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ABSTRACT 

The availability of defect-free masks is considered to be a critical issue for enabling extreme 
ultraviolet lithography (EUVL) as the next generation technology. Since completely defect-free 
masks will be hard to achieve, it is essential to have a good understanding of the printability of 
the native EUV mask defects. In this work, we performed a systematic study of native mask 
defects to understand the defect printability caused by them. The multilayer growth over native 
substrate mask blank defects was correlated to the multilayer growth over regular-shaped defects 
having similar profiles in terms of their width and height. To model the multilayer growth over 
the defects, a novel level-set multilayer growth model was used that took into account the tool 
deposition conditions of the Veeco Nexus ion beam deposition tool. The same tool was used for 
performing the actual deposition of the multilayer stack over the characterized native defects, 
thus ensuring a fair comparison between the actual multilayer growth over native defects, and 
modeled multilayer growth over regular-shaped defects. Further, the printability of the 
characterized native defects was studied with the SEMATECH-Berkeley Actinic Inspection Tool 
(AIT), an EUV mask-imaging microscope at Lawrence Berkeley National Laboratory (LBNL). 
Printability of the modeled regular-shaped defects, which were propagated up the multilayer 
stack using level-set growth model was studied using defect printability simulations 
implementing the waveguide algorithm. Good comparison was observed between AIT and the 
simulation results, thus demonstrating that multilayer growth over a defect is primarily a function 
of a defect’s width and height, irrespective of its shape. This would allow us to predict 
printability of the arbitrarily-shaped native EUV mask defects in a systematic and robust manner. 
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INTRODUCTION 

Extreme ultraviolet lithography (EUVL) is being developed as a promising candidate for high-
volume semiconductor manufacturing for 16 nm half-pitch patterning and beyond [1-3]. EUVL 
makes use of masks that are reflective in nature and that consist of a low thermal expansion 
material, typically quartz, coated with a Mo/Si multilayer and a patterned absorber layer. In 
addition to EUV source and resist issues, preparation of defect-free masks is one of the top 
critical concerns for the launch of EUVL into high volume manufacturing (HVM) [2,3]. Buried 
defects namely pits, bumps and particles, in EUV masks are one of the main hurdles in the 
development of EUV lithography. These defects can either be on the mask substrate or can get 
embedded within the multilayer during the multilayer deposition process [4-6]. 
 
 It is essential to have a good understanding of the growth behavior of Mo/Si bilayer structure on 
top of a defect in an EUV mask. The study of multilayer growth on defects helps to understand 
the total phase change and the effect of curvature change for a given defect profile under given 
deposition conditions. The net phase change adds to the intrinsic effect of the core defect and its 
influence on the growth of the multilayer stack during deposition. Therefore, identifying this 
influence is critical and would help in determining strategies to mitigate the printability of such 
defects by employing various techniques like defect smoothing [7], multilayer defect 
compensation technique [8], or using additional buffer layer [9], to name a few. 
 
 In this study, we wanted to develop a reliable method to estimate the printability of the native 
EUV mask substrate defects, given the AFM profile on the multilayer top. There have been 
studies that have looked at multilayer growth over programmed substrate defects using non-
linear continuum growth models [10-13], and have attempted to predict the printability of native 
defects. However, a systematic study correlating the multilayer growth over native defects versus 
programmed defects, and showing the comparison between their printabilities has been lacking. 
Here, we have developed an approximate but relatively accurate method for investigating defect 
printability of arbitrarily-shaped native defects, both bump-type and pit-type, given their AFM 
profiles on top of the multilayer stack. 
 
The most commonly used model, namely the non-linear continuum model or the Stearns model 
[14] used to simulate the multilayer growth over a defect, assumes the deposition and etch fluxes 
to be at near normal incidence to the mask surface (thereby ignoring the shadowing effects due to 
the defect), which is not the case in modern coating-deposition systems. The model used here is 
based on the level-set technique [15] and incorporates the deposition conditions, including the 
angular flux of atoms incident on the substrate, the chamber geometry, and deposition factors 
such as substrate and target angles, distances between source, target and substrate and the 
rotational speed of the substrate. Here, we will briefly discuss the workings of the level-set 
multilayer growth model, as developed for our tool, to simulate Mo/Si bilayer growth over the 
native defects. The details of the growth model have been discussed elsewhere [16,17]. In our 
previous work, [18,19] using level-set modeled multilayer growth over native defect shapes, we 
showed good comparison between through-focus aerial image intensities as obtained at AIT [20] 
and those obtained through defect printability simulations. 
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The aim of our work here was to develop a systematic technique/methodology for the study of 
arbitrarily-shaped native mask defects, using just the modeling (of multilayer growth) and 
simulation (of defect printability) approach, thereby helping to reduce dependence on actinic 
review techniques for mask blank inspection. 
 
