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We present recent experimental results from a prototype actinic~operates at the 13 nm extreme
ultraviolet wavelength! defect inspection system for extreme ultraviolet lithography mask blanks.
The defect sensitivity of the current actinic inspection system is shown to reach 100 nm in
experiments with programmed defects. A method to cross register and cross correlate between the
actinic inspection system and a commercial visible-light scattering defect inspection system is also
demonstrated. Thus, random, native defects identified using the visible-light tool can reliably be
found and scanned by our actinic tool. We found that native defects as small as 86 nm~as classified
by the visible-light tool! were detectable by the actinic tool. These results demonstrate the capability
of this tool for independent defect counting experiments. ©1999 American Vacuum Society.
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I. INTRODUCTION

Extreme ultraviolet lithography~EUVL! is one of the
leading candidates for fabrication of integrated circuits w
critical dimensions less than 100 nm.1 Utilizing 11–14 nm
radiation and all-reflective optical elements based on Mo
or Mo/Be multilayer coatings, EUVL is expected to cov
several device generations down to 30 nm. The mask ar
tecture pursued for EUVL is a reflective one. A multilay
reflection coating constructed on a robust substrate such
Si wafer or glass plate forms the EUVL mask blank and
circuit pattern is defined with patterned absorber on top
the blank.

Defects in the EUVL mask pose a serious concern a
other advanced lithography technologies. In EUVL mas
critical defects can arise either from flaws in the absor
pattern or from defects in the multilayer coating. While tec
niques for repairing defects in the absorber pattern have b
demonstrated,2 repair of defects in the multilayer coating
problematic. Defects in or below the multilayer can eith
disrupt the multilayer, reducing the reflectivity~opaque de-
fect or amplitude defect!, or can generate a conforma
multilayer topography inducing a phase error in the reflec
electric field~phase defect!. These opaque or phase defec
on the mask blank can have a significant effect on the fi
aerial image.3,4 For the 100 nm device generation, the late
dimension of critical defects on the mask is estimated to

a!Electronic mail: stjeong@lbl.gov
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comparable to or even smaller than 80 nm4 and the density of
these critical defects must be reduced to the level appro
ing 0.01 defects per cm2. Therefore, establishment of th
capabilities to produce EUVL mask blanks with a suf
ciently low defect density is a major challenge. Meeting th
challenge is crucial for the success of EUVL technology.

Inspection of produced mask blanks for any critical def
is an integral step in demonstrating a low defect dens
EUVL mask blank. Because the proposed form factor of
EUVL mask blank is similar to that of the standard silico
wafer, research on the application of conventional wafer
spection technologies such as atomic force microsc
~AFM! and scanning electron microscopy~SEM! for inspect-
ing EUVL mask blanks is being actively pursued. In partic
lar, optical scattering wafer inspection tools, which meas
the optical scattering cross section of defects, have been m
heavily used for inspection of EUVL mask blanks due
their high throughput, high sensitivity, and commercial ava
ability. However, these tools tend to have a limited probi
depth into the multilayer and it is uncertain whether curre
optical inspection tools can capture all the EUV printab
defects. Therefore, at least at the initial developmental st
of multilayer deposition and inspection technology, an a
tinic ~at-wavelength! inspection is highly desirable to captur
all the defects on an EUVL mask blank. Actinic inspectio
directly probes the effect of a defect on the reflected elec
field and helps to assess the printability of the defect.
actinic inspection system also helps to establish a nonac
3009/17 „6…/3009/5/$15.00 ©1999 American Vacuum Society
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3010 Jeong et al. : Actinic detection of sub-100 nm defects on EUVL blanks 3010
inspection strategy for ultimate commercial use via cr
correlation of the EUV response of defects with their opti
response.

In a previous publications,5 we reported on a proof-of
concept inspection system, referred to as an EUV scan
based on raster scanning the EUVL mask blank under a
cused EUV beam. Briefly, when a focused EUV beam
incident on a defect, the defect will induce a decrease in
intensity of the specularly reflected beam~bright field detec-
tion! and scattering of photons into nonspecular directio
~dark field detection!. The detector assembly is construct
for simultaneous bright field and dark field detection. F
dark field detection, a microchannel plate detector is u
with a hole at the center to pass the speculary reflected b
which is captured by the bright field detector situated beh
the microchannel plate. The small focal spot on the samp
formed by imaging an EUV-illuminated aperture using a p
of curved, glancing angle mirrors in a Kirkpatrick–Baez co
figuration. The focal spot size can be varied simply by us
object apertures of different sizes. The smallest spot size
have produced so far is 2.5mm by 4mm when a 30mm by 10
mm aperture is used. The spot size is currently limited
aberrations and efforts to reduce the aberration and imp
the spot size are currently underway. The EUV scanner
tem is installed at Beamline 11.3.2 of Advanced Lig
Source at Lawrence Berkeley National Laboratory.

