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ABSTRACT

Extreme ultraviolet (EUV) patterning appears feasible using currently available EUV exposure tools, but some
issues must still be resolved for EUV patterning to be used in production. Defects in EUV mask blanks are one such
major issue and inspection tools are needed to detect phase defects on EUV mask blanks that could possibly print on
the wafer. Currently available inspection tools can capture defects on the mask, but they also need to be able to
classify possible printable defects. Defect classification for repair and mitigation of printable defects is very difficult
using deep ultraviolet (DUV) inspection tools; however, if the actinic inspection tool (AIT) could gather defect
information from more multilayer (ML) stacks, it may be able to separate printable defects from unprintable defects.
If unprintable defects could be eliminated, the defect information could be used for mask pattern shifts to reduce
printable defects. Fewer defects would need to be repaired if there were a better chance of capturing printable
defects using an actinic inspection tool. Being able to detect printable defects on EUV blanks is therefore critical in
mask making.

In this paper, we describe the characterization of programmed ML phase defects in the manufacturing of EUV mask
blanks using the state-of-the-art mask metrology equipment in SEMATECH’s Mask Blank Development Center
(MBDC). Programmed defects of various dimensions were prepared using e-beam patterning technology and Mo/Si
MLs were deposited with SEMATECH’s best known method (BKM) and pit smoothing conditions on programmed
defects to characterize ML phase defects. Atomic force microscopy (AFM) and transmission electron microscopy
(TEM) were used to study ML profile changes, while SEMATECH’s AIT was used to image ML phase defects and
predict their printability. Multilayer defect reconstruction (MDR) was done using AFM images, which were then
compared to TEM images. Defect printability simulation (DPS) was used for comparison to AIT through-focus
images. 22 nm, 27 nm, and 32 nm line and space (L/S) absorber patterns were positioned on top of programmed
ML phase defects and simulated defect printability. The ML phase defects are located at the edge of L/S patterns
and at the center of space patterns and Bossung plot was used to separate printable defects from unprintable defects.

Keywords: Defect printability, programmed multilayer defect, multilayer phase defect, multilayer defect
reconstruction, defect printability simulation.

1. INTRODUCTION

While EUV wafer patterning appears feasible with currently available exposure tools (NXE3100), some issues must
still be solved for EUV patterning to be used in production. The major challenges are the source power/lifetime and
mask defect/contamination control. Because defects in EUV mask blanks are one such major issue, much research is
focusing on defect printability.'” Absorber defects, which can be detected as clear and opaque defects and particles,
are common to conventional optical masks. However, EUV masks have ML phase defects that must be classified.
Although their dimensions can be characterized using currently available metrology tools, native phase defects
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cannot be realistically characterized without knowledge of defect-induced changes in the structure of the deposited
ML. Mask defects from MLs can be classified as shown in figure 1. Inspection tools detect defects, but they also
need to separate the false and real defects, which depends on inspection tool parameters. With real defects, the
printable must be separated from the unprintable. To detect printable defects, a defect printability study using blank
inspection (BI), patterned mask inspection (PMI), and an aerial image metrology system (AIMS) is needed. If a ML
defect with L/S absorber patterns is exposed at the exposure tool, the critical dimension (CD) of the wafer can be
used to decide which blank defects will print and which will not. The process window for blank defects on wafers
will usually be decided by Bossung plots and DPS will be used to separate printable from unprintable defects using
the Bossung plot.

In this paper, we prepare programmed and characterized ML defects. Programmed defects of various dimensions
were prepared using e-beam patterning technology. Because ML phase defect printability is strongly dependent on
the ML deposition condition, Mo/Si MLs were deposited under SEMATECH’s BKM and pit smoothing conditions
on programmed defects to characterize ML phase defects after different deposition conditions. AFM and TEM were
used to study ML profile changes, while SEMATECH’s AIT was used to image ML phase defects and predict their
printability using ThroughFocus analysis software. MDR was done using AFM images, which compared to TEM
images. DPS was used for comparison to AIT through-focus images. 22 nm, 27 nm, and 32 nm L/S absorber
patterns were positioned on top of programmed ML phase defects and simulated phase defect printability. The ML
defects are located at the edge and at the center of L/S patterns. Bossung plots were used to separate printable
defects from unprintable defects. Defect printability under different illumination conditions was evaluated.
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Figure 1. Classifications of EUV mask defects. EMI: EUV Mask Infrastructure.

