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Overview and Background 

Project Lith 112 “High-NA Optics” was initiated in 43-1999 to lay the groundwork for 
constructing a small-field imaging system for use in a high-NA micro-exposure tool 
(MET) to support the development of EUVL resists and for assessing defect printability. 
A paradigm had been established at ISMT for resist development for 193-nm and 157-nm 
lithography, which involved employing micro-exposure tools several years prior to 
production to serve as platforms for developing resists. Key goals for the MET are to 
demonstrate the extensibility of EUVL to the 35-nm lithographic node, and to support 
resist development over multiple EUV generations. Since the fabrication of the optics was 
viewed as a long-lead activity, proceeding with fabricating the optics was a means of 
meeting the long-term need for an E W  MET, prior to committing to an exposure 
platform. 

In mid-1998, a contract was placed with Carl Zeiss (Oberkochen, Germany) for fabrication 
of two aspheric mirror substrates from a VNL optical design. It was considered an 
important and timely goal to engage Carl Zeiss in E W  optics activities because of the 
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clear need for expanded mdustrial capacity for E strates. The speciticahons IO 
figure and finish were a factor of several beyond the current state-of-the-art and initiatin 
MET optics fabrication s an early engagement by industry in these 

and has a numerica 
tion*. A diagram of the imaging system and key 

ign employs two aspheric mirrors that provide a 
pm. Because of the need to use a reflective mask wi 
grees to the optical axis to enable light 
tilting of the wafer plane to obtain we 
en performed to determine the lithographic 

trate that the 10% obscuration will not in 

- Micro-Exposure 1001 (MET) 
Optical System 

5x reduction 
NA 0.30 (20 nrn resolution) 
600 pm x 200 pm field with 
tilted conjugate planes 
Residual WFE 0.42 nm rms 
Aspheric departure 

MI: 3.8 pm 
M2: 5.6 pm 

Obscuration: 10% 
Baffles (not shown) prevent 
direct light transmission - 

to describe progress on Lith 112 during the fmt three quarters of 2001. The project beg 
with the goal of fabricating a set of multilayer-coated optics, but was extended for a seco 
year to include the design and construction of the PO Box. The fabrication of the optical 
substrates has proven more challenging than first anticipated, resulting in an overall delay 
in completing the PO Box. The substrates are expected 

spection and coating in 44-2001. 



Table 1. Tasks for Lith 112 and status. 

Task 

Document optical design 

Calculate aerial images 

Model lithographic performance 

Formulate substrate specifications 

Fabricate optical substrates 

Formulate multilayer specifications 

Validate vendor’s metrology 

Deposit multilayer coatings 

Assess quality of ML coatings 

Design PO Box and prepare drawings 

Fabricate PO Box 

Fabricate shipping container 

Assemble coated optics into PO Box 

Mechanically-align PO Box 

Ship assembly to vendor 

Perform interferometric alignment 

Ship aligned PO Box to ISMT or VNL 

Calculate lithographic performance and 
defect printability using “as-built’’ 
wavefront errors 

Status 

Done 

Done 

Done 

Done 

Set 1 done; Set 2 in-process 

Done 

Done 

Set 1 done; waiting for Set 2 

Set 1 done; waiting for Set 2 

Done 

Done 

Done 

Set 1 done; waiting for Set 2 

Set 1 done; waiting for Set 2 

Set 1 done; waiting for Set 2 

Set 1 in process 

Waiting for Set 2 

Waiting for Set 2 alignment 
data 
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Status of Optical Fabrication 

The contract with Carl Zeiss comprises the fabrication of aspheric substrates M1 and M2, 
the metrology of these substrates, and the interferometric alignment of the assembled 
PO Box. Zeiss also participates with the VNL in the cross-validation of their figure and 
finish metrology and supplies surrogate spherical substrates for coating development. Our 
agreement for acquiring the substrates from Zeiss is a collaborative effort where both 
organizations are maximizing the learning potential of the effort. Zeiss is fabricating two 
sets of optics, one of which is theirs, and one for International SEMATECH (ISMT). The 
VNL is constructing two PO Boxes and where one is intended for Zeiss and one for ISMT. 
In this manner, Zeiss retains an assembled PO Box for their internal EUV development 
work. The original specifications for the Zeiss and ISMT substrates were nominally 
identical, but have since evolved. 

The date planned for the completion of the two substrates has slipped because of 
unanticipated difficulties in meeting the challenging figure and finish specifications 
(described below). However, we have the opportunity to demonstrate key operations in 
completing a PO Box by immediately employing a set of optics with a relaxed set of 
specifications for the Zeiss PO Box. For example, we will exercise the plans and 
equipment for coating the optics with multilayers, assembling the PO Box, shipping the 
PO Box, and interferometrically aligning the PO Box These initial optics are labeled as 
“Set 1”. The set still under construction and planned for ISMT is referred to as “Set 2”. 
The PO Boxes for housing these optics are referred to as “PO Box 1” and “PO Box 2”, 
respectively. 

