Minimum critical defects in extreme-ultraviolet lithography masks
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We have performed aerial image simulations to characterize critical defects on extreme-ultraviolet
lithography masks based on their interactions with typical mask patterns. Instead of the conventional
critical dimension criteria, an exposure—defocus process window allowing a 10% critical dimension

variation was used as the criteria for defining the critical defects. We also carried out aerial image
simulations of isolated defects to obtain information for future reticle blank defect inspection needs.
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[. INTRODUCTION defect. However, there is a more conservative approach to
Extreme-ultraviolet lithographyEUVL), which uses a define a killer defept based on the conc_e_pt of the exposure—
pefocus process windofinstead of requiring a 10% or less

source at 13 nm wavelength, is a promising technology fo e foct f h . h
0.1 um integrated circuit fabrication. Since the absorption atCD variation at perfect focus, the process window method

that wavelength is very strong in all materials, EUVL em- 9€fineés an exposure—defocus range in which the printed CD
ploys reflective optics such as Si/Mo multilayer mirrors. TheWill meet this 10% criteria. For a specific mask pattern, a

strong absorption also requires the usage of reflective maski/0¢eSs window can be found under the ideal defect-free

which are made by depositing absorber patterns on top of th%ondition. When a defect is present, this process window will

Si/Mo multilayer mirrorst shift either in exposure level or in defocus. In order to insure
In order to produce a defect-free mask, the blank has to b@at the defect-free fegtures still print properly, t.he exposure
defect-free itself. Due to the nature of the multilayer struc-and defocus boundaries of the new process window cannot

ture, any irregularity on, inside, and underneath theéM°Ve past those of the original process window, so the pro-

multilayer structure that disturbs the amplitude and/or phas&€SS Window has shrunk by the shifted amount.

of the reflection can affect the patterned mask image._ In this simulation, the range of defocus was held to
Multilayer coatings with low surface defect density have ~0-7#M. and the exposure latitude was used as a measure
been fabricated and characterized using conventional las@f the process window. If the defect caused the exposure

scattering particle detection equipméndfter the absorber attude to shrink by more than 10% of its original exgent,
has been deposited, methods are available to repair the dgien the defect was deemed critical. The choices of 10% CD

fects in the absorbér* However, there is still no clear way variation and 10% process window reduction were arbitrary.
to inspect and repair defects inside and underneath th'é a certain application requires tighter.CD control and/or
multilayer coatings. Since substrate defects have been sho hter process control, then the requirements on defects

to have an even more dramatic effect on the wafer imag&/Culd be more stringent.

then absorber defects of the same Sithis presents a cru- /€ assume the use of EUVL for 0Am lithography in
cial void in insuring the reliability of EUVL masks. A few this simulation. The mask pattern most sensitive to a defect

approaches for at-wavelength inspection are being investf—S found t?’ kl)e a O'J/;m I(wafer dimension contat():t hole._ q
gated, including scattering and direct imagfhghe reticle ~ {OWeVer, in logic technology, contacts may not be require

blank inspection method to be used will depend on the del® have the minimum dimension. So, a larger contact hole

fects that are involved. In this article, critical defects are(o'13 um) was also considered |n.the simulation. Qn the

characterized via simulations with and without the presencé’ther hand', the gate would be req?'fed to reach/ﬂm_wnh

of mask patterns in order to provide a guideline for the de-gc?Od linewidth control, s0 a 0.Am line was also studied. In.

sign of an at-wavelength reticle blank inspection system, thiS case, defects were gradually moved away from the line
In Sec. II, we discuss the definition of critical defects usedPattern in order to study the effect of different defect loca-

in this investigation, and the parameters used in the simuldions- The details of the mask patterns and the locations of

tions. In Sec. Ill, we discuss our findings, including the mini- € defects are shown in Fig. 1.

mum defect size, reflectivity loss, phase error, and the clear- BOth reflectivity loss and phase error were simulated. For
field visibility of these defects. each type of defect, an array of different defect sizes and

defect extentdreflectivity reduction or phase erpowere
chosen. Aerial image simulations of the chosen mask pat-
Il. DESCRIPTION OF SIMULATION terns were performed with varying defocus to extract the
A common definition of a killer defect is a 10% or larger process windows of the mask patterns with and without the
critical dimension(CD) variation at perfect focus due to the defects. By analyzing the data collected from this array of
defects, an overall contour plot of critical defect size and
dElectronic mail: ylin@eecs.berkeley.edu extent combinations was generated for each type of defect
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Fic. 2. Critical reflectivity defects on aX EUV mask. The curves corre-
spond to defects that would cause a 10% exposure latitude reduction in the
specific mask pattern. Simulation N20.1, o=0.5, and\ =13.4 nm.

est critical reflectivity loss is about 3%. A 04m defect
covering the entire 0.Lm contact hole with a 3% reflectiv-
ity loss would cause a 10% exposure latitude reduction.

It is interesting to note that at small defect sizes, the effect
of defects on a 0.um line is almost as large as the Quin
o _contact case. The smallest reflectivity defect that would
El'fnu}atf;hweg'ﬁni'ﬁg;ﬂsa?; (ﬁfg ggglgaSk pattern geometry used inthe, <o 5 10% exposure latitude reduction in aam line is

a 44 nm totally opaque defect. It is only 10% larger than the
minimum opaque defect in the Ogm contact casé0 nm.

