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Abstract: This article covers the various aspects of defec-
tivity of a typical mask used for extreme ultra-violet 
(EUV) lithography. The focus of the present article is on 
those aspects that are more specific for EUV lithography. 
A prime type of defect that fully falls under the really 
EUV-specific category consists of the so-called multilayer 
defects (ML-defects): these defects relate to the ML mirror 
on the mask, which makes it reflective. While not specific, 
particle contamination plays a special role in EUV lithog-
raphy and includes two aspects: both front- and backside 
of an EUV mask have peculiarities beyond historical deep-
UV lithography. Frontside particles can print when they 
exceed a critical size and, while solvable as in (deep)-
UV lithography by means of a pellicle, there are specific 
challenges. Backside particles can distort a clamped EUV 
reticle, and the resulting local non-flatness of the reticle 
may result in focus and overlay errors on the wafer. A last 
aspect that requires special attention for EUVL can be cat-
egorized under reticle degradation by extensive use. That 
includes the high-volume manufacturing-oriented condi-
tions of high source power needed to obtain competitive 
throughput. For each aspect of EUV mask defectivity, and 
hence each type of defect, the paper reviews how the com-
munity tackles them and how their possible impact on the 
result of wafer printing with a given EUV reticle is mini-
mized. This includes a summary of the authors’ own con-
tribution to related learning and developments. Finally, a 
personal interpretation is given of what are the remaining 
open items before a workable or full solution can be con-
sidered in place.

Keywords: contamination; EUV lithography; mask defects; 
ML-defects; particles.

1  Introduction
Extreme ultra-violet (EUV) lithography is in develop-
ment and targeted for introduction into high-volume 
 manufacturing (HVM) of integrated circuits from the N7 
or N5 node onward, depending on company-specific inter-
pretation and definition of these. The general understand-
ing is that reliable source operation and resist resolution, 
sensitivity, and line-edge roughness (LER) met simultane-
ously are rated as the top two focus areas [1]. EUV masks 
(or reticles, used as synonym in the present context) 
cover the third and fourth place in this ranking, with as 
a description, respectively, keeping the mask defect-free, 
and mask yield and defect inspection/review infrastruc-
ture. Both of these aspects are covered in this article.

In earlier publications [2, 3] four main types of defects 
on a typical EUV mask were mentioned:

 – Absorber pattern defects
 – Particle contamination
 – Local cap deterioration
 – ML-defects.

In the present coverage of the topic of EUV mask defec-
tivity, we actually make a somewhat different classifica-
tion than just those four, as can be seen by the titles of the 
several sections below. The alternative way of discussing 
the aspects of defectivity reflects the process and sequence 
of learning, starting from the time that a first EUV lithog-
raphy tool became available at imec.

For each aspect of EUV mask defectivity, a summary of 
the evolution to the state-of-the-art way of coping with it 
is now given. Subsequently, this article discusses how far 
this is a workable method or already a full-proof solution.

2   Particle contamination
At the time when the first full-field EUV exposure tool 
(ASML Alpha Demo Tool – ADT) was introduced in the 
field (2008), it was expected that wafer printing without 
impact of mask particles would need to be obtained by 
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ultra-clean handling of the reticles, fully avoiding such 
particles. This scenario was dictated by the knowledge of 
the difficulty of finding a material that would not be too 
absorbing at the EUV wavelength and could, therefore, be 
considered as a pellicle (see Section 7). At this time, one 
used the so-called storage boxes for reticles. They essen-
tially were a part of the airlock system to bring a mask 
into the vacuum system of the EUV scanner for exposure. 
These were already using the concept of hard pellicle that 
is removed at the time of actual exposure. Transport of the 
reticle used the same shipping boxes as established for 
deep-UV reticles. Manual handling was used to transfer 
the ADT reticle into the storage box. Even when doing it in 
a highly clean environment, this appeared to be the dirti-
est step [4].

2.1   Backside particles and evolution in mask 
handling

At this time, backside particles were still the major 
concern. Frontside particles did not yet get much atten-
tion (while they eventually become most critical). Back-
side particles were understood to lead to focus- and 
overlay-related errors. Upon fixing a reticle onto the 
electrostatic clamp on the reticle stage and its repeating 
scanning movement for exposing subsequent dies on the 
wafer, a particle on the backside of a reticle potentially 
causes a local non-flatness of the reticle [4], as illustrated 
in Figure 1A. The effective impact of a particle is a func-
tion of its mechanical properties (predominantly size and 
hardness). A pin-chuck type clamp is used, so that the 
reticle is only making physical contact at the pins. These 
have a relatively low coverage compared to the full area 
of a 6″ mask. Despite that, high-enough particles located 
between the pins of a given height can have such focus or 
overlay impact. In practice, such effects can be expected 
for particles of several microns high.

A more complicated situation emerges when such a 
critical backside particle, brought onto the clamp by the 
first reticle, subsequently stays on the clamp, while this 
first reticle is unloaded and therewith causes a hotspot 
in the corresponding position in the exposure field. This 
particle will cause similar reticle distortion (and hence 
overlay and focus troubles) for any subsequently loaded 
reticle. Recovering from this situation when still using 
ADT was disruptive, as it required venting the main 
chamber for physical cleaning of the reticle clamp. A 
major lesson learned was that, on future EUV scan-
ners, more effort would be required to avoid, and even 
eliminate, critical particles on the reticle clamp. Already 

during ADT times, we started routine backside inspec-
tion to minimize the occurrence of such particles upon 
(manual) loading of a reticle into the reticle storage box. 
Inspection was visual and, therefore, not quantitative. 
Getting the backside of the reticle particle-free above a 
certain expected critical size (in view of overlay or focus 
control) has been the main drive to install an EUV mask 
cleaning capability in close vicinity to our ADT. Our 
cleaner accepted the reticle from the same carrier as the 
ADT itself, i.e. the above-mentioned storage box.

As we migrated to the so-called pre-production 
exposure tool (ASML NXE-3100) in 2011, we could benefit 
from the implementation of the so-called EUV pod, also 
known as the dual pod or pod-in-pod [5]. The outer part 
corresponds to the format and principle of a standard 
mechanical interface (SMIF) pod in use for mask transfer 
between tools inside a mask shop (a so-called RSP200). 
Putting the reticle within a second box (or pod) inside it 

Figure 1: Illustration of the effect of backside particles: (A) Upon 
reticle clamping, a thick-enough particle can become squeezed 
but causes the reticle to distort. (B) Example outcome of a back-
side inspection. While artifacts are present on the corners and 
the edge of the mask [5], the intention is to avoid particles as the 
marked example, when these are expected to cause effects as 
illustrated in (A).
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has the following purpose. The inner pod (called the EIP, 
short for EUV inner pod) consists of a base plate and a 
cover, typically made of metal for better compliance with 
the vacuum system of the EUV scanner. The base plate 
has the role of a removable hard pellicle, which protects 
the pattern side of the reticle at each moment in time 
inside the exposure tool, except when it is clamped onto 
the reticle stage, so that it can reflect the EUV light for 
wafer exposure.