The specifications for the Set 1 and Set 2 substrates are listed in Table 2, along with the 
measured values for Set 1. The mechanical drawings for the MET substrates are 
documented and have been delivered to ISMT. ’ ’ ’ The Set 2 specifications are the 
original requirements established for delivery to ISMT and are the same as for “Optics 
Set 2” for the Engineering Test Stand.8 The specifications comprise three categories: 
figure, Mid-Spatial-Frequency Roughness (MSFR), and High-Spatial-Frequency 
Roughness (HSFR). The spatial frequency boundaries for each category are defined in 
Table 2. The categories of errors are divided approximately according to the types of 
instruments that would be used to measure them. Figure is measured using full-aperture 
interferometry, MSFR is measured using phase-shifting interferometric microscopy, and 
HSFR is measured using an AFM (atomic force microscope). Similarly, the functional 
requirements that drive these specifications are approximately aligned with these 
definitions. Figure is associated with wavefront error and resolution, MSFR is associated 
with flare, and HSFR is associated with throughput loss due to wide-angle scattering 
outside of the field of view. As will be discussed later, the spatial frequency range that 
contributes to flare also encompasses a portion of the figure designation. 

4 5 6 7  

Various characteristics of the two MET substrates, M1 and M2, are given in Table 3. 
These substrates are made of Zerodur@ to minimize thermal distortion during their 
manufacturing and in their use in the MET. The primary, M 1, is convex with a 54 mm 
diameter clear aperture (CA) and M2 is concave with about a 183 mm CA. There is a hole 
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in the center of each optic for beam clearance that has an edge directly abutting the CA. 
There is a large border outside the CA that extends to the outer diameter, which helps to 
minimize mounting-induced distortion and offers a freeboard for material removal 
operations. The amount of aspheric departure is sufficiently large to clearly require 
advanced aspheric fabrication technology. More significantly, however, the aspheric 
slope, which defines the rate of change of the aspheric contour with respect to a best-fit 
sphere, is relatively large and likely to cause added difficulty in manufacturing. In 
comparison with the substrates for the ETS, the MET M1 has a larger aspheric slope than 
any of the ETS substrates. Note that one area where the MET substrates may have a 
simplifying characteristic is that they are circularly symmetric about an axis. The aspheric 
substrates for the ETS are off-axis elements and the respective pieces of glass are not 
symmetric about their center. 

Figure 

(C A-’ - 1 mm-’) 
Mid-Spatial Frequency 
Roughness (MSFR) 

(I mm-’ - I vm-’) 
High-Spatial Frequency 
Roughness (HSFR) 

(1 pm-’ - 50 pm-‘) 

Zeiss proposed the delivery of an initial set of optics, “Set l”, to a relaxed set of 
specifications shown in Table 2. The system goal was to select a mirror figure error that 
would lead to a system wavefront error of about 0.07 waves rms (EUV), given a small 
allowance for residual design errors. The values for figure that were achieved differ from 
the specifications, but combine to approximately the desired value of wavefront error. 
MSFR and HSFR essentially achieve the interim goals, with MSFR for M2 being a little 
high’. The Set 1 specification for HSFR is considerably above the Set 2 specification. The 
high level of HSFR reflects an area requiring additional process development in polishing. 
Of all the specifications for the substrates, however, HSFR has the least impact on 
performance, with an estimated incremental loss of 8% in reflectance per optic”. Since the 
MET is expected to have minimal demands on source power, this modest loss in 
throughput was felt to be acceptable. 

Set 1 Set 1 Set 2 
Specs Measured Specs 

[nm rms] [nm rms] [nm rms] 
M1: 0.41 

0.33 0.25 
M2: 0.25 

MI: 0.23 
0’30 M2: 0.34 

MI: 0.49 
OS’ M2: 0.38 

0.20 

0.10 

Set 1. 
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Table 3. Key characteristics of the MET substrates. 

M1 M2 
(primary) (=ondary) 

Radius of 
curvature (mm) -31 8.1 3 340.67 

Peak aspheric 
departure (pm) 3.82 5.61 

Maximum aspheric 
slope (pmlmrn) - 1.18 -0.47 

Clear aperture (mm) 8.4 - 27.0 11.4-91.6 

Angles of incidence 2.54"- 8.67" 0.67"-1.98" 

I 

Figure 2 shows the interim status of the Set 2 optics as reported by Zeiss at the NGL 
Meeting in Pasadena, CA." At this point, substrate M1 did not have a hole, while M2's 
hole was complete. Prior to machining the hole in M1, its figure value was driven below 
the specification value as a buffer in the event of distortion due to the dnlling operation. 
M2 was nominally within the figure specification, although further polishing operations 
were planned to improve low order aberrations and perhaps the MSFR. As this report is 
being written, M2 is still undergoing improvement operations and M1 has had its hole 
drilled and is undergoing metrology. 

One of the key metrics for evaluating the MET optics is the functional need for low flare. 
As mentioned earlier, both figure and MSFR contribute to flare. The frequency ranges 
associated with flare encompass those that lead to scattered light remaining within the 
printed field and are somewhat different for each of the optics as indicated in Table 4.12 
The integrated rms power in the extended-MSFR band for each optic using the interim data 
are presented in Table 4. 

Table 4. Spatial-frequency ranges relevant to flare in the MET optical system and the integrated 
power in these bands using the interim data for Set 2. 