and mask pattern combination. The numerical apertNie) ~ The line, being a one-dimension@lD) feature, is expected
of the imaging system used in the simulation was 0.1, and® be much less sensitive to the presence of a defect. How-
the o used was 0.5. The wavelength used was 13.4 nm. TheVer, since the line is a dark feature on a bright background,
simulation tool used wasPLAT from the University of Cali- there is some “ringing” just outside the line where the in-
fornia, Berkeley? Aerial image simulations were done for a tensity peak actually exceeds the background. This ringing
few defects with different sizes and extents without anycauses a steeper intensity slope, thus, making the linewidth
mask pattern in order to simulate their clear-field visibility in more sensitive to a defect on the edge of the line. When the
an at-wavelength defect inspection microscope for masKiefect is small enough to be essentially a point source, the
blanks. size of the defect will appear to be @/BIA.° The effect of
the defect is more localized on the part of the feature, and
since the intensity slope is sharper for the line, the defect can
lll. RESULTS AND DISCUSSION still have a large effect on the line even though the line is a

The Kkiller reflectivity defects scaled to ax4 mask are 1D feature. As the size of the defect increases, its effect
shown in Fig. 2. The solid curve corresponds to defects thastarts to spread over the entire feature. Now, instead of alter-
would cause a 10% exposure latitude reduction in adril  ing the intensity slope at one point, it is shifting the entire
contact hole. Any defect that has a larger area or more sevenetensity curve, and the difference between a 1D feature and
reflectivity loss would cause a larger exposure latitude reduca two-dimensional feature becomes more apparent. This can
tion. The dotted curve corresponds to defects that wouldbe seen in Fig. 2, where a 0.18n defect with 10% reflec-
cause a 10% exposure latitude reduction in a QuirBcon- tivity loss would be critical for a 0.Jum contact, but in the
tact hole, and the dashed curve corresponds to defects thease of 0.1um line, it would require a 0.23wm defect with
would cause a 10% exposure latitude reduction in audril.  the same reflectivity loss to produce the 10% exposure re-
line. The smallest reflectivity defect is a 40 nm totally duction, a 21% difference in defect size.
opaque defectl/10 linear dimension of the contact hplé The killer phase defects are shown in Fig. 3. The solid,
would cause a 10% exposure latitude reduction in adril  dotted, and dashed curves correspond to defects that would
contact hole. However, it would not be as detrimental in thecause a 10% exposure latitude reduction in aghilcontact
case of a 0.13um contact hole or a 0.m line. The small- hole, a 0.13um contact hole, and a 0.zm line, respec-

0.1 micron
line
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iy produced by the defects in the clear-field simulations are
Fic. 3. Critical phase defects on a<4EUV mask. The curves correspond to . .
defects that would cause a 10% exposure latitude reduction in the specif'r?ihown in Table I_I' Mos_t of the defects cau_sed_a 3% dip fro_m
mask pattern. Simulation NA0.1, ¢=0.5, andx =13.4 nm. the background intensity. The one exception is a defect with

large area and small phase erf6r28 um and 147. It only
caused a 1.4% clear-field intensity reduction. This is because
) o , the effect of a phase defect is most visible on the edge of the
tively. The sensitivities of the three different mask pattemsdefect, so for a large defect, the intensity reduction may not
to phase defects follow the same pattern as those of the rgg, o5 concentrated at the center as in the cases of the smaller
flectivity _defectso. The smallest killer phase defect is a 27 NMygta s One thing to note is that the intensity reduction is
defect with 189 p'hase error, which causes a 10% EXPOSUlReasured at the minima in the aerial image. In a real imaging
Iat|tude_ reduction in a 0.1m conta_\c'_c hole. The area of the system, the finite resolution of the system will reduce the
defect is about half that of the minimum reflectivity defect ;jp,ijiry This will pose a challenge for a defect inspection
(40 nm opaque defectThis is expected since the 180° phasegy stem such as a microscope. However, the finite visibility
defect capcels an equ_al amount of light refk_acted from th(?nay be able to reduce the disparity between a large defect
surrounding area, so its effect would be twice that of anis small phase error and the other types of defects.
opaque defect of the same size, which simply absorbs the
light incident on the defect.
The smallest phase error that would require attention isIV' CONCLUSIONS

14°. A 0.28um defect(covering about half of the area of the ~ Aerial image simulations were performed to characterize
0.1 um contac} with a 14° phase error, would cause a 10%critical defects in EUV lithography masks. The criteria used
exposure latitude reduction in a Oum contact hole. Once to define a critical defect is based on the exposure—defocus
again, at small defect size, there is very little difference beprocess window, which is more conservative than the con-
tween a 0.1um line and a 0.Jum contact. As the size of the ventional critical dimension criteria. The smallest critical de-
defect increases, the sensitivities of the two mask patterns fects found on a X mask are a 40 nm opaque defect and a
the same defects become more divergent. At larger sizes, ti&’ nm 180° phase error. The smallest critical reflectivity loss
phase error that could be tolerated next to agdriline even
increases as the defect size mcr.eases' This is due to the fal‘CtBLE Il. Clear-field visibility of various defects. All dimensions arex4
that the effect of a phase defect is most severe at the edge Qf.qy scaie. simulation NAO.1, o= 0.5, and\ = 13.4 nm.
the phase error. As the size of the defect increases, the edge

moves away from the line, and effect of the defect, thus, Intensity reduction
decreases. Defect at wafer image
When defects are moved away from the @uh line, the 40 nm 3.5%
effects of the smaller defects increase by a small amount for 100% loss
both reflectivity and phase defects. Four cases are listed in 80 nm 3.5%
Table I, two of each type of defects. The increase in expo- 35:/;:255 3.0%
sure latitude reduction is most apparent for the smallest de- 3% loss ’
fects. However, the magnitude of this increment is very 27 nm 3.20
small. 180° error
Three reflectivity defects and three phase defects were 400“’“ 3.4%
chosen to simulate the clear-field visibilities of these defects. gozsj[gf L1
All of these defects produce a 10% exposure latitude reduc- 14° error '

tion in a 0.1um contact hole. The peak intensity reductions
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