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Abstract

The characterization of the Mask Error Enhancement Factor (MEEF) for a variety of feature types
under avariety of processing conditions is presented. Analytic expressons for the aeriad image MEEF
under smple incoherent and coherent illumination conditions are derived, including the effect of
defocus. Errorsin processing, such as focus and exposure errors, aso affect the vaue of the MEEF.
Thus, another approach to evauating the impact of mask errors is to look a the reduction in the
process window caused by these errors. Using Smulation, a study of the impact of mask CD errors
on the overlgpping process windows is presented and used as the basis for redigtic mask CD
Specifications.

I. Introduction

As opticd lithography pushes to smaler and smdler dimensions, patterned festures smdler than the
wavelength of light are now routindly manufactured. In this regime mask errors take on an increasingly large
share of the sources of criticd dimension (CD) errors. The Mask Error Enhancement Factor (MEEF), first
discussed by Wilhedm Maurer [1,2], serves to amplify reticle errors due to the highly non-linear nature of
imaging near the resolution limit. Thus, CD control requirements on the mask are shrinking faster than the
requirements on the wafer. An understanding d the MEEF, and what processng variables affect it, is
essentid if the CD control gods of future lithographic generations are to be met.

The MEEF (aso caled MEF by some authors) can be defined quite smply as the ratio of the change
in ress festure width to the change in mask feature width assuming everything ese in the process remains
congtant. In mathematica terms,

MEEF = —Eggfesist 1)

mask

where the mask CD is in wafer dimensions (thet is, dready scaled by the magnification of the imaging tool).
One way to define the MEEF of an array of line/space patterns is to assume a CD error for dl the lines (dark
features) keeping the pitch congtant, then measure the resulting resst CD. A MEEF of 1.0 is the definition of
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a linear imaging result.  Although a MEEF less than one can have some desirable consequences for specific
features, in genera aMEEF of 1.0 is best.

The MEEF is not a congtant value for a given process. It is a strong function of festure Sze and type.
Also, processing errors can affect MEEF, usudly negatively. Focus errors, in particular, can make the MEEF
sgnificantly greater. It is important to characterize the MEEF for al feature types and sSizes, and under a
reasonable range of processing conditions, in order to properly specify the dlowed reticle CD errors.

II. Theory

2.1 ImageMEEF

Fundamentally, what is the cause of MEEF vaues other than one? Anything that causes the overal
imaging process to be non-linear will lead to a nontunit vaued MEEF. In lithography, every aspect of the
imaging process is non-linear to some degree, with the degree of nontlinearity increasing as the dimensions of
the features gpproach the resolution limits. Congder the first step in the imaging process, the formation of an
aeria image. One might judge the linearity of this first step by goproximating the resst CD with an image CD,
defined to be the width of the agrid image a some image threshold intengity vaue (Figure 1). It isimportant to
note that the image CD is only an gpproximate indicator of the resst CD. For an infinite contrast res s,
proper sdection of the image threshold intengty value will give an image CD exactly equd to the resst CD for
al aerid images. For red, finite contrast ressts, however, the differences between these two quantities can be
substantia. Nonethdless, the image CD will be used here to ducidate some generd principles about imaging
and the MEEF.
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Figure 1. The image CD can be defined as the width of the aerial image measured using a
predetermined aerial image threshold value.



For two smple cases of projection imaging, coherent and incoherent illumination, anaytica
expressons for the aerid image can be easlly defined. Assuming a pattern of many long lines and spaces with
agpacewidth w and pitch p such that only the 0 and £1 diffraction orders pass through the lens, the coherent
and incoherent in-focus aeria images would be
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Coherent lllumination: 1(x) = %+Mcos(2px/ IO)B )
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Incoherent Illumination: 1(x) = ﬂ+—29n(pw/ p)(MTFl)cos(Zp x/p) 3
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where MTF; is the vdue of the incoherent Modulation Transfer Function a the spatid frequency
corresponding to the firg diffraction order. The requirement that no orders higher than the firg diffraction
order be used to form the image means that the coherent image equation is vaid for alimited range of pitches

such that 1 < pNA/I < 2 (where NA isthe objective lens numericd gpertureand | isthe waveength), and the
incoherent expresson isvdid for 0.5 < pNA/ < 1.