 

CHARACTERIZATION OF NATIVE DEFECTS ON EUV MASK BLANKS 
 
Once the multilayer deposition process on the mask substrate is complete, the mask blank is 
analyzed for defects using a Lasertec M7360 inspection tool, which uses light scattering as a 
means to detect defects present on the substrate surface. The defect locations are marked with the 
help of fiducials to easily locate the defects for AFM, TEM and AIT printability studies. AFM is 
performed at the defect locations to observe the defect profile on top of the mask blanks. The 
masks are then sent to LBNL to undergo inspection at the AIT where the aerial images of the 
defect sites are obtained. TEM cross-section studies are then performed to observe the multilayer 
deformations created by the defects. The defect profile at the substrate, obtained from the cross-
section TEM, is used as one of the inputs into the multilayer growth model. 

 
MULTILAYER GROWTH MODEL 

 
The multilayer growth model, we developed [16,17], looks at the deposition conditions of the 
Veeco Instruments' Nexus low defect density (LDD) tool located in the SEMATECH cleanroom 
facility in Albany, New York. The tool consists of an ion source, Si, Mo and Ru targets, and an 
electrostatic chuck to hold the mask substrate. The schematic of the tool is shown in Figure 1. Ar 
ions extracted from the ion source strike the target liberating the atoms to be deposited. The 
sputtered atoms travel to the mask substrate where they deposited, creating the multilayer 
reflector. The mask substrate is electrostatically chucked to the mask fixture, which precisely 
positions the substrate relative to the target and rotates the substrate around its normal direction. 
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Figure 1: Top-down schematic of the Ion Beam Deposition tool. 
 

The multilayer growth model uses the kinetic Monte Carlo method for calculating angular 
distribution of sputtered atom flux, and the level-set method for determining multilayer growth. 
The simulation method takes into account the flux of atoms sputtered from the target, the energy 
of the sputtered atoms, and gas scattering inside the chamber. It takes into account the 
probability of striking an ambient gas atom along the atom’s trajectory and predicts the energy 
and direction of the atom after the collision. The scattering gas in the initial simulations was 
assumed to have a Boltzmann’s velocity distribution at 50°C and to be comprised of argon atoms 
at 0.14 mTorr, which is the typical pressure inside the Veeco chamber during deposition. 
Modeling the deposition rate throughout the chamber requires estimates of several parameters, 
such as the number of atoms ejected from the target at each location on the target, which was 
estimated using measured target erosion profiles; the angular distribution of atoms reaching the 
substrate, which was estimated by measuring the deposition rate on substrates mounted on a 
hemispherical surface around the center of the target; the gas scattering behavior between the 
target and substrate, which was estimated using a kinetic Monte Carlo method and scattering 
cross sections. A collision kinetic theory with a random impact parameter was used to determine 
the post-collision velocity of the atom. The substrate rotation that is commonly used to improve 
uniformity in the Veeco Nexus tools is modeled by rotationally averaging the number of atoms 
that strike the substrate. The simulation results were validated by measuring deposition thickness 
from quartz crystal microbalances and wafer coupons placed at different places near substrate 
position. The details of the experimental and modeling results are reported elsewhere [16,17]. 
          
After determining the growth rates and uniformity on the multilayer, multilayer growth on a 
given defect profile can be simulated. The level-set method was used to simulate defect growth 
during multilayer deposition. Simulations of defect shape and growth during this deposition took 
into account the nature and profile of the defect (pit or bump) and direction and incident flux of 
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the material, based on the deposition conditions. The initial defect profile at the mask substrate 
was defined using the cross-section TEM image through the defect. 
 
