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In this paper we discuss two techniques to optimize the quality of multilaycr x-ray mirrors, 
namely optimization of the temperature of the substrates during deposition and ion-bombardment 
of the layers. We produced Mo/Si multilayers applying both methods and present the effect on the 
near normal incidence reflectivity for h=13-14 nm radiation. Furthermore an analysis of the 
homogeneity of the deposited layers is given. 

INTRODUCTION 

The increasing reflectivity of’ multilaycr 
mirrors has made the USC of rcflcctivc sort x- 
ray optical systems, e.g. in soft x-ray micro- 
scopy and soft x-ray projection lithography 
[1,2] possible. However, the USC of multi- 
mirror systems [3] in industrial applications 
can only be successful if the system has 
sufficient throughput. It is thcrcfore 
necessary to optimize the reflectivity to the 
highest value possible. 

Since a multilayer mirror is to bc 
considered as an artificial Bragg-reflector, it 
works as a monochromator. Evidently all 
components of an optical system should be 
optimized for the same wavelength, that is 
have the same d-spacing. Furthermore, 
because the Bragg law should bc obeyed over 
the entire mirror, for curved substrates it is 
necessary to vary the d-spacing over the 
mirror gradually. This laterally grading d- 
spacing can only be achieved if the deposi- 
tion of the layers is sufficiently homogeneous 

and rcproduciblc. Our e-beam evaporation 
cquipmcnt has the possibilities to fulfill these 
demands. 

COATIN(; FACILITY 

The multilayer coatings arc produced by e- 
beam evaporation. The facility consists of two 
vacuum systems on top of each other, 
separated by a relatively small diaphragm that 
can be closed with a shutter. In the lower 
system a 5 kW c-beam evaporator is installed. 
In order to have the evaporation source in the 
same position for every material, the targets 
to bc evaporated arc mounted on a rotatable 
holder. The shutter is kept closed until the 
flux, which is monitored by a quartz oscil- 
lator, is sufficiently stable to assure a homo- 
gcncous deposition. The upper vacuum 
system has a base pressure of 1x1 O-* mbar 
and an operating pressure of 1x10-’ mbar. In 
order to be able to deposit homogeneous 
coatings on large curved substrates the 
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rotating substrate holder with controlled 
temperature is installed one mctcr above the 
evaporation source. A slit system installed in 
the particle beam enables the production of 
multilayer coatings with graded d-spacing. 
The layer growth is monitored in situ b) 
measuring the reflectivity of soft x-rays, c.g. 
C, B or N-K, radiation, dcpcnding on the 
period and the ratio of layer thicknesses of 
high-Z and low-Z material rcquircd. A 
quadrupole mass-spectrometer can be used to 
stabilize the evaporation process. A large ion 
gun (diameter 16 cm) is installed for the ion- 
bombardment treatment of the layers. 
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The x-ray mirrors we produce arc multi- 
layer coatings consisting of MO and Si. The 
theoretical reflectivity of the Mo/Si coatings 
depends on the d-spacing and the Mo/Si ratio, 
the so-called p-factor: P=d(Mo)/d(Mo+Si). In 
our deposition equipment WC can choose the 
p-factor and the d-spacing by using the 
appropriate angle of incidcncc and wavc- 
length of our in situ monitoring system. 
From the wavelength dcpcndcncc of the 
optical constants WC can calculate the p-Factor 
and d-spacing that can bc cxpcctcd I‘or a 
certain wavelength. Using N-K, radiation 
(X=3.16 nm) as monitor line at 13.5” angle 
of incidence we find d=6.75 nm and p=O.31. 
The use C or B-K, radiation results in p=O.42 
and 0.59 respectively. Since MO is the 
absorber in the multilayer, the highest theo- 
retical reflectivity is generally obtained for 
the lowest 0, in our cast p=O.3 1. The 
maximum theoretical rcflcctivity of such a 
mirror for X=13.5 nm is 72% at normal 
incidence for a 40 period multilaycr. 
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Figure I: In situ rcflcction curves of 3 
difl‘crcnt suhstratc tcmpcralurcs (no ion 
Lreamm 1) 

1. Temperature optimization 
To obtain high reflectivity it is necessary 

to deposit layers of amorphous material and 
to avoid an increase of interface roughness 
throughout the entire stack. It is reported that 
thermal treatment of the substrate during 
deposition can enhance the rcllectivity 141. 

