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ABSTRACT

The Aerial Image Measurement System, AIMS™', for 193nm lithography emulation is established as a standard for the
rapid prediction of wafer printability for critical structures including dense patterns and defects or repairs on masks. The
main benefit of AIMS™ is to save expensive image qualification consisting of test wafer exposures followed by wafer
CD-SEM resist or wafer analysis. By adjustment of numerical aperture (NA), illumination type and partial coherence (o)
to match any given stepper/ scanner, AIMS™ predicts the printability of 193nm reticles such as binary with, or without
OPC and phase shifting. A new AIMS™ fab 193 second generation system with a maximum NA of 0.93 is now
available. Improvements in field uniformity, stability over time, measurement automation and higher throughput meet the
challenging requirements of the 65nm node. A new function, “Global CD Map” can be applied to automatically measure
and analyse the global CD uniformity of repeating structures across a reticle. With the options of extended depth-of-
focus (EDOF) software and the upcoming linear polarisation capability in the illumination the new AIMS™ fab 193
second generation system is able to cover both dry and immersion requirements for NA < 1. Rigorous simulations have
been performed to study the effects of polarisation for imaging by comparing the aerial image of the AIMS™ to the resist
image of the scanner.
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1. INTRODUCTION

AIMS™ systems are used to evaluate the photomask image quality. Based on the analysis of the AIMS™ measurement
results the decision is made if a mask can be used as a replica for the photographic printing process. The tools are
available for 193nm and 248nm/ 365nm exposure tool emulation with, or without the option of mask handling. They are
optical systems for evaluating reticles under the stepper/ scanner specific settings of wavelength, numerical aperture
(NA), partial coherence of illumination/ pupil filling (sigma: o) and illumination type, that include annular, quadrupole
or dipole for example.'” Both NA and o are automatically adjustable pupil apertures which cover a wide range of values
on one and the same system. Possible NA settings are 0.6 < NA < 0.93 whilst the range for sigma pupil filling is 0.3 < o
<0.98.

With the emergence of the 65nm node and associated low k1 factors, the current first generation AIMS™ fab 193 tool
has undergone a series of system improvements to make future generation systems suitable for a highly automated and
yield sensitive production environment. The new second generation AIMS™ fab 193 has significantly higher throughput,
improved stability, new illumination energy monitoring for better CD repeatability and a new beam homogenizer for
improved field homogeneity in addition to other system improvements.**
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The challenge of the emerging immersion technology is currently addressed in two ways: An extended depth-of-focus
(EDOF) software is utilized to analyse the through-focus series with both dry, or immersion optical models. Secondly,
the development of linear polarising components for the illumination unit are under way. The second generation 193nm
system for the 65nm node with NA up to 0.93 including the polarisation and extended depth-of-focus system will be
available as the AIMS™ fab 193i. Figure 1 shows a picture of the latest AIMS™ fab 193i including SMIF capability and
mask handling. The automated mask handling shown is optional.

Fig. 1: Picture of an AIMS™ fab 1931, an automated AIMS™ system including SMIF capability and mask handling.

2. HARDWARE IMPROVEMENTS

The new AIMS™ fab 193 systems feature significant improvements in electronics, software and optics to fulfil the
requirements of exposure tool emulation at the 65nm node under the most extreme illumination and imaging settings. For
example a new beam homogenizer and energy monitoring concept are realized to optimise both pupil and field
illumination homogeneity over time as well as across the field. Results have been recently published.’

The improvements of both pupil and field illumination uniformity and stability over time contribute significant towards
the static and dynamic line width/ CD performance of the new tools. Dedicated test reticles have been used to
demonstrate the system improvements and examples will now be shown.
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Fig. 2: Investigation of static line width/ CD repeatability based on lines of 400nm on a binary mask.
Settings: A = 193nm, NA = 0.8, 6 = 0.6c¢.



Figure 2 shows an investigation of static line width/ CD repeatability based on lines of 400nm on the mask (left plot).
Profile plots have been extracted for the center line and line width was again determined using the threshold model. The
appropriate threshold parameter has been determined by adapting to the target CD value of 100nm for the line width of
the first line. In figure 2 (right plot) we have plotted the results of consecutive measurements in best focus position
without moving the mask. The measurements yield an average CD value of <CD>, = 100.5nm, with a deviation 3¢ =
1.01nm only.
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Fig. 3: Investigation of dynamic line width/ CD repeatability based on lines of 400nm on a binary mask.
Settings: A = 193nm, NA = 0.8, 6 = 0.6c.

