by the defect model 920 in comparison to
a reference defect described by the reference defect 930 with the refer-

ence parameters ho and wo.

In the example of Fig. 9, the reference defect model 930 is arranged in
the vertical symmetry axis 935 between two absorber lines 945. The dis-
tance of the defect model 920 from the vertical symmetry axis 935 is

indicated by x in the example of the partial image C.

According to the explained defect model 920 or the reference defect
model 930, the preferred repairing form is a cycle. As can be seen from
the partial image 720 of Fig. 7, the diffraction limitation of the AIMS®
imaging system has the effect of a low pass filter and eliminates higher
spatial frequencies of the defect 730, 740. In case that the circular re-
pairing form is not sufficiently flexible, it can be extended by introducing

a second axis.

The repairing form has to be selected such that it optimally fulfills the
following constrains:
e The critical dimension (CD) has to be obtained in the focus.
e The process window of the focus range within which the CD is
reached has to be optimized.
¢ When determining the repairing form the design rules have to be
fulfilled so that a mask repairing system can perform the correc-

tion.

For the reference defect model 930 the repairing form 940 has only one
single parameter which is the radius or the diameter D,. The parameter
D, depends on the absorber structure used for the EUV mask. The partial

image D of Fig. 9 schematically represents this situation.
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Two further parameters are necessary in order to describe the position of
the shifted reference defect relative to the mark 750: X, = (X5 V4o ) -

In the specific line space pattern of Fig. 9 having a symmetry line 935
reduces to two-dimensional vector X, = (X, V) t0 a scalar quantity:

X, - In order to keep the discussion simple, in the following the princi-

ple is illustrated at the specific absorber pattern arrangement indicated

in Fig. 9.

During a wafer exposure, it has to be considered that the effect of the
buried defect 730, 740 depends on the distance of the defect from the
absorber lines 945. Defects which are arranged on the vertical symmetry
line 935 between two absorber lines 945 cause larger imaging errors on
an exposed wafer than defects which are arranged close to an absorber
line 945 or which even partially project into an absorber line 945. Thus,
the repairing form which indicates the amount of the changes of the ab-
sorber structure which are necessary for the defect removal depend on
the position of the defect 730. The repairing form 940 takes this fact by
two further parameters a and 3 into account which modify the parame-
ters of the defect model with respect to the relative position of the defect
730 to the vertical symmetry axis 935. The diameter of the repairing

form model D, is in the explained approximation of the following form:

D, =Dy(AS)+a A+ B-Aw+y -x,,

a-Ah n ﬁAW n J/'xdef (1)
Dy(4S)  Dy(4S.) Dy(AS.)

=D, (A.S.)[l +

A.S. is the absorber structure and takes into account that the diameter
D, of the repairing form depends on the absorber structure of the EUV
mask 710. The later form of equation (1) reveals the perturbation theo-

retical approach of the repairing form.

The distance of the center of the repairing form x,,, = (x,,,5,,,) to the

mark 750 is related with the distance of the center or with the center of

gravity of the defect 730 by the equation
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- X4 of
xrep = 6e (2)

For the arrangement of Fig. 9 having the symmetry line 935 equation (2)

reduces to the scalar form:
Xer
X0y = 3
v

The partial image E of Fig. 9 shows the repairing form 950 which is
adapted with respect to the repairing form 940 of the partial image D
according to equation (1). On the one hand, the diameter of the adjusted
repairing form 950 is larger than the diameter of the repairing form 940
for correcting the defect which is described by the reference defect mod-
el. This is primarily a consequence of the effect that the defect which is
described by the defect model 920 is larger than the defect on which the
reference defect model 930 is based. On the other hand, the repairing
form 950 is shifted from the symmetry axis 935. Thereby, the repairing
form 950 follows the shift of the defect 910 or of the defect model 920.

The partial image F of Fig. g illustrates the absorber structure elements
or the absorber lines 945 after the defect 910 has been corrected by
means of the defect model 920 by applying the repairing form 950 onto
the defect 910. A mask repairing device as for example a MeRiT™ system

of the Carl Zeiss company is used for the modification of the absorber

lines 945.

