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Abstract. The inspection sensitivity of a patterned extreme ultraviolet mask with B4C-capped multilayer (ML)
was investigated using a simulated projection electron microscope (PEM) image. Extrusion and intrusion defects
with 16-nm size were detected with their intensity of >10 times the standard deviation of the background level on
a half-pitch 64-nm line-and-space pattern. The defect detection sensitivity in this case was higher than that of a
Ru-capped ML sample and has a potential to meet the requirement for beyond 16-nm node generation from the
standpoint of patterned mask inspection using the PEM technique. These results indicate that the B4C capping
layer, besides its good durability, has an advantage for high sensitivity of patterned mask inspection. The optimal
condition of the incident beam energy was found to be 500 and 1,000 eV for the samples of B4C-capped ML and
B4C-buffered Ru-capped ML, respectively. The sensitivity of defect detection was strongly affected by the differ-
ence of secondary electron emission coefficients (SEECs) between the absorber layer and capping layer.
However, the small incident beam energy was found to be preferable when the SEEC difference was relatively
high. © The Authors. Published by SPIE under a Creative Commons Attribution 3.0 Unported License. Distribution or reproduction of this work in whole
or in part requires full attribution of the original publication, including its DOI. [DOI: 10.1117/1.JMM.13.4.043015]
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1 Introduction
Extreme ultraviolet lithography (EUVL) is a promising tech-
nique for post-2X nm generation lithography. Pattern inspec-
tion is one of the key issues to be addressed in the fabrication
of devices of half pitch (hp) 16 nm and beyond. Continued
shrinkage of pattern size has been leading to difficulties in
detecting small defects.1 Improvement in image resolution is
realized by using an electron beam as used in the SEM-type
inspection systems, but because of the very small electron-
beam spot size used in such systems, it takes too much time
for inspection. Therefore, we have been developing a projec-
tion electron microscope (PEM)2,3 for pattern inspection and
have evaluated its feasibility.4–7 In order to accelerate this
development program, the optimal inspection condition
was investigated by using a computer simulation.8–11 We
already reported that 16-nm-sized defect on hp 64-nm mask
pattern was detectable with a 10-times higher signal intensity
than that of the standard deviation of the background inten-
sity level by using the PEM technique when the Ru capped
multilayer (ML) was used in EUV mask,9 and the simulated
detectability was found to be in good agreement with exper-
imental results.7 It was also found that the sensitivity of
defect detection was predictable by measuring the secondary
electron yield curves of a Ta-based absorber layer and
Ru-capped ML. This result suggests that the EUV mask
structure affects the optimal inspection condition.9,10 As a
capping layer, nondoped Si, 11-nm thick, had been investi-
gated. However, because of its disadvantages, such as prone

to oxidation, low chemical resistance, and low etch selectiv-
ity, 2.5-nm-thick Ru has been used to replace Si.12 Recently,
Jang et al. reported that B4C has a better durability for clean-
ing and has better chemical, mechanical, and electrical resis-
tance and optical properties than Ru.13 In this paper, the
proposed mask structures, such as B4C-capped ML and
B4C-buffered Ru-capped ML, were investigated from the
standpoint of pattern mask inspection and analyzed for
their optimal conditions using a PEM technique.