I Integrated roughness over I 
Extended Mid-Spatial 

Frequency Range 
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rigure 2. Status of the Set 2 substrates as reported by Carl Zeisr and ASML in September, 2001 at 
International Sematech's NGL M d g  in Pasadena, CA. 

In Figure 3, flare is plottea versus 
linewidth for the Set 1 optics and 
the interim condition of the Set 2 
optics. The flare is defined for an 
isolated dark line in a bright 
background with the field size as 
the dimensions of the MET printed 
field Taking a cut-off linewidth of 
about 270 nm, which corresponds 
to about 5 lslry diameters for 
VA = 0.3, the flare for Set 1 is 
ibout 22% and the flare for Set 2 is 
about 5%. Thus Zeiss has been 
successll in improving the mid- 
frequency waviness in moving 
from Set 1 to Set 2. Clearly, an 
important goal is to complete the 
Set 2 optics without increasing 
flare 

0.25 

0.20 . - -  
0.15 . 

t 
E 0.10 ' 

0.06 ' - 
0- 

I 

Linewidth (miaol 

Figure 3. Estimated flare for MET reduction camera for Optics 
Set 1 and in using interim surface finish data for Set 2 optics. 



Metrology Validation 

An important objective of Lith 112 is to validate the aspheric figure metrology that Zeiss 
will use in fabricating the MET substrates. To accomplish this, we have designed and 
constructed a Phase-Shifting Diffraction Interferometer (PSDI) at LLNL similar to those 
used in measuring the figure of the substrates for the Engineering Test Stand. Its accuracy 
has been extensively studied and significant experience has been gained in its use. Because 
of the PSDI's historical tie to accuracy and the fact that it is based on substantially different 
measurement principles, it is an ideal instrument for validating the accuracy of Zeiss's 
aspheric interferometer. 

To accomplish the validation, both LLNL and Zeiss will measure an M1 substrate and then 
inter-compare the re~u1ts.l~ LLNL will use the PSDI and Zeiss will use its Direct looTM 
interferometer that has been modified to accommodate the MI. Both instruments are 
designed to determine ac~uracy '~ and are based on a$rst principles understanding of the 
intrinsic error sources. Each instrument is characterized by an error budget that provides an 
estimate of measurement uncertainty that asserts its ability to measure the MET optics. Our 
approach is to corroborate these error budgets by demonstrating that the difference between 
the Zeiss and LLNL measurements is small. The difference between the measurements 
must fall within the uncertainty derived from the error budgets. Assuming that the 
measurement uncertainty is sufficiently smaller than the figure error specification 
(0.25 nm rms), then we will assert that the Zeiss interferometer can accurately certify the 
MET substrates to the required tolerances. 

The overall plan for conducting this test was presented in December, 1999 as part of a 
design review on this effort. l5 The M1 was chosen as the most appropriate element to use 
for the validation because it is considered more difficult to test than M2: it is convex and 
thus requires additional converger optics in the test cavity; and it has a higher aspheric slope 
than M2, leading to higher fringe density (see Table 3). The MET validation interferometer 
is installed within the same cavity as for the ETS M3 substrate, since both substrates are 
convex, face upward, and have similar radii of curvature. MoQfications have been made to 
the M3 cavity to accommodate the aspheric profile of the MET optic (the ETS M3 is 
spherical) and the faster f/# for the MET optic. One important difference between the 
measurement of the MET M1 and measurement of the ETS optics is that we mount the M1 
into a rotation stage that can be rotated about the M1 axis between measurements. This 
provides the ability to use rotational averaging to eliminate essentially all interferometer 
errors that are not symmetric about the axis, and thus lower overall measurement error. 

The basic optical layout of the interferometer is shown in Figure 4, which employs the same 
principles as the Phase-Shifting Diffraction Interferometers (PSDI) used to test the 
substrates for the Engineering Test Stand. l6 Two nearly perfect spherical waves are 
generated by propagating laser light through a circular pinhole. The inherent accuracy of 
these spherical waves provides a first principles reference for comparison. The two waves, 
i.e., the test and the reference waves, are separated in time by inserting a delay leg in the 
reference beam (not shown). The test wave propagates to the converger, where it is brought 
to a virtual focus that lies at the center of curvature of the M1 mirror. This spherical wave 
reflects from M1 and acquires information regarding the aspheric shape and errors on the 
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'I 
lmging 

CCL Lens 
C a m  

Optical layout of LLNL MET validation interferometry and placement within 
measurement chamber. 

CCD camera, where the 

We have wrformed a detailed error analysis of this interferometer for assessing its accu 
and will deliver a report to ISMT in 44-0 1. The main contributions to errors include 
mapping and shear errors. Mapping errors arise due to small errors in linking the 
coordinates of the test surface to pixel locations on the CCD camera. Even when the height 
of the surface is correctly measured, if it is associated with the wrong x,y location, there will 
be an apparent height error. Shear mors arise from the fact that the reference and test 
beams take slightly different paths to reach the CCD camera due mainly to the fact that tL 
test beam contains the information about the aspheric contour of the surface and its errors. 
These error sources are discussed in detail in thi upcoming report. 