The aerial image of the repaired position of the EUV mask 710 can again
be measured with an AIMS® in order to check the success of the repair.
If necessary, a remaining defect can be corrected in a second repairing
step if it would still lead to a non-tolerable CD variation in the aerial im-
age or on the exposed wafer. Prior to the second repair, the parameters

of the repairing forms are adapted to the defect which is still remaining.
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Alternatively, the repairing form 950 can be extended by a further pa-

rameter in order to remove the remaining defect.

Buried defects 730 have both amplitude errors and phase errors. The
“compensational repair” of Fig. 9 has no influence on the phase of the
reflected light, so that the described compensation leads to a decrease of
the process window for the allowable focus range. In the example repre-
sented in Fig. 9, absorber material is removed around the defect for the
correction of a bump defect. Thus, after the compensation, the area is
increased from which light is reflected to the desired position (by means
of diffraction effects) compared to the initial state. The portion of the
area which is free from a phase defect to the area whose light is distorted
by a phase area is increased by the repairing process of the buried defect
730. This can lead to the fact that the phase error of the buried defect

730 is less visible after the compensation compared to the initial state.

In the following, the determination of the parameters of the repairing
form 950 is explained. Prior to the defect correction, the parameters a, 3,
y and & can be optimized by a numerical optical simulation. For this
purpose, commercial software programs, as for example, panoramic,
DrLITHO or S-Litho can be used. The parameters for the repairing form

can be different for bump defects and for pit defects.

Based on Figures 10 to 12 the determination of the parameters D,, a and

B is exemplarily explained.

The diagrams 1000 of Fig. 10 describe a bump defect (upper partial im-
age 1010), its effect on the CD, i.e. the CD variation induced by the bump
defect (lower partial image 1090), and the various correction measures
for the defect in the middle partial images 1070. The upper partial image
1010 shows a bump defect 1040 on a substrate 1020. The bump defect
1040 propagates as defect 1035 through the multi-layer structure 1030.
The bump defect 1030 leads to a small arching 1045 at the surface of the

multi-layer structure 1040. In the example of Fig. 10, the bump defect



10

15

20

25

30

WO 2013/010976

32

1030 is arranged on the symmetry line between two absorber lines 1045,

i.e. it is arranged on the reference position.

In the aerial image presented in the lower partial image 1090, the bump
defect 1030 can be seen in a CD variation of the absorber lines 1095. The
two middle partial images 1070 indicate various diameters 1075 and
1080 of the repairing form of equation (1), wherein all parameters are set

to zero except the diameter D,.

Fig. 11 represents the simulated CD change for a line space pattern of 32
nm as a function of the diameter D, of the repairing form model (upper
abscissa) for the EUV mask 710. The lower horizontal axis indicates the
change of the radius Ar of the repairing form with respect to a diameter
of 128 nm. This means the lower and the upper horizontal axis are relat-

ed via the equation:

Do =128 nm + 2-Ar 4)

Thereby, it has to be taken into account that the illumination system of
an EUV lithography system images the structural elements of the mask

710 diminished by a scale of 1:4.

The simulation data of Fig. 11 reveal that in the focus a repairing form
having a diameter D, = 194 nm corrects in focus the defect 1030 to the
nominal CD of 32 nm. Furthermore the slope of the straight line in Fig.

11 is given by:
ACD

Ar

=0.46.

This means that a change of the radius of the repairing form model of 2
nm results in a CD change of about 1 nm around the target value of the

CD.

PCT/EP2012/063881
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In the upper partial image Fig. 12 shows a change on the CD of the wafer
as a function of the height of the bump defect 1030 of Fig. 10. The simu-
lated defect has a half width of 110 nm. From the slope of the simulated
curve it can be determined that a height change of 1 nm results in a de-
crease of the CD of 2.6 nm in the region of a height change from 2 nm to

5 nm of the defect 1030.