2 Experimental
In order to simulate defect inspection by a PEM technique,
simulated images were obtained using CHARIOT Monte
Carlo software (Abeam Technologies, Inc.).14 The software
with 72 cores was installed in an all-in-one server computer,
Proliant DL 980 G2 (Hewlett-Packard) with 80 cores.
Figure 1 shows the schematic representations of a sample
EUV mask used for the simulation. On this mask, defects
with various sizes were fabricated on hp 64-nm line-and-
space (L/S) patterns. Ta-based absorber layers with 66-nm
thickness were fabricated on EUV reflective MLs. In
order to investigate the impact of capping layer for the
MLs on the sensitivity of defect detection, three types of cap-
ping layers were used: (1) 2.5-nm-thick Ru, (2) 2.5-nm-thick
B4C, and (3) 1.25-nm-thick Ru on 1.25-nm-thick B4C. The
third one is called as B4C-buffered Ru capped ML.13 The
MLs contained 40 pairs of 3-nm-thick Mo and 4-nm-thick
Si. The thicknesses of the defects were 66 nm, which was
the same as that of the absorber layers. Sizes of the defects
were 64 nm × 64 nm, 32 nm × 32 nm, 22 nm × 22 nm, and
16 nm × 16 nm. According to the ITRS-2013 update, the
defect size on the EUV mask is defined as the square root
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of the defect area on a two-dimensional mask surface.
Because all the defects in this study were square ones, here-
after, we refer to them as 64-, 32-, 22-, and 16-nm defects. In
order to improve the reliability of the simulation result, a sec-
ondary electron yield curve of the utilized materials was
applied for the calibration of the simulation result. The sec-
ondary electron emission coefficient (SEEC) of the samples
was measured using a specially designed scanning Auger
microscope (SAM). The detailed method for measuring
the SEEC using SAM is described elsewhere.15 Densities
of B4C and Ru with 2.52 and 12.45 g∕cm3 were input to
a database of the simulator, respectively. The current density
and the dwell time were 1.9 × 10−1 A∕cm2 and 1 ms, respec-
tively. The pixel size of the image detector was
16 nm × 16 nm, and the average number of electrons per
pixel corresponded to 3,000 electrons per pixel. Incident
electrons with energies of 50, 250, 500, 1,000, and
3,000 eV were used to investigate the influence of the inci-
dent beam energy on the defect inspection. The difference
between the simulated PEM image with defects and that
without defects is defined as difference image. In order to
define the sensitivity of defect detection, we identified the
signal intensity in the difference image with more than 10
times the intensity of the standard deviation of the back-
ground intensity levels as a defect. Image processing oper-
ations were applied to the simulated image to enhance the
detect signal intensities.6,9 The detailed simulation condi-
tions were described earlier.9

3 Results and Discussion

3.1 Investigation of B4C Capped ML

Figure 2(a) shows the experimentally obtained SEECs of
Ta-based absorber, Ru-capped ML, and B4C-capped ML.
The yield curves of Ru and B4C-capped ML showed the

Fig. 1 Schematic representations of a sample extreme ultraviolet mask used for the simulation. The
cross-sectional and top views of the sample [(a-1) and (a-2)] with extrusion defects and [(b-1) and
(b-2)] with intrusion defects, and (c) the cross-sectional view of B4C-buffered Ru capped multilayer
(ML) sample.

Fig. 2 (a) Experimentally obtained secondary electron emission coef-
ficients (SEECs) of Ta-based absorber, Ru-capped ML, and B4C-
capped ML. (b) Experimental SEEC difference (which was calculated
by subtracting SEEC of MLs from that of the absorber layer) as func-
tions of incident beam energy.
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peaks at 300 and 200 eV, respectively. The overall SEECs of
the B4C sample are lower than that of the Ru one. Figure 2(b)
shows the experimental SEEC difference (which is calcu-
lated by subtracting the SEEC of these MLs from that of
the absorber layer) as a function of incident beam energy.
In the case of Ru-capped ML, the SEEC difference has a
peak near 1,000 eV. We had already reported that the incident
beam energy with 1,000 eV was the most sensitive condition
for extrusion defect detection, because the contrast is the
highest at this condition. On the other hand, in the case
of the B4C-capped ML, the SEEC difference has a peak
near 500 eV. Furthermore, the difference is 1.5 times greater
than that with the case of the Ru sample. In order to examine
the influence of the charging effect on the MLs, effect of
incident electron current on the SEEC was investigated
using three types of layers as shown in Fig. 3. The
SEECs of B4C-capped ML remain almost constant as the
incident electron beam current increases, and this effect is