2. EXPERIMENTAL PROCEDURE

Figure 2 shows the procedure to manufacture programmed ML phase defects. Ru and TaON layers were deposited
on quartz plates. The Ru layer is used as the etch stop layer during programmed defect formation. The TaON layers
were patterned by conventional e-beam writing, followed by resist coating, e-beam exposure, resist develop, dry
etch, resist strip, and cleaning. MLs were deposited on top of the programmed defects under SEMATECH’s BKM
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and pit smoothing conditions using an ion beam deposition (IBD) tool in SEMATECH’s MBDC. Two ML
deposition conditions are obtained by changing the substrate angle (SA) and the target angle (TA) of the IBD tool.
Defect dimensions were measured before and after ML deposition using AFM. The programmed defects were
inspected at the SEMATECH’s AIT and analyzed using ThroughFocus software. TEM images to get cross-sectional
images of programmed ML phase defects were obtained and DPS was done using MDR images as input data for
DPS to see Bossung plots of the phase defects.

Figure 3 shows the procedure of DPS. Dimensions from AFM and TEM were used to generate the ML structure, and
MDR parameters for ML defects were obtained. MDR images were obtained using only AFM images by employing
MDR parameters. The MDR images were used for input parameters for DPS. Image intensities from DPS were
compared to AIT image intensities and wafer images from both DPS and AIT results were compared at the through-
focus region from -50 nm to +50 nm. DPS was also used to study printability at L/S patterns as shown in figure 4.
Programmed ML phase defects are located at the edge of L/S patterns and at the center of space patterns for 22 nm,
27 nm, and 32 nm L/S printability simulations. Dimensions of programmed ML phase defects for the simulations are
full width at half maximum (FWHM) of 20 nm to 80 nm with depths of 1 nm to 4 nm at the bottom of the MLs.
Image intensities were obtained using MDR images with L/S patterns and defect printability images were analyzed
using DPS to determine whether or not the defects will print on the wafers.
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Figure 2. Experimental procedure for programmed ML phase defects.
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Figure 3. Procedure to simulate defect printability.
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Figure 4. Defect printability simulation for L/S patterns. 22nm, 27 nm, and 32 nm L/S patterns were
simulated.

Proc. of SPIE Vol. 8322 832209-4



Figure 5. Signal from AFM measurement.

Stack structure for programmed ML phase defect simulation is 50 bi-layers for ML layers with 51 nm TaN and 7 nm
TaON for absorber layers. The illumination condition for DPS was set to 0.2 sigma and 0.35 NA, which are identical
to AIT illumination conditions. The incident angle of the EUV light source was 6 degrees for both AIT and DPS.
However, magnification of mask images to wafer images for AIT was 980 and for DPS was 0.25. Ranges of dose
and focus for the Bossung plots were set to 95 % to 105 % and -50 nm to + 50 nm, respectively. The focus step was
set to 25 nm. To classify the phase defects for printable and unprintable defects, process margins of 22 nm +/- 2nm,
27 nm +/- 2.5 nm, and 32 nm +/- 3 nm were set to separate printable and unprintable regions. If L/S patterns
generated by the exposure tool on the wafer from ML phase defects were within the process margin, the defects
were classified as unprintable defects, which do not need to be repaired. Dimensions for ML defects were obtained
from AFM and TEM. However, the depths of the programmed defects were almost less than 4 nm and signals from
the AFM measurement have significant noise as shown in figure 5. Therefore, the AFM signal was flattened and
filtered to use the depths for MDR and DPS for depth analysis. The depths (rms) from AFM were used for general
printability trend analysis and multilayer decoration analysis because we could not get TEM images for all phase
defects. Depths from TEM were used for defect printability simulations for specific phase defect analysis. The
depths from AFM and TEM show the relationship as follows:

AFM Depth (rms) < Depth (TEM) < AFM Depth (max)

3. RESULTS AND DISCUSSION

3.1 Decoration of programmed ML phase defects

Figure 6 shows the characteristics of programmed ML phase defects. The ML was deposited under SEMATECH’s
BKM condition. The FWHM of programmed ML phase defects increases during the ML depositions, but the depths
of programmed ML phase defects decreases during ML depositions. Defect dimensions of programmed ML defects
were given as follows.

