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ABSTRACT 

Improving our collective understanding of extreme ultraviolet (EUV) photomask defects and the imaging properties of 
available defect imaging tools is essential for improving EUV mask defectivity, defect repair and mitigation, and for 
high-level strategic decision-making. In this work, we perform a qualitative comparison of twenty-five defects imaged 
with mask scanning electron microscopy (SEM), EUV actinic mask imaging, and wafer SEM imaging. All but two of 
the defect locations were first identified by non-actinic mask blank inspection, prior to patterning. The others were 
identified as repeating defects on the wafer. We find that actinic defect imaging is predictive of the wafer prints, with 
small-scale features clearly replicated. While some mask defect SEM images match the wafer prints, others print with a 
larger outline indicating the presence of sub-surface disruptions hidden from the SEM’s view. Fourteen other defects 
were subjected to an aerial image phase measurement method called Fourier Ptychography (FP). Although phase shifts 
were observed in the larger defects, the smaller defects in the dataset showed no significant phase shifting. We attribute 
this discrepancy to non-actinic mask blank inspection’s limited ability to detect small phase defects under normal 
operating conditions. 
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1. INTRODUCTION  
Mask defects, detection and mitigation remain among of the most challenging problems facing the wide-scale adoption 
of extreme ultraviolet (EUV) lithography for high volume manufacturing. Despite years of work in this area, and recent 
advances from groups worldwide, the debate regarding the necessity of actinic (EUV-wavelength) inspection and 
imaging continues to this day. To some extent, widely held opinions in this discussion are based on the fact that actinic 
tools for finding and imaging defects have not been widely available for research. Creating production-quality actinic 
tools requires a considerable investment of time, money, and willpower, and must be an ongoing process for EUV to be 
successfully introduced into commercial manufacturing. 

We believe that the unavailability of imaging data from actinic tools can skew opinions within the EUVL community 
and can affect the current perception of mask defectivity issues. The objective of this work is to create and share 
detailed, qualitative comparison data from recent experiments conducted to assess the actinic inspection strategy and 
also to provide needed guidance for the repairability of phase defects, where possible. 

2. DATA COLLECTION 
In this work, a high-level comparison is made between three types of defect image data: (1) mask scanning electron 
microscope (SEM), (2) wafer SEM, and (3) actinic imaging. A description of this experiment and some data has been 
previously shared by the authors, in Ref. 1, by Mangat, et al. 

Most of the defects were first identified through non-actinic EUV mask-blank inspection conducted on two tools, a 
Lasertec M1350, and a Siemens DXF40. These tools detect scattering from defect sites and estimate the size and severity 
of defects from that data. Generally speaking, defects detected in this manner could originate from substrate 
imperfections (pits, bumps, etc.), from multilayer defects, and from surface particles and contamination. The coordinates 
of the defects found in this manner were used to locate defects in the subsequent defect-review imaging.  
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The masks were fabricated with large-area, dense-line patterns to reproduce the conditions of arbitrary features and 
relative positions on top of a variety of defects. Many defects on the patterned mask were analyzed by a KLA Tencor 
6xx, (which operates at 193-nm wavelength) and a reticle SEM. The masks were exposed on ASML NXE3100 and 3300 
scanners: only the 3100 data is shown in this paper. Wafer SEM review was performed with a KLA Tencor eDR-7100 
on bright-field repeater defects detected with a KLA Tencor 2835 (a deep ultraviolet, DUV, imaging tool), and at the 
locations identified through blank inspection before patterning. Finally, the SHARP Actinic Reticle Review Project 
(SHARP) EUV microscope2,3 was used to image the defects, using conditions that emulate the NXE3100 in terms of 
numerical aperture (0.25 4xNA) and illumination partial coherence. A subset of the defects were also imaged using a 
special mode of data collection on SHARP called Fourier Ptychography (FP) microscopy,4 a computational microscopy 
method that enables the complex field phase and amplitude to be calculated. This technique is useful for uncovering the 
phase nature of some defects, which could be a significant factor in creating successful repairs. 

 

 
Figure 1. Visual comparison of nine large-sized defects observed with wafer SEM, (EUV) actinic mask imaging, and mask 
SEM. The images have been scaled and aligned to match. In mask scale, details a to g are 2-µm wide; h and i are 1.5-µm 
wide. The “pixel size” of each defect, as measured by non-actinic blank inspection, is shown in the table. 