In a first expansion of our cleaning tool, we assured 
compatibility with these EUV pods and reduced manual 
handling to a minimum: each reticle is assigned to a fixed 
EUV pod, in which it is placed by automated handling start-
ing from an RSP200. Only for loading into the latter, from 
the shipping box, was manual transfer still used. In a later 
stage, it could become a target to receive each new reticle 
from the mask shop already in an EUV pod, but this is not 
yet common practice. To further improve our avoidance of 
critical backside particles, a backside inspection capabil-
ity was subsequently built into our mask cleaner [4, 6]. At 
this moment in time, this gave us a unique, actually the 
world’s first, infrastructure for integrated automated han-
dling, backside inspection, and cleaning of EUV reticles. 
Mask cleaning is discussed in Section 3. This integrated 
infrastructure made it possible to routinely check reticles 
in use on the NXE3300 for critical backside particles by 
putting the reticle in its dedicated EUV pod onto the clean-
ing tool for backside inspection, using all-automated han-
dling. If the inspection result was found in conflict with 
the set criterion, the reticle was cleaned and subsequently 
re-qualified for further use, all via automated handling.

What is the critical particle size to avoid any overlay or 
focus on a problem is a very relevant question. Basically, 
this relates to the height of the particle, together with its 
mechanical properties such as elasticity or hardness. The 
inspection capability inside our cleaner is based on the 
principle of dark-field inspection. This uses the intensity 
of scattered light as a quantitative output that may relate to 
the physical size of the particle. At first, a criterion set was 
based on evidence that such a particle caused a hotspot 
in a map of a printed overlay [7, 8]. On two occasions, we 
correlated the criterion to height-sensitive defect review 
on external tools [8], and our day-by-day way of working 
continued based on empirical interpretation of the inten-
sity-based inspection result. Over time, we have refined 
the criterion based on residual evidence that particles with 
detection intensity below the assumed threshold were still 
migrating from one reticle to another via the reticle clamp.

Figure 1B shows a representative example of a reticle 
backside inspection image. While artifacts occur, espe-
cially near the corners and edge of the mask, these have 

been shown to be non-critical in view of their limited 
height [8]. The way of working focuses on avoiding that 
real particles, like the one marked, can migrate to the 
reticle clamp and from there onto further reticles. As a 
quality area, a centered square of 146-mm side is used, 
which includes the total area where the electrostatic 
clamp has pins, and which clearly exceeds the area cor-
responding to the field on the frontside of the reticle.

Another weakness of this working mode is that the 
backside particle monitoring of EUV reticles in use on the 
NXE3100 was based on sampling. Hence, it still could not 
be totally avoided that a reticle with an unacceptable back-
side particle (according to the criterion used) got onto the 
reticle clamp anyway. Yet, such events were already clearly 
much rarer than on ADT. As shown in Figure 2, it has been 
possible to reduce occurrences of overlay hotspots both in 
frequency and residual overlay impact [8].

With the advent of the NXE3300 in 2015, the next step 
became possible: means came in place to physically avoid 
that reticles with unacceptable particles on their back-
side could be loaded onto the reticle clamp. The ASML 
NXE3300 at imec is in situ equipped reticle backside 
inspection (called RBI), using a similar principle but using 
another wavelength. In practice, we have obtained good 
correlation between the backside inspection in the cleaner 
and the RBI module in situ to the NXE3300, as shown in 
Figure  3. Note that RBI is also not height sensitive. The 
next major step has been that mask backside inspection 
is no longer based on sampling: all reticles entering the 
scanner are inspected. In case a reticle does not meet the 
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Figure 2: Over time reduced occurrence of elevated printed overlay 
errors for NXE3100 (shown as intra-field residuals), correlated to 
reduced occurrence of critical particles on reticle backside during 
exposure (adopted from Ref. [5]). The small overlay maps on the top 
part of the figure include hotspots correlated to the position of the 
particles on the reticle backside.
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set criterion, it can be automatically prevented from being 
loaded onto the reticle clamp for exposing wafers. We 
have empirically installed a detection threshold that is a 
good compromise between evidence that a detected par-
ticle still moves onto another reticle via the reticle clamp, 
on the one hand, and a too frequent need for cleaning 
because of a reject by the scanner, on the other hand.

What are the potential ways to improve this further? 
While we have been able to establish a good correlation 
between both backside inspection capabilities, none of 
them physically measures height. We continued with a 
criterion based on scattered light intensity. In principle, 
one could benefit from having a height-sensitive review 
tool in close vicinity to the EUV scanner, so that upon 
exceeding a certain detected size during backside inspec-
tion, a physical height measurement can be made to 
decide whether a defect is critical or not. Second, trying to 
make a generic correlation model between detected size 
and obtained local overlay or focus error would be benefi-
cial. Yet, this requires dedicated characterization experi-
ments and, anyway, would suffer from limited prediction 
capability because of the different impact of a particle 
depending on the material it consists of. Depending on its 
mechanical properties such as hardness or elasticity, the 
height of a particle will translate into a physical height as 
clamped and, therefore, an amount of local deformation 
of the reticle.

Throughout the reasoning above, the harm of parti-
cles is estimated for the case where their height exceeds 
the height of the clamp pins. Because of the low density 

of the pins, the probability that a particle lands on top of 
a pin was, thus far, neglected. In principle, the probability 
for a particle on top of a pin is not integer zero. In such rare 
cases, its height can be expected to become critical from 
smaller values onward, again depending on the material 
properties of the particle.

Totally excluding backside particles from occurring is 
a challenge: while the pod-in-pod principle protects the 
backside of the reticle by putting a first protecting box into 
a second one is, in the first place, at each point in time, still 
dependent on the cleanliness of the EUV pods in use. This 
calls for having a capability in place to frequently inspect 
and clean them. Third, inside our cleaner and inside the 
EUV scanner, the particle-free state depends on ultra-clean 
handling that fully eliminates the probability of adding a 
(potentially) critical particle on the reticle backside. Our 
backside inspection implemented in the NXE3300 is also 
applied to monitor for the latter risk: beyond the reticle 
entry into the scanner, backside inspection is also exe-
cuted for every reticle upon unloading it from the reticle 
clamp, i.e. after completion of the exposure batch, before 
the next reticle is loaded onto the reticle stage.

2.2   Pioneer position for evaluation 
of frontside particles

The above-described infrastructure, based on auto-
mated handling and use of dedicated EUV pods, has also 
allowed us to investigate how clean the pattern side of 
a reticle remains in the EUV scanner during its use for 
exposure. At all times, this side is protected by the base 
plate of the EIP (within practical limits), except when 
the reticle is clamped on the reticle stage, typically at the 
time of  exposure. Production use of this way-of-working 
requires a zero chance that a critical particle (i.e. one 
that would cause a printing defect) can contaminate the 
pattern side of the mask during the time that it is unpro-
tected. A  few years back, we have been one of the earli-
est parties to demonstrate that this was not the case for 
the earlier NXE3100 [7]. The evidence even showed that 
during the exposure of a wafer, a particle got on the mask 
pattern. It caused a printing defect from a specific die 
on the wafer onward, and it was repeating on all subse-
quently exposed dies and wafers. Such particle adders 
on the reticle can be detected using wafer inspection fol-
lowed by repeater analysis. The technique is illustrated 
in Figure 4. Today, it is routinely used to find evidence of 
particle adders after a certain time of using a reticle: wafer 
printing freezes the state of the reticle at the specific point 
in time, for example, exposed immediately after loading 

Figure 3: Correlation result for the backside inspection inside 
the cleaner (SPARK) and inside the NXE3300 (RBI). Both tools use 
darkfield imaging and scattered light intensity to give an estimate of 
physical size.
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the reticle into the scanner. Any additional repeater found 
on a wafer that was exposed later than such a reference 
wafer (while the reticle is at all times on the reticle stage) 
proves that the particle was added to the reticle inside the 
scanner. ASML has made utmost endeavor to minimize 
the chance of such frontside particle adders to one adder 
in 10 000 reticle loads and targets for further improvement 
[9]. The difficulty to demonstrate such capability without 
really elaborate and lengthy experiments initiates a call 
of the industry for a genuine pellicle solution. In prac-
tice, for NXE systems in the field run under production 
conditions, typically higher frontside particle adder rates 
are reported, exceeding such ASML data [10, 11]. Despite 
the difficulty of finding an appropriate material that can 
serve as an EUV pellicle, in view of the typically always 
too high absorption of EUV light by any material, its avail-
ability is considered essential by multiple IC manufactur-
ers. Except for some memory manufacturers, the answer 
clearly is that the particle adder rate should be zero, by 
strong preference.