Two important components for calibrating the interferometer were tabricated and measure 
this year: a distortion calibration grid @CG) and a measurement fiducial mask. The DCG, 
shown in Fig. 5,  is a substrate with a radius of curvature similar to the test optic that has a 
precision set of fiducials (cross-hairs) deposited on the surface. A coordinate measuring 
machine (CMM) is used to measure the locations of the fiducials relative to each other and 
relative to the edges of the glass substrate. The DCG is then installed in the intedmmeter 
in place of the M1 mirror and the positions of the fiducials are observed relative to the 
camera pixels. Thus, a precise mapping is determined between the coordinates of the 
measurement plane and the camera pixels. This calibration process enables us to calibrate 
the small distortion errors in the interferometer's imaging optics due to fabri 
which is a primary contributor to the mapping errors mentioned above. " 



Figure 5. LEFT: Distortion calibration grid @CG) used for matr--g the coordinate system of the 
test optic to the CCD camera; RIGHT: Fiducial mask used for determining mPgnifieation and 

registering the interferometer to the substrate's datum surfaces. 

The fiducial mask shown in Fig. 5 is a rigid thin metal mask that kinematically mounts on 
the test optic. The mask has precise cross-hairs machined into it whose spacing and locatio 
are carefully measured on a CMM. When an interferometric measurement is made of the 
test optic with the mask in place, the fiducials are visible within the measurement area and 
can be related to the geometric shape and size of the test optic. This enables us to associate 
the camera pixels with the fiducials, which are registered with respect to the edge of the 
glass substrate.'8 This information is essential to assembling the optics with respect to one 
another by referencing the edges of the substrates. Also, imaging the distance between the 
fiducials with the CCD camera enables the system magnification to be easily determined. 
The fiducial mask is only 

01, several M1 substrates have been me 
and developing the error analysis of the LLNL interferometer. These parts have included 
relatively coarse substrates, the Set 1 M1, and the final artifact used for the validation, 
M1-16. During March 2001, Zeiss metrology scientists visited LLNL to discuss the 
validation procedure and exchange information on aspheric metrology. 

inally fabricated to the Set 2 figure tolerances of 0.25 nm 
only intended for this validation of figure metrology and does not meet the f i s h  
specification. It was agreed between Zeiss and LLNL that M1- 16 woul 
completion of the Set 2 substrates in order to expedite the timely re 
metrology issues while still having time to influence the fabricati 

The final results of the validation measurements are presented in Fi 
height errors of M1-16 as measured by both LLNL and Zeiss are presented in Fig. 6. A 
somewhat broader spatial frequency range is included in the comparison than in the stricL 

. The same qualitative katures are visible in each measurement. There is 
e and waviness, presumably from the signature of a small polishing 
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ws azimuthal groove patterns. There is raised region near tk 
center and several localized defects such as pits can be clearly distinguished The fact that 
the Zeiss measurement of 0.22 nm rms is less than the LLNL measurement of 0.28 nm rms 
is consistent with the fact that Zeiss was polishing the part to converge to zero error based 
on their own measurements, while the LLNL measurement shows the added influence of the 
systematic differences. 

Additional intormation is obtained by cons 
measurements, as shown in Figure 7. This 
interferometer because it considers both the magnitude and the location of the errors. As 
shown in the figure, much of the difference is rotationally symmetric, as might be expected 
since both measurement procedures make use of rotational averaging. The difference map 
has a magnitude of 0.25 nm rms. If the errors from the two interferometers are equal and 
statistically uncorrelated, and all systematic errors are represented by this difference, then 
each interferometer would be allocated an uncertainty of about 0.18 nm rms (with a sDatial 
frequency cut-off of 3.5 cycles per mm). 

If the difference between the measurements is filtered to the figure specificatio 
1 cycle per mm, then the difference drops to 0.22 nmrms. Applying the same 
as above, then each interfiiometer would be allocated an uncertainty in measuring figure of 
0.16 nm rms. Given this assumption, then it may be concluded that the Zeiss interferometer 
is sufficiently accurate for certifying the MET substrates to 0.25 nm rms. Note that in 
applying this uncertainty measurement to the Zeiss interferometer, it would be suggested 
that the measured figure of M 1 should be below 0.19 nm r m s  to allow for the addition of 
measurement u n c d t y  and thus certifj, that the figure was less than 0.25 nm rms. l9 

a . 
I 

1.3m 

:ycleslmm 

MET M l  aspheric substrate 
rotationally symmetrlc 
annular CA (OD = 54 mm) 
aspheric departure: 3.8 pm 
aspheric slope: -1.18 pmlmm I 
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Figure 6. Surface height error maps of MET M1-16 measured by Carl Zeiss and LLNL. Note that 
data includes higher spatial frequencies than those included in the definition of figure. 



There are well-defined structures indicating that a systematic azimuthal error exists in one or 
both of the interferometers. For example, any residual circular aberrations remaining from a 
converger calibration could be observed here. There is a deep ripple at the outer radius that 
is reminiscent of a circular fiinge pattern that may have printed through to the fmal result. I 
is likely that errors with clear fmgerprints such as these could be identified and removed 
with further analysis, but this is considered unnecessary in certifymg the MET optics to th 
level of 0.25 nm nns. 