Using these expressions to define the image CD, exact expressons for the image MEEF can be
derived for these repeating line/space patterns under the conditions given above:

ﬂCDima e ﬂCDima e
image MEEF = e g )
1CD, Tw
Coherent Illumination: image MEEF = 2+cos(2pw/ p) (5)
1- cos(Zpw/ p)
1
= +1+cos(2pw/ p)
Incoherent Illumination: image MEEF = 1 (6)

1- cos(Zpw/ p)

An interesting observation can be made immediately. Over the range of vadid pitches, the coherent imege
MEEF is only dependent upon the duty cycle (W/p), not on the pitch itsef. The incoherent image MEEF, on
the other had, has a direct pitch dependence through the vaue of the MTF (which is gpproximately equd to 1
—1 {2NAp}). Figure 2 shows how both image MEEFs vary with spacewidth to linewidth ratio.



The extreme non-linearity of the imaging process is evident from the results shown in Figure 2. For
coherent illumination, a pattern of equa lines and spaces will have an image MEEF of 0.5. A spacewidth
twice the linewidth produces a MEEF of 1.0, and a spacewidth three times the linewidth results in a coherent
image MEEF of 20! Obvioudy, different duty cycles can have wildly different sengtivities to mask errors.
While the gpproximations used do not gpply to truly isolated lines, it is clear that such features will dso deviate
from unit MEEF. The partialy coherent MEEF (the most important case) can be thought of as behaving
somewhere in between the two extremes of coherent and incoherent illumination.
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Figure 2. The impact of duty cycle (represented here as the ratio of spacewidth to linewidth for an
array of line/space patterns) on the image CD based MEEF for both coherent and
incoherent illumination. For the incoherent case, an MTF; of 0.45 was used.

2.2 Effect of Defocus

The effect of defocus on the image MEEF can dso be derived andyticaly for the smple cases of
coherent and incoherent illumination. For incoherent illumination, the effect of defocus is Smply to decrease
the value of the MTF for the first orders. Thus, equation (6) above is Hill correct and shows that increasing
defocus, which gives alower MTF, will give a higher value of the image MEEF. For the coherent illumination
case, defocus by a distance d produces the following aerid image (again assuming only the O and +1
diffraction orders pass through the lens):
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where D= cos(ol d/pz)

Note that D is 1.0 when in-focus and decreases as the amount of defocus increases. From this image
expression, the image MEEF can be derived as before.

1 +1+ cos(2pw/ p)
imageMEEF = B (8)
1- cos(2pw/ p)

Thus, as expected, increasng defocus causes the MEEF to increase.  Figure 3 shows two examples of the
effect of defocus on the coherent image MEEF.
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Figure 3. The effect of defocus is to increase the MEEF (coherent illumination, as calculated using
equation (8)).

2.3 Rdationship between MEEF and NIL S

One might intuitively suspect thet there is a direct relationship between image quaity and the magnitude
of the MEEF. Describing image quaity with the normaized image log-dope (NILS) [3], an image with ahigh
NILS (a stegp trangtion from high to low intengity at the nominal mask edge) should be less senstive to errors
in mask width than an image with low NILS. This idea can be explored rigoroudy for the smple case of



coherent illumination through defocus. From the aerid image in equation (7), an expression for the NILS can
be derived.
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There is no obvious direct relationship between NILS and MEEF. In particular, the duty cycle (w/p) affects
NILS differently than it does the MEEF. However, for a specific duty cycle the impact of defocus on both
NILS and MEEF can be corrdlated. Consider just the case of equa lines and spaces (W/p = 0.5). The
generd expressions (8) and (9) smplify to MEEF = 1/2D and NILS = 8D. Thus, for equd lines and spaces

MEEF = % (10)
NILS

through focus. Faling NILS resultsin increasng MEEF, as expected.