Whereas the higher particle adder rate is today typi-
cally characterized using optical wafer inspection, that 
may not have enough sensitivity to detect all particle sizes 
that matter. Moreover, it is not (yet) applicable to typical 
mask layouts (see below). Special test reticles with equal 
lines and spaces that cover the whole exposure field are 
typically used [12], with a half-pitch that is representa-
tive for the intended technology node, i.e. typically now 
16  nm or 22  nm. For this dedicated pattern, the chance 
that a fall-on particle will cause a printing defect, and 

therefore that it can be detected, is (more or less) maxi-
mized. Optical wafer inspection typically uses comparison 
of several dies on a wafer, a principle close to ‘die-to-die’ 
inspection. Optical wafer inspection is typically not resolv-
ing the pattern itself. Detection is based on a deviating 
gray level from the uniform background. It is very capable 
to detect (quasi-)bridges between two adjacent lines, but 
these correspond to particle sizes in the order of 70 nm on 
the mask. Yet the critical particle size on the mask is close 
to the intended half-pitch on the wafer, per a long-lasting 
rule of thumb in 4× lithography. Already a particle of such 
size could cause a 10% increase in the printed CD on wafer, 
i.e. the definition of a (printing) defect. However, it is typi-
cally not detected by optical wafer inspection, even when 
increasing its sensitivity, as by inspection of an etched 
stack instead of the resist image [13]. For fall-on particles 
in the range ~20–70 nm, today, one would need to rely on 
other wafer inspection means, such as using an electron 
beam (e-beam) [14]. Despite having the required resolu-
tion, it is less attractive because of longer inspection times. 
Multi-beam inspection has the capability to overcome this 
in the future.

Patterned mask inspection (PMI), further discussed 
in Section 5, historically has a better sensitivity to detect 
particles on a reticle because it has the strong advantage 
of inspecting the four times larger pattern on the 4× reticle. 
It can be expected to cover the range of ~20–70 nm parti-
cle size on the reticle, where optical wafer inspection lacks 
sensitivity. Yet, particle adder qualification via PMI misses 
the capability to indisputably demonstrate that a particle 
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Figure 4: Schematic representation of the technique of combined wafer inspection and repeater analysis to find evidence for added parti-
cles on the pattern side of the reticle, while it is continuously on the reticle clamp for exposure. Such a particle is detected as an additional 
repeating defect on a newly exposed wafer compared to an earlier wafer.
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was added to the reticle in the EUV scanner, rather than 
in the inspection tool, itself. In this case, there is no ‘freez-
ing’ of the status of the reticle possible in the same way as 
when using wafer inspection. For PMI, the reticle must be 
unloaded from the scanner, and while being transported 
and handled via the dedicated EUV pod, it is yet unloaded 
inside the inspection tool and at this time unprotected for 
the time of effective inspection, and possibly during han-
dling of the reticle inside the inspection tool. While such a 
mask inspection tool can be demonstrated to have very low 
particle adder rate, its specification is likely not (integer) 
zero either. This is the problem of the issue of particle 
adders on the pattern side of an EUV reticle (without a pel-
licle). It is a quest for relatively very rare events, and when 
an adder is detected, then what was its cause? Wafer-based 
inspection does not have this disadvantage and can indis-
putably prove that a particle was added on the reticle inside 
the EUV scanner.

However, compared to PMI as means to find particle 
adders on the pattern side of a reticle, the wafer inspection 
approach has another important disadvantage. As was said 
before, optical wafer inspection does typically not resolve 
the mask pattern. The pattern density of a typical layer of 
an integrated circuit design is not as uniform as in a dedi-
cated line-and-space test layout. Particles that fall into less 
dense areas of the layout, or that become an isolated defect 
in a clear area, have a much smaller printability and are, 
therefore, only detected during wafer inspection from an 
even larger size than the above-mentioned ~70 nm. While 
one can still use a principle of die-to-die for wafer inspec-
tion, added particles of a same size would be missed in 
(more) isolated parts of the design. The use of die-to-data-
base in combination with higher resolution wafer inspec-
tion (such as based on e-beam [15]) can help. However, if 
a fall-on particle does not print, because, for example, it 
is located on a large opaque pattern feature on the mask, 
then based inspection will, of course, always miss it. More-
over, at a later point in time, the particle may move and 
become printable. An option to monitor for added particles 
may be to routinely inspect exposed production wafers on 
a sampling basis, using a best-suited wafer inspection, but 
this adds to the lithography cost.

3   Evolution of EUV reticle cleaning
Backside particles, as described in Subsection 2.1, have 
historically been the prime need for a mask cleaning capa-
bility at the wafer fab, in close vicinity to the EUV scanner. 
Whereas, in principle, this could have been addressed by 
a ‘backside-only’ clean capability, in practice, this was 

originally not realized on our cleaner. The pattern side of 
the reticle is, in the case of using liquid media, also wetted 
while cleaning the backside. Over time, we have optimized 
a backside dedicated, frontside minimized clean. Addi-
tional goals of mask cleaning can be to remove frontside 
particles (as discussed in Subsection 2.2) and frontside 
contamination by carbon growth or something similar 
(see Section 4). In the original expectation that a fixed pel-
licle solution would not be available for EUV reticles, the 
requirement was that a reticle would need to survive in the 
order of 100 cleans during the time it is in use.

On our mask cleaning tool, historically, a choice has 
been made for dilute aqueous media [16–18]. Other teams 
have reconsidered cleaning based on a mixture of sulfuric 
acid and hydrogen peroxide for EUV reticles [19], whereas 
in the past, such SPM-based cleaning was banned for 
deep-UV reticles because it was deemed responsible for 
haze formation. While evolving from early results where 
even just four cleans were already causing a modified print-
ing performance of a reticle [4], we have demonstrated that 
the printing performance of a reticle could be kept stable 
up to 100 repeats of our cleaning process [20]. Likely at 
the microscopic scale, one could still find evidence of the 
impact to the ruthenium-capped ML by repeated cleaning. 
A study based on surface chemistry is expected to be valu-
able. Also, a study of the interaction with events occurring 
during storage of a reticle remains relevant. Cleaning also 
impacts other process steps such as repair (discussed in 
Section 8). We have experienced an increased difficulty 
to make absorber etch in the repair tool stop properly on 
the capping layer, which is assumed to be due to residual 
impact by cleaning. Our experience supports the descrip-
tion in Refs. [21], [22] that the upper silicon layer under-
neath the Ru cap becomes oxidized, which can lead to 
volume expansion and subsequent cracking of the Ru cap.