 

wafer SEM actinic image mask SEM wafer SEM actinic image mask SEM
a b

c d

e f
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i defect pixel defect pixel
a 36 b 28
c 27 d 22
e 22 f 22
g 21 h 17
i 17
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3. IMAGING COMPARISON 
A direct, qualitative comparison of defect images collected with the various imaging modes is presented here. The image 
details have been scaled, flipped, and aligned to simplify the graphical comparison. The scale of the wafer SEM images 
(and the features being imaged) is 4× smaller than the mask SEM and the actinic images, owing to the lithography tool’s 
4× magnification. The image tones are shown in the manner in which they are recorded on each tool. Bright areas in the 
actinic images represent regions where the local mask reflectivity is high. The actinic images were recorded with a disk-
fill profile, using a partial coherence σ value of 0.81.  

3.1 Large defects 

Figure 1 contains relatively large defects with a strong absorptive character. These are defects assessed by the Lasertec 
mask blank inspection tool to have “pixel sizes” between 17 and 36. This value represents a categorization system based 
on the defect’s apparent size to the 193-nm illumination. Defect sizes are assessed in this manner before the absorber 
layer is deposited or patterned. 

In all cases shown, the wafer and actinic images appear as faithful visual analogues, and are nominally equivalent. In 
SHARP, the angular profile of the illumination (i.e. the engineered coherence state) is set to reproduce the conditions 
used in wafer printing. So the similarity of the two images in these cases validates the predictive quality of the actinic 
imaging. To produce wafer-equivalent images, a fixed intensity (or dose) threshold would be applied to the continuous 
tone actinic image, and the scale would be inverted light-to-dark. 

Comparison with the mask SEM images shows more subtle effects in play. In some cases, the irregular outline of the 
defect is clearly observable in the other images. However, in other cases, such as Figs. 1b–e, the printed size of the 
defect appears to be larger than the disturbance revealed by the mask SEM, and its shape is more circular. This could 
indicate the presence of sub-surface damage (e.g. substrate bumps or pits) that could disrupt the reflectivity over a 
somewhat larger area. Interestingly, the actinic image in detail 1b shows visible absorber lines, with reduced amplitude, 
in the vicinity of the defect. The three-dimensional character or surface profile of these defects is not known at this time. 

3.2 Smaller defects 

For the defects shown in Figure 2, mask SEM images are not available and the visual comparison is made between the 
wafer prints and corresponding actinic images. In these cases, the mask blank inspection pixel sizes vary from 1 to 11.  

From this series, with smaller defects, we observe that larger pixel size values do not predict the severity of the printed 
defects. The data show that defects with smaller pixel sizes can induce line bridging (e.g. Fig. 2n); and several defects 
with the same pixel size (Figs. 2d, e, f, g) can induce substantially different results. This variation could be due to the 
high sensitivity to the position of the defects relative to the overlaying absorber pattern—an effect that has been 
predicted5 and observed.6–9 It is widely accepted that small defects can be effectively hidden or suppressed below an 
absorber, yet defects that fall close to the absorber edge may induce increased imaging disruption. Alternately, the 
actinic magnitude of the defects may not be accurately represented by the reported pixel size. Both of these explanations 
may be valid, and more work is required to resolve the question. Future experiments should include actinic blank 
inspection or imaging. These results also indicate the need to classify defects from the mask repair perspective; that 
would reduce the printable defects at the wafer level and lower the risks for EUV defect printability. 

3.3 Pattern defects 

Two of the defects shown here are considered to be pattern defects because they appear on the mask and in the wafer 
images, but were not observed during mask blank inspection. Figure 3 shows wafer SEM, actinic image, and mask SEM 
details of them. Again we see a visual agreement between the wafer SEM and the actinic imaging. However, there are 
subtle variations observable between the mask SEM and the others, especially in Fig. 3a. Judging by the wafer and 
actinic images, the extent of the darker region on the mask is somewhat larger than it appears to be from the mask SEM 
alone. For this reason, the repair of naturally occurring pattern defects could be vulnerable to effects not observable by 
mask SEM alone. Additional work is required to gather statistical trends on this phenomenon. 
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Figure 2. Visual comparison of fourteen small defects observed with wafer SEM and actinic mask imaging. The images 
have been scaled and aligned to match. In mask scale, details are 1.5-µm wide, except for h which is 2-µm wide. The “pixel 
size” of each defect, as measured by non-actinic blank inspection, is shown in the table. Low defect pixel size does not 
guarantee a non-bridging defect. Varying behavior from defects of similar size shows that position and other factors may be 
having a strong influence on defect severity. 

 

 
Figure 3. Visual comparison of two pattern defects, observed with wafer SEM, actinic imaging, and mask SEM. In mask 
scale, detail a is 2.5-µm wide, and b is 1.5-µm wide. 
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4. DEFECT PHASE MEASUREMENT 
When an image is recorded, whether in photoresist, or with an actinic microscope, only the light intensity is captured, the 
phase information is “lost.” However, the local phase dictates how the light propagates on small and large length scales, 
and dictates the through-focus behavior to a large extent. Therefore it follows that measuring phase would be an 
important asset in the successful repair or mitigation of mask defects. 

