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Abstract 

A three-element Kohler condenser system has been fabricated, characterized, and inte- 
grated into an E W  lithographic system. The multilayer coatings deposited on the optics 
were designed to provide optimal radiation transport efficiency and illumination 
uniformity. Extensive EUV characterization measurements performed on the individual 
optics and follow-on system measurements indicated that the condenser was operating 
close to design goals. Multilayer d-spacings were within 0.05 nm of specifications, and 
reflectances were approximately 60%. Illumination uniformity was better than & 10%. The 
broadband transport efficiency was 1 1 %. 

Introduction. 

Illumination systems for EUV projection lithography consist of an EUV source and con- 
denser that transports radiation to a reflection mask. Source requirements have been 
discussed by Kubiak' and Kauffman2. Condenser requirements are threefold. First, the 
condenser must collect and transport sufficient radiation to produce the necessary power 
density at the resist to maintain the specified wafer throughput. Second, the condenser 
must transport radiation with the proper coherence for optimized imaging. Finally, the 
condenser must produce uniform illumination at the resist for CD (Critical Dimension) 
control. 

Although several condenser designs have been p r o p ~ s e d ~ . ~ ,  few discuss the associated 
multilayer requirements. This paper reports on a multilayer design that provided signifi- 
cant improvements in the performance of a three-element Kohler c ~ n d e n s e r . ~  The 



multilayer-coated condenser optics were individually characterized at EUV wavelengths to 
verify that multilayer design goals had been achieved, and the performance of the assem- 
bled condenser system was measured at the LLNL front-end test bed facility.6 

Multilayer desipn 

To maximize radiation transport at a given wavelength, multilayer d-spacings must be 
matched to incidence angles at each point on the mirror: 

where I'd" is the d-spacing, "(3" is the angle of incidence as measured from the surface 
normal, and "h" is the wavelength. 

In the LLNL Kohler design, a unique incidence angle is associated with each point on 
each mirror in the condenser ~ys t em.~  In the case of monochromatic radiation, then, the 
optimal d-spacings are determined using Eq. 1.  

However, variations in mask illumination occur if transport efficiency varies with ray 
direction from the source. This can occur even in systems for which Eq. 1. is everywhere 
satisfied. The reflectance corresponding to a resonant wavelength A can vary for different 
(dye) pairs that satisfy Eq. 1. In the LLNL design these effects cause 2% (relative) varia- 
tions in transport efficiency between the chief and marginal rays. As collection solid angles 
increase this effect becomes more pronounced. 

nX = 2dcos8 (1) 

In the case of broadband illumination, the finite number of layers in a multilayer stack 
results in a finite wavelength passband (UAh =: 27) and the performance of the condenser 
must be evaluated for wavelengths within this passband. In the case of the LLNL Kohler 
condenser, optimal multilayer designs were derived using a polarization-dependent radia- 
tion transport code that computed mask illumination. The optimized monochromatic 
design was used as the initial design, and iterations were performed until the desired per- 
formance was achieved. 

Based on the results of these computations, mirrors C l  and C3 could be coated with 
identical, uniform rnultilayers. This result occurred because of the small range of incidence 
angles on these mirrors? Mirror C2 required a graded coating. Because the condenser was 
axi-symmetric, contours of constant incidence angle were centered on the optical axis. 
Thus, the location of the optical axis with respect to the optic, and a d-spacing specification 
along a radius from the optical axis, represented a complete multilayer design. The desired 
d-spacing is shown as a solid line in Fig. 4. The location of the optical axis, and the sym- 
metry axis for coating, was 27.9 mm from the center of mirror C2. 

To illustrate the effect of multilayer design on condenser performance, three simula- 
tions of the LLNL Kohler condenser are shown in Fig. 1. Although each simulation uses 
60% reflectors, the d-spacing specifications are quite different. Fig la. simulates the case 
of uniform, identical coatings on each mirror. The average radiation transport efficiency is 
denoted as <TE>, and the d-spacing for mirror '7'' is Aj. Fig. lb. is identical to Fig. la, 
except the d-spacing of mirror C2 has been shifted by +O. 1 nm to account for the increased 
angular range on mirror C2. Fig. IC. is a simulation of the design actually used for this 
condenser set, as described above. It shows marked improvement over the other designs. 