similar to the Ru-capped ML. The SEEC of the nondoped
Si layer, which had been used as the capping layer, shows
a significant decrease with the increasing beam current,
because the emitted SEs return back to the sample surface
due to the strong positive charges involved.16,17 These results
indicate that the charging effect attributed to the B4C-capped
ML is negligibly small as is the case with Ru-capped ML; the
SE signal from the B4C-capped ML is not changed regard-
less of the electron dosage. Figure 4 shows the difference
image between simulated PEM image with extrusion defects
and that without defects. In the case of 500 eV, the 16-nm-
sized defect was detected with a signal intensity more than
10 times higher than that of the standard deviation of the
background intensity level (10σ). Figure 5 shows the peak
intensity of the extrusion defect signal as a function of
incident beam energy. This signal intensity of 16-nm defect
with 500 eV is 1.3 times higher than that of the Ru sample
with 1,000 eV, which is the most sensitive condition on Ru
sample. The defect signal reached a maximum value at the
incident beam energy of 500 eV in each size of the defect.
This tendency is in good agreement with the experimentally
obtained SEEC difference between the absorber layer and
ML as shown in Fig. 2(b). Figure 6 shows the difference
image in the case of intrusion defects. The 16-nm-sized
defect was detected with >10σ in the cases of 50, 250,
500, and 1,000 eV. These results indicate that both extrusion
and intrusion defects 16 nm in size can be detected without
any false defect at the incident beam energy of 500 eV.
Although a false defect was observed at 1,000 eV, this
can be removed by elevating the threshold (18σ), while
16-nm-sized defect remains detected as shown in Fig. 6(f).
Figure 7 shows the intrusion defect signal intensity as a func-
tion of incident beam energy. The signal intensities of the
intrusion defect with 16 nm size are much higher than in
the case of the extrusion defect. The incident beam energy
with a maximum value of the defect signal was shifted to a
lower energy as the defect size decreased. The defect signal

Fig. 3 Experimentally obtained SEECs of Ru-capped ML, B4C-
capped ML, and nondoped Si layer as functions of primary electron
current with the energy of 200, 300, and 300 eV (the maximum values
of their yield curves), respectively. The SEECs are normalized by the
SEEC value for 50 pA. Diameter of the incident beam was estimated
to be ∼1.2 μm at 2 nA with 300 eV.

Fig. 4 The difference image for extrusion defects on B4C-capped ML sample. The intensity values less
than the threshold value (10σ) are set to zero. The incident beam energy was (a) 50 eV, (b) 250 eV,
(c) 500 eV, (d) 1,000 eV, and (e) 3,000 eV.
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reached a maximum value at 500 eV in 64-nm-sized defect,
whereas in the 16-nm-sized defect, it reached a maximum
value at 250 eV. The authors had already reported that a sim-
ilar phenomenon was observed in the case of Ru-capped
ML.9 In the case of the intrusion defect, because the aspect
ratio of the smaller defect becomes higher, the elevation
angle of the defect becomes narrower as defect size gets
smaller. Therefore, the signal from the bottom of the
intrusion defect becomes weaker as shown in Fig. 8. This
is the same mechanism as that in the case where the SE sig-
nals from the bottom of trench pattern decrease as their
aspect ratios become high.18 On the other hand, the signal
around the defect generated from the absorber layer does
not change even if the defect size becomes smaller. As a
result, the defect signal curve corresponds to the yield
curve of the absorber layer as shown in Fig. 2(a) when
the defect size is comparatively small. And when the defect
size is comparatively large, this behavior then corresponds to

Fig. 5 The signal intensity of the extrusion defect signal as a function
of incident beam energy.

Fig. 6 The difference image for the intrusion defects on a B4C-capped ML sample. The intensity values
less than the threshold value (10σ) are set to zero. The incident beam energy was (a) 50 eV, (b) 250 eV,
(c) 500 eV, (d) 1,000 eV, and (e) 3,000 eV. (f) The threshold was elevated to 18σ in order to remove the
false defect observed in (d).

Fig. 7 The signal intensity of the intrusion defect signal as a function
of incident beam energy.