The relationship between MEEF and NIL S shown in equation (10), though not specificdly true for dl
feature types nor for the partiadly coherent illumination used in lithographic applications, provides a basic
concept that is generdly correct. Continued advances in resist quality and reductions in process errors over
the years have dlowed adequate imaging of features with lower and lower NILS. Today’s Sate-of-the-art
lithographic processes for 150nm imaging a 248nm wavelengths routindy make use of images with NILS
vaues bedow 2.0. The drive to 100nm optica lithography will push NILS vaues closeto 1.0. In such cases
the use of low NILS will invarigbly and inevitably lead to high MEEF imaging. It seems certain that MEEF
vaues of 2 to 4 will become commonplace for advanced lithographic gpplications.

2.4 Alternating Phase Shifting Mask

An interegting case that can aso be investigated with coherent illumination is the dternating phase
shifting mask. For a space width of w and a pitch (as printed on the wafer) of p, if every other spaceis phase
shifted by 180° the aerid image will be

2
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I(x)=8

where only the +1% diffraction orders are used to form the image. From this image, the image MEEF can be
derived.

1+cos(pw/ p)

image MEEF =
1- cos(p w/ p)

(12)



For equd lines and spaces (W/p = 0.5), the image MEEF for an dternating PSM is 1.0. For spacewidths
larger than the linewidth (W/p > 0.5), the image MEEF becomes less than one, whereas spaces smaller than

the linewidth produce MEEF vaues greater than 1.

2.5 Image MEEF for Large Pitch Patterns

The image MEEF cdculations presented above dl assume that the pitch of the pattern is smdl enough
to only adlow up to the +1% diffraction orders to pass through the lens. In fact, for the more general case of
higher orders (larger pitch), image MEEF expressons can also be derived. For the cases of coherent and
incoherent illumination, in focus, the image MEEF for line/space patterns of spacewidth w and pitch p are

N
1+§ (1+ cos(2p nw/ p))
= (13)

a (1- cos(2p nw/ p))

n=1

Coherentlllumination: image MEEF =

N
1+ § MTF, (1+cos(20 nw/ p))

Incoherentlllumination: imageMEEF = N”:1 14

a MTF_(1- cos(2p nw/ p))
n=1

where N is the number of the maximum diffraction order that passes through the lens.

lll. Examples of MEEF

Lithography smulation (in this case, usng PROLITH/2 v6) can be ussful for understanding MEEF.
Congder the linearity curves shown in Figure 4 [4]. If anisolated line for this system is being imaged neear its
resolution limit, about 250 nm in this case, a 10 nm mask CD error would give a15 nm resist CD error. Thus,
at thisfeature width, isolated line mask errors are amplified by afactor of 1.5. Figure 5 shows how the MEEF
varies with feature size for dense and isolated lines for atypical imaging application. Note that the MEEF of
the isolated line can be derived directly from the linearity plot (the MEEF is just the dope of the linearity
curve), but not so for the dense lines. Figures 6 and 7 show experimenta results for isolated lines indicating
the same trends [5]. Note that the etch process aso impacts the find “post-etch” MEEF.
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Figure 4. Typical mask linearity plot for isolated lines and equal lines and spaces (simulated for i-line,
NA =0.56,s =0.5).
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Figure 5. The mask error enhancement factor (MEEF) under the same conditions as Figure 4.
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Figure 6. Experimental linearity data for isolated lines both before and after etch [5].
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Figure 7. MEEF results for isolated lines both before and after etch (from the data in Figure 6).