A 

I 

Data filtered at 3.5 cycleslmm 

kigure 1. ~ . p  of point-&point difference between LLNL urd Zeiss measurements of MET M1-16. 

criven mat me Zeiss memodology for measuring M1 is validated, then the approach taken ir 
this project is to consider the Zeiss approach for measuring M2 as similar and generally 
validated. In discussions with the Zeiss metrology scientists, there was a suitably detailed 
discussion of the error analyses for both M1 and M2 and it was clear that the same level of 
care was being applied to both elements. 

LLNL have also collaborated on the cross-validation 
finish. When Zeiss scientists visited LLNL in March 2001, many measurements were made 
on test optics using LLNL’s phase shifting interferometric microscope (PMM) used for 
measuring MSFR and the AFM for measuring HSFR. Zeiss repeated these measurements 
on their own analogous instruments. Comparisons were made on the instrument readings, 
the analyzed data, error reduction strategies and analysis algorithms. In general there was 
good agreement, as indicated in the plots prepared by Zeiss in Figure 8 for PSDs determined 
from P M M  measurements. Specifically, the agreement between the measurements is 



sufficient to validate the finish specifications for Lith 112. However, some differences in 
the data were not fully identified and are continuing to be studied We hope to use 
scattering measurements at the ALS at LBNL to provide a functional calibration for these 
measurements.20 

Figure 8. Comparison of surface finish PSD's measured by Zeiss and by LLNL; blue: Zeiss data, 
It. blue: fit to Zeiss data, red: LLNL data, orange: fit to LLNL data. 

(plot from Frank Eisert, Carl Zeiss) 
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An essential element of the MET optics is the Mo/Si multilayer coating that enables the 
high reflectance of E W  light. These coatings comprise nominally 40 layer-pairs of 
molybdenum and silicon such that the combined tbickness is one-half of the E W  
wavelength (in that material). The functiona~ specifications of these coatings are:21 
1) maximize throughput by having a high reflectance and good wavelength matching 

2) provide uniform reflectance across the optical surfaces so that coating-induced 

3) induce negligible phase aberrations by minimizing the coating thickness errors across 

among the optics 

intensity variations across the camera exit pupil are negligible 

the optics 

All of these functional requirements have been met on the MET Set 1 optics. We 
employed the newly acquired DC-magnetron sputtering tool "Mag4" shown in Fig. 9 that 
was also successfully used to coat the four ETS Set 2 optics." A key feature of the Mag4 
deposition system is that it is designed to coat multiple optics during the same coating run 
in order to achieve essentially perfect wavelength matching among the optics. The rotating 
coating platter is also diagrammed in Fig. 9 and shows how the MET substrates are 
situated in two of the four stations used for the ETS optics. (There were no optics installed 
in the outer stations.) As the platter is rotating, each of the MET optics is simultaneously 
spun around their individual centers to average out spatial variations of the sputtering 
process and thus produce a coating that is symmetric (about the centex of spinning). Also 
shown in the figure are the Mo and Si sputter targets over which the optics pass once for 
every layer pair. 

YET1 YET2 

Figure 9. Bote MET Sc( 1 o p b  were coated dv ing  UIC u m e  cull in the "Mag# DGm.gactron 
sputtering tool. 

A key to meeting the multilayer specifications is to employ our models of the coating 
process to determine the appropriate rotational speeds for the coating platter, as the optics 
pass under the targets. We also design and fabricate fixturing for holding the optics at 
precise locations and orientations with respect to the targets. We carried out the 
engineering to support these requirements in advance of receiving the Set 1 optics by 



adopting design principles similar to those used for the ETS optics 
fixturing designs and the prescription for rotating the optics using coating surrogates 
supplied by Carl Zeiss as part of their overall contract. 

A requirement that is unique to fixturing the MET optics arises from the holes at the c 
of the optics. The M2 optic installed in its coating fixture is shown in Figure 10. The clear 
aperture (CA) of the optical surface extends directly to the edge of the hole, and it is 
important that any edge effects from the coating process, such as thickness gradients near 
the hole be minimized or they will affect image quality. This was accomplished by 
inserting a delrin plug into the hole such that its contour provided a nearly continuous 
surface at the edge of the hole. An added challenge for both designing and installing the 
plugs was provided by the existence of a small baffle located within the M2 hole to block 
the direct transmission of EUV light along the axis. The baffle in M2 and the delrin plug 
are shown in Figure 10. 

MET 2 (secondary) Multilayer-coated MET 2 

I Delrin plug Installed 

1 

L 
1 

~ I 

Baffle bonded to 
hole in optic 

r 
, forcoating 

- 
Figure 10. Ray c l c ~ a c e  hdes in the MET optics were filled during coati= to minimize edge effects. 

After the Set 1 coatings were complete, extensive metrology was performed at the ALS at 
LBNL. Figure 11 shows the M 2  mounted in the reflectometer at the ALS. The M 2  
substrate (about 200 mm plus buttons) is the largest optic that can be accommodated in the 
reflectometer ~ h a m b e r . ~  Reflectance versus wavelength is measured at multiple points on 
the optical surface at a fixed angle of incidence. The reflectance is then analytically 
adjusted for the actual angles of incidence at all locations on the surface. From this data, 
the peak reflectance, centroid wavelength, and uniformity can be determined. The 
remaining discussion of the MET multilayer coatings will summarize these results. 