Through experiments with programmed defect sample
has been demonstrated that the current EUV scanner
detect both amplitude and phase defects with varying top
raphy and submicron lateral dimensions.6 In this article, we
report on more recent results showing that the current sys
can detect defects below 100 nm in lateral dimension.
also report on successful demonstration of cross registra
of the current EUV scanner with an optical scattering insp
tion tool and an atomic force microscope so that random
occurring, native defects found in one tool can be stud
with each of the others. In the initial cross-correlation expe
ment, a defect as small as 86 nm was successfully dete
with the EUV scanner.

II. SENSITIVITY OF THE ACTINIC INSPECTION
SYSTEM

Considering the fact that the dimensions of critical defe
on a 4X reduction EUVL mask are smaller than 100 nm~for
the 100 nm device generation!, the inspection system mus
be capable of detecting defects in the 100 nm range. In o
to evaluate the sensitivity of an inspection system, calib
tion of the detected signal for a defect of known size
highly desired. For the purposes of this calibration, p
grammed opaque defects with well-defined geometry
preferable to phase defects whose properties are more
plicated. Therefore, a specially prepared, programm
opaque defect sample was employed to calibrate the se
tivity of the current EUV scanner. Because the achieva
size of the isolated defects was limited by the capability
the optical lithography that was used to fabricate them,
used a partially opaque defect to simulate a smaller, but
J. Vac. Sci. Technol. B, Vol. 17, No. 6, Nov/Dec 1999
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tally opaque defect. The defects were fabricated by depo
ing and patterning a thin layer of silicon dioxide on top of
multilayer coated silicon wafer. The layout of the pr
grammed defects are 535 array of isolated rectangles at 8
mm intervals as described in Ref. 5. Relatively larger re
angles were also made for the purpose of characterizing
silicon dioxide film. The thickness of the oxide was indepe
dently measured to be 11 nm and the amount of absorp
due to the oxide layer was measured in the EUV scanne
be 20% relative to the clear region. The size of the defe
were measured independently using SEM and the lateral
of the smallest defect was found to be 300 nm. Figure 1~a!
shows a bright field line scan along the row containing
earlier-mentioned 300 nm, 20% opaque defect, in addition
larger defects. Indeed this defect generates the small di
the bright field signal with observed magnitude of 0.12
Because the signal level generated from a defect be
sought approaches 0.1%, care must be taken to align
bright field detector so that the effect of beam steering du
midspatial frequency roughness of the mask blank can
suppressed well below 0.1% level.6 This effect causes a re
producible background fluctuation that does not average
The random background noise level is suppressed be
0.08% level by averaging ten identical scans. The ma
source of random noise at the present moment is due to
bration of the optical elements in the beamline. The curr
system images a pinhole that is somewhat overfilled by
beamline optics. Any relative movement between the s
that illuminates the pinhole and the pinhole itself induce
variation in the total energy transmitted through the pinho
This variation will appear in both the bright field and da
field signals.

In terms of attenuation of the reflected EUV radiation
absorption, a 20% opaque defect with dimensions of 300
by 300 nm is equivalent to a totally opaque defect with
mensions of 130 nm by 130 nm. Although the contribution
the bright field reduction from a defect can come from sc
tering out of the solid angle subtended by the bright fie
detector as well as the absorption, the effect of scattering

FIG. 1. Averaged line scan along the row containing the 300 nm 2
opaque defect. The bright field signal reveals a dip of 0.12% due to
defect. The noise in the bright field detection is dominated by the vibra
of the beamline optics.
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increasethe reduction of the bright field signal. Therefor
the estimate of the bright field signal reduction based
absorption onlycan be considered as conservative. The f
that the current system is capable of detecting 300 nm w
20% opaque defects indicates that the sensitivity of the
rent inspection system approaches 100 nm for totally opa
defects. Further reduction in probe spot size will increase
sensitivity. While the bright field shows a dip for partial
opaque programmed defects, the dark field scan~not shown!
shows virtually no sensitivity to partially opaque defec
This is consistent with the previously reported observat
that opaque programmed defects show much less visibilit
the dark field than phase programmed defects, which s
relatively high visibility in the dark field.6