Such residual impact of repeated cleaning is also 
expected apparent at the unprotected sidewall of an 
etched-ML black border [20]. The latter is not explicitly 
discussed in this review. It is the industry’s present solu-
tion to deal with the fact that the image border around the 
pattern on the reticle is not sufficiently dark, causing CD 
impact in the outer part of adjacent dies, unless the die 
separation on the wafer is taken larger than is typical in 
semiconductor manufacturing practices based on deep-
UV. Possible specific defects of such etched-ML black 
borders have been assessed in Ref. [23]. Whereas ML 
roughness can become worse over time because of impact 
by repeated cleaning of the mask [4], it is also a point of 
attention for blank manufacturing. From some dedicated 
studies [24, 25] the high-level learning is that ML rough-
ness will cause reduced reflectivity of the ML, leading to a 
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loss of achievable image contrast relative to the absorber. 
In similar ways, it can, at the cost of inspection sensitivity 
during blank inspection (see Section 9), as it requires an 
elevated threshold to minimize the background noise and 
false detection rate [26].

4   Outlook to EUV mask degradation 
effects

Several publications have studied carbon growth and oxi-
dation effects as potential deterioration effects for EUV 
reticles [27–29]. The basics is that hydrocarbons and water 
vapor, when present in the vacuum system, can adsorb at 
the surface of the mask and at this time be dissociated such 
that, respectively, a graphitic film can grow on the surface, 
or the resulting reactive oxygen can oxidize, for example, 
the capping layer. In the case of an Ru cap, it is understood 
that the reactive oxygen may predominantly oxidize carbon 
contamination that has grown on top of the Ru cap and, 
make it volatile, which is referred to as the self-cleaning 
property of Ru-capped ML [30]. If the partial pressure of 
hydrocarbons or water vapor is inappropriate, carbon 
growth and/or oxidation effects can be very pronounced. 
For the ADT system, for example, carbon growth was 
reported [31]. For our NXE3100 reticles, we have not seen 
(true) evidence that such contamination growth occurs, 
yet with one exception left aside. During a cleaning experi-
ment (using an earlier process than the established one, as 
discussed under Section 3) with a routinely exposed reticle, 
one clean appeared to have decreased the printed dark CD, 
whereas it remained stable subsequently for the next more 
than 10 cleans [4]. A possible explanation is an increase 
in reflectivity through the removal of EUV-induced carbon 
growth and/or removal of conformal carbon growth onto 
the dark feature on the mask.

Because EUV scanners, so far, have had lower source 
power than needed for HVM-typical throughput, a key 
question is how such deterioration effects will evolve on 
future scanners. It is considered a possibility that even 
additional effects such as multilayer compaction or Mo/Si 
interdiffusion will start to contribute to the deterioration 
of the capped multilayer. A major difference between 
an EUV reticle and a mirror of the optics remains that 
a reticle routinely leaves the vacuum environment. To 
investigate such possible additional deterioration effects 
ahead in time, yet in representative conditions for future 
EUV scanners, TNO has built the ‘EBL-2’ facility [32], and 
dedicated contamination assessment experiments are in 
preparation.

5   PMI
In the first place, PMI for EUV reticles has the same role 
as for deep-UV reticles: detect absorber-type defects. These 
consist of a local surplus absorber or missing absorber, 
also known as opaque and clear defects, respectively. Such 
‘hard’ defects are typically caused by particles that locally 
obstruct and influence (exposure and) development of the 
image in the resist and/or its transfer to the absorber layer 
during etching. Typically, inspection tools have a sensitiv-
ity that surpasses the need based on printability of such 
absorber defects. State-of-the-art PMI tools can typically 
also detect add-on particles, as discussed in Subsection 2.2. 
Historically, the wavelength used for mask inspection has 
lagged, compared to the wavelength used for lithography. 
The main driver for the inspection tool is to meet both reso-
lution and throughput requirements, without going into 
unnecessary costs of redundant complexity and possible 
overkill. The inspection tool family of at least one vendor 
[33] has, for such reasons, only started to use a wavelength 
of 193 nm at a time that 193 nm lithography went into the 
immersion era, and quickly evolved into double pattern-
ing. Before that, a 257 nm wavelength continued to be used 
for a long time after 193  nm was initiated as the leading 
lithography wavelength. Another vendor has historically 
chosen to make the inspection optics better reflect illumi-
nation conditions of the lithography tool, in addition to the 
wavelength [34, 35]. In deep-UV lithography the state-of-
the-art PMI tools based on 193 nm wavelength have had 
as a main purpose to assure that (i) all absorber defects 
are found, such that they can be repaired (see Section 8), 
and (ii) it can be assured based on through-pellicle inspec-
tion that there are no particles underneath the pellicle 
that can be expected to print (see Section 7). For both 
purposes, at-wavelength review (also called actinic, see 
Section 6), intentionally using the same wavelength and 
illumination conditions as for exposure, is subsequently 
used to confirm accurate repair or, as a minimum, assess 
sub-threshold printability effects of residual ‘defects’ (Note 
the hyphenation because a ‘defect’ is to be considered a 
defect if it causes at least 10% influence to the printed size 
of a feature of the pattern in its neighborhood, unless the 
defect, itself prints as a standalone unwanted feature).

E-beam inspection has been proposed as an alterna-
tive to 193 nm-based PMI with better resolution (see, for 
example, Ref. [36]). While, historically, ample resolution is 
typical to e-beam-based imaging, throughput limitations 
make it less obvious to establish it as the standard inspec-
tion technique. Anyhow, initiatives to make it much faster 
such as by multiple beam [37] or by using it in combina-
tion with projection optics [38] are underway. Subsequent 
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to e-beam-based inspection, actinic defect review, as 
described above, remains key to decide correctly about 
repairs or residual effects, based on estimated printability. 
The second task of inspection, i.e. through-pellicle inspec-
tion, is clearly not supported by e-beam-based inspection.

Now, discussing EUV reticles, the above-mentioned 
193 nm based inspection tools are what we have at our 
disposal. Also, e-beam inspection can help if resolution 
becomes the driver. For at-wavelength (=actinic) EUV-
based inspection, there appears no commercial, stand-
alone tool on the horizon yet [39]. For the first task (item 
i above) of the PMI, one probably does not (yet) need the 
resolution of EUV-based inspection, and one may avoid 
the tool complexity and cost. Yet, as regards the second 
task (ii above), i.e. through-pellicle inspection, either a 193 
nm transparent EUV pellicle will be needed, or an actinic 
EUV-PMI tool becomes unavoidable. The discussion in 
Subsection 2.2 about particle adders on the pattern side of 
a reticle may be the loudest call for EUV-based inspection. 
One should interpret, in the author’s opinion, putting 
actinic PMI as a missing item in an estimation of the EUV 
mask infrastructure readiness [10] in this way.

On a more experimental level, other endeavors 
toward EUV-based PMI are underway (as an example, see 
Ref. [40]).