1 Figure 11. Specid fixturing was used for measuring reflectance at the ALS at LBNL. 

Figure 12 shows a measuremnt of reflectance versus wavelength for the Set 1 
The two key parameters that are determined from these plots are the peak reflectance and 
the centroid wavelength. The centroid wavelength is defined as the wavelength at the 
center of the FWHM of the reflectance curve. Note that this data is collected at multiple 
locations on the surfaces so that variations in wavelength and reflectance across the 
surfaces can be characterized. 
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Figure 12. Measured reflectance curves on M1 and M2 for the angles of incidence within the camera at 
the specified radial locations. 



Figure 13 shows the centroid wavelength versus radius where the data are adjusted for the 
actual angles of incidence in the MET camera. This plot relates directly to the important 
hctional specification of maintaining a uniform wavelength across the optical surface so 
that there is not a w e n t  in wavelength matching across the camera pupil. A 
specification level of M.2% is shown on the plot, which is the same specification as for the 
ETS. For both optics, the measured values fall within the specification bars shown in 
Fig. 13. Also noted on the plot are the average values for the centroid wavelength that are 
essentially identical for the two optics. This provides a validation that coating both optics 
at the same time in the Mag4 system can achieve excellent wavelength matching. 
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Figure 13. Excellent optic+to-optk! wrvelength matching was achieved for the Set 1 optics. 

Variations in reflectance and centroid wavelength over the surfaces of the MET substrates 
are shown on the contour plots of Figure 14. The locations of the measurements were able 
to span the entire M1 substrate. However, for M2, the substrate’s mounting buttons 
i n k d a d  with the stage in the reflectometer and precluded measurements within the three 
radial regions that are missing contour lines in the figure. It is evident in these wavelength 
maps that circular symmetry was achieved, which is indicative of our procedure for 
spinning the optics about their center. 

The areal plot of reflectance in Fig. 14 shows a more irregular pattern where discrete 
regions have similar reflectance. We attribute this variation with variations in roughness 
(HSFR) on the substrate. These plots generally show a variation in reflectance of < 2 % 
which suggests a variation in HSFR of < 1 .O A rms. This range of variation is consistent 
with the AFM measurements performed prior to coating. 



U 
-ip 

d maps of wavdengtb I reflectu ! measured 1 

'7 

t 

1 

Figu 5. "he measured reflect e is consistent with the 
vaues of Highspatial Frequency Roughness (HSFR). I 

1 2 18 

opti 



The average reflectance values of the Set 1 o tics are given in Fig. 15 and are considerably 
below typical values of 65-68% for Zerodur E W  optics. We associate this anticipated 
loss in reflectance with substrate roughness. We have been successfhl in predicting the 
reflectance of multilayers using a theoretical understanding of the multilayer growth 
process on rough substratesB and the relationship between roughness and the angular 
distribution of scattering. 26 In particular, we correlate the PSD of the surface roughness 
with scattered intensity. The PSD for M1 is shown in the figure, and the integrated 
roughness relevant to reflectance loss is about 0.54 nm rms. Our prediction for reflectance 
loss relative to a well-polished test surface is about 10.5%. Thus, if we add our measured 
reflectance of 58% with the predicted loss of 10.5%, we obtain 68.5%. This would be the 
reflectance from an ideally smooth surface and has been verified experimentally fiom 
Mo/Si coatings on superpolished flats (< 1 rms). As shown in the figure, there is an 
analogous link between reflectance loss and high roughness for M2. 

P 

As mentioned at the beginning of this section, a key requirement of the multilayer coatings 
is that they should not introduce significant phase errors into the reflected wavefront. In 
particular, it is desirable for the thickness of the multilayers to be sufficiently well- 
controlled that any added figure errors due to the coating be less than 0.1 nm rms. The 
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f the figure errors that are relev 
compensable during PO Box alignment. 
alignment and are indistinguishable from 
and M 2  the measured 
calculated prescriptions of 
On the lower portion of the plots we 
the non-uniformity. These values for residual figure errors, 0.034 nm rms and 
0.044 nm rms, are very small in conparison with the goal of 0.1 nmrms and th 

e errors listed in Table 2. We h 

lines and spaces using the 
are included since alignment 
differences in CD behavior 
conclude that the coatings do not degrade the performance of the system. 
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ind Delivery of PO Box 1 to Carl Zeis 

components for PO Boxes 1 and 2 have been completed. With the 
delivery of the MET Set 1 optics, PO Box 1 was assembled, mechanically aligned, ana 
shipped to Carl Zeiss in Oberkochen for interferometric alignment. Although PO Box 1 
will stay with Carl Zeiss, it is timely and important to the completion of PO Box 2 because 
it demonstrates that the PO Box design meets its global requirements and validates that the 
shipping process is suitable for a PO Box with mounted optical elements. Also, as Zeiss 
proceeds with the interferometric alignment, there will be an important validation that all 
error budgets for optics manufhcturing and assembly are consistent with the quality of the 
measured system wavefront error. PO Box 2 is ready for installation of the 

Iete and coated with multilayers. 

ill briefly review the key features of the ru aoxn design, 
substrate mounting hardware, and describe the procedure used for assembling 

The MET PO B 
1) Provide a mounting for the optical substrates that exactly con 

2) Provide actuation of one optic relative to the other for alignment 
3) Be robust to thermal and vibration disturbances 
4) Provide datum surfaces for registering the optical axis with respect to mechanica 

5 )  Provide a kinematic mounting interface to other structures, such 

signed to meet several key objectives: 

degrees of freedom while minimizing disturbance forces that may distort the 

features 

Tlignment interferometer. 