I 



Figure la. Transport 
efficiency for A1=A2=A3 , 
uniform coatings. O E >  = 
11%. 

Figure lb. Transport Figure IC. Transport 
efficiency for A*=A3=A2-0.1 efficiency for Al=A3, both 
nm, uniform coatings. <TE> are uniform. A2 is graded as 
= 15%. described in the text. <TE> 

= 14%. 

meriment 

The three condenser mirrors were coated with multilayers in a magnetron deposition sys- 
tem specifically configured' to produce the coatings described above. The multilayers 
consisted of 40.5 layer-pairs of molybdenum and silicon. 

The reflectance characteristics of the multilayer on each mirror were measured in a 
series of point by point EUV measurements performed in collaboration with PTB at the 
PTB TGM beamline at the BESSY synchrotron in Berlin, Germany. A detailed description 
of the facility is found elsewhere". Briefly, the beam size was 200 pm at the sample, the 
beam divergence was 0.3 mrads, and the spectral resolution was approximately 160 at 
k13 .2  nm. 

The performance of the assembled condenser system was measured in the LLNL front- 
end test bed facility. A 10 Hz Nd-YAG laser producing 0.35 J in a 7.5 ns pulse was fo- 
cussed to a 200 pm spot on a 1 inch diameter tungsten rod. The first condenser mirror was 
shielded from target ejecta by inserting a 580 nm thick silicon nitride window 26.1 mm 
from the source. 

Results and discussion 

Individual mirror characterization measurements are shown in Figs. 2-4. From these data 
we see that C1 has a reflectance in excess of 60% except at an end point, and that the 
wavelength response is uniform to 0.1 nm over a 60 mm distance. C3 has a lowered re- 
flectance, 58%; the wavelength response is uniform to within 0.02 nm over 12 mm. 
Reflectance values for mirror C2 were in excess of 60% except at end points, and the 
wavelength response was within 0.05 nm of the desired gradient over a scan length of 
29 mm. In summary, then, multilayers were deposited within 0.05 nm of d-spacing speci- 
fications; reflectance values were within 2% (absolute) of design goals except near mirror 
edges. 



Mask plane illumination uniformity was measured in the front-end test bed using 
Kodak 101 film, Film noise limited accuracy to +lo%. Within this measurement accuracy 
the mask plane intensity was uniform, as show in Fig. 5. 

The radiation transport efficiency was 1 1 %. The energy at the mask plane, as measured 
with an absolutely calibrated silicon photodiode, was 46ort50 nJ/pulse. The energy inci- 
dent on the condenser, inferred from off-line calibrations of the source, was 4000 nJ/pulse. 
The ideal condenser, as shown in Fig. IC, would transport 14% of the incident radiation to 
the mask. The reduction in transport efficiency for the actual condenser can be attributed 
to the low reflectance values of mirror C3 and to departures from multilayer design 
specifications. 
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Fig. 2. Reflectance and wavelength 
response of the primary collection mirror, 
C 1, along a mirror diameter. 
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Fig. 3. Reflectance and wavelength 
response of mirror C3 along a mirror di- 
ameter diameter. 

Conclusions 

We have coated and tested a three ele- 
men t  Koh le r  c o n d e n s e r  f o r  E U V  
lithography. The condenser is working 
close to the design specifications. The 
condenser transport efficiency is 11%, 
which is slightly lower than the ideal 
14%. The measurement of illumination 
uniformity at the mask plane was film- 
noise limited to ,lo%. We plan to fur- 
ther quantify uniformity using an EUV- 
sensitive CCD. Improvements in d- 
spacing control and mirror surface finish 
should increase the transport efficiency 
and improve illumination uniformity to 
design levels. 
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