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The control of line-edge roughness �LER� of features printed in photoresist poses significant challenges
to next-generation lithography techniques such as extreme-ultraviolet �EUV� lithography. Achieving
adequately low LER levels will require accurate resist characterization as well as the ability to separate
resist effects from other potential contributors to LER. One significant potential contributor is LER on
the mask. Here we explicitly study the mask to resist LER coupling using both analytical and computer-
simulation methods. We present what is to our knowledge a new imaging transfer function referred to
as the LER transfer function �LTF�, which fundamentally differs from both the conventional modulation
transfer function and the optical transfer function. Moreover, we present experimental results demon-
strating the impact of current EUV masks on projection-lithography–based LER experiments. © 2003
Optical Society of America
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1. Introduction

As the microelectronics industry pushes to smaller
and smaller feature sizes, the issue of edge roughness
of features printed in photoresist, commonly referred
to as line-edge roughness or LER, becomes increas-
ingly important. This poses significant challenges
to next-generation lithography techniques such as
extreme-ultraviolet �EUV� lithography,1–3 which
could enter production at the 45-nm node. At this
node, the International Technology Roadmap for
Semiconductors4 calls for a resist contribution to LER
of less than 2 nm.

It is evident that achieving these low LER levels
will require accurate resist characterization as well
as the ability to separate resist effects from other
potential contributors to LER. Much effort has been
directed to characterizing EUV resists,5–8 with the
most straightforward being actual projection lithog-
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raphy tests by use of advanced prototype EUV lithog-
raphy tools.8–10 When using such tools to
characterize LER, however, the control and under-
standing of system-level effects on LER is crucial.
One such potential system-level effect is LER on the
mask used in the lithography step.

Roughness on the mask will, to some extent, trans-
fer to roughness in the printed feature. In this pa-
per, we explicitly study this coupling using both
analytical and computer-simulation methods. We
present what is to our knowledge a new imaging
transfer function referred to as the LER transfer
function �LTF�, which, as shown here, fundamentally
differs from both the conventional optical transfer
function �OTF� and the modulation transfer function
�MTF�.11 Moreover, we present experimental re-
sults demonstrating the impact of current EUV
masks on projection-lithography–based LER experi-
ments.

2. Derivation of the Line-Edge Roughness Transfer
Function

We begin by deriving the transfer function for mask
line-edge roughness to resist line-edge roughness in
the context of a scalar image model in the thin mask
approximation and in assuming a threshold model for
the resist. The scalar approximation for image for-
mation is sufficient at a low numerical aperture �NA�
such as those typically used in EUV optics. We note,



however, that the analysis presented here could be
refined by removing the thin mask approximation,
which strictly speaking is of limited accuracy for EUV
masks.

Within the scalar approximation the image inten-
sity is given by

I�x� � � d2x1 d2x2 P�x � x1� P*�x

� x2�O�x1�O*�x2�C�x1, x2�. (1)

Here P is the amplitude point-spread function of the
optics given by

P�x� � � d2����NAk�2 � �2�exp�i� � x � iw����,

(2)

O is the object or mask transmission pattern, which,
for a binary mask, is simply a 0 or 1 as a function of
position x � �x, y� in the mask plane, and C is the
autocorrelation of the illumination, i.e., the partial
coherence. The parameter k � 2	�
 with 
 the
wavelength in a vacuum, NA is the numerical aper-
ture of the projection optics, and w��� is the aberrated
wavefront in radians. For simplicity we will set
w��� to zero and so that the result derived below
applies to diffraction limited, in-focus, optics. Fi-
nally, the function ��X� is a Heaviside step defined as

��X� � �1 for X � 0
0 for X � 0 . (3)

In Eq. �2�, ���NAk�2 � �2� represents the circular
pupil of the optical system in pupil plane coordinates
� � ��x, �y�.

For Köhler illumination with tophat fill �, the func-
tion C is given by

C�x1, x2� � � d2s����NAk�2 � �2�

� exp�is � �x1 � x2��, (4)

where � represents the ratio of the illumination an-
gular extent to the imaging optic entrance NA. Sub-
stituting Eqs. �2� and �4� into �1� yields

I�x� � � d2s����NAk�2 � �2�

� �� d2� exp�i� � x����NAk�2 � �2�Õ�� � s��2

,

(5)

where Õ��� is the Fourier transform of the object
function

Õ��� � � d2x exp��i� � x�O�x�. (6)

Assuming a threshold resist model the resist line-
edge position is given implicitly by the values of x
that satisfy

I�x� � T � threshold value. (7)

It follows from the above relation that a small vari-
ation in intensity, I, induces a variation in the resist-
edge position given by

�x �
I�x��I�x�

��I�x��2 �
x�xedge

. (8)

For a single edge oriented along the x axis at y � 0 we
have explicitly

y� x� �
I� x, y�

�y I� x, y�
�

y�0

� �I� x, 0�

I� x, 0� �� I� x, y�

�y I� x, y��� y�0

.