All of these re 
demonstrated with PO Box 1. The details of the design of the PO Box have been presented 
during a formal design review in December 1999 with participation from ISMT and Carl 
Zeiss.zs Documentation of the desi of the PO Box is provided in a milestone report to 

e been incorporated i design and are bein, 

ISMTB and in conference Dapers.30* !? ' 
Figure 18 illustrates the key design features of the MET PO Box. All of the hardware is 
fabricated from SuperInvar, which has low thermal expansion for optimizing thermal 
stability. The PO Box Final Design Report describes the modal analysis performed in 
optimizing the dynamic response of the complete structure with the mounted optics. The 
lowest modes that result in significant relative motions of the optics are the M2 

the M 1 resonance frequency of 4 1 8 Hz. 

ounted to three buttons which attach to exures simi 
those used for the ETS optics. The bipods have slots machined into them to form flexures 
that are rigid in tension or compression along their axes, but allow flexing in other 
directions. In this way, each bipod (which has two legs) constrains only two degrees of 
freedom. Thus each optic with three bipods exactly constrains six degrees of freedom: 
three for translation and three for rotation. This condition of exact constraint is essentia 
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Figure 18. The PO Box controls the 6 degrees of freedom for positioning M1 with respect to M2. 

for minimizing distortion forces on the optics and in ensuring that the optics can be 
repeatedly inserted into their mounts and return to the same location. 

The approach for aligning the optics is to hold M 2  stationary with respect to the PO Box 
while M1 is moved relative to the PO Box. The M1 bipod assembly hangs from the 
principal support ring by six actuation flexures. This is a well-known mechanical 
arrangement referred to as a StewurtpZutform?2 M1 is positioned by adjusting the length 
of the actuation flexures (the mechanics of the flexures are described below). An extended 
degree of freedom is enabled by allowing the M 2  bipod assembly to rotate within the 
support ring. This is provided to enable large clocking motions in aligning the substrates if 
the elemental interferometry suggests that aberration cancellation is offered by a particular 
relative orientation. 

One of the early acc 
an approach for using different mounts for interferom 
PO Box. This approach was pursued for the MET bec 
the Zeiss interferometer, which did not have room 
This is different than the procedure used for the E 
used for both the PO Box and interferometry, s 
be identical for the two cases, and be automatical 
The technical challenge in designing the MET mounts is to ensure that any distortions 
induced by the mounts are either negligible or identical for the two types of mounts.33 
solution was in designing a mounting button for coupling the optics to the mounts that had 
a well-defined kinematic reference point that 
shown in Figure 19, the button that is epoxied to 
upper contour and a set of rounded comers on the bottom. These surfaces 
common spherical center. For the MI shown in the left side of the figure, 



comers on the bottom of the buttons rest on cylindrical roller bearings for placement int 
the Zeiss interferometer. This relatively thin mounting structure meets the space 
for the interferometer. For installation onto the Po Box bipods, the upper spheri 
is referenced In each case, we strove to minimize the forces on the buttons. Roller 
bearing mounts were selected for the interfierometer mount to minimize any residual 
fictional force that night arise in setting the optic into the mount. This approach was 
validated when Zeiss reported that they were able to remove and re-insert the optic 
mount with a reproducibility of 0.056 nm rms. Note that M2 employs a similar 
arrangement to that shown for M1. 

MI  metrology 
mount with 
AI surrogate 

Rolling-element 
bearings minimize 
nowrepeatability 
due to friction a- 1 

Figure 19. Common kinematic constraints enable the use of different mounts f; 
metrology and installation. 

I 

The development of the variable length struts that support M1 below the PO Box also wi, 
an important precision engineering accomplishment. It is required to provide stiff axial 
actuators for the Stewart-truss, yet also provide compliant flexures in norraxial directions. 
This was achieved with the design diagrammed in Figure 20. The axial direction of the 
flexures is indicated by the horizontal arrows labeled “2. Extension”. To achieve an 
extension, i.e. lengthening, along the axis, the motion labeled “1. Actuation” shows a 
PicoMotorTM acting to separate two arms of a lever. As these two arms swing apart (only a 
minute distance), the hinge flexures (located at the right) rotate and cause the overall 
length to extend. A key advantage of the design is that there is a 10: 1 reduction of the 
PicoMotorm motion to axial motion. Thus, if the PicoMotorTM is commanded to move 
100 nm, then the axial length changes by only 10 nm. This provides an important increase 
in the precision of the actuation. Also note that an LVDT is provided for actuator 
feedback, and that it can have less precision in the diagrammed orientation than if it was 
aligned along the axis. 
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Figure 20. Strut a m  length has sensitive control using pivot flexure design. 