Figure 3 shows an investigation of dynamic line width/ CD repeatability based on lines of 400nm on the mask. The same
pattern has been used as for the static repeatability measurement and the CD was extracted in the same way using the
threshold model. We have plotted the results of measurements with moving the mask before each repeat to another point
about Scm apart and back. A through-focus series was taken for each measurement to determine the focal layer or best
focus plane for analysis. The measurements yield an average CD value of <CD>, = 101.0nm, with a deviation 36 =
1.66nm only.

A Gauge R&R study has also been performed on the new system to compare its precision with the previous first
generation AIMS™ fab 193, or Special Edition system. The study used both 110nm and 90nm node features using NA =
0.75 and a 66% annular sigma with outer diameter of 0.80. Three different operators took identical measurements on
three different days to populate the study. Between measurements the mask was unloaded and loaded. Figure 4 shows the
short term consecutive measurements and long term results of different days of the Gauge study. A significant
improvement of more than 50% in both categories has been observed with the AIMS™ fab 193 second generation.
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Fig. 4: Comparison of precision results from the initial AIMS™ fab 193 to the second generation tool
on 110nm and 90nm node features.



3. AIMS™ SOFTWARE FOR GLOBAL CD UNIFORMITY MEASUREMENTS

Evolving towards fully automated measurement systems, the latest AIMS™ generation is now set up with software that
provides a recipe based operation. Lithographic settings, image parameters, mask coordinates, alignment marks, tool
configurations etc. can be predefined and stored in a single recipe. Based on a recipe wizard the operator is guided
through the different steps of operation and starts the recipes for data acquisition. The tool is then able to automatically
set up the mask, adjust measurement settings and measure predefined points in an automated mode. Therefore
measurement jobs are done in a quick and easy way with only one-time recipe definition requiring engineer level
involvement.

Global CD map is an automatic measurement and evaluation software plug-in for the AIMS™ and provides the
capability to investigate global CD uniformity for structures of the same shape and size across the entire mask. Once a
measurement job is started, the system executes the measurements automatically, i.e. taking hundreds of measurements
in an overnight run without any operator interaction necessary. A new auto focus routine ensures that the measurements
are successfully capturing the focal plane. The trends of feature size over the whole mask can then be visualized,
allowing the determination of any systematic errors introduced in the mask manufacturing process.>®

From the global CD result the mask quality can be controlled and it can be judged if a regional based process
optimisation has to be made. Even across the full reticle spot checks can be made to access the reticle quality.

In the wafer fab establishing global CD maps on reticles is very beneficial as incoming quality control. It allows us to
predict the impact on the common process window. If repeating features print non-uniform on wafers, the CD map can
distinguish whether such an effect is resulting from the reticle itself or the wafer manufacturing process, the resist for
example.

In this case we have investigated the global CD uniformity of repeating line and space patterns over a region of about
2cm x 4.5cm on a test mask. 64 equally spaced points have been selected and at each point a through focus series was
performed acquiring 7 layers including the focal layer or best focus. The bright lines of the pattern are targeting 75nm
line width at the wafer level.

Max: 0.483
05 Min: 0.093
I = O T 06 Intensity Profile
0.4 “c‘gu 1_} i {1 | | ii %0_45_ﬂ Blieair ! ibettepdt Focus Intensity
Bl | (11 e (i S04 4 il i -0.47 0.3515
ﬁ {1 (A £ 0354 -0.31  0.4039
RES | 4 ‘ {1 e v 016 0.4429
" 2 a1 HiH RS LRRE ) 0.25- ol
= ||| } i ‘ 0-2 0.4359
0.2 ) Mt | I i ” 13 l 031  0.4035
A | ' 051 TR Tt 047 0.3602
| ‘ 01 A4t iy
0.1 S ’ ! ‘ 0.05 =
- - - 0 T = T 1
0 0 5 0 1 2 3
[microns at wafer] Profile [microns at wafer]
= Linewidth vs. Threshold R — T e ]Resultcu-Map ]
< 0.14+
g -0.47 Stack | Coordinates  CD Slicel | W | CD Mean| W | Stacl
w5 0.124 1* 33250 - 131439 0.0747 1.00 0.0747 1.00 (0,0)
) 2 36125-131439  0.0752 1.00  0.0752 100 (-78,
§01 1 0.00 0.0747 39000 - 131440 0.0728 1.00  0.0728 1.00 (-10,
o 0.16 4 41875-131440  0.0733 1.00  0.0733 1.00 (16,
50.08— 0.31 5 44750- 131440  0.0745 1.00  0.0745 1.00 (86,
= 0.47 6 47625-131439  0.0744 1.00 0.0744 1.00 (-78,
= 0.06+ s 7 50500- 131440  0.0759 1.00  0.0758 100 (-72,
= 8 53375-131430 0.0752 1.00 0.0752 1.00 (88,7
@ 0.044 9 33250-124920  0.0750 1.00 0.0750 1.00 (-14,
=3 10 36125- 124019  0.0739 1.00  0.0739 1.00 (28,¢
0.02+ o 11 38999 - 124920  0.0745 1.00  0.0745 1.00 (72,8
0 o 12 41875- 124919  0.0755 1.00  0.0755 L.00 (42
T T T T 1 Al 12 AA7SN - 174010 NnN7ES 1 NN N NIEE 1 NN -0
0 01 02 03 04 05 < ‘
Threshold, | ; i 4 —

Fig. 5: Global CD uniformity measurement based on 64 points on a test mask.
Settings: A = 193nm, NA = 0.7, 6 = 0.8c.