Fig. 8 Schematic illustration of the intrusion defect and the secondary
electron signals blocked by the side wall of the defect.
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the curve of SEEC difference as shown in Fig. 2(b). The
detail explanation had been described elswere.9,18 Figure 9
shows the double logarithmic plots of the defect signal inten-
sity as functions of defect size. By fitting these plotted data
with a power function, the dependence of defect signal inten-
sity on the defect size can be analyzed as a linear regression.
The detectability limits can be extrapolated from the inter-
section value with σ ¼ 10. The slope of the plot for the
intrusion defect is gentler than that of the extrusion defect.

This result reflects the fact that the sensitivity of an intrusion
defect degrades relatively less than that of an extrusion defect
as the size of the defect becomes small as discussed above.
Table 1 shows the extrapolated detectability limit using PEM
technique. It is clearly shown that the B4C-capped ML has an
advantage due to its high sensitivity of defect detection when
using the PEM inspection technique and has a potential to
meet the requirements beyond hp 16-nm node from the
standpoint of the patterned mask inspection. We have already
established that 11-nm-sized defect on the Ru capped ML
also can be detected with 10σ in the inspection condition
with 10,000 electrons/pixel.5

3.2 Investigation of B4C Buffered Ru Capped ML

Figure 10 shows the difference image in the case of extrusion
defects on the B4C-buffered Ru-capped ML. In the case of
1,000 eV, the 16-nm-sized defect was detected with >10σ.
This peak signal intensity is 1.6 times higher than that of an
Ru sample with 1,000 eV. Some false defects observed at
1,000 eV can be removed by elevating the threshold to
13.5σ as shown in Fig. 10(f). We already had reported
that the SEEC of the Ru-capped ML was affected by the
underlying Si and Mo with lower SEECs than that of
Ru.10 In the case of B4C-buffered Ru-capped ML, the thick-
ness of Ru is two times thinner than that of the Ru-capped
ML sample. Furthermore, density and SEECs of B4C are
much lower than those of Ru. Therefore, the SEECs of
B4C-buffered Ru-capped ML are much affected by the
underlying layers.10,19 As shown in Fig. 11(a), the SEECs
of B4C-buffered Ru-capped ML were lower than those of
Ru-capped ML when the incident beam energy was
>600 eV, whereas those SEECs are almost the same in
the range of 200 to 500 eV. These phenomena affect the sen-
sitivity of defect inspection as shown in Fig. 11(b). The
defect signal intensity is almost the same in the case of
250 and 500 eV on both samples, while, on the other

Fig. 9 The extrusion and intrusion defects signal intensities as func-
tions of defect size in the case of Ru-capped ML with 1,000 eV and
B4C-capped ML with 500 eV.

Table 1 Extrapolated detectability limit of the defect.

Extrusion (nm) Extrusion (nm)

Ru-capped multilayer 15 15

B4C-capped multilayer 13 7

Fig. 10 The difference image for extrusion defects on B4C-buffered Ru-cappedML sample. The intensity
values less than the threshold value (10σ) are set to zero. The incident beam energy was (a) 50 eV,
(b) 250 eV, (c) 500 eV, (d) 1,000 eV, and (e) 3,000 eV. (f) The threshold was elevated to 13.5σ in
order to remove the false defect observed in (d).
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hand, in the case of 1,000 eV, the intensity for B4C-buffered
Ru-capped ML is 1.6 times higher than that for the Ru sam-
ple (intensities are 19.7 and 12.2, respectively) as indicated
by the dashed circle in Fig. 11(b). However, in the case of
3,000 eV, the defect signal is lower than in the case of
1,000 eV in spite of the large SEEC difference. This