6   Mask review to confirm the mask 
‘through scanner spectacles’

Historically, an a aerial image metrology system (AIMS, 
also a trade mark of Zeiss) has been the established tool of 
preference in both KrF and ArF lithography, for printabil-
ity assessment of detected defects and/or of confirmation 
of their mitigation such as by repair. Such capability is his-
torically considered a key component in the overall tool set 
of a mask shop. Because of its complexity and to assure a 
proper return on investment, such an AIMS tool based on 
EUV has required a strong joint investment program and a 
long development time. Sematech has initiated and moni-
tored the so-called EMI consortium to assure that such a 
tool became available to the contributing stakeholders and 
to subsequently establish such possibility for other inter-
ested parties. As a very positive evolution in the fall of 2016, 
the first shipment to the field was announced [41, 42]. With 
this, defect printability studies at EUV wavelength, as well 
as repair attempts for the ML-defects discussed further in 
Section 9, no longer need to be executed by wafer printing 
as is the common practice so far, enabling a faster turn-
around, as required for production.

A similar capability, yet not as a standalone tool, has 
been in place already longer at LBNL with SHARP [43] and 
its lower NA predecessor AIT [44], as part of the CXRO syn-
chrotron beamline. A similar experimental capability has 
been described in Refs. [45, 46].

7   What will change with the advent 
of EUV pellicles?

An EUV pellicle solution is under development by ASML 
[47–49] and other stakeholders [50], including imec [51–54]. 
While a pellicle is intended to overcome the issue of parti-
cle adders on the pattern side of a reticle (Subsection 2.2), 
every aspect discussed in this article thus far (Sections 
2–6), is affected in some way. EUV pods that are compat-
ible with a pelliclized EUV reticle are meanwhile available 
[55]. Equally, it was demonstrated that these are appro-
priate for overseas transport of a pelliclized reticle in the 
present format. ASML’s solution is based on the principle of 
a removable frame that is held in place by dedicated studs 
glued onto the reticle, on which it clips. In common practice 
for a deep-UV mask, the frame is glued to the reticle. Only 
a hermetic solution can fully avoid that a residual risk for 
particles exists. Atmospheric pressure variation is, in case 
of a deep-UV pellicle, overcome by means of vent holes on 
which a particle filter is applied. This sufficiently excludes 
the chance of a particle entering the pellicle ‘cavity’. In the 
case of EUV, such a frame with just one or a few filter-pro-
tected ventilation holes is not compatible with the pumping 
– and venting rates required by the vacuum system of an 
EUV scanner. The proposed clip-on frame to cope with 
these rates [56] uses a micro-gap between the reticle and 
the frame. Such gap has a higher risk that particle adders 
are not fully avoided, despite such expectation of a pellicle 
by the users, as discussed in Subsection 2.2.

The integrated infrastructure for automated handling, 
backside inspection, and cleaning described in Subsec-
tion 2.1 must become compatible with a pelliclized reticle. 
Meanwhile, the capability to load a reticle into a dedicated 
EUV pod for a pelliclized reticle by automated handling, 
together with its qualification of required backside cleanli-
ness for use on the EUV scanner, was demonstrated [57]. For 
mask cleaning, the target no longer is to be able to clean a 
reticle as many as 100 times during its life without a change 
in printing performance, as it was originally targeted on the 
assumption that EUV would need to work without pellicle 
[58]. As a particle-free backside is now the main driver for 
routine cleaning, the capability of a backside-only clean 
without impact to the pellicle in place on the pattern side 
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is essential. If the frontside needs cleaning, this means, in 
case of the present ASML frame [48], that it is taken off this 
at this time. A frontside clean with the studs still in place is 
required, unless it shows practically that they are removed 
beforehand, and placed back afterward.

Inspection for particles on the reticle frontside, as pre-
viously discussed in Subsection 2.2, for the case without 
pellicles, can be continued in similar ways when a pel-
licle is in place. Analysis based on wafer printing and 
– inspection could identify if there is a particle added to 
the pattern. Possibilities for such adders in the pelliclized 
case may include (i) particles that were present under-
neath the pellicle already and that subsequently moved 
into an area that prints (more), (ii) additional particles 
due to limited airtightness and, therefore, non-zero risk 
for entry of new particles, and (iii) big particles that land 
on the membrane and are not sufficiently out of focus. In 
view of the membrane stand-off distance from the pattern 
side of the reticle of 2.5 mm [56], the expectation is that 
particle sizes from a couple of micron onward on top of 
the membrane can still cause a defective area of the wafer 
print. While it is not sure if wafer inspection could detect 
this, the existing infrastructure for particle inspection on 
a pellicle, as used on a deep-UV reticle, is confirmed as 
being capable for EUV pellicles [59]. Removal of such a 
particle from the pellicle membrane might be extremely 
challenging in view of the typically very vulnerable struc-
ture of an EUV pellicle membrane. Replacing the pellicle 
may be an easier solution than cleaning off such particle 
from its surface. However, replacing the pellicle brings 
new risks for particles on the pattern plane and, hence, 
additional inspection is needed. Through-pellicle inspec-
tion of the pattern plane requires that it can be done at 
the EUV wavelength (see Section 5), unless the pellicle 
has sufficient transmission at the wavelength of optical 
inspection [60]. Unless one of both options becomes a 
reality, wafer inspection may be the only possibility with 
the pellicle in place. However, it is known to lack sensitiv-
ity down to the critical particle size (see Subsection 2.2). 
Last, actinic defect review on mask (see Section 6), also to 
check for printability of particles found, can be assumed 
pellicle capable, as it is actinic.

8   Repair of absorber defects 
and more

Absorber defects are not at all EUV specific and were 
therefore not discussed at length in this article (see Refs. 
[2,  61]). Absorber defects are mostly caused by resist 

process-induced defects or defects in the absorber layer 
on the blank. Also, on EUV reticles, surplus – and missing 
absorber defects are repaired by, respectively, local 
removal and deposition, called opaque and clear repair. 
Today, e-beam and probe-based repair techniques are 
most common for EUV reticles [62, 63]. In the case of an 
EUV reticle, repair also imposes special care onto mask 
cleaning (as discussed in Section 3). If the capping layer 
is pre-affected by the cleaning process, the opaque repair 
process may fail because Ru has lost its ability as an etch-
stop layer.

For EUV reticles, there is another type of defect that 
can be overcome by extending the functionality of the 
absorber defect repair. This relates to the ML-defects, dis-
cussed in Section 9.

9   ML-defects: the other mask 
defectivity challenge for EUV 
lithography

The previous sections covered both the wavelength-
independent absorber defects, and the somewhat more 
pronounced EUV-typical effects of particles and other 
 contamination effects. The challenge of the most EUV- 
specific defects remains to be faced and solved.  ML-defects 
relate to the reflective mirror of the mask, formed by a Mo/
Si-based quarter wave stack, similar to the mirror ele-
ments of the projection – and illuminator optics of the 
EUV scanner.

This type of defect on an EUV mask is the one that 
the author estimates as having had the largest contribu-
tion to the related learning by the EUV community and 
its path to an industry-accepted solution. Apart from the 
particle issue discussed in Section 2, it has historically 
been a potential showstopper for EUV lithography. Also, 
here, solutions are underway. This topic is now dis-
cussed in a number of sequential steps, covering char-
acteristics and potential solutions, including limitations 
of the latter.