The SHARP microscope and its predecessor, the Actinic Inspection Tool (AIT) have been used to study the phase of 
defects,10,11 phase-shifting structures,12 and image speckle created by mask roughness.13,14 Previous work used a 
Gerchberg-Saxton-type reconstruction technique based on a series of images recorded through-focus. More recently, we 
have been developing an alternative technique based on Fourier Ptychography (FP).4,15,16 In FP, a series of images are 
recorded, in-focus, under coherent illumination, varying only the illumination angle for each image. Computation is 
performed in the Fourier domain where a self-consistent, complex-valued field is synthesized iteratively from the 
Fourier transforms of the images. The illumination angles are spaced closely enough to provide overlapping data in the 
Fourier domain for ptychographic reconstruction. The method is robust to noise, and enables the collection of imaging 
data with higher numerical aperture than the physical lens, due to the aperture synthesis. A more complete description of 
this technique is now in preparation. 

Actinic imaging and FP analysis were performed on fourteen native defects similar to the ones described in Section 3. 
All of the defects were first identified by non-actinic blank inspection, and their reported pixel sizes range from 1 to 30. 
Among the five defects with pixel sizes of 17 and higher, all of the defects show phase effects. Phase shifts typically are 
below π/2 (90°) in amplitude, relative to the regions adjacent to the defect. Nine smaller defects, with pixel sizes from 1 
to 9, show strong amplitude changes, but no significant phase effects. 

We see two possible explanations for the lack of phase shifting from smaller defects here. Either small defects have very 
little phase-shifting nature, or the small phase defects present on the mask escaped detection during inspection with 193-
nm light. Authors have previously reported the measurement of small programmed6,7 and native17,18 phase defects, 
showing that pattern replication can be disrupted by defects with 0.5–1.0 nm substrate bump height, and that defects with 
strong phase can have lateral widths smaller than the imaging resolution. The absence of small phase defects from this, 
limited dataset, might reveal more about the detection sensitivity under normal working conditions, than about the nature 
of small defects.  

5. CONCLUSION 
Despite the well-recognized importance of mask defects as a critical issue for the commercialization of EUV 
lithography, there is scarce published data comparing mask SEM, actinic imaging, and wafer SEM of known, native 
defects. In this study, numerous defect locations were identified by mask blank inspection and subjected to study by 
several techniques.  

We observe that actinic imaging, performed with conditions that reproduce lithographic printing, is qualitatively 
predictive of printing results, down to fine details on a sub-resolution scale. Mask SEM of the smaller defects also 
predicts the appearance of printed defects, to a large extent. However, several of the defects in this dataset induced 
larger-area disturbances that the corresponding mask SEM images would suggest. This can be attributed to sub-surface 
disruptions in the vicinity of the defects that are essentially invisible to the SEM. We also found that blank-defects 
categorized as having a certain size (by non-actinic blank inspection) can induce a wide range of defect severities. In 
some cases, defects labeled as “pixel 1” (small) can induce bridging, while larger, “pixel 8” defects can cause little 
disruption. This observation supports the well-accepted idea that the absorber pattern can either reduce or enhance the 
printed size of defects, depending on its relative position. Furthermore we note that such defects can be candidates for 
mask repair by either adding to or shaping the absorber. 

Researchers have predicted and shown that defect phase will be an important factor in printability and repair.7,8,19 
Despite this, little published information exists correlating actinically measured defect phases to printability or repair. On 
SHARP, we observed significant phase effects from several large defects. However, the smaller defects in our dataset 
show little phase shifting. We believe that small phase defects on the masks may fall below the detection sensitivity used 
in the non-actinic mask blank inspection that provided the defect locations for this dataset. This conclusion is consistent 
with prior work based on non-actinic mask inspection and the analysis of repeated defects detected on printed wafers.20,21 
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For greater clarity on this issue, additional investigations are required, focusing on smaller-sized mask defects identified 
by the inspection of wafer prints. 

The investigation of native defects, with side-by-side comparison of the available techniques, can be used to guide defect 
repair efforts and to inform high-level decision-making about the importance of various tools in the efficient production 
of patterned EUV masks. Since the predictive ability of actinic imaging tools has been verified, and such tools are either 
available or are becoming available for research, we recommend that their capabilities should be brought to bear on the 
challenging problems associated with EUV mask defectivity at current and future EUV technology nodes. Future work 
should also include defect locations identified by actinic blank inspection, which was not considered in this report. 
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