SYSTEMATIC STUDY OF THE PRINTABILITY OF NATIVE EUV MASK DEFECTS 

 
a. Correlating Multilayer Growth over Native Defects to that over Regular-shaped Defects 
  
First, we wanted to establish a clear correlation between the defect profiles at the substrate and 
the resulting defect profiles at the top of the multilayer, for the given deposition conditions of our 
ion beam deposition tool, the Veeco Nexus. In a study conducted at SEMATECH by Il-Yong 
Jang et al. [21], AFM measurements of native defects were performed at the substrate (prior to 
multilayer deposition) as well as at the multilayer top, and a graph showing the substrate defect 
width versus the multilayer top defect width was obtained. 15 bump and 15 pit defects were 
characterized for this study. The native defects chosen for this study all had shallow heights (or 
depths), approximately equal to 3 nm. The reason why the shallow defects were characterized for 
this study was so that the height or depth of the defect did not have a significant impact on the 
propagation of defect width up the multilayer stack. For our simulation study, we used Gaussian-
shaped substrate defects having various FWHMs and a height or depth of 3 nm, to be similar as 
the native defects used in the aforementioned study. We simulated multilayer growth over these 
defects using the level-set multilayer growth model and obtained the defect profiles on the 
multilayer top. We then plotted the multilayer top defect FWHM as a function of the substrate 
defect FWHM and compared this to results obtained by Jang et al. [21]. The comparison is 
shown in Figure 2. We observe a good comparison between the simulation (performed using 
Gaussian defect profiles) and experimental results (obtained for native defect profiles), thus 
showing that multilayer growth over a defect shape is primarily a function of its FWHM and 
height. 

 
Figure 2: Defect FWHM on multilayer top as a function of substrate defect FWHM for (a) bump 

defect and (b) pit defect. Solid-line curve in the plot is as obtained by Jang et al. [21]. 
 

Since the experimental study had been performed using the Veeco Nexus IBD tool and our 
growth model was developed for that tool itself, we could draw a fair comparison between the 
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experimental and our simulation results. The above result led us to hypothesize that irrespective 
of the arbitrary shape of the native defect, the first few bilayers deposited tend to smooth out any 
irregularities in the defect profile, and as a result the critical top bilayers also end up having a 
relatively smooth regular profile. 
 
Next, proceeding with the assumption that multilayer growth over an arbitrarily-shaped defect is 
similar to that over a Gaussian-shaped defect having similar width and height at the substrate, we 
sought to map the defect profile at the top surface as a function of the substrate defect profile, for 
our deposition tool. For this, we simulated multilayer growth over Gaussian-shaped bump and pit 
defects using our level-set growth model. Multilayer growth over 25 Gaussian bump-type and 25 
Gaussian pit-type defects was simulated to obtain the plots as shown in Figure 3. Figure 3(a) 
shows the top-surface FWHM as a function of the substrate defect FWHM and height for a 
Gaussian bump defect, and Figure 3(b) shows the top defect height as a function of the substrate 
defect FWHM and height for a Gaussian bump defect. Figure 3(c) shows the overlay of the two 
maps as shown in Figure 3(a) and Figure 3(b) in the form of a contour plot. Given the top 
FWHM and height of a bump defect (as determined by AFM scan), the contour plot can be used 
to determine the Gaussian-equivalent-FWHM-and-height (GEFH) of the defect at the substrate. 
Figure 3(c), Figure 3(d) and Figure 3(e) show the same information as Figure 3(a), Figure 3(b) 
and Figure 3(c) respectively, but for a Gaussian pit defect. 

 
Figure 3: (a) Map of top defect FWHM and (b) map of top defect height as a function of bottom 
(substrate) FWHM and height of defect for Gaussian bump defect. (c) Contour plots showing top 
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FWHM and top height as a function of substrate FWHM and height of defect for Gaussian 
bump defect. (d) Map of top defect FWHM and (e) map of top defect depth as a function of 
bottom (substrate) FWHM and depth of defect for Gaussian pit defect. (f) Contour plots 
showing top FWHM and top depth as a function of substrate FWHM and depth of defect for 
Gaussian pit defect. 

So, given an AFM scan of a native defect at the top multilayer surface, we can now infer the 
buried substrate defect profile in terms of GEFH using the contour maps shown in Figure 3. 
Here, we must note that the maps (and the corresponding contour plots) shown in Figure 3 yield 
a unique solution to the bottom Gaussian-equivalent defect profile for a given top defect profile 
in most of the given parameter space. Starting with a Gaussian defect at the substrate (having 
FWHM and height as determined by GEFH obtained from the contour plots), we can simulate 
the multilayer growth over that defect using the level-set multilayer growth model, which would 
in turn be imported into defect printability simulation software to obtain a printability result in 
terms of the aerial image intensity. The underlying assumption for this approach is that the defect 
is present at the mask substrate, and not within the multilayer. This is a reasonable assumption 
since studies have shown that most of the buried defects are present at the mask substrate itself 
[22,23]. 

b. Comparing Printability Performance of Native, Gaussian, and Regular-shaped 
Substrate Defects

Next, we investigated the impact of FWHM and height of the defect on the defect printability (in 
terms of the aerial image intensity). For this, we identified two native, substrate EUV mask 
defects and compared their measured aerial image intensities (from the AIT) with simulated 
aerial image intensities. 