9.1   ML-defects: what they are?

ML-defects are defects of the ML mirror that makes the 
EUV reticle reflective, in the same way as the mirrors in 
the optics of the EUV scanner. In the latter, they do not 
matter (as much) because one does not image the plane of 
the mirror, unlike the mask itself.
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On the mask, such localized defects print, in the first 
approach, from the same (lateral) size onward as absorber 
defects. However, what is critical is that they typically are 
only just one or a few nanometers high or deep bumps or 
pits, respectively [64]. In view of the principle of the ML 
as a quarter wave stack with an 7 nm period, the posi-
tion of the defect has a deviating phase compared to the 
surrounding area on the mask. For this reason, these 
defects are also often dubbed as phase defects, but essen-
tially, there is also a local re-distribution of the intensity 
involved (=amplitude aspect). The phase nature can lead 
to pronounced through-focus printing behavior [65] or, in 
different words, to a tilt of the Bossung curve for an equal 
line and space pattern [66, 67].

ML pits are typically rather artifacts of polishing of the 
LTEM substrate, whereas bumps can originate from parti-
cles added during the ML deposition process or already on 
the substrate.

9.2   Direct ways to address ML-defects

Historical work has attempted to find solutions to directly 
‘repair’ such defects. This included techniques to induce 
local compaction of the ML to overcome bump-type defects 
[68], but as such it did not evolve into a good solution.

Essentially, the preferred solution for ML-defects 
is not to have such defects at all and to assure that the 
commercial blank quality is fully defect-free. At this time, 
this is not yet the case, although some publications report 
reaching champion plates that do (e.g. [69]). The achieva-
ble yield for such blanks is as yet still limited. Meanwhile, 
the industry has started to look into possibilities to ‘live 
with’ a limited, say single-digit, number of such defects 
on a blank. As discussed further in Subsections 9.4 and 
9.6, such situations may be manageable in a production 
environment, as there are ways to compensate or avoid 
the printing impact of a small number of such defects.

The MBDC, a former initiative of Sematech – the Mask 
Blank Development Center, has focused on ways to reduce 
the number of such blank defects year after year, among 
others, by optimization of the deposition tool [70]. Also, the 
printability of defects was investigated, as well as metrol-
ogy by transmission electron microscope technique [71], 
and ways to induce smoothing [72]. The latter technique 
optimizes the deposition condition of the subsequent 
bilayers of the ML mirror such that the height (positive 
for a bump and negative for a pit) and width of a defect 
inside, or underneath, the ML is smoothed out toward 
the surface of the ML, such that the local distortion in the 
upper layers of the ML is reduced in height and possibly 

laterally smeared out. Whereas a model for smoothing 
has been published [73], at this time, each blank vendor 
considers the amount of – and the deposition recipe for 
– smoothing, a trade secret. As will be discussed in Sub-
sections 9.4 and 9.6, this induces a complication when 
trying to mitigate their printing impact of ML-defects. At 
this time, it is also important to realize that assuring that a 
ML-defect fully flattened at the ML surface is, in principle, 
not satisfactory to make it non-printing. It is very true that 
the printability defect does very much depend on how the 
height and lateral size propagate through the ML as dep-
osition proceeds from the first bilayers up to the surface 
of the full thickness ML [2]. While no one has published 
such experimental example, zero height ML-defects, with 
height taken here as merely referring to what it is at the ML 
surface, should not be overlooked and, with smoothing in 
use, can logically exist.

9.3   How to assure finding all ML-defects 
that matter

Blank inspection to find these EUV-specific ML-defects 
has historically (tried to) use existing optical tools that 
were originally intended for particle inspection on blanks 
or substrates, i.e. before or after coating the ML and 
other layers [74, 75]. This also explains, why historically, 
the capability of finding ML-defects with such tools was 
expressed as sphere equivalent diameter (SEVD). While 
the average, but not necessarily typical, morphology of a 
particle is a sphere, obviously SEVD, as a one-dimensional 
qualifier for a particle, can be understood to work well. 
For ML-defects, either bumps or pits of just a single-digit 
number of nanometers, it is obvious that the lateral size 
becomes relatively too dominating when attempting to 
correlate SEVD and printability. Additionally, an optical 
PMI has been further developed based on phase contrast 
to have good inspection capability for EUV blanks [76]. It 
is understood as essential that dedicated blank inspection 
needs to be capable of detecting all such ML-defects on the 
blank that could print on wafer, with a comfortable signal-
to-noise ratio, so as to exclude an unacceptably high rate 
of false detections. Three generations of optical blank 
inspection tools, each using a certain wavelength [20], are 
considered to potentially be too surface sensitive (as illus-
trated in Figure 5). Related to the first requirement, i.e. to 
detect all such defects that could print, it has been demon-
strated by others [77] and by us [65, 78–81] that the optical 
blank inspection techniques overlooked some ML-defects 
on a blank that were yet experimentally demonstrated of 
that nature, clearly printing, and found via inspection of  



R. Jonckheere: EUV mask defectivity      213

through-focus exposed wafers followed by repeater analy-
sis, i.e. the same technique as described in Subsection 
2.2. An example of such a defect that was first found on 
a wafer, and overlooked by blank inspection, is shown in 
Figure 6. An example of the second requirement, i.e. low 
false detection rate, is discussed in Ref. [79]. A good cor-
relation between blank inspection and printability perfor-
mance is clearly essential.

Actinic blank inspection (ABI) has been under devel-
opment in Japan through EIDEC and its predecessors 
Selete and MIRAI [82–85]. In recent collaborative work 
between EIDEC and imec, such good correlation between 

the inspection signal intensity and printability on ASML’s 
NXE3300 installed at imec was demonstrated for the HVM-
oriented ABI tool under further development [86–89]. ABI 
blank inspection was found to capture all printing ML-
defects down to hp 16 nm. As shown in Figure 7 a thresh-
old for printability, yet dependent on pattern half-pitch, 
could be identified based on ABI intensity, above which a 
defect prints or not, depending on its relative position to 
the (lines and spaces) pattern. Using the ABI tool in high-
magnification review mode [83, 84], similar to what was 
described in Section 6, proved very useful for this [89]. ABI 
is today’s best capable blank inspection tool. This is not 
unexpected, because, as it uses the same wavelength as 
the scanner, it takes into account that the disruption of the 
ML throughout the ML contributes to the printing impact. 
Optical blank inspection techniques can be considered too 
surface sensitive [90]. A blank with single-digit number 
of ML-defects, or even zero, if that was qualified by ABI 
inspection, has maximum credibility. ABI inspection has 
become a tool of choice in demonstrating low numbers of 
blank defects [69]. A blank defectivity map obtained on 
this tool is a good basis for further mitigation work, as dis-
cussed in the next subsections. However, ABI has some 
limitations. A first one is that it can only inspect the ML 
blank, and not the stage before (i.e. mask substrate), nor 

1

Figure 5: Overview of EUV blank inspection equipment, as reported 
in literature (adopted from Ref. [20]). The entrance depth into the 
ML, for the wavelength used, is just for illustration.

