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Abstract 

The surface figure of the individual mirrors of a two mirror, four reflection, ring field 
imaging system has been measured after each phase of the construction process: 
substrate fabrication, coating and potting. Contributions to the final system wavefront 
error and performance of the system in terms of the modulation transfer function and 
initial imaging tests are discussed. 

Introduction 

As part of the national program on extreme ultraviolet lithography (EUVL), Lawrence 
Livennore National Laboratory has constructed a test bed facility for the evaluation of 
"front-end" issues such as high repetition rate laser drivers, conversion efficiency of laser 
light to extreme ultraviolet radiation, and condenser systems with specific illumination 
and coherence requirements. An imaging system was incorporated as part of the facility 
to aid in the assessment of these condenser systems. To keep costs low, fabrication time 
to a minimum and alignment straightforward and stable, a simple two-element, all 
spherical imaging system was designed. In addition to providing a diagnostic tool for the 
condenser systems, the imaging system serves to demonstrate the ability to coat a four 
reflection imaging system for maximum energy transport and to image a relatively large 
field, both of which are important aspects of the overall program. The 3.4:1 reduction 
imaging system is shown in Fig. 1. It consists of a pair of mirrors, one concave and the 
other convex, with nominally the same radii of curvature. This results in a flat field at the 
wafer plane. The aperture stop is in contact with the convex mirror and displaced from 
the optic axis, making the system slightly non-telecentric at the wafer. T h e  system 
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has a numerical aperture of 0.06, giving a minimum feature size of 0.14pn and a depth of 
field of k1.6p.m in the wafer plane over a ring field that is approximately 1.3x5.0mm2. 
This design is relatively insensitive to misalignment and relatively easy to coat since the 
range of incident angles over the clear apertures of each mirror is within the angular 
bandwidth of the multilayers. 

Mirror fab r i a  t ion, coating and assembly 

The mirror substrates were fabricated by Tropel Corporation using conventional 
polishing methods. As with all mirrors used at an EUV wavelength of 3c=13nm, it is 
necessary to meet smoothness specifications simultaneously with figure specifications if 
the mirror surfaces are to achieve high reflectivity when coated with a multilayer. 
Reflectivity greater than 60% has been demonstrated with a curved witness substrate 
fabricated by Tropel using the same polishing methods and measured with a Chapman 
optical profiler to have a roughness below 0.2nm rms. To achieve near diffraction limited 
performance of the four reflection imaging system, each mirror must have a surface 
figure error of less than U16 p-v to meet the Rayleigh condition or Id56 rms to meet the 
Markhal condition, assuming the errors are uncorrelated for the four reflections. When 
using visible light interferometry at hv=633nm to measure the mirror substrates during 
fabrication, this translates to a surface figure of h,/800 p-v or h,/2800 rms. However, 
visible light interferometry with this accuracy does not exist at this time. The goal for the 
individual mirrors was therefore set at a more reasonable value of hv/300 p-v or &/lo00 
rms. In terms of the EUV wavelength of h=13nm, this corresponds to h/6 p-v or U20 
ms. These were ambitious goals requiring meticulous interferometry. 

Two phase shifting Fizeau interferometers, with well characterized reference 
surfaces, were used to measure the surface figure of these mirrors: an upward looking 
one for the concave mirror and a downward looking one for convex mirror. By 
measuring the mirrors in their final mounting orientation the effect of gravity was 
minimized. Measurements of the concave and convex mirrors after fabrication are shown 
in Fig. 2a. The clear apertures over which the measurements were made are indicated by 
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Figure 2. interferograms of the individual imaging mirrors after: (a) fabrication; (b) 
coating; (c) potting. The clear aperture is indicated by the rectangular box. 

the rectangular box. Contour intervals are 0.11 (1=13nm). The convex mirror was 
slightly better than our goal while the concave mirror fell short of the goal, the major 
contributions to the figure error being o n  the extremes of the clear aperture, particularly 
near the hole. 



After fabrication the mirror substrates were coated with a forty layer pair Mo/Si 
multilayer. The multilayer can have two effects on the surface figure over the clear 
aperture: it  can stress the substrate causing deformation of the mirror surface; and it  can 
alter the mirror topoIogy by nonuniform deposition of the multilayer, which is some cases 
is necessary to achieve high reflectivity over the clear aperture. First order simulations 
show that stress caused the sag of the concave mirror to decrease by as much as 4.9nm 
and the convex mirror to increase by 3.0nm. This change is primarily in the form of a 
slight radius of curvature change which does not degrade the imaging performance. It 
may, however, introduce higher order aberrations in the surface figure, particularly near 
the holes in the mirrors. 

From measurements of the resonant wavelength at points across each minor, the 
nonuniform thickness of the multilayer is estimated to have increased the sag of both the 
concave mirror by 6.0nm and the convex mirror by 4.0nm. Again, the most significant 
contribution is to the radius of curvature with residual higher order aberrations. Since the 
interferometers measure the surface figure with respect to spherical reference surfaces, 
the change in the radii of curvature is not indicated in the interferograms - only the higher 
order aberrations are measured. Fig. 2b shows the surface figure of each mirror after the 
multilayer coating was deposited. In both cases the surface figure has degraded. The 
interferogram of the convex mirror shows steep gradients near each hole indicating that 
multilayer stress was probably the principle cause of the deformation. 

