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Abstract 
Laser-produced plasmas are source candidates for EUV lithography. The radiation 
angular distribution for several target materials is investigated and source debris is 
characterized. 

Introduction 

Laser-produced plasmas are excellent sources of extreme-ultraviolet (EUV) radiation.. 
LLNL has been investigating whether these sources are viable for EUV lithography 
systems. Previous efforts focused on characterizing the conversion efficiency from laser 
light to 130A radiation. A comprehensive calibrated database for different materials [1,2] 
has been produced to aid in system source questions. Tradeoffs between spot size, laser 
energy and plasma conditions have been explored. 

Knowledge of the optical characteristics of the emitting plasma are essential for a 
practical lithographic source. The collection efficiency of the LLNL EUV Kohler 
condenser system [33, as well as other candidate condenser configurations, is affected by 
the angular radiation distribution. Previous work by several authors indicates that the 
emitted radiation can vary from coso-3 to cos1[4-8]. The actual distribution appears to 
depend on the plasma conditions of the individual experimental system, as well as the 
emitted wavelength range under consideration and the material. In this work, the first 
comprehensive study characterizing the source radiation angular distribution from 
Nd:YAG laser-produced plasmas at intensities between 1x109 - 1013 W/cm2 for a 
variety of materials is presented. The emitted radiation is observed to vary from C O S O . ~ ~  
to cosl. The observed distribution at the mask plane in the Kohler condenser system 
evaluated is in good agreement with the measured radiation. 

A principle characteristic of laser plasma sources is mass ablation of target material.. 
For the lOHz laser system used to evaluate Kohler condenser systems, the reflectivity of 
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the first condenser mirror would drop to unacceptable levels after lo4 shots. Therefore, a 
preliminary debris mitigation system based on silicon nitride membranes is used in the 
front end test bed facility. Data on the angular distribution of the emitted debris will be 
presented. 
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FxDerimental Setup 

The angular distribution measurements are performed using the basic experimental setup 
previously described [2], with several modifications particular to this experiment (see 
Fig. 1) The laser is a 1.064pm Nd:YAG operating at 0.35 on target in a lOnsec pulse. The 
laser beam is either incident in the detection plane or 20" out of the detection plane to 
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Fig. 1 Experimental setup for emitted x-ray 
angular distribution 

simulate the Kohler condenser 
system geometry. The laser light is 
focused on the target either with an 
aberration corrected 200cm focal 
length movable lens to produce spot 
sizes between 30Km and lmm, or a 
relay imaging system similar to the 
one in use with the Kohler system 
producing a fixed spot size of 
200pm. A random phase plate can be 
inserted into the laser beam for 
spatial smoothing. The target is a 
solid cylindrical rod comprised of 
bulk W. Other materials are attached 
to the cylinder as 250pm foils . The 
x-ray detection channels MM133 and 
MM128 are absolutely calibrated [I]. 
Diagnostic channel MM133, 
consisting of a multilayer Mo/Si 
mirror operating at 133A coupled to a 
Be-coated EUV Si diode, is mounted 
on a rotatable arm centered on the 

laser-plasma. The accessible angular range is 15 to 70 degrees. To remove the shot-to- 
shot intensity variations, the rotatable channel signal is referenced to an identical channel 
fixed at 45 degrees relative to the target normal and operating at 128A, the wavelength of 
another Mo/Si mirror. 

FxDerimental Result8 

Angular Radiation Distribution 
The an ular distribution of x-ray emission from the laser-plasma source at a wavelength 

at 0.35 and the spot size is varied. This experimental situation is applicable when the 
0.363, high repetition rate laser [9] currently in development is in full time operation. 
The laser beam is aligned parallel to the target normal. 