The lower partial image of Fig. 12 represents a simulation of the CD
change as a function of the half width of the defect 1030. In the focus,
the height of the defect 1030 is uniquely 4 nm for the presented simula-
tion curve in focus. In the focus, in the range of a half width from 70 nm
to approximately 160 nm, the slope of the curve determines a decrease of

the CD of 0.18 nm per 1 nm increase of the half width of the defect 1030.

Figures 11 and 12 make clear that the parameters Do, a and 3 of the re-
pairing form model 950 of equation (1) can be determined or optimized
by means of simulation. In the example of Figures 10 to 12 the parame-
ters of the repairing form of the equation (1) result in

Diep = 194 nm + 10.4-Ah + 0.72-Aw

for a 32 nm line space pattern on the wafer, and when considering the

1:4 reduction of the mask structures.

In the simulations of Figures 10 to 12 for determining the parameters D,,
ao and P, the defect is always located on the symmetry line 935 between
two absorber lines 1045. Using further simulations the change of the
effect of a buried defect 1030 with respect to absorber lines can be simu-
lated. Thereby, the parameter y of equation (1) can be determined as a

function of the position of the defect.

If the defect is a bump defect as it is represented in Figures 9 and 10,
which is compensated by the removal of absorber material, it has addi-
tionally to be considered that the effective repairing form generated by

the etching is larger than the calculated repairing form due to scattering
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processes of the particle beam, which is preferably an electron beam.
Thus, in order to obtain the correct diameter of the repairing form, the
diameter of the repairing form of equation (1) has to be reduced by a
constant value:

Detch = Drep -C (5)

wherein the constant C can for example be in the range of 20 nm.

Alternatively to the above explained determination of the parameters of
the repairing form by simulation, series of programmed defects can be
generated and the parameters of the repairing form can be determined
from aerial images and / or from exposed wafers by comparison with

defect free EUV masks.

The repairing form with specified parameters is used for the compensa-
tion of a buried defect. For this purpose, material is removed from the
absorber structure elements or from the absorber lines for a bump de-
fect. For this process, preferably an electron beam and an etching gas are
used (for example xenon difluoride (XeF.)) or a combination of etching
gases. The electron beam is guided during the defect repair with the help
of the mark 750.

Analogously to bump defects, generally pit defects lead to a local reduc-
tion of the reflection of the optical element and are therefore similarly
corrected as bump defects by a local material removal from neighboring
elements of the absorber structure, as this process is predetermined by a
respective repairing form. However, a situation may also occur in which
the EUV mask locally has a too large reflection coefficient. This may be
caused by a local defect of the absorber structure and / or a defect buried
in the multi-layer structure. These defects are corrected by selectively
depositing additional absorber material according to the determined
repairing form to the absorber structure element surrounding the defect.
Preferably this defect compensation also occurs by using an electron

beam and by means of for example chromium, tantalum and / or silicon
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based precursor gases, as for example chromium hexacarbonyl
(Cr(CO0)s), tantalum pentaethyloxide (Ta(OEt);) or tetraethylorthosili-
cate (“TEOS”) (Si(OEt),).

After the defect has been compensated by using a parameterized repair-
ing form the repaired position of the EUV mask is optically measured.
Preferably an AIMS® is used for this measurement. Due to the assump-
tions of the repairing form it may occur that the CD does not reach the
predetermined specification after a first repairing step. This means that
where necessary a further repairing step has to be used in order to com-
pensate the defect remaining after the first repairing step so that the CD
variation resulting from the remaining defect can no longer violate a

predetermined CD specification.

For the second repairing step, the parameters of the repairing form are
adapted in particular the diameter D,. If it is necessary to remove more
absorber material, the circle of the repairing form is selected to be larger,
or if, on the other hand, too much absorber material has been removed,

absorber material is deposited at the respective positions.

If a systematic deviation is observed during the defect compensation
based on optical measurements a non-circular repairing form may be
introduced, for example by removing absorber material only from one
side of the defect. To this end the parameters of the available repairing
form may newly be calibrated. Alternatively, the equation of the repair-
ing form may be extended in order to better compensate defects which

significantly depart from a circular shape.