Printability simulations were performed using a waveguide algorithm [24]. The optical and 
imaging parameters used for the simulations were chosen to match the parameters used for the 
AIT imaging, which were 13.5 nm wavelength radiation incident on the mask at an angle of 6 
degrees, disk-fill illumination with a σ value of 0.2, and a mask-side numerical aperture (NA) of 
0.0875 (0.35, 4x wafer-side). 

Multilayer growth simulations were performed over three substrate defect profiles corresponding 
to each of the characterized native mask defects. First, multilayer growth was simulated over the 
native defect shapes obtained from cross-section TEM images as seen in Figures 4 and 5. Defect-
shape outlines observed in cross-section TEM images are used as the input substrate defect 
shapes for the level-set growth model. Second, Gaussian substrate defect shapes were used as 
input into the multilayer growth model. We determined the FWHM and height of the 
characterized native defects at the multilayer top-surface using the AFM scans. The maps shown 
in Figure 3 were used to determine the GEFH of the defects at the substrate, which were then 
used as inputs into the multilayer growth model. Third, to demonstrate (as per our hypothesis in 
the previous section) that a truly arbitrarily-shaped defect can be completely defined just in terms 
of its FWHM and height for the purpose of predicting its printability, we simulated multilayer 
growth over defects that were rectangular in shape. FWHM and height values used for Gaussian 
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defects were used for rectangular defects as well, except that FWHM that was used to define 
Gaussian defects simply translated into the width of the rectangle-shaped defects. 
Figure 4(c) shows the comparison of the AIT aerial image intensity cross-sections for the pit 
native defect with the simulated aerial image intensities for the modeled native, Gaussian and 
rectangle-shaped defects. The modeled coating properties above the defects are shown in Figure 
4(a). We observe a good match between the AIT and simulated aerial image intensities (for the 
rotationally symmetric simulated defect growths), with the AIT-to-modeled native contrast 
difference being equal to 1%, AIT-to-modeled Gaussian contrast difference equal to 3% and 
AIT-to-modeled rectangle contrast difference equal to 8%. 

Figure 4: (a) Cross-section of native EUV mask defect, simulated native mask defect, simulated 
Gaussian mask defect and simulated rectangular mask defect (left to right), (b) corresponding 2-
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D aerial image intensity maps, and (c) aerial image intensity cross-section comparison between 
native defect and simulated defects. Defect printability simulations performed using 
waveguide algorithm. 

Figure 5(c) shows the comparison of the AIT aerial image intensity cross-sections for the bump 
native defect with the simulated aerial image intensities for the modeled native, Gaussian and 
rectangle-shaped defects. The modeled coating properties above the defects are shown in Figure 
5(a). We observe a good match between the AIT and simulated aerial image intensities (for the 
rotationally symmetric simulated defect growths), with the AIT-to-modeled native contrast 
difference being negligible, AIT-to-modeled Gaussian contrast difference equal to 1% and AIT-
to-modeled rectangle contrast difference equal to 6%.  

Figure 5: (a) Cross-section of native EUV mask defect, simulated native mask defect, simulated 
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Gaussian mask defect and simulated rectangular mask defect (left to right), (b) corresponding 
2-D aerial image intensity maps, and (c) aerial image intensity cross-section comparison 
between native defect and simulated defects. Defect printability simulations performed using 
waveguide algorithm. 