III. CROSS CORRELATION WITH AN OPTICAL
SCATTERING INSPECTION SYSTEM

Although the programmed defect with its well-defined g
ometry provides a way of calibrating the inspection syste
actual native defects found in the mask blanks generally h
irregular shapes.7 This influences the optical scattering cro
section as well as the EUV response. Studying the morp
ogy and composition of defects is very important for reve
ing the source of the defects and possibly controlling the
Once a defect is found using an optical scattering inspec
tool that provides the optical cross section of the defect al
with its coordinates, its morphology and composition can
studied with AFM and SEM with compositional analysis c
pability. In Ref. 7, Burkhartet al. reported successful cros
registration among an atomic force microscope, a scann
electron microscope, and a high throughput optical de
inspection tool~KLA Tencor SP1!. In this section, we repor
a successful cross registration between the earlier-mentio
inspection tools and the EUV scanner. Cross registration
the EUV scanner with these nonactinic inspection tools
the capability to detectthe samedefect with a variety of tools
provides important advantages. First, the effect of a real
fect on the reflected EUV electric field and therefore
printability can be assessed with the help of the EUV sc
ner. Second, comparison between the response of the
with the EUV response of defects of various sizes and ty
can reveal the degree of correlation between the optical s
tering cross section of a defect and its EUV responses.

Because the current throughput of these systems diffe
several orders of magnitude, the only realistic approach
cross registration between the EUV scanner and the SP1
employ fiducials at well-defined positions on the mask bla
Since the 150 mm mask blanks currently fabricated
Lawrence Livermore National Laboratory do not have a
embedded fiducial marks, a diamond scribe was used to
ate large alignment marks near the center of the sam
Only a gentle contact of a sharp regular diamond scribe
found to be necessary to create a mark as large as 20mm
without generating much debris. These alignment marks
be easily detected in the SP1. As a result, a list of defe
found by the SP1 is provided with their optical scatteri
cross sections and coordinates as well as the coordinate
JVST B - Microelectronics and Nanometer Structures
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the alignment marks. The alignment mark created with
diamond scribe shows very high EUV scattering as well a
significant reflectivity reduction. Figures 2~a! and 2~b! show
the bright field and dark field actinic image of the diamo
scribe alignment mark taken with EUV scanner. The pe
dark field signal strength is 29 times the background d
field signal. The high scattering may come from the roug
ness of the multilayer created by the diamond scribe
Because the alignment mark is large and generates high
tering, a relatively large EUV beam with a large pixel si
can be used to find the alignment mark relatively rapid
Once at least two alignment marks are found, the cross
istration between the two systems is complete.

For the initial experiments, a total of 23 defects on
Mo/Si multilayer found by the SP1 were scanned in the EU
scanner. The sample was made by depositing 81 alterna
layers of Mo/Si in the ion beam sputtering deposition cha
ber at Lawrence Livermore National Laboratory. Most of t
defects show very pronounced signals in the dark field. F
ure 3~a! shows the correlation between the bright field sign
and dark field signal for 23 defects. The bright field signa
defined as the fractionalreductionof the bright field detector
output relative to the neighboring clear region. The dark fi
signal is defined as the fractionalincreasein the dark field
detector output relative to the background level.6 There is a
relatively good correlation between the bright field sign
and dark field signal for most of the defects except four. T
straight line in Fig. 3~a! is the best-fit power law when th
four points are excluded. The good correlation between
bright field and dark field suggests that the bright field
duction is primarily due to scattering. In contrast, when t
bright field reduction is dominated by EUV absorption, as
the case of the partially opaque defects discussed in Sec
the corresponding points tend to lie in the region where
dark field signal is relatively lower compared to the brig
field signal. In Fig. 3~a!, the exponent of the power law i
less than unity, which would be obtained if all of the photo
scattered out of the bright field detector are detected by
dark field detector. In the current detector configuratio
there is a dead region between two detectors, and the su
ear dependence can be qualitatively explained by the de
dence of the scattering angle on the defect size. For exam

FIG. 2. Displayed are at-wavelength bright field~left! and dark field~right!
scan over a diamond scribe mark. The spatial scale of the picture is 200mm
on the side for both pictures. Note the scale in the dark field. The diam
scribe mark scatters 29 times higher than the background scattering. A s
ture inside the scribe mark is visible in the dark field image.
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for a large defect~which shows stronger bright field signal a
will be shown later! the scattering angle is so small that som
of the photons might not be captured by the dark field de
tor. One might suspect that the sublinear dependence
tween bright field and dark field signal strength might a
come from the saturation of the dark field detector at hig
signal levels. However, a careful experiment at various
coming beam intensities reveals that the dark field dete
shows excellent linearity over the range plotted in Fig. 3~a!.