Figure 5 displays the evaluation screen. The upper left image shows the master image or first acquired aerial image,
which is used to set up the data evaluation. The upper right image shows the profile plot including all through focus
layers. The lower left image displays the CD versus threshold plot at best focal plane for determination of the target line
width using a threshold model. A result table is obtained displaying mainly the coordinates and CD values for the
individual points. The result table can be stored as a file. Besides the result table the trend of line width variation over the
mask region can be visualized through a colour coded “CD Map”. Figure 6 shows measurement results of a global CD
map obtained for the above repeating lines of target CD 75 nm at the wafer level. The overall variation on the mask is
between 74nm and 78nm. In this investigation there is a trend to larger CD values found in three areas in the upper part
of the region and two areas below and above. An overall variation of 5.1nm is found across the field of view which
reveals that this region of the reticle is within a specified +/-10% CD variation.
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Fig. 6: Global CD uniformity measurement of target line width 75nm on wafer level.

4. EMULATION FOR DRY AND IMMERSION LITHOGRAPHY

With smaller exposure wavelengths and larger NA the printing of smaller feature sizes becomes especially critical due to
a smaller useable depth-of-focus. By the addition of an immersion liquid between the imaging optics and resist on a
wafer, an effect of extended depth-of-focus (EDOF) in any given stepper/ scanner can be achieved. In the case where the
size of the imaging optics is not enlarged and the numerical aperture on the imaging side is unchanged between the dry
and immersion version of the exposure tool, there is no gain in resolution, or in printability to smaller feature sizes by
addition of the liquid. This is due to the fact that the maximum capture angle between 0 and 1st order diffraction orders
from an object on the mask cannot be increased.

Thus for the AIMS™ fab 193 second generation system with NA < 1 where we have no change on the imaging side
numerical aperture at the mask independent of dry or immersion use, we have to take into account the effect of EDOF
only.” Based on the modification of the well-know Rayleigh criterion® the AIMS™ software now takes the extended
depth-of-focus calculation into account for all plots related to the through-focus behaviour, such as line width or contrast
versus defocus, process window etc. Once captured, a series of through focus AIMS™ measurements can be analysed
with both dry, or immersion models without the need to re-measure, the latter for a refractive index (n) of liquid with 1 <
n < 2. The acceptable focus variation can then be expressed either for focal coordinates at the mask level independent of
using the liquid or dry conditions, or for focal coordinates at the wafer level by taking the immersion liquid and the mask
reduction factor into account.

In this work we have investigated the above mentioned line & space patterns at the same settings for dry and immersion
use. The bright lines of the pattern are targeting 75nm line width at the wafer level. For analysis the line width versus



defocus or so-called Bossung plot and for further generalisation the exposure-defocus window are displayed. Effects are
compared using an immersion liquid with refractive index n = 1.44 (water) and air with n = 1 in the space between wafer
and scanner lens. At fixed threshold levels we can see in figure 7 that line width values can be found for larger focal
values applying the immersion liquid. This already indicates an increase in the process window.
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Fig. 7: Line width versus defocus for dry condition and water immersion at fixed numerical aperture.

To investigate such an increase of the process window we have plotted the exposure versus defocus plot. For a target CD
value of 75nm on the wafer and +/-10% line width tolerance we find at a 10% exposure tolerance an increase of the
defocus tolerance from 0.87um to 1.26pum by using a water immersion liquid with refractive index n = 1.44 instead of air
with n = 1. A comparison of the size of the process window with (dashed line) and without immersion liquid (solid line)
is shown in figure 8. For such a feature size we are still in a range where the effect of the immersion liquid is in first
order given by a factor of the immersion liquid itself. Much larger effects can be expected at smaller feature sizes, which
will have to be printed with a hyper NA immersion scanner.®
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Fig. 8: Exposure tolerance versus defocus for dry condition and water immersion at fixed numerical aperture.