The flow diagram 1300 of Fig. 13 summarizes the sequence of the deter-
mination of a repairing form for an identified buried defect 1030. After
the beginning at 1310, a defect model 920 for the defect 1030 is deter-
mined by comparison with a reference defect model at a first step 1320.
In a second step 1330, parameters of the repairing form which have been

in advanced optimized by simulation are loaded from a memory. Alter-
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natively, the parameters can be optimized by simulation during the se-
quence of the method. Finally, the repairing form is determined at 1340
by inserting the defect model and the optimized parameters into the re-

pairing form, and the method ends at step 1350.

In the following, a second concept is presented for determining a repair-
ing form for a buried defect. This concept is based on the surface contour
of a buried defect measured by means of an AFM and aerial image meas-
urements which are executed with an AIMS®. For this purpose, it is not
only measured an aerial image in the focus, as is explained above, but
rather a stack of aerial images through the focus is recorded, i.e. from a
positive defocussing to a negative defocussing, in order to analyze the
depth profile the identified defect. Then, the aerial image stack and the
surface contour are compared with the aerial image stack and the surface
contours of defects which are stored in a list or in a library. Apart from a
surface contour and an aerial image stack, each defect stored in the li-
brary is also associated with a repairing form. The repairing form of the
stored defect which surface contour and aerial image stack is closest to
the surface contour and the aerial image stack of the identified defect is

used for the compensation of the buried defect.

For example, a library of stored defects can be set up by starting from a
reference defect. For example, this can be a bump defect 1030 with a
height of 3 nm and a half width of 52 nm. This data refers to the defect
1030 itself and not to its contour on the surface of the multi-layer struc-
ture 1040. For the propagation or the transmission of the buried defect
1030 in the multi-layer structure 1040, three different propagation mod-
els are now assumed: (a) 1:1 Propagation, i.e. the surface contour 1054
has the same dimensions as the buried defects 1030. (b) 1:3 Propagation,
i.e. the height of the defect 1030 is three times larger than the arching of
its surface contour on the surface 1045 of the multi-layer structure 1040.
(c) Propagation of the buried defect 1030 according to a smoothing
equation, i.e. the height and the half width of the defect 1030 follow a

predetermined mathematical pattern which can be explained by the
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growth conditions of the multi-layer structure 1040. The article already
mentioned in the second section “Localized defects in multi-layer coat-
ings” of D.G. Stearns et al., in Thin Film Solids 446 (2004), pages 37-49
discusses these growth models for the multi-layer structure 1040. The
aerial image stacks measured through the focus provide a hint whether

these propagation models will well reproduce the identified defect 1030.

The respective effects of the defect on the CD are calculated by simula-
tion of the above mentioned reference defect using the three above men-
tioned different propagation conditions of the defect 1030 in the multi-
layer structure 1040. In parallel for each propagation of the defect 1030
through the multi-layer structure 1040, the best repairing form is simu-

lated and stored in a library together with the defect 1030.

The library or the data base of possible defects is now set up by calculat-
ing for example the height of a reference bump defect in steps of 0.5 nm
for the height ranging from 2 nm — 6 nm as well as for example a varia-
tion of its half width from 30 nm to 80 nm with a step width of 10 nm.
The simulation is performed for each defect for the above indicated three
propagation models. This simulation process is repeated for pit defects
with the same or with a similar step width. The library generated in this
way comprises approximately 400 different defect entries. If necessary,
the boundaries and the step width of the simulated defects can be

adapted to the buried defects of various EUV masks.

The above described simulations of defects are also performed for mask
substrates 1020 which have a corresponding multi-layer structure 1040,
but which do not have an absorber structure. The absorber structure is
correlated as a transmission matrix with the respective defect. Thus, a
near field image or a diffraction spectrum of the defect is generated
which can be filtered by the illumination system. Thereby, the absorber
pattern can be of arbitrary complexity. Analogously to the above de-
scribed first concept, the repairing of the buried defect can also be per-

formed in an iterative process when using the second concept.