The measured emission from W and Sn is shown in Fig. 2. The results for Ta and Au 
are identical to those for W and Sn respectively and therefore are not shown in the Fig. 
Clearly the observed angular distribution for each material at a constant laser energy is a 
function of laser spot size. At the smallest spot size of 30 pm, Sn and W emit radiation in 
coso-55 and cos1 patterns respectively. Both Sn and Au emit radiation in a coso.26 
pattern , while Ta and W display a ~ 0 ~ 0 . ~ 3  pattern when the laser spot size is 200pm. For 

of 133 w has been measured for Sn, Au, W and Ta. The laser energy is constant on target 



the LLNL Kohler condenser system, the laser spot size on target is 200pm. The coso-13 
is observed for W in  the spot size range 150 to 600pm, while for Sn the coso.26 
distribution is only seen for spot sizes between 150 and 350pm. The angular distribution 
function smoothly changes between the 30 and 150pm forms for each material as the spot 
size increases. 
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Figure 2. Angular distribution of radiation at constant energy as a function of spot size for 
W and Sn. 

Additional measurements prove that the angular distribution is independent of the 
laser intensity profile or details of the focusing geometry. A 0-n: random phase plate [lo] 
designed to produce a 200fim diffraction limited spot with lOpm speckle ensured beam 
spatial smoothing. The angular dependence for both W and Sn are identical at the 200pm 
spot diameter irrespective of the spatial smoothing. Furthermore, no difference in the 
angular distribution is observed when a relay image optical system for the laser output 
beam, identical to the one in use with the Kohler condenser system, is substituted for the 
single focusing lens. 

The conversion efficiencies previously presented [ 1,2] assumed a Lambertian 
emission distribution. Incorporating the observed scalings at a 200pm spot size, the 
estimated conversion efficiency will increase by a factor of 1.23 and 1.31 for Sn and W 
to 0.000923 and 0.00035 Jx/eV/JL. For comparison, our typical experimental error is 
estimated as ~ 2 0 % .  

The angular distribution data presented so far have been obtained in a separate 
experimental system. It is also possible to measure the angular distribution for a 
previously characterized [3] EUV LLNL Kohler condenser set at the mask plane of the 
front end test bed facility and verify the observed distribution. The recording medium is 
Kodak 101 film calibrated at LLNL. Setting the angle between the W source normal and 
the center of curvature of mirror C1 to either 25 or 50" produces the smoothed lineout 
data shown in Fig. 3. The 50' curve is scaled by 1.86 to account for filter transmission. 
Clearly no differences exist between the two curves. This data is consistent with the 
previously measured angular distribution. Simulations using the coso-13 power law 
appropriate to the W target verify that no significant shape differences are expected at the 
mask plane. On the other hand, a Lambertian distribution would roll off more quickly at 
small positions. To within the system noise, the mask plane data is consistent with the 



measured W coso-13 distribution. More accurate data to be obtained with a CCD camera 
is planned. 
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Angular debris distribution c 

The debris measurements are necessary for 
operation of the EUV Kohler condenser front 

rod is collected at the debris shield position 
and characterized. A flat glass slide is placed 
in the same position as the debris shield, 
located 3.1 cm away from the laser- 
generated plasma, at a chamber background 
pressure of lO-~or r .  The shield is oriented 
perpendicular to a line going from the center 
of curvature of the first condenser mirror, 
C1, to the laser plasma center. The coating 
thickness is obtained from the film 
reflectivity and transmission at a wavelength 
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Fig. 3 Measured angular distribution at 
the mask plane for condenser #2 
of 6328A and calibrated using a Tencor Alpha Step profilometer. All resultant film 
thickness are corrected to a constant source distance and perpendicular orientation. 

The ejecta is preferentially emitted in the forward direction. The amount of W 
deposited is measured as 0.23*cos8(8) &shot relative to the target normal. After 5000 
shots, the filter transmission is expected to drop by 12%. Clearly additional debris 
mitigation is necessary for operation of the EUV front end test bed facility. 

Conclusion 

The radiation and debris angular distributions have been characterized for a the LLNL 
EUV Kohler front end test bed facility. At a constant energy, the radiation distribution is 
observed to depend on spot size and material. The angular distribution of radiation at the 
mask plane is consistent with the W cos0.13 distribution. The angular distribution of 
debris is measured as 0.23*cos8(8) &shot. 
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