We produced Mo/Si multilaycrs with d- 
spacing 6.75 nm by using X=3.16 nm as 
monitoring signal at substrate temperatures 
from room temperature up to 275°C with 
steps of app. 25°C. The in situ reflectivity 
during deposition gives a good indication of 
the quality of the mirror. Figure 1 shows 
three cxamplcs of in situ reflectivity curves 
during deposition at three diffcrcnt substrate 
tcmpcraturcs. It is clearly seen that at room 
tcmpcraturc and at 265°C the rcflcctivity is 
rcduccd after deposition of only five to six 
periods. This reduction is probably due to an 
increasing interface roughness through the 
stack. At 215°C substrate temperature the 
rcflcctivity is two times higher and remains 
almost constant during deposition of periods 
8 through 24, indicating a constant interface 
roughness. This enhancement of the in situ 
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Figure 2: Near-normal incidence reflec- 
tivity for h-13.8 nm, theoretical curve and 
different temperatures 

reflectivity is also reported by Kloidt [5], 
albeit for a monitoring wavelength of 4.47 
nm. Figure 2 shows the absolute reflectivity 
for h-13.8 nm. The near-normal incidence 
reflectivity shows the highest value for the 
mirrors produced at 215”C, confirming the 
conclusion drawn from the in situ signal. The 
reflectivity for the 24-period multilayer pro- 
duced at the optimum temperature is 41%, 
which is 80% of the maximum theoretical 
value. 

2. Ion bombardment 
Another method to increase the reflectivity 

is to-etch the layers by ion bombardment [6]. 
We applied this technique to Mo/Si -multi- 
layers by making each layer 50% thicker 
than it should be and-etching this additional 
part off using bombardment with Kr+-ions of 
300 eV at an angle of incidence of 45”. We 
produced Mo/Si samples by-etching only the 
Mo-layers,-etching only the Si-layers, and- 
etching the MO- and Si-layers and found the 
best result by-etching only Si and by-etching 
MO and Si. The effect in the latter two cases 
was comparable, so time and energy can be 
saved by-etching only the Si layers. Figure 3 
shows the in situ reflectivity during the 
deposition of a 32 period Si-etched sample at 

room temperature. The signal increases 
during the first 14 periods to app. three times 
the value of a non-etched sample (Figure 1) 
and decreases only slightly during periods 
15-32. The success of this method is 
confirmed by the near-normal incidence 
reflectivity measurements. Figure 4 shows the 
measured and the calculated maximum 
reflectivity of a 32 period Si-etched multi- 
layer, deposited at room temperature. The 
reflectivity of the-etched sample for h= 13.3 
nm is 53%, which is 83% of the theoretical 
value. 
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Figure 3: In situ reflection curve 
etched sample (substrate at 36°C) 
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Figure 4: Reflectivity at 83” a.o.i.: a Si- 
etched sample (substrate at 36’C) and the 
theoretical maximum value 
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The bandwidth is 4.2% FWHM, which is 
somewhat more than the theoretical value of 
3.1% that is given by h/Ah=N (N is the 
number of periods). This slightly larger 
bandwidth is probably due to some increase 
of surface roughness that can also be seen 
from the small reduction of the in situ signal 
after period 14. For x-ray optical applications 
however, a larger bandwidth can contribute to 
a higher throughput of a multi-mirror 
system. 
A second advantage of the ion-etching 
technique is that almost any layer thickness 
error can be corrected immediately after the 
deposition of the layer. This can be very 
important considering the high costs of 
curved substrates. 

3. Homogeneity 
As discussed in the Introduction it is 

necessary to have accurate control of the d- 
spacing over the entire mirror. We examined 
three samples that were simultaneously coated 
with 32 periods of Mo/Si. One sample was 
mounted in the middle of the substrate 
holder, the other samples at 5 cm distance on 
each side of the central one. We found the d- 
spacing of the off-center samples to be 0.06- 
0.1 nm smaller than of the center one. This 
very small deviation in homogeneity was 
found to be reproducible, which means it can 
be taken into account when we deposit layers 
with laterally graded d-spacing. 

CONCLUSIONS 

We have demonstrated that both substrate 
temperature optimization and ion-etching of 
the Si-layers are powerful methods to 
enhance the quality and therefore the near- 
normal incidence reflectivity of Mo/Si multi- 
layer x-ray mirrors. The reflectivity of the 
temperature optimized samples and of the 
ion-etched samples amounts to respectively 
80% and 83% of the theoretical maximum 
value. The ion-etched sample was deposited 
at room temperature. The combination of 
temperature optimization and ion-etching 
remains to be done. Furthermore ion-etching 

has the potential to correct almost any layer 
thickness error during the deposition process. 

We found our layers to be sufficiently 
homogeneous and reproducible to deposit 
coatings for multi-mirror systems, in future 
even with laterally graded d-spacing. 
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