(Depth of defect after ML deposition) = 0.63 x (Depth of defect before ML deposition)
(FWHM of defect after ML deposition) = (FWHM of defect before ML deposition) + 21

However, the AFM signal has a lot of noise because the defect dimensions are on the order of nanometers, as shown
in figure 5. On the other hand, when the ML was deposited using the pit smoothing condition, the dimensions of the
programmed ML phase defects cannot be measured at the top of ML by AFM. Because the AFM detection limit is
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less than 0.5 nm, the dimensions of the ML phase defects at the top are less than 0.5 nm. When the defects with a
FWHM of 58.5 nm and depth of 1.7 nm at the bottom of the ML were inspected with the AIT, the AIT image was
captured as shown in figure 7.
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Figure 6. Defect decoration of programmed defects. The ML was deposited under SEMATECH’s BKM
condition.
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Figure 7. Defect decoration of programmed defects. The ML was deposited under the pit smoothing condition.
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3.2 MDR

Dimensions of ML phase defects were measured by AFM and TEM to extract MDR parameters. The MDR
parameters were optimized for generic MDR for arbitrary defects. Using the optimized MDR parameters, ML
defects of arbitrary shapes were reconstructed using only AFM images of the ML top surface. Figure 8 shows an
example of the MDR images. The blue lines are predicted ML profiles obtained from MDR simulation software and
the predicted ML profiles are overlaid on the actual TEM images. The MDR images using only top surface AFM
data match actual TEM images well. The ML structure regenerated from MDR was used for inputs to DPS as shown
in figures 3 and 4.
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Figure 8. ML reconstruction images. Blue lines are predicted ML profiles overlaid on actual TEM images.

3.3 AIT vs. DPS

Through-focus images of ML phase defects were obtained with the AIT using 0.2 sigma and 0.35NA. DPS aerial
intensities were calculated at the same illumination condition as the AIT and then were compared with AIT
intensities as shown in figure 9. AIT intensities and DPS aerial intensities were obtained from ML phase defects
without absorber layers. The DPS aerial intensity profiles were well matched with the AIT intensity profiles.

3.4 DPS for native ML phase defects

Dimensions for native ML phase defects were obtained from SEMATECH’s defect library which is reported
elsewhere.”® Figure 10 shows the dimensions of native ML phase defects and the characteristics of defect decoration.
Most native ML phase defects captured by inspection tools are large enough to be classified as printable defects.
Therefore, dimensions for programmed ML phase defects designed to be smaller than native ML phase defects.
Programmed ML phase defects have a FWHM of less than 80nm with depths of less than 4 nm for the DPS study as
shown in figure 10. One native ML phase defect was selected for the DPS. The dimensions of the native ML phase
defect are FWHM of 28 nm with a 5.2 nm depth at the bottom of the ML and FWHM of 62 nm with a 4 nm depth at
the top of the ML. The printability for 22 nm, 27 nm, and 32 nm L/S were obtained when the native ML phase
defects were located at the edge of L/S patterns and at the center of space patterns as shown in figure 11. The native
defect is printable at the focus range of -50 nm to 50 nm at 22 nm, 27 nm, and 32 nm L/S patterns. The defect is less
printable when it is located at the edge of L/S pattern than when at the center of the space pattern. Therefore, ML
phase defects with smaller dimension than this native defect must analyzed.
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Figure 11. DPS images for a native ML phase defect.

3.5 DPS for programmed ML phase defects

Figure 12 and figure 13 show DPS images of programmed ML phase defects with different defect dimensions. The
ML was deposited under SEMATECH’s BKM condition. The programmed ML phase defect in figure 12 is smaller
size than that in figure 13. Therefore, the defect in figure 12 is less printable that in figure 13. When defects are
located at the edge of L/S patterns, the defects are less printable than when they are located at the center of space
patterns.

Figure 14 and figure 15 show DPS images for programmed ML phase defects of different dimensions that were
deposited under pit smoothing conditions. Phase defects were not detected by AFM at the top of the ML and the
dimensions of the phase defects at the top were less than 0.5 nm, which are within the AFM detection limit.
However, intensity images were obtained by AIT. Likewise, defects at the edge of L/S patterns are less printable
than those at the center of clear patterns; the smaller defect in figure 14 is less printable than the larger defect in
figure 15. When ML deposition conditions are compared, the defects deposited under pit smoothing condition are
less printable than those at SEMATECH’s BKM condition. The defects at pit smoothing conditions have an almost
flat surface on top of the ML and the defect at the top acts like a defect without phase. However, TEM images need
to be obtained for more thoroughly analyze defect decoration during ML deposition. Because the printability of
programmed ML phase defects is strongly dependent on ML deposition conditions, they must be optimized to yield
fewer printable defects on the wafers, even though the same defects are at the bottom of the ML.
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Figure 12. DPS images for a programmed ML phase defect. ML was deposited under SEMATECH’s BKM
condition. Dimensions: FWHM of 30 nm with 1.35 nm depth at the bottom of the ML and FWHM of 58 nm
with 0.83 nm depth at the top of the ML.
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Figure 13. DPS images for a programmed ML phase defect. ML was deposited under SEMATECH’s BKM
condition. Dimensions: FWHM of 90.75 nm with 6.7 nm depth at the bottom of the ML and FWHM of
105.25 nm with 4.3 nm depth at the top of the ML.
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Figure 14. DPS images for a programmed ML phase defect. ML was deposited under pit smoothing
conditions. Dimensions: FWHM of 27.25 nm with 1.68 nm depth at the bottom of the ML. No AFM image at

the top of the ML.
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Figure 15. DPS images for a programmed ML phase defect. ML was deposited under pit smoothing
conditions. Dimensions: FWHM of 114.5 nm with 4.1 nm depth at the bottom of the ML. No AFM image at
the top of the ML.
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3.6 DPS at different illumination conditions