Figure 6: Detailed analysis of a printing bump-type ML-defect that was missed during optical blank inspection (example adopted from 
Ref. [65]). Top left: the top view as obtained by AFM; top right: cross-sectional view in parallel direction to the lines as shown, giving 
 indications for height and width. Bottom row: asymmetric through-focus printing behavior on ADT, with BF as best focus.
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after (i.e. absorber coated blank). Another is that ABI, by 
concept, has lower sensitivity to detect particles (on an ML 
blank) [91]. This may mean that additional inspection on 
a particle-oriented blank inspection tool is appropriate to 
assure proper detection of particles during the blank fab-
rication process (from the substrate onward) and is essen-
tial to confirm absorber blank cleanliness at the start of 
the mask-making process.

At this time, it is also correct to state that the number 
of absorber defects on a typical blank still requires further 
improvement. Yet, these are already fully repairable on 
the final reticle (neglecting exceptional occurrences that 
indisputably exist). ML-defects, on the other hand, need 
to be further mitigated, preferably during blank manufac-
turing and the early stages of mask making, to minimize 
their printing impact (see Subsection 9.4). An essential 
pre-requisite for this has been the capability to detect 
them all, while the reticle is still in the ML-blank stage. 

Such capability is shown in place with the ABI tool, but, 
as it will be discussed in Subsection 9.5, also detailed 
knowledge of the accurate position of the defects becomes 
essential. This can be obtained using the high-magnifica-
tion review capability of the ABI tool [83, 84].

9.4   ML-defect mitigation by hiding them

As a daily life analogy, let us consider dirt on the floor. We 
can sweep it under the carpet, as a quick solution. No, we 
need a better analogy because one can solve dirt by clean-
ing. A ML-defect is not dirt on the surface, it is rather embed-
ded. So, let us rather consider it as a defect in a tile of our 
floor. We can replace the tile, or we can cover the defec-
tive tile by the carpet, such that it is not visible anymore. 
The floor corresponds to our mask blank; the carpet rep-
resents the absorber pattern. If a ML-defect ends up (fully) 

Figure 7: Correlation obtained between detection signal during ABI inspection (horizontal axis) and printability on NXE3300 (shown in 
green relative to vertical axis), for an equal line and space pattern (graph adopted from Ref. [89]). Detections with high ABI intensity all print 
(right). Intermediate detections partly print, which could be understood by the 50% chance of coverage of a defect (see inset, red dot) by an 
absorber line (shown in blue). Visibility on the mask by the ABI tool in mask review mode (shown in red equally relative to the vertical axis), 
is typically higher than printability (as shown by their ratio in blue). ABI mask review has allowed to determine the position of the defect 
relatively to this pattern (illustrated by the inset). The wafer SEM pictures below the graph illustrate the printing impact. Defects with large 
ABI intensity (right part of the graph and right-most picture) cause bridging between multiple pitches. At decreasing ABI intensity, these 
evolve over single bridges (second picture from left), to small printing impact (most left picture, printing as protrusion). Whether a defect of 
a given ABI intensity prints or not is determined by its portion residing inside a clear space between two absorber lines.
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underneath a dark feature of the absorber pattern, it is no 
longer printable. Equally, if such a defect is situated in an 
uncritical clear area of the pattern, it might also be tolerated. 
The latter includes two possibilities: (i) The defect is situ-
ated in a large clear area, where there are no features in the 
neighborhood that can be impacted by the presence of the 
ML-defect, and the ML-defect, itself, is still too small to print 
as an unintended dark feature. (ii) The defect prints, but it 
sits in an uncritical part of the mask pattern that does not 
contribute to the electrical functioning and performance of 
the obtained integrated circuit. Among the latter, we count 
dummy features that help to reach a better uniformity of 
pattern density across the considered design layer.

The challenging target becomes, ‘Can all blank defects 
be assured ending up underneath an absorber or in uncriti-
cal clear areas of the design?’ For a given intended mask 
pattern, one needs to find a blank that has no defects over-
lapping with the critical clear areas. The more blank defects 
present, the smaller the chance that such blanks can be 
found among the available ones in the EUV blank stock of 
the mask shop. Actually, one can help a bit with this ‘pairing’ 
action for a mask pattern and a suitable blank. Within the 
allowed centrality, i.e. placement error of the mask pattern 
relatively to the center of the physical mask blank, one can 
intentionally apply a small translation and even a small 
angle rotation of the pattern to cover more blank defects in 
this way. This is what is understood under the technique 
of pattern shift [92–94]. Yet it requires accurate knowledge 
of the defect on the blank, as will be discussed in Subsec-
tion 9.5. In addition, one of the four possible orientations 
of a mask blank may be preferred because more defects 
are covered by the intended pattern in this orientation. If 
the mask pattern consists of multiple dies, one can also 
tune their individual placement, such that a defect may fall 
underneath the border between dies (which is called floor 
planning [93, 95]). Dedicated software is in use to optimize 
such pattern shift solution for a given blank and pattern.

Reference [96] is a recent example of how capable 
this technique is in practice. At the time of publication of 
this article, the intention is to have disclosed the idea of 
extended pattern shift [97]. In any case, such defect cover-
age technique requires very accurate position information 
of each ML-defect, relative to appropriate reference points 
on the mask blank, as discussed in Subsection 9.5.

9.5   Use of fiducial marks and limitations 
to the success of defect coverage

A mask blank is historically blank, and therefore, it only 
has its edges and corners as reference points. In view of the 

tolerance of 0.1 mm for a 152 mm substrate [98], these are 
too inaccurate to be used for precisely locating ML-defects 
for further mitigation. Fiducial marks are reference marks 
that can be patterned on purpose onto the blank in a stage 
before mask making [99, 100]. The position of blank defects 
is subsequently obtained relatively to these fiducial marks 
with high accuracy, in practice, in the range of 20–50 nm. 
These are also used as alignment marks for the mask 
writer with which the intended mask pattern is defined 
onto the blank. In this way, one can realize the solution 
calculated by the dedicated software mentioned in Subsec-
tion 9.4, at least within practical limits of uncertainty: (i) 
fiducial marks, themselves, have positional uncertainty, 
(ii) the estimation of the lateral size of the blank defect, 
together with its position, has a second uncertainty, and 
iii) the mask writer can have some alignment error. These 
three together will determine how a pattern shift solution 
found by software can be realized practically. Whether a 
solution exists will further depend on the specific pattern 
(pattern density also known as percentage of clear area, 
together with the distribution and range of feature sizes 
in the pattern, i.e. the so-called critical density [101]), and 
of course on the blank defects themselves (their number, 
size, position, estimated printing impact, …).

9.6   ML-defect mitigation by compensating 
for them

Apart from hiding the defects, as discussed in Sub-
section 9.4, ML-defect compensation is also considered a 
possibility. The expression ‘compensation’ of ML-defects 
inherently clarifies that the ML-defects are not specifi-
cally directly addressed to tweak the actual deficiency. 
Instead, one rather takes into account their presence and 
compensates for it, in this way avoiding that they will 
have an impact (within acceptable limits) on the pattern 
as printed on the wafer. This can be done either by inten-
tional local  re-design or repair in pattern data, done prior 
to mask writing (such as a inducing a small deviation of 
interconnect features [93]) to keep the printing impact of a 
defect below a certain threshold or by so-called absorber 
compensation repair. In the latter technique, the intended 
printed result of the pattern is (within limits) restored by 
locally editing the opaque features surrounding the ML-
defect by opaque repair, in a way that this compensates for 
the presence of the ML-defect. This, in principle, can be 
done after mask patterning in a similar stage as the repair 
of absorber defects is done (see Section 8) and does not 
require fiducial marks as discussed in Subsection 9.5. The 
former technique is done during the design and requires 
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accurate defect information as discussed in the previous 
Subsection. Here, we will further address the latter.