PCT/EP2012/063881
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The flow diagram 1400 of Fig. 14 summarizes the sequence of the deter-
mination of a repairing form for an identified buried defect 1030 accord-
ing to the second concept. After the beginning at 1410, the determination
of a surface contour and of an aerial image stack of the defect 1030
through the focus occurs at a first step 1420. In the second step 1430, the
surface contour of the buried defect 1030 is determined by means of an
AFM. At step 1440, these quantities of the identified defect 1030 are
compared with the respective quantities of the stored defects. Finally at
step 1450, the repairing form of the stored defect is selected whose sur-
face contour and whose aerial image stack is closest to the surface con-
tour determined at step 1430 and to the aerial image stack of the identi-

fied defect 1030 determined at step 1420. The method ends at step 1460.

Finally, the flow chart 1500 of Fig. 15 presents a further concept which
can be used to determine the parameters of a repairing form. After the
beginning at 1505, an aerial image of a defect is determined preferably
by means of an AIMS® at step 1510. At step 1515, the surface contour of
the defect identified at step 1510 is for example scanned with an AFM. In
the next step 1520, the defective area of the EUV mask is scanned prefer-
ably with an SEM. Then, at step 1525, the data of the three mentioned
data sources are combined in an image, and the model of the identified

defect is determined.

At step 1530, the initial parameters for a repairing form are selected. For
example, these parameters can be the parameters compensating a defect
which is described by the reference defect model 930. With the repairing
form determined in this way, an aerial image of the corrected defect is
calculated by means of a simulation at step 1535. At step 1545, the simu-
lated aerial image is compared with the aerial image of a defect free
range of the EUV mask 710. For this purpose, the target aerial image
denotes an aerial image of a defect free mask region. The compensated
area of the EUV mask should be as close as possible to the target aerial

image. At decision block 1550, it is decided whether the simulated aerial
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image fulfills the CD specification predetermined by the target aerial
image. If this is true, the present parameters of the repairing form are
used for the compensation of the defect 1030, and the method ends at
block 1560. If the aerial image simulated with the present parameters of
the repairing form exceeds a predetermined allowable CD variation, the
parameters of the preparing form are changed at step 1555, and a new
aerial image of the defect is generated, wherein the defect has been com-
pensated in a simulation process with the modified parameters. The op-
timization process for the parameters of the repairing form is continued
until the simulated repairing results in a CD variation which fulfills a

predetermined specification.

The determined repairing form is used with the optimized parameters

for compensating the buried defect 1030.
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CLAIMS

1. A method for analyzing a defect of an optical element for the ex-
treme ultra-violet wavelength range comprising at least one sub-
strate and at least one multi-layer structure, the method compris-

ing the steps:

a. determining first data by exposing the defect to ultra-violet

radiation;

b. determining second data by scanning the defect with a scan-

ning probe microscope;

c. determining third data by scanning the defect with a scan-

ning particle microscope; and

d. combining the first, the second and the third data.

2. The method according to claim 1, further comprising using the
scanning particle microscope for at least partially compensating

the defect.

3. The method according to claim 1 or 2, further comprising gener-
ating at least one mark by locally depositing material on the mul-
ti-layer structure and / or on an absorber structure of the optical
element and / or by etching a local depression into the absorber

structure.

4. The method according to claim 3, further comprising using the
scanning particle microscope for generating and / or removing

the at least one mark.
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The method according to claim 3 or 4, wherein combining the
first, the second and the third data comprises compensating de-
viations with respect to the mark and / or with respect to the
scale of the first data and / or the second data and / or the third
data.

The method according to claim 5, wherein combining the first,
the second, and the third data further comprises transforming at
least the first and / or the second and / or the third data so that
each pixel of the first data is associated with a pixel of the second

data and a pixel of the third data.

The method according to anyone of the preceding claims, where-

in exposing the defect to ultra-violet radiation further comprises

recording of at least one aerial image of the defect and / or expos

ing at least one wafer.

The method according to claim 7, wherein recording at least one
aerial image of the defect comprises recording an aerial image in
the focus and / or recording of an aerial image stack by changing
the focus relative to the optical element for the extreme ultra-

violet wavelength range.