(9a)

Thus the transfer function for mask-edge roughness
to resist-edge roughness is given simply by the frac-
tional variation in the image intensity I�I times the
reciprocal of the image log slope �ln�I�, both evalu-
ated at the nominal edge position. To avoid line-end
effects we assume an infinitely long edge, in which
case I�x, 0� and ��yI�x, y��y�0 are both independent of
x and the entire x dependence of the edge position
y�x� comes from the x dependence of I�x, 0�. Using
I�x, 0� � T and using the notation ILS for the image
log slope evaluated at the nominal edge position, we
can rewrite Eq. �9a� as

y� x� �
I� x, 0�

TILS
(9b)

The object function for the type of edge we are con-
sidering is given by ��y � h�x�� where h�x� is the
deviation in the position of the mask edge from the
ideal edge ��y�, i.e., h�x� is the mask-edge roughness.

Fourier transforming the rough edge ��y � h�x��
and keeping terms only up to the first order in h,
which is valid for the expected small roughness yields

Õ��� � �
2	i

�y � iε
��x� � 2	h̃���, (10)

where

h̃��� � � dx exp��i�x x�h� x� (11)

and ε is an infinitesimal positive real number that is
to be set to zero at the end of the calculation. Its
function is simply bookkeeping: it specifies how to
circulate the 1��y pole in the complex plane when
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performing the �y integration. The standard repre-
sentation of this function is

1
�y � iε

� i	��y� � PP� 1
�y
� , (12)

where PP stands for principal part. Note that the
first term is imaginary and the PP term is real.

In Eq. �10� the first term is the Fourier transform of
the ideal edge, ��y�, whereas the second term is the
first-order correction due to the mask-edge rough-
ness, h�x�. We will keep terms only up to the first
order in h throughout the analysis. This, by defini-
tion, yields a linear roughness transfer function.
The higher-order terms correspond to nonlinear
transfer functions.

Combining the above results for y � 0 yields

� d2� exp�i�x x����NAk�2 � �2�Õ�� � s� � exp�isx x�

� �2	2 � 2	i ln� ��NAk�2 � sx
2 � sy

��NAk�2 � sx
2 � sy

�
� 4	 �

�NAk

�NAk

d�x exp�i�x x�h̃��x

� sx���NAk�2 � �x
2	 . (13)

Taking the absolute value squared of the above result
and by use of h̃��x� � h̃*���x� that follows from h�x�
� h*�x�, the ln terms cancel and finally, dropping the
unnecessary x subscripts, we have, to the first order
in h,

y� x� �
1

TILS � d� exp�i�x�h̃���

� ��32	3 � ds�����NAk�2 � s2�

� ���NAk�2 � �� � s�2�

� ���NAk�2 � s2 ��NAk�2 � �� � s�2
�
�

N
TILS � d� exp�i�x�h̃���LTF���. (14)

Here N is a normalization factor defined by the term
in parentheses evaluated at � � 0 so that the transfer
function satisfies LTF �� � 0� � 1. Note that the �
functions in the integrand appropriately limit the
range of the s integration for any value of � so that
each square root factor, and hence LTF, is always
real. Thus we can simplify the integrand by writing

it as the product of the real part of each square root
factor so that

LTF��� � �
� ds� Re���2 � s�2�Re��1 � �s� � �� �2�

� ds� Re���2 � s�2�Re��1 � s�2�

,

(15)

where s� � s�NAk and �� � ��NAk, i.e., s� and �� are
specified as fractions of the pupil radius NAk. It is
worth noting that LTF��� as defined above is neither
the standard OTF nor the standard MTF of the optics
and hence constitutes a new transfer function. The
form of Eq. �14� indicates that LTF��� functions as a
filter: the Fourier transform of the mask contribu-
tion to resist LER is given by LTF���h̃���. In terms
of the power spectrum of the mask contribution to
resist LER it is given by �LTF����2�h̃����2.

Figure 1 shows the LTF for various � values as a
function of normalized spatial frequency �normalized
to the coherent cutoff frequency, i.e., the pupil radius
NAk�. As is the case for the conventional OTF,
smaller � values tend to lead to stronger modulation
at normalized frequencies below 1 and weaker mod-
ulation at normalized frequencies of greater than 1.
The LTF, however, has a sharper cutoff than the
conventional OTF. This is most readily noted by
considering the highest coherent condition in plotted
Fig. 1 �� � 0.2�, where the LTF is characterized by a
significant and gradual roll-off at normalized fre-
quencies below 1. We note that the conventional
OTF would simply be unity at normalized frequencies
below 0.8 and quickly go to zero at normalized fre-
quencies greater than 1.