Figure 3~b! displays the bright field signal versus the d
fect size reported by the SP1. The SP1 size represents
size of a polystyrene latex~PSL! sphere showing the sam
amount of scattering of the visible laser radiation as the
fect. There is ageneralcorrelation between the actinic brigh
field signal and PSL equivalent size for all 23 defects exc
for five defects located rather low in the graph. The line
Fig. 3~b! is the best-fit power law when the five outlyin
points are excluded. The best-fit exponent for the remain
18 points is 1.93, indicating that the EUV signal genera
scales with the area of the defect.

Despite the general trend in Figs. 3~a! and 3~b!, there is an
appreciable spread in the data points. For example, the

FIG. 3. ~a! Correlation between the bright field signal and the dark fi
signal is displayed for 23 defects that are scanned. The line is the be
power law when the four outlying points are excluded. Outliers are enclo
in dashed circles.~b! The PSL equivalent defect size vs at-wavelength bri
field signal is displayed for 23 defects. Note that there is a general cor
tion between two inspection systems. The line is the best-fit power law w
the five outlying points are excluded. The exponent is 1.93.
J. Vac. Sci. Technol. B, Vol. 17, No. 6, Nov/Dec 1999
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points that are excluded in deriving the best-fit power law
Fig. 3~b! display deviation from the best-fit line. Interes
ingly, four out of these five defects~circled with dashes! are
the same ones that did not lie close to the best-fit line in F
3~a!, either. The nature of such outlying defects will be
important subject for further investigation. Furthermo
even the defects included in the curve fitting display a s
nificant degree of spread. For example, the defect with P
equivalent size 121 nm@fourth point from the left in Fig.
3~b!# shows less bright field signal than one with 86 nm P
equivalent size. It is well known that there can be a diffe
ence between the physical size and PSL equivalent size
defect depending on its shape and composition.8 This cer-

FIG. 4. ~a! AFM picture of the 86 nm defect. The spacing between t
arrowheads is 96 nm. The height of the defect is 44 nm. The horizontal s
of the picture is 220 nm.~b! Actinic dark field scan over the 86 nm defect
shown. The dark field signal from this defect is 38% while the backgrou
signal fluctuation iss50.8%. The dimension of the scan is 100mm by 75
mm. ~c! Bright field line scan along the row containing the defect is show
The defect induced 0.3% change in the bright field.
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tainly contributes to the spread in the data. Clearly, furt
comparison with AFM and SEM data is warranted to obt
better understanding. In the future, more statistics as sh
in Figs. 3~a! and 3~b! will be compiled for different kinds of
defects. For example, defects on top of the multilayer coa
might display different statistics compared to defects bur
under the multilayer when plotted as in Figs. 3~a! and 3~b!. If
that is the case, the information can be used for simple de
classification.

In Fig. 3~b!, three of the native defects exhibit PS
equivalent size less than 100 nm. The AFM scans taken o
these three defects reveal that their lateral dimensions
indeed smaller than 100 nm~full width half maximum! with
peak defect height in the neighborhood of 50 nm. An acti
dark field scan of one of those sub-100 nm defects al
with its AFM scan are shown in Figs. 4~a! and 4~b!, respec-
tively. The bright field line scan along the row containing t
defect is shown in Fig. 4~c!. The line scan shown in Fig. 4~c!
is an average of ten identical scans to suppress the noise
to the vibration of the beamline optics. The PSL equival
size of this defect is 86 nm as given by the SP1. The sig
strength of the defect is 38% in the dark field~not shown!
and 0.3% in the bright field. The background root-mea
square dark field fluctuation due to roughness is measure
be s50.8%. Therefore, the 38% dark field signal corr
sponds to 47.5s. The fluctuation in the bright field iss
50.05%. This result confirms that the current EUV scan
can detect defects smaller than 100 nm in lateral size.

IV. CONCLUSION

We have conducted experiments to evaluate the sens
ity of the at-wavelength defect inspection system. It has
JVST B - Microelectronics and Nanometer Structures
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capability to detect defects in the 100 nm range, as confirm
in experiments with a programmed defect sample and in
experiment conducted in cross correlation with a visible
fect inspection tool. We have also demonstrated the capa
ity to cross register the current EUV scanner with other
spection and metrology tools in order to detect a
characterize real defects on EUVL mask blanks. From
initial experiment, it is noted that there exists a general c
relation between the PSL equivalent defect size measure
the optical inspection tool and signals in the EUV inspect
system. More experiments are planned to compile statis
on EUV characteristics of real defects.
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