Defect printability of a programmed ML phase defect at different illumination conditions was investigated as shown
in figure 16. The ML was deposited under SEMATECH’s BKM condition. The phase defect of 105 nm FWHM and
4.3 nm deep at the bottom of the ML printed under both illumination conditions when 22 nm L/S patterns were
applied. Likewise, all programmed ML phase defects were simulated using DPS at 22 nm, 27 nm, and 32 nm L/S
patterns using both illumination conditions and all phase defects were located at the edge of L/S patterns and at the
center of space patterns for the simulation as well.
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Figure 16. DPS images for a programmed ML phase defect under different illumination conditions. ML was
deposited under SEMATECH’s BKM condition. Dimensions: FWHM of 90.75 nm with 6.7 nm depth at the
bottom of the ML and FWHM of 105.25 nm with 4.3 nm depth at the top of the ML.

3.7 Defect printability of L/S patterns

The printability of a programmed ML phase defects at L/S patterns is summarized in figures 17 and 18. The ML was
deposited under SEMATECH’s BKM condition. Defect printability results of figure 17 and figure 18 were obtained
with a disc illumination of 0.2 sigma and 0.35 NA, and with a dipole illumination of 0.48(in)/0.68(out) sigma with a
dipole opening angle of 35 degrees and 0.35 NA, respectively. Disc illumination results in wider printability process
window than dipole illumination in 32 nm L/S patterns. On the other hand, dipole illumination shows a wider
printability process window than dipole illumination in 27 nm L/S patterns. Defects at the edge of the L/S patterns
have a wider printability process window than defects at the center of space patterns. However, defects in 22 nm L/S
patterns have a very narrow process window only under disc illumination when the defects are located at the edge of
L/S patterns. ML phase defects in 22 nm L/S pattern will be more critical issues and need to be addressed to develop
more repair and defect avoidance techniques.
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Figure 17. Defect printability of L/S patterns at the illumination condition of 0.2 sigma and 0.35 NA. ML was
deposited under SEMATECH’s BKM condition. Dimensions of FWHM and depth are at the bottom of ML.
CDs for unprintable defects are 20 nm ~ 24 nm at 22 nm L/S patterns, 24.5nm ~ 29.5 nm at 27 nm L/S
patterns, and 29 nm ~ 35 nm at 32 nm L/S patterns. Otherwise, all defects do print.
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Figure 18. Defect printability of L/S patterns under the illumination condition of 0.48(in)/0.68(out) sigma
with dipole opening angle of 35 degrees and 0.35 NA. ML was deposited under SEMATECH’s BKM
condition. Dimensions of FWHM and depth are at the bottom of the ML. CDs for unprintable defects are 20
nm ~ 24 nm at 22 nm L/S patterns, 24.5nm ~ 29.5 nm at 27 nm L/S patterns, and 29 nm ~ 35 nm at 32 nm
L/S patterns. Otherwise, all defects do print.

4. SUMMARY

ML phase defects are one of the major issues in adopting EUV lithography into production. Programmed defects
were prepared on quartz substrates and MLs were deposited on top of programmed defects using SEMATECH’s
BKM and pit smoothing conditions to investigate defect decoration during ML deposition process. AFM and TEM
images were used for ML defect printability simulations and MDR was successfully generated from AFM images of
the ML top surface. MDR images match well with TEM images, and DPS intensity images show good correlation to
AIT intensity images. DPS was used for 22 nm, 27 nm, and 32 nm L/S pattern printability on top of multilayer
defects. Native multilayer defects need to be reduced for successful 22 nm and 27 nm wafer exposure. With our
optical conditions, programmed defects at 27 nm L/S patterns are less printable using dipole illumination while
defects at 32 nm L/S patterns are less printable using disc illumination.
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5. FUTURE WORK

More programmed ML defect images from TEM need to be obtained. DPS under various illumination conditions
will be done and L/S CDs with and without defects will be analyzed under various illumination conditions. The
simulation results will be compared with the results from NXE3100 exposure of wafers.
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