3. Simulation-Based Determination of the LTF

It is also instructive to investigate the LTF from the
computer-modeling point of view. In this case,
computer-based aerial-image modeling is used to cal-
culate the aerial-image LER response as a function of
input LER frequency. In addition to providing phys-

Fig. 1. LTF for various � values as a function of the normalized
spatial frequency �normalized to the coherent cutoff frequency�.
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ical insight into the LTF, this method also facilitates
the incorporation of parameters, such as aberrations
in the optical system and unconventional illumina-
tion conditions.

One method for computer-based modeling of the
LTF involves generating a mask pattern containing a
white LER spectrum �Fig. 2�a�� and calculating the
LER spectrum from the resulting aerial image �Fig.
2�b��. Figure 3 shows the resulting input and output
LER power spectral densities �PSDs�. In this case,
the 0.1-NA EUV engineering test stand Set-2 op-
tic12,13 is modeled. The aerial-image modeling in-
cludes the measured wavefront aberrations from the
optic14 and assumes partially coherent disk illumina-
tion with a coherence factor ��� of 0.7. The mask is
modeled as a simple thin binary mask.

The PSDs shown in Fig. 3 are actually averages
from four separate simulations with four statistically
independent white-noise LER masks. This averag-
ing is performed to avoid holes in the characterization
frequencies, which occur when a single white-noise
mask is used. The noise floor observed in the PSD is
due to the pixelation limits in the various simulation
and processing steps. We define the LTF as the

square root of the aerial-image PSD divided by the
white-noise mask PSD �Fig. 4�. It is evident that in
the limit of infinite averaging, the white-noise mask
PSD will by definition be uniform and that the aerial-
image PSD will be equal to the white-noise mask PSD
at the spatial frequency of 0. Thus the LTF can be
taken simply as the square root of normalized aerial-
image LER PSD in the infinite averaging limit.

Next we consider the alternate calculation ap-
proach of using a series of mask patterns, each with
a unique LER frequency and determining the LER
from the resulting aerial images. This provides a
discrete sampling of the LTF. Figure 5 illustrates
this method. Figure 5�a� shows an example sinusoi-
dal LER mask with an LER period of 210 nm and a
feature CD of 100 nm, and Fig. 5�b� shows the calcu-
lated aerial image. This serves as a single-
frequency probe of the LTF. By generating a variety
of these single-frequency probes, the LTF can be built
up as shown in Fig. 5�c�. The linearity of this pro-
cess was verified by considering a single spatial fre-
quency at three different amplitudes covering an
order of magnitude. As required for linearity, the
ratio of the output LER magnitude to the input LER

Fig. 2. �a� LTF simulation input mask with a white LER spectrum and 100-nm features, �b� computer-calculated aerial assuming the
0.1-NA engineering test stand Set-2 optic including the EUV-measured wavefront aberrations and assuming partially coherent illumi-
nation �� � 0.7�.

Fig. 3. LER PSDs for the input mask �upper trace� and output aerial image �lower trace�. Average of calculations from four independent
realizations of the process described in Fig. 2.
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magnitude was found to be independent of the input
LER magnitude.

Figure 6 shows a direct comparison of the two LTF
modeling methods presented above as well as the
analytical LTF from the previous section. The ana-
lytical LTF is depicted by the solid curve, the white-
noise calculated LTF is depicted by the diamond
symbols, and the single-frequency–probe calculated
LTF is depicted by the square symbols. It is evident
that the various LTF calculation methods agree ex-
tremely well. The small differences between the

modeling methods and the analytical method can be
attributed to the incorporation of the wavefront error
in the modeling methods causing the modulation to
drop slightly relative to the diffraction-limited case.

Having calculated the LTF for the engineering test
stand Set-2 optic, it is now possible to predict the
aerial-image–LER PSD contribution from the mask
LER for any given mask. To this end, we calculate
the real mask LER from a scanning electron micro-
scope image of an actual EUV mask used in recent
printing experiments.10 The plot in Fig. 7 shows the

Fig. 4. LTF derived by taking the square root of the aerial-image LER PSD divided by the white-noise mask PSD from Fig. 3.