The aerial image intensities shown in Figure 4 and Figure 5 are at best focus conditions i.e. 
defocus equal to zero. Here, we would like to make a note that we performed simulation studies 
[25] to look at the impact of defect (Gaussian-shaped) volume on aerial image contrast and 
observed a wide range of contrast values for the same defect volume, thus further demonstrating 
that both the width and height information of the defect is needed to fully characterize it in terms 
of predicting its printability behavior, and volume information alone is not sufficient, and can 
even be misleading. 
Thus, we conclude that the critical top few layers of the multilayer are not much affected by the 
defect shape at the substrate with similar FWHM and heights, and evolve in a similar manner up 
the multilayer stack, thus resulting in similar printability performance. There have been studies 
that have correlated the clear field contrast of aerial image intensity due to a defect as observed 
by AIT to the printability caused by that defect in dense line and space (L/S) features under 
different imaging conditions [26,27]. Our aim through this study was to reduce the dependence 
on actinic review techniques for determining printability of defects. 

c. Proposed Mask Fabrication Process Flow and Caveats

Here we propose a process flow to predict the aerial image contrast caused by native defects on 
EUV mask blanks, and consequently determine the likelihood of the defect printing on the wafer. 
Such an approach could save time and resources involved in the use of actinic review tool, as our 
approach relies on simulations and AFM measurements of defects found with DUV inspection. 
We propose a mask fabrication process flow as shown in Figure 6. 

Figure 6: Proposed automated process flow for mask blank inspection. 

The motivation behind the above study (and the resulting proposed process flow) is that an 
actinic blank review tool must be able to fully quantify the printability of each defect. All 
relevant defects on a blank need to be detected regardless of what they are. Their locations 
should be recorded and the effect of these defects on printability must be quantified. And finally, 
based on the above information, a decision must be made whether to discard or repair the mask, 
including consideration of smart pattern placement to cover some defects [28]. 
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The process flow proposed above comes with a caveat pertaining to the use of modeling and 
simulations for predicting defect printability. The 3-D defects simulated in this work to show 
comparison to AIT were assumed to be rotationally symmetric, while we know that the native 
defects can have arbitrary shapes. 3-D rotationally symmetric defects were assumed for both the 
level-set growth model as well as the defect printability simulations. Also, we have assumed for 
our studies that the defect is present at the mask substrate only. The above process flow would 
need to be adapted for defects embedded in the multilayer coating. However, we have stated that 
most of the buried phase defects occur at the substrate itself [22,23], thus allowing our model to 
be generally valid. 
 
Finally, predicting the printability of a defect in the resist on the basis of simulated aerial image 
data can be challenging. There have been a number of studies that have looked at the printability 
of absorber pattern defects by fabricating programmed defects on test masks [29-32]. These 
studies showed that the resist printability results do not correlate too well with those from the 
aerial image simulations (based on a threshold model to determine CD change). These studies 
observed that resists can limit the printing of defects below a certain size owing to their limited 
resolution. Therefore simply performing the aerial image simulations is not sufficient to 
determine the true defect printability. Without a resist model, aerial images appear to 
overestimate defect printability, especially for smaller defects [31,32]. Therefore relying only on 
simulated aerial image intensities could lead to a conservative overestimate of the number of 
printable defects on a mask blank. The estimation of a certain threshold value of contrast of 
aerial image intensity for a defect in clear field as a criterion for defect printability has to 
somehow be convolved with the resist parameters, for different resists to get a more realistic 
estimate of the defect printability criterion for the different resists. Furthermore, the important 
interactions of buried defects with adjacent overlaying absorber patterns cannot be overlooked. 
Such interactions are difficult to generalize in the context of complex patterns and ever-shrinking 
design rules. 
 

CONCLUSION 
 
In this study, we compared the printability of native EUV mask substrate defects to that of 
similar-profiled regular-shaped defects. Using a multilayer growth model that took into account 
the tool deposition conditions where the multilayer coating took place, we simulated multilayer 
growth over regular-shaped substrate defects having similar profiles as those of native defects 
and found a good correlation between their widths at the substrate and on top of the multilayer. 
Also, a good comparison between simulated aerial image intensities for regular-shaped defects, 
and AIT aerial image intensities for native mask defects was obtained, for the native and regular-
shaped defects having similar profiles. Therefore, we were able to show that a defect can be 
completely characterized in terms of its FWHM and height for the defect printability studies. 
With the information of the defect profile at the multilayer top (using AFM scan), the Gaussian-
equivalent substrate defect profile can be inferred with the help of the top-to-substrate defect 
profile maps (Figure 3), and using the level-set multilayer growth model, the multilayer 
evolution over the defect from the substrate up can be obtained. We showed that native, 
Gaussian and rectangular substrate defect profiles having similar FWHMs (or widths in case of 
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rectangle) and heights yield similar aerial image intensities. We finally proposed a process flow 
that could reduce our dependence on actinic imaging for qualifying EUV mask blanks. 
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