Capability of compensation repair has been demon-
strated to restore a process window for a defective loca-
tion [102–107] and is illustrated in Figure 8. While this is 
essentially restoring the loss of local intensity, the phase 
contribution is not compensated, unless when the ML is 
locally edited [67].

One problem is that the determination of the compen-
sation repair shape (which is removed from the absorber 
feature in the neighborhood of the ML-defect, as compen-
sation for its presence) depends on information that is 
either not readily available or not independent from the 
illumination conditions used for wafer printing. The latter 
can yet be selected and used as input into a dedicated sup-
porting simulation. The former is a bigger challenge.

Printability of an ML-defect depends on the propaga-
tion of the local distortion of the ML throughout its thick-
ness, and that depends on the deposition conditions used 
for the ML (see smoothing in Subsection 9.2). Those para-
meters determine to what extent the distortion of the ML 
at the top of the ML-defect is, as it can be visualized, for 
example, by AFM (atomic force microscopy), propagates 
identically down to the substrate. Such typical smooth-
ing parameters are not publicly known and, instead, most 
often unproven assumptions may be used.

If not available, the validity of the assumed propaga-
tion of the defect throughout the ML could be estimated 
by comparing the through-focus behavior as analyzed 
with an EUV-AIMS (discussed in Section 6) to simula-
tions based on the assumptions made. Equally one can 
verify whether the derived compensation shape has the 
intended effect by similar analysis by EUV-AIMS after 
compensation repair.

As mentioned, it would be strongly preferred if the 
defect propagation through the ML could become acces-
sible information for the mask shop that intends to use 
compensation repair with maximum capability and 
success rate. Transmission electron microscopy [108] can 
visualize that, but it is not in-line and rather a destructive 
metrology technique.

9.7   Lateral size-based limitation to either 
ML-defect mitigation technique

A statement made earlier is that the preference would be 
an economic availability of blanks without any printable 
 ML-defects. If ML-defects are to some extent unavoid-
able, in the first place, it is vital to be able to detect them 
all (as discussed in Subsection 9.3). The lateral size of 
the  ML-defects present is the basis for another essential 

Figure 8: Illustration of absorber compensation as repair technique for ML-defects (repeated from Ref. [102]. Top from left to right: Top view 
by AFM before repair, respectively after repair, top view by SEM after repair (note that the ML-defect is not visible). Through-focus images are 
shown below, respectively, before and after repair, as indicated.
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condition for their mitigation. If that exceeds the typical 
size of the opaque features in the intended absorber 
pattern to be patterned onto the blank, mitigation tech-
niques as described in Subsections 9.4 and 9.6  may not 
be effective in avoiding (residual) printability. This is best 
explained in the example where the mask pattern consists 
merely of equal lines and spaces of a given half-pitch. In 
Figure  9 a half-pitch-dependent threshold for avoidance 
could be identified based on ABI intensity, above which 
a defect cannot be mitigated [89]. An earlier publication 
[109] visualizes the limitation for too ‘solid’ ML-defects 
based on direct qualifiers of an ML-defect. Only defects 
of a lateral size smaller than a half-pitch, possibly further 
reduced by the uncertainties on their exact position and 
size (as discussed in Subsection 9.5), can be overcome by 
compensation repair or pattern shift, respectively, dis-
cussed in Subsections 9.6 and 9.4. Defects exceeding half-
pitch in lateral size must be totally avoided during blank 
manufacturing because, otherwise, no defect-free mask 
with such a line-and-space layout can be made. A similar 
reasoning can be made for arbitrary layouts. If the portion 
of the total pattern area is not critical, the intended half-
pitch, the number of defects and their lateral size are not in 
proportion to each other, no solution for mitigation exists, 
and such mask (based on the given blank and intended 
pattern) cannot be made defect-free. Figure 10 illustrates 

the importance of each contribution toward (a high yield 
for) defect-free EUV masks.

10   Summary and conclusion
Most aspects of EUV mask defectivity will require further 
steps before full containment and readiness for high- 
volume manufacturing can be considered to be in place.

As the industry reports inferior capability to keep an 
EUV reticle free from frontside particles inside the EUV 
scanner than what the vendor claims as typical perfor-
mance, frontside particles likely cannot be considered 
solved until a full-proof and high source power-compatible 
pellicle solution is established. The present pellicle solu-
tion is still gated to today’s source power, and the clip-on 
frame solution, by its concept, is not likely a full-proof 
particle avoidance solution, as it may not provide integer 
zero probability for added particles because of the small 
gap between the pellicle frame and the reticle, to accom-
modate its use in a vacuum system. With the advent of 
EUV pellicles, handling, cleaning, and inspection must be 
proven to be compatible. The lack of actinic PMI that can 
do through-pellicle particle inspection is a second present 
major gap. Further, combining the optical, mechanical, 

Figure 9: Dependence on ABI intensity and relative position of a defect to the line-and-space pattern of 16 nm hp (see inset), giving 
evidence for a boundary between printing and non-printing defects (adopted from Ref. [89]). Three zones can be derived based on ABI 
intensity. Small ABI intensity (green) does not print. For intermediate ABI intensity (blue), mitigation by covering defects by absorber makes 
them non-printable. For Large ABI intensity, coverage by a half-pitch absorber line is not possible, requiring a larger opaque (or non-critical) 
feature in the design to cover the defect.
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and thermal requirements of a pellicle membrane into one 
solution shows an important challenge.

For backside particles, the message is perhaps the 
most positive. In principle, a tool set is available that 
facilitates appropriate inspection and a height-sensitive 
review capability to avoid overlay – and/or focus critical 
particles that can contaminate the backside of a reticle or, 
even worse, the reticle clamp.

How stable the performance of EUV reticles can be 
maintained over time in the situation of high source power 
remains to be seen. An infrastructure is underway that can 
investigate this in representative conditions of the HVM-
oriented EUV scanner. Avoiding impact of repeated clean-
ing to the reticle frontside requires further attention. The 
cleaning media may still influence the capping layer and 
the upper part of the ML mirror and, even more easily, the 
unprotected sidewall of the ML-etched black border. ML-
defects, as the most EUV-specific type of defects, estab-
lishes a real challenge unless the blank supply chain will 
be able to either fully solve the issue and supply defect-free 
blanks at high yield or fully support alternative mitigation 
that yet requires more than presently typically provided 
information by the blank vendor.

Acknowledgment: This invited article gives a review from 
an expert perspective. This personal viewpoint does not 
necessarily reflect a company opinion about the subject. 
Such expert opinion, when expressed to the community, 
as in the present article, could trigger dedicated discussion 

among professionals active in a similar field. This could 
lead to (even) more sound solutions than are presently 
already in place, under development, or, at least, under 
consideration. Logically, this published opinion builds 
on experience gathered on this subject as an employee 
of imec, based on the opportunities defined by the avail-
able tool set and on the network capabilities with exter-
nal parties, as an independent R&D entity. A publication 
with a similar broad coverage of the different aspects of 
EUV mask defectivity and the availability of appropriate 
infrastructure was made by Liang in late 2015 [59] and is 
recommended as another expert review, from a different 
perspective.
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