The procedure for assembling the MET PO Boxes comprises a number of delicate and 
detailed operations.” The precision engineering has been carefully considered to preserve 
or establish coordinate relationships and to minimize the introduction of any non- 
repeatable disturbance forces, such as fixturing friction. We have listed the key operations 
in Table 5, where many of the steps require measurements on a coordinate measuring 
machine. Figure 2 1 shows the CMM at LLNL where many of the assembly operations 
were performed. 

i 

* 
Figure 21. A coordinate measuring machine (CMM) is used for assembling the PO Box. 
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Table 5. Steps employed in assembling PO Box 

Use CMM to map the button locations to the aspheric coordinate system 

Determine the vertex position on the substrate from interferometer 
measurements provided by the optics vendor 

Probe the optical surface and the buttons with a CMM to determine 
coordinate relationshios 

I Transform the data to the best-fit aspheric coordinate system 
Set the optic mount to accept and properly place the optic 

Assemble three flexures (bipods) to the optic cell set up on the CMM 

Install a sphere into the conical set of each mount flexure 
~~~ 

Using the CMM, adjust the positions of flexure feet to move each sphere into 
its prescribed position +I- 10 microns 

Calibrate the LVDT through the range of motion of the actuation flexure and 
set to mid travel 

Attach the six actuation flexures to the support ring on one end and the M1 
cell on the other 

Machine spacers to achieve prescribed spacing and concentricity 

Set the location of the actuators to achieve mechanical alignment of optics - 

Install the optics into the mounts 

Using the CMM, measure four points on the top of each flexure to determine 
its unstressed angle 

Lower the optic into the mount and secure (delicate procedure) 

Measure each flexure again to determine the rotation angles 

Compare to the error budget, repeat if necessary 

The assembled PO Box is shown in Figures 22 and 23 where the M1 and M 2  optics are 
obscured behind protective delrin covers, which are affixed to each optic in preparation for 
shipping. The main support ring is mounted on a display stand. The cables for the six 
actuators and position feedback sensors are clearly visible. Calibration of the system 
indicates that 10 nm positioning resolution has been achieved for alignment. 

PO Box 1 has been shipped to Carl Zeiss in the shipping container designed by LLNL. 35 

Special attention was given to the gforces that would be experienced in shipping and tests 
were performed to guarantee that the epoxy joints holding the buttons to the substrates 
would safely support the optics. The tests indicated the epoxy joints were robust and the 
subsequent shipment was successll. PO Box 1 is now at Zeiss awaiting completion of 
their alignment interferometer. 



Figure 22. Remotely controlled actuators achieve 10 nm positioning resolution. 

il 

i 
Figure 23. The Set 1 optics were installed into a PO Box at LLNL; photo shows the 
assembled PO Box with protective covers over the optics and accompanying sensor- 

actuator control cables. 
I 
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t Pr 
projection system for use in a small-field EUV Micro-Exposure Tool (MET). An optic& 
design has been completed for the two aspheric mirror projection system that supports the 
printing of 30 nm dense features over a printed field of 200 pm x 600 p. Carl Zeiss is 
under contract to fabricate the Z e r o d d  substrates to excellent levels of figure and finis 
and then to align the assembled optical system. This contract also involves the assembl 
of interferometers for measuring the aspheric surface figure errors and a system 
interferometer for measuring system wavehnt errors during alignment. A key aspec 
the overall project is to validate Zeiss’s figure metrology by comparison with 
measurements made at LLNL using the phase-shifting diffracton interferometer (PSDI) 
This validation has been completed using well-polished aspheric surrogates (Ml) and the 
conclusions indicate that Zeiss interferometry meets accuracy requirements for validating 

steps in the construction and assembly process for an initial PO Box. The Set 1 optics 
have been coated at LLNL with Mo/Si multilayers and have met stringent specificatio 
for uniformity and wavelength matching. Reflectance is somewhat lower than typical 
attained on EUV optics due to residual high-spatial frequency roughness. The LLNL 
precision engineering group has designed and constructed a novel PO Box for 
and actuating the optics. The Set 1 optics have been installed and mechanical1 
into PO Box 1, which has been shipped to Carl Zeiss for interferometric ali 
has been delayed in completing the Set 2 optics to the final specifications due to problems 
in developing a process to simultaneously meet both figure and finish specifications. We 
anticbate that the Set 2 substrates will be delivered to LLNL in 04-01 for subsequent 



Recommendations 

We recommend that if additional set(s) of MET substrates are acquired, S 
for the optical surfaces be updated to reflect our increased understanding of their functional 
requirements. For example, we have determined which spatial frequencies contribute to 
flare and reflectance loss on each substrate, and Zeiss has gained knowledge on the 
feasibility of improving surface quality as function of spatial frequency. Adjusting the 
boundaries that separate figure, MSFR, and HSFR to reflect both functional needs and 
fabrication limitations may offer a path to improved overall performance. 

The metrology validation process demonstrated that that Zeiss interferometry was capable 
of validating figure accuracy to the level of 0.25 nm rms. However, some distinct 
systematic differences remain between LLNL and Zeiss measurements that would likely be 
understood and reduced by further analysis. Continuing this metrology collaboration 
would ultimately lower the risk of fabricating either additional MET optics or lay 
groundwork for manufacturing optics for production tools. Similar collaboration in the 
area of finish measurements and their correlation with scattering measurements would 
lower the risk in meeting future specifications for flare and throughput. 
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