The method according to anyone of the preceding claims, where-
in the scanning probe microscope is a scanning force microscope,
a scanning tunneling microscope, a magnetic field force micro-
scope, an optical near-field microscope or an acoustic scanning
near-filed microscope, or a combination of these microscopes,
and wherein the scanning particle microscope comprises a scan-
ning electron microscope, a focused ion-beam microscope or an

interferometer or a combination.
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The method according to anyone of the preceding claims, where-
in the defect comprises a buried defect arranged in the multi-

layer structure and / or in the substrate of the optical element.

The method according to anyone of the preceding claims, further
comprising the step of adapting parameters of a model for the at

least one defect to the combined first, second and third data.

The method according to claim 11, wherein the model for the de-
fect comprises the rotationally symmetrical Gaussian profile

which is parameterized by a height and a half-width.

The method of claim 11 or 12, wherein the model for the defect
further comprises at least two parameters with respect to the po-

sition of the defect relative to the at least one mark.

A method for determining a repairing form for at least partially
compensating at least one defect of a photolithographic mask for
the extreme ultra-violet wavelength range comprising at least one
substrate, at least one multi-layer structure and at least one ab-

sorber structure, the method comprising the steps:

a. analyzing the defect by one or several measurement meth-

ods;

b. determining a model for the at least one defect; and

c. determining a repairing form using the model of the at least

one defect.

The method according to claim 14, further comprising applying
the repairing form to the absorber structure of the photolitho-

graphic mask for the extreme ultra-violet wavelength range.
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The method according to claim 14 or 15, wherein analyzing the at

least one defect comprises:

a. determining first data by exposing the defect to ultra-violet

radiation;

b. determining second data by scanning the defect with a scan-

ning probe microscope; and

c. determining third data by scanning the defect with a scan-

ning particle microscope.

The method according to claim 16, further comprising the step of

combining the first, the second and the third data.

The method according to one of claims 14 - 17, wherein the de-
termined repairing form comprises essentially a rotational sym-

metry of the model for the at least one defect.

The method according to claim 18, wherein the repairing form is

essentially of circular shape.

The method according to one of claims 14 - 19, further compris-
ing the step of determining parameters of the repairing form by

varying individual parameters by means of simulation.

The method according to claim 20, further comprising;:

a. determining the parameters of the repairing form by simulat-
ing an aerial image of the model for the at least one defect;

and

b. comparing with the aerial image of a defect free range of the

absorber structure.
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The method according to claim 21, wherein determining the re-

pairing form comprises the steps:

a.

simulating an aerial image of the model for the defect with

the repairing form;

comparing the simulated aerial image with an aerial image of

the defect free range of the absorber structure;

if the deviation of the simulated aerial image and the aerial
image of the defect free range is smaller than the predeter-
mined threshold, selecting the repairing form with the pre-

sent parameters; and

if the deviation of the simulated aerial image and the aerial
image of the defect free range is larger than or equal to the
predetermined threshold, changing the parameters of the re-

pairing form and repeating steps a. - c.

The method according to claim 22, wherein comparing in step b.

takes place by means of a predetermined variation of a critical

dimension.

The method according to one of claim 14 - 23, wherein determin-

ing the repairing form comprises the steps:

a.

determining initial parameters for the repairing form from

the first, the second and / or the third data;

simulating an aerial image with the repairing form;

comparing the simulated aerial image with a target aerial

image;
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if the deviation of the simulated aerial image from the target
aerial image is smaller than a predetermined threshold, se-

lecting the parameter of the repairing form; and

if the deviation of the simulated aerial image from a target
aerial image is larger than a predetermined threshold, modi-
fying the parameters of the repairing form and repeating

steps b., c. and d.

25.  An apparatus for analyzing a defect of an optical element for an

extreme ultra-violet wavelength range, comprising;:

at least one ultra-violet radiation source for determining first

data of the defect;

at least one scanning probe microscope for determining se-

cond data of the defect;

at least one scanning particle microscope for determining

third data of the defect; and

at least one combining unit adapted to combine the first, the

second and the third data.

26.  The apparatus according to claim 25, wherein the apparatus fur-

ther comprises means performing a method according to one of

claims 1 - 24.
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