phenomenon can be explained by electron scattering near
the edge of a Ta-based absorber layer as shown in
Fig. 12.20 In the case of 3,000 eV, electron scattering is severe
and affects the opposite side wall and bottom of the pattern as
compared with 500 and 1,000 eV. Such severely scattered
electrons become a source of noise and degrade the sig-
nal-to-noise ratio of the defect. Figures 13(a) and 13(b)
show the simulated images with extrusion defects on the
B4C-buffered Ru-capped ML at the incident beam energy
of 1,000 and 3,000 eV, respectively. The L/S patterns are
observed at the center of the images, and dark areas at
the top and bottom sides of the image correspond to the cap-
ping layer. It is clearly shown that a blurred image was
obtained at 3,000 eV as compared with the case at
1,000 eV. Figure 13(c) shows their signal intensity profiles
along the arrows indicated in Figs. 13(a) and 13(b). The
intensity difference between the two conditions with
1,000 and 3,000 eV for the capping layer indicated as

Fig. 11 (a) Experimental SEEC for Ta-based absorber and Ru-
capped ML, and simulated SEEC for B4C-buffered Ru-capped ML.
(b) The defect signal intensity of the 16-nm-sized extrusion defect
and the SEEC difference between Ta-based absorber layer and
B4C-buffered Ru-capped ML as functions of incident beam energy.

Fig. 12 Simulated electron trajectories injected near the edge of a Ta based absorber layer. The incident
beam energy is 500, 1,000, and 3,000 eV.

Fig. 13 Simulated images with extrusion defects on the B4C-buffered
Ru-capped ML at the incident beam energies of (a) 1,000 eV and
(b) 3,000 eV. (c) Their signal intensity profiles along the arrows indi-
cated in (a) and (b). The signal intensity is normalized by the maxi-
mum value for 1,000 eV.
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(a) corresponds to its SEEC difference between these con-
ditions. In a similar manner, the intensity difference between
1,000 and 3,000 eV for the absorber layer indicated as
(b) corresponds to its SEEC difference between these con-
ditions. However, peak-to-peak intensity swing of the L/S
pattern signal at 3,000 eV (c) is smaller than that at
1,000 eV (d) in spite of the large SEEC difference. This
is because the severely scattered electrons become the source
of noise, and then the effect of the large SEEC difference is
blocked by that noise. This result indicates that the sensitiv-
ity of defect detection is affected by the SEEC difference and
also by electron scattering. Thus, the small incident beam
energy is preferable when the SEEC difference is sufficiently
high.

4 Summary and Conclusions
The inspection sensitivities of patterned EUV masks with
B4C-capped ML and B4C-buffered Ru-capped ML were
investigated using simulated PEM images. By measuring
the SEECs of the mask materials, the sensitivity of defect
detectability and its optimal inspection condition became
predictable. The optimal condition of the incident beam
energy was found to be 500 and 1,000 eV for the sample
of B4C-capped ML and B4C-buffered Ru-capped ML,
respectively. It was also found that the charging effect attrib-
uted to the B4C-capped ML is negligible as is the case with
Ru-capped ML; the SE signal from the B4C-capped ML is
not changed regardless of the electron dosage. In the case of
B4C-capped ML, both extrusion and intrusion defects with
16 nm size were detected without any false defect at the inci-
dent beam energy of 500 eV. These defect signal intensities
were more than 10 times higher than the standard deviation
of the background level; those intensities were much higher
than those of the Ru-capped ML samples. It was found that
the sensitivity of defect detection using B4C-capped ML has
a potential to meet the requirements for beyond 16-nm node
generation from the standpoint of patterned mask inspection
using PEM technique. These results indicate that the B4C
capping layer has an advantage for high sensitivity of pat-
terned mask inspection besides its good durability. In the
case of B4C-buffered Ru-capped ML, the optimal condition
of incident beam energy was 1,000 eV. False defects could be
removed by elevating the threshold, while 16-nm-sized
defect remains detected. Although the sensitivity of defect
detection was strongly affected by the SEEC difference,
the severely scattered electrons near the pattern edge due
to high-energy incident beam become a source of noise
that then blocks the effect of the large SEEC difference.
This result indicates that a small incident beam energy is
preferable when the SEEC difference is sufficiently high.
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