After the reflectivities of the mirrors were characterized, they were aligned and 
potted in stainless steel cells using a thin layer of silicone adhesive. The interferograms 
indicate that the potting had a significant effect on the surface figure as shown in Fig. 2c. 
While the convex mirror continued to degrade, the surface figure of the concave mirror 
improved dramatically, becoming better than the originally fabricated substrate. 
Comparing the peak-to-valley and root-mean-square values of the potted mirrors to the 
goals of 0.16h p-v and 0.053, rms shows that the concave mirror met, and the convex 
mirror almost met, the goal in the root-mean-square sense. Both mirrors fail to meet the 
peak-to-valley goal. However, peak-to-valley is an extreme measure of the surface and 
can be disproportionally influenced by a small area within the clear aperture. That was 
the case here where the mirror surfaces at the edge of the clear aperture, particularly near 
the holes, rolled off causing the peak-to-valley values to be larger than would be 
expected. 

0.20h p-Y \ 
0.031 rms 

Figure 3. Wavefront in the exit pupil of the imaging system for a field point in the center 
of the ring field for (a) the delivered system and (b) the nominal system. 
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System performance 

Actual wavefront measurements of the assenlbled imaging system were made with a 
Twyman-Green interferometer. Unfortunately the  interferometer system errors could not 
be confidently removed from these measurements so they are not discussed here. Instead, 
the surface figure measurements of the individual mirrors were used to simulate the 
imaging performance of the assembled imaging system. To satisfy the Rayleigh and 
Markhal conditions, the system wavefront musr be 3L/4 p-v and Id14 rms, respectively. 
The wavefront goal of the system was chosen to be twice the goal of the individual 
mirrors, or h/3 p-v and h/10 rms. The wavefront in  the exit pupil for a field point in the 
center of the ring field is shown in Fig. 3a for the delivered system and in Fig. 3b for the  
nominal system. The actual peak-to-valley and the root-mean-square values of the 
delivered system were only slightly larger than the goal. The nominal system, 
performing as designed, is shown for comparison. 

The modulation transfer function (both sagittal and tangential) is shown in Fig. 4 
for the center and four extreme points of the ring field, as well as curves for the 
diffraction limited performance and the nominal design. The goal was to achieve 50% 
modulation at 3500 line pairslmm The simulation indicates that the delivered system 
should give 2500 line pairs/mm with a corresponding resolution of about 0.2pm. 

~~ 0.5 L% . Diffraction limit 

Nominal design 

for five points 
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Spatial frequency (line pairslrnrn) 

Figure 4. Modulation transfer function (both sagittal and tangential) for the center and 
four extreme points of the ring field of the delivered imaging system, along with curves 
for the diffraction limited performance and the nominal design. 

The imaging system was installed in the test bed facility about four weeks before 
this conference. Fig. 5 shows one of the initial images of a resolution target with 
line/space widths ranging from 0.35prn to 0.50pm. Line/space widths as small as 
0.18mm were resolved, however, the edges were quite rough. This is attributed to resist 
processing. Vibration and scattered UV in the vacuum chamber may also be factors. 
These issues are currently being addressed and it is expected the  imaging system will 
perform as anticipated in the not too distant future. 
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Figure 5. 1niti:il im:ige of a resolution target \vidi line/sp:ice ~vidrhs uiiging from 0.35pni 
to 0.SOpin. The resist was Shipley SAL 605. 

Conclusions 

A pair of mirrors h;is been fabricated, coated, potted :ind :issenihled :is a four reflection 
ring field imaging system. Interferometric characrerizaiion of tlif individual mirrors has 
been performed ;it each step of the process. I t  is evident from i k s c  rcsuits t h a t  the f i n d  
surface figui-e o f  rhe mirrors does not depend j ~ l ~ l \ :  oil the fiib1-ic;itioii process but is 
equally depeiiclcnt on the coating and porting stsps. Ljnlcss these processes are 
understood and controlled, construction of desizn iimiled reflecli\te imaging systems will  
remai n an x-d iiou s task. 

I t  is also clear from this  experience th:ir accurate metrology is 3 necessary 
component i n  the fabric.ation m a  qualification of these high resolution imaging systems. 
Unfortunarely currenr visible light interferometry falls short of the required level of 
accuracy needed IO produce niirrors with ?,,./XOO p-v surface figure. Until  there is more 
accurate metrology i n  the optical shop to give rimsly feedback IO the fabrication process, 
high quality imaging systems will reinain sspensi\.c and m a y  1101 pcrfor-m at their design 
goals. 

The author would like 10 acknou~ledge L>xn Sepp:tl:il Rick Levssque, Sieve Vernon and 
Dave Gaines of LLNL for their contributions to die. d e s i y ,  coaling and evaluation of the 
imaging optics. Interferometric testing at Tropsl \vas performed under the direction of 
Jim Webb. 'I'he author would also like to t h s n k  J o h n  Bruning and Gus Kaliwari of Tropsl 
for their assiwiice and openne.ss o\'er the course of this project. 

This v , ~ x k  w i s  per-ioiined under the :iuspic.es of the LJ.S. Dqxirliiieiit of Energy by 
Lauxnce 1 ,i \rcriliorc NAI  iori 31 1-a 1 i o i ~ : i t o r ~ ~  ti  !;de I' cor1 {xic t \v -74 05 - 1:n 2-4 8. 