Obvioudy, MEEF is agtrong function of festure Sze. MEEF isadso afunction of feature type. Figure
8 shows both the image MEEF and the resst MEEF for dense and isolated lines and dense and isolated



contact holes. As can be seen, dense lines have worse MEEF va ues than isolated lines, and contact holes are
sgnificantly worse than lines. It is dso interesting to note that the image MEEF does a very good job of
predicting the resst MEEF until the resolution limit is approached. The image MEEF underestimates the resst
MEEF near the resolution limit, sometimes significantly. One exception to this generd rule is the isolated line
feature, where the image MEEF is actudly worse (by a smal amount) than the resst MEEF.
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Figure 8. Comparison of simulated image and resist MEEF for (a) dense lines, (b) isolated lines, (c)
dense contacts, and (d) isolated contacts. Deep UV exposure of UV6 on ARC with NA =
0.6ands =0.5.



The impact of focus on the MEEF can be seen in Figure 9. Obvioudy, going out of focus (in this case,
by 0.5 mm, 4ill less than the limit of tolerance for this process) can dramaicdly increase the sengtivity of the
process to errors in the mask CDs. This increased sengtivity to mask errors means that mask specifications,
even when taking the MEEF into account, may not fully account for the impact of these errors on the tota CD
budget of ared process.
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Figure 9. Focus errors can dramatically worsen the resist MEEF (simulated deep UV exposure of
UV6 on ARC with NA = 0.6 and s = 0.5, at both best focus and 0.5 mm out of focus).

In order to properly understand the impact of mask errors on arealistic process, the process window
proves to be an exceptiondly useful tool. Figure 10 shows a smulated process window for a basdline process
(250nm dense lines and spaces imaged in UV6 photoresst on ARC with | = 248nm, NA = 0.6, s = 0.5).
Sufficient process window exigts to print these features with acceptable exposure latitude and depth of focus.
What is the impact of a mask error on the process window? Figure 11 shows three process windows. the
nomina process plus the imaging results for +10nm and —10nm reticle CD errors (wafer dimensions). The
overlap of these three process windows, adso shown on Figure 11, is sgnificantly smdler than the basdine
process. Figure 12 shows the andysis of these process windows to produce the exposure latitude versus
depth of focus (DOF) curves (a measure of the size of the process window). It is quite obvious that these
raivey smdl reticle CD erors are reducing the size of the process window by more than haf! The DOF
drops from a respectable 1.4 mm to an intolerably smal 0.6 nm.



Dose fem1.pl2_02
Doc: ProDATAL

]

-1.0 -0.8 -0.6 -04 -0.2 0.0 0.2 0.4
Focus

Figure 10. Baseline process (with no reticle errors) shows sufficient process window for imaging
250nm dense lines and spaces (simulated deep UV exposure of UV6 on ARC with NA = 0.6
and s = 0.5, analyzed with ProDATA).
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Figure 11. Overlapping process window includes the baseline process of Figure 8 plus cases where
the reticle contains +10nm and —10nm CD errors (wafer dimensions).
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Figure 12. The impact of reticle errors is shown by comparing the exposure latitude/DOF analysis
results from the process windows with and without reticle errors.

IV. Conclusions

Mask linearity plots have been used for years to evauate the linear resolution of alithography process.
However, as optica lithography pushes to lower and lower k factors, we continue to push the limits of
linearity and find oursdves working in the reim of high MEEF. Even worse, gotical proximity correction
techniques dlow us to lower the linear resolution, but without improving the MEEF. As aresult, the mask will
begin to take on a much larger portion of the total CD error budget if Sgnificant improvements in mask CD
control ae not made. The impact of mask errors on the find resst CD is dso very dependent on normal
vaiationsin the process. The andyticd expressons for image MEEF provided in this paper give some insght
into how various mask duty cycles affect the MEEF, as well as the role of defocus and the normaized image
log-dope. Overlapping process windows as a function of the magnitude of mask CD errors is the best
approach to fully characterizing and specifying photomask CD errors.
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