It is generally known that with an increase of numerical aperture on scanners or steppers to extreme numerical apertures
like hyper NA > 1 values polarisation effects become increasingly important which originate from different sources such
as polarisation induced effects from the imaging and/ or from the mask itself.” The question arises how strong are such
effects influencing the emulation if the AIMS fab 193i is operated at its highest numerical apertures approaching a value
close to one. For extreme numerical apertures in scanners it can be observed that aerial image formation depends on the



sum of the TE (s-type) and TM (p-type) polarised images. For light with polarisation states in the plane of incidence,
TM, a reduction in image contrast will result whereas for light with TE polarisation states no reduction in image contrast
will be apparent. Considering the 1:4 reduction of the scanner or stepper and the 150x magnification on the AIMS™, the
scanner is having large angles of incident light between resist and imaging optics (lens space), whereas the AIMS™ has
much smaller angles of incident light on the CCD camera plane which is the equivalent image plane to capture the latent
resist image. Therefore contrast loss at very large angles is not expected to be seen in the AIMS™ and has to be
additionally emulated. However, important for printing is the angle of the interfering waves in the resist and therefore the
appropriate comparison is always the aerial image of the AIMS™ to the resist image of the scanner. For NA < 1
independent of an immersion liquid or air in the lens space of an exposure tool numerical apertures in resist are << 1.
Therefore polarisation effects in the resist are expected to be small compared to hyper NA and only an increased depth-
of-focus should be considered.

To investigate these polarisation issues for the AIMS™ fab 193i in more detail we have performed a series of different
simulations using a rigorous coupled waves analysis simulation realised from an in-house simulation software of Carl
Zeiss.” This simulation takes the interaction of the electromagnetic field vectors and the three-dimensional structure of
the mask features into account. The reflection and transmission behaviour on the interface between resist and medium of
the lens space has also to be considered. The simulation parameters are shown in table 1. They are performed for both the
scanner image latent in the resist and the aerial image of an AIMS™,

AIMS™ settings A=193nm, NA = 0.92, sigma=0.7c

Mask reduction 1:4

Mask type Chrome on quartz with AR coating

Feature size 400nm

Layer thickness Chrome 48.2nm
Anti-reflex coating 12.2nm

Refractive Indices Anti-reflex coating n=2.03 +1i1.50
Chrome n=1.12+1i1.95
Quartz n=1.56 +10.00

Resist: refractive index ng=1.7

Table 1: Simulation parameters.
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Fig. 9: Comparison of the aerial image results on AIMS™ and the resist image results of a scanner
for 400nm binary mask features.

Figure 9 compares an intensity profile plot for an aerial image result of AIMS™ with a resist image from a scanner for
400nm binary line and space mask features chrome on quartz. A very good match can be seen with the AIMS™ having
slightly higher peak intensities compared to the scanner results. The TM polarisation states provide a slight contrast loss



at the scanner thus we expect a larger contrast at the AIMS™, Figure 10 shows the relative difference of the line width
between scanner and AIMS™ results versus threshold using a straight forward threshold model. Since the AIMS™
allows us to take through-focus images in order to provide the full lithographic information such as Bossung curves,
process windows or process latitudes, we have the simulations for best focus and out of focal layers covering a third and
two thirds of the depth-of-focus. We can see that for a wide range around the center threshold the CD results are
matching very well. Therefore we can conclude that the CD criteria at intermediate thresholds are still a very good
criteria for printability analysis in cases of high NA close to 1.
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Fig. 10: Comparison of line width/ CD difference versus threshold results between AIMS™ scanner for 400nm binary mask features

An upcoming linear polariser in the illumination beam path of the AIMS™ fab 193i which can be used in addition to
unpolarised illumination will provide a research capability for investigating the rigorous polarisation effects of masks.
This will be a subject of further publications.

SUMMARY

The AIMS™ fab 193 second generation system is very suitable for scanner/ stepper emulation for both immersion and
dry systems in the area of numerical apertures up to 0.93 for the 65nm node. An extended depth-of-focus software allows
the emulation of effects from immersion liquids, whilst a linear polarised illumination capability is under development
which will provide a research capability to investigate the rigorous polarisation effects of the mask itself.

In this work we have presented advances with hardware and software. Especially, a new energy monitoring system and
beam homogeniser that provide significantly improved field and pupil illumination uniformities and improved symmetry.
A recipe based software operation enables easy operation, automatic tool set up to the lithography equivalent settings and
allows automatic multiple point measurements. In addition the throughput is increased almost twofold. A software plug-
in known as “Global CD Map” is now available to determine global CD uniformity with an automated measurement and
evaluation routine.

Rigorous coupled wave analysis simulation has shown a very good matching of AIMS™ and scanner results for such a
NA < 1 system despite polarization effects arising from imaging. The deviations seen for maximum peak intensities
indicate that criteria for printability results on AIMS™ have rather to be based on CD criteria at intermediate thresholds
instead of transmission loss criteria as is commonly performed at larger nodes.
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