Fig. 5. LTF �a� shows an example probe mask, �b� its resulting aerial image, �c� generated by calculating the system response to a series
of single-frequency LER probes.
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LER PSD measured from 100-nm coded features on
the mask. We note that the peak at the 3-nm period
is a scanning electron microscope artifact and con-
tributes a negligible amount of energy to the LER,
which in this case is 2.6 nm �a single-sided 3� value�
in image-plane coordinates �4 times reduction rela-
tive to the actual mask coordinates�. To predict the
mask contribution to the aerial-image–LER, we sim-
ply multiply the mask LER PSD by the square of the
LTF. Figure 8 shows the resulting PSD �gray curve�
along with resist-image LER PSDs for two different
experimental EUV resists, both provided by the Ship-

ley Company. The 22 mJ�cm2 sensitivity resist
yielded an LER of approximately 3.6 nm, while the
2.0 mJ�cm2 sensitivity resist yielded an LER of ap-
proximately 6.4 nm. In each case, the aerial-image–
LER PSD is seen to be significantly lower than for the
typical resist LER PSDs even at low spatial frequen-
cies. Additionally, the sharp roll-off in the aerial-
image–LER PSD at approximately 10 lines per �m is
not replicated in the resist PSDs. Taking the mask
contribution to the LER and assuming it to add in
quadrature to other LER contributors, we see that
even for the best LER case of 3.6 nm, the mask is only

Fig. 6. Direct comparison of the two LTF modeling methods and the analytical LTF calculation. The analytical LTF is depicted by the
solid curve, the white-noise calculated LTF by the open diamonds and the single-frequency–probe calculated LTF by the open squares.
The small differences between the modeling methods and the analytical method can be attributed to the incorporation of the wavefront
error in the modeling methods causing the modulation to drop slightly relative to the diffraction-limited case.

Fig. 7. LER PSD calculated from an EUV mask used in recent printing experiments. The LER PSD is measured from 100-nm coded
features on the mask. The peak at the 3-nm period is a scanning electron microscope artifact and contributes a negligible amount of energy
to the LER, which in this case is 2.6 nm in image-plane coordinates.
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responsible for 0.2 nm �approximately 6%�. These
results demonstrate that, presently, mask technology
is not a limiting factor in the LER characterization of
EUV resist.

Finally, it is also interesting to directly compare
the LTF to the MTF. Figure 9 shows the MTF �solid
trace�, the white-noise calculated LTF �open dia-
monds�, and the single-frequency–probe calculated
LTF �open squares�. We note that what is referred
to here as the MTF is actually the square wave trans-
fer function under partially coherent illumination,
where the illumination conditions are identical to
those described above for the LTF modeling. It is
evident that the LTF has a sharper roll-off than does
the MTF. The faster roll-off is due to the two-
dimensional nature of the LER and its interaction

with the point-spread function as compared with a
pure one-dimensional line situation treated by the
MTF. Also evident is that the LER coupling is
stronger than predicted by the MTF at very low fre-
quencies. This is due to the fact that the low end of
the MTF reduction is dominated by flare �effectively
a DC �uniform� background� that does not effect LER
coupling; in the case of low-frequency structures ef-
fected by flare, the pattern will be faithfully repro-
duced with a simple DC offset, because the LER is
quantified here assuming an ideal threshold resist
model, flare has little effect on the LER. We note
that this may not be the case in general for actual
resist LER, in which case the reduced line-edge slope
could increase the LER, yet this is a fundamentally
different effect than the mask-LER coupling issue of
concern here.

4. Summary

The concept of the line-edge roughness transfer func-
tion �LTF� has been presented. This transfer func-
tion has been explicitly shown to differ
fundamentally from the standard MTF and OTF.
Using this concept we have shown current EUV resist
characterization tests based on 0.1-NA projection op-
tics to not be limited by mask LER issues. We note,
however, that repeating the above analysis for an
ideal 0.25-NA imaging optic and assuming the same
mask LER as used above, the mask contribution to
the aerial-image LER would be 1.8 nm. This mask
contribution to the LER alone is almost equal to the
full resist LER budget at the 50-nm node. Thus it is
evident that future resist LER testing based on pro-
jection lithography will require improved masks.

This research was supported by the Extreme Ul-
traviolet Limited Liability Company and the Direc-

Fig. 8. Mask contribution to the aerial-image-LER �LTF modified mask�, determined by multiplying the mask LER PSD by the square
of the LTF along with resist-image LER PSDs for two different EUV resists. The 22 mJ�cm2 sensitivity resist yielded an LER of
approximately 3.6 nm, while the 2.0 mJ�cm2 sensitivity resist yielded an LER of approximately 6.4 nm.

Fig. 9. Direct comparison of LTF and MTF. What is referred to
here as the MTF is actually the square wave transfer function
under partially coherent illumination, where the illumination con-
ditions are identical to those described in Fig. 6 with respect to the
LTF modeling.
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tor, Office of Science, Office of Basic Energy Science,
of the U.S. Department of Energy under contract No.
DE-AC03-76SF00098.
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