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Using the Normalized Image Log-Slope,
part 6: Development Path

ChrisA. Mack, KLA-Tencor, FINLE Division, Austin, Texas

Thisisthe find column in the series focused on the use of the Normaized Image Log-Slope (NILS) asa
metric of image qudity. The NILS is a measure of the information content of the aerid image and
represents an energy (intendty) gradient a the postion of the nomind line edge. Larger NILS means
more information as to the proper postion of the feature edge. The information from the aerid image
then propagates through exposure and post-exposure bake into a gradient of the latent image.
Development trandates the latent image gradient into a gradient of dissolution rate with the photoresist
contrast, g, converting the NILS into a normalized dissolution rate gradient. But there is one step
missng. How does this variation in development rate across the line edge boundary turn into the fina
ress profile? How does NILS relate to fina criticd dimenson (CD) control (and in particular,
exposure latitude)?

To answer these questions, one must know the path of development. The development path
traces the surface of the resst through the development cycle from the top of the undeveloped resst to a
point on the fina ress profile. The basic equation which defines the physica process of development is
an integrd equation of mation:
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where tge IS the development time, R(X,y,2) is the development rate at every point in the ress, dsisa
differentid length dong the development path, and the path integrd is taken dong the development path.
The endpoint of the development path defines the position of the find resst profile and, consequently,
the find criticd dimensgon. But what is the development path? There is only one path possble,
determined by the principle of least action: the path will be that which goes from start to end in the least
amount of time.

Given a known development rate image R(x,y,2) there are severd mathematica techniques for
cdculaing this minimum time path. Unfortunatdly, for al but the smplest cases these solutions for the
development path must be numerica [1]. For our purposes here (to estimate how the NILS affects CD
control), we will develop an gpproximate solution. Since the path of dissolution is ways perpendicular
to the resst surface, dissolution paths must dways sart verticdly. And since the find ress profile is
usudly nearly verticd, the final part of the dissolution path must be nearly horizonta (Figure 1). Thus, to
a good gpproximetion the development path can be thought of as segmented in a vertica part followed

1



by a horizontd part. This segmented development, when gpplied to equation (1) and using a suitable
function for the development rate R(x,y,2), provides a solution for determining the find end point of the
development path, and thus the find CD.

Let's congder one of the amplest possible development rate functions. congtant contrast.
Recdll from the last edition of this column that the definition of development contrast is
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If gisacongant (i.e., not afunction of exposure energy E), the result is a development rate expression
where dissolution rate varies as exposure dose to the g power (postive resst assumed). Applying this
development rate expression to equation (1) and using the segmented devel opment assumption leads to
a olution of CD as a function of exposure dose for a given agrid image known as the Lumped
Parameter Modd (LPM) [2,3]. One result of this mode is adirect prediction of exposure latitude, the
changein CD for agiven change in exposure dose. Theresultis[3]
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where D isthe resist thickness, 1(x) is the aerid image, and E(X) is the dose required to produce a CD
of 2x, and x = 0 is assumed to be the center of the space feature (the beginning of the development
path). Note that this form of the exposure latitude (the dope of the log-CD versus log-dose curve) can
be interpreted as the percent changein CD for a 1% change in exposure dose.

Equation (3) can be further smplified for the case of reasonably high g (which is certainly true
for most modern resdts today). For that case, the dope of the CD versus exposure curve can be
approximated as

finCD 2 +2gDé|(c:D/2)gg

fnE " NILS cD & 1(0) Y @

There are two digtinct terms on the right hand side of this expression. The firdt, 2/NILS, isa pure aerid
image term and is the limiting value of the exposure latitude for the case of an infinite contrast resst
(Figure 2). The second term is a “development path factor” that includes the aspect ratio of the resst
(D/CD) and the rétio of the aerid image intendty at the edge of the pattern relative to that in the center
of the space (that is, the exposure dose at the end of the path relative to the exposure dose a the
beginning of the path). This development path factor is reduced (giving better CD control) by lowering
the aspect ratio of the ress, increasing the resist contrast, and reducing the agrid image intensity a the
dark line edge (i.e. x = CD/2) relative to the bright space center (x = 0).



Equation (4) findly ties dl the pieces of the NILS puzzle together, describing the information
trander from the agrid image through development to the fina resist image. It relates the fractiond
change in CD to the fractiond change in exposure dose and thus its inverse defines the exposure
letitude. The aerid image affects CD control in two ways, through the NILS directly and through the
development path factor. The exposure, PEB and development effects can be lumped together into a
photoresist contrast term, or can be separated out into individua components as described in the last
severd editions of this column.
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Figurel. Typicd development path starts out verticaly, but ends up nearly horizonta by the end of
the development cycle.
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Figure2. A plot of equation (4) showing how the exposure latitude term approaches its limiting vaue
of 2/NILS as the lumped photoresist contrast increases. In this case, the resist agpect ratio
is 2, theratio I(CD/2)/1(0) is0.5 and the NILS is 2.



