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ABSTRACT 
 

It is well known that molybdenum and silicon is the combination with the highest EUV reflectivity of two-component 
multilayers in the wavelength range λ = 12.5 – 15 nm. Using the magnetron sputter deposition method multilayers with 
near normal incidence reflectance of typically 69 % can be prepared. A further increase to R = 70.1 % at λ = 13.3 nm 
was demonstrated by the introduction of tiny carbon barrier layers on the Mo-on-Si interfaces, which reduce the 
interdiffusion of both chemical elements. This is also connected with a higher thermal stability and lower internal stress 
of these multilayers as compared to pure Mo/Si multilayers. 

However, still higher reflectance are desirable for the use of the multilayers as reflectors for EUV lithography. From 
model considerations we have concluded that the replacement of the Mo absorber layer by a multi-component layer 
consisting of two or three layers could result in an EUV reflectivity increase of up to 0.5% compared to the pure Mo/Si 
system assuming sharp interfaces without any roughness. Particularly Ag and Ru are promising candidates as additional 
elements within the absorber. Therefore we have systematically changed the thickness of the individual layers under the 
boundary condition of a fixed period thickness of dp = ( 6.90 ± 0.05 ) nm. Microstructure and optical parameters of the 
multilayers have been investigated by HRTEM, X-ray diffractometry and Cu-Kα reflectometry. The most promising 
multilayers have also been characterized by EUV reflectometry. 
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1. INTRODUCTION 
 

Many groups have shown that high EUV (extreme ultraviolet) reflectance at photon wavelengths λ = 12.5 – 15 nm and 
angles of incidence α = 1.5 – 5 ° can be achieved with Mo/Si multilayers. However, because of imperfections of the 
multilayers the EUV reflectivity of pure Mo/Si multilayers is typically limited to 69 %1,2,3. It was found that the main 
reason for the discrepancy between this value and the theoretical limit of 75.5 % is the formation of MoSix intermixing 
zones at the interfaces. These interdiffusion processes, which are responsible for the intermixing, can be suppressed if 
tiny barrier layers consisting of B4C or C are introduced on the interfaces. Using this technique multilayers with near 
normal incidence reflectance of typically 70 % can be prepared2,4. From investigations of the period thickness 
contraction depending on the barrier layer thickness it has been found that the Mo-on-Si interface has to be protected by 
barrier layers in any case, whereas the contraction at the Si-on-Mo interface is strongly dependent on the Mo 
morphology5. 

However, still higher reflectance are desirable for the use of the multilayers as reflectors for EUV lithography. From 
model considerations we have concluded that the replacement of the Mo absorber layer by a multi-component layer 
consisting of two or three layers could result in an EUV reflectivity increase of up to 0.5 % as compared to the pure 
Mo/Si system assuming sharp interfaces without any roughness. Particularly Ag and Ru are promising candidates for 
additional elements within the absorber. Therefore we have systematically changed the thickness of the individual 
layers under the boundary condition of a fixed period thickness of dp = ( 6.90 ± 0.05 ) nm. Microstructure and optical 
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parameters of the multilayers have been investigated by HRTEM, X-ray diffractometry and Cu-Kα reflectometry. The 
most promising multilayers have also been characterized by EUV reflectometry. 

 

2. MULTILAYER DEPOSITION AND CHARACTERIZATION 
 

All multilayers have been deposited on polished silicon or fused silica substrates (σrms < 0.15 nm) by dc magnetron 
sputter deposition (MSD) in Argon of 99.998 % purity, using a deposition system that has been described elsewhere2. 
Prior to the deposition the base pressure of the vacuum system was less than 2⋅10-8 mbar. During the deposition the Ar 
pressure was fixed at 0.8 - 1.0 mTorr. The power applied to each of the four magnetrons, with a size of 
304.8 x 88.9 mm2, was between 150 and 300 W. The thickness of the individual films have been controlled by the 
adjustment of the frequencies of the substrate rotation over the particular targets. This enables a very precise alignment 
of the layer thickness. 

The characterization of the multilayers by X-ray reflectometry and diffractometry was performed using the twin-Goebel 
mirror (TGM) arrangement6 of a D5005 (Bruker AXS). The following parameters are typical values: 

- Detection of relative thickness deviations < 0.02% (1-σ) 
- Primary beam intensity: I0 > 10+9cps (Cu-Kα1 + Kα2) 
- Suppression of Cu-Kβ radiation at a ratio of 1 000 000 : 1 
- Beam divergence < 0.02° 

Using this technique small and large angle X-ray diffraction (SAXD and LAXD) experiments have been carried out to 
characterize geometrical and morphological multilayer properties. The high intensity of the TGM arrangement ensures 
an acceptable measuring time particularly for the LAXD of such thin films with small diffraction volumes. 

In addition to Cu-Kα reflectometry and diffractometry, EUV reflectance measurements are required to determine the 
optical behavior of the multilayers at the working wavelength in the 13nm region. Presently, these measurements are 
predominantly carried out at synchrotron beamlines, where a well-defined source with high power is available. Due to 
the continued improvement of the measurements, outstanding accuracies have been obtained at PTB/BESSY2: total 
relative uncertainty of 0.25 % for the peak reflectance and 0.025 % for the peak wavelength7. During the last couple of 
month a stand alone EUV laboratory reflectometer has been developed, that also can routinely be used for the at-
wavelength characterization of EUV multilayer mirrors8. Initial measurements show a promising correspondence 
between the measurements at the PTB/BESSY2 and at the stand-alone reflectometer (Fig. 1). 

 

 

Figure 1: Comparison of EUV reflectance 
measurements at the synchrotron beamline at 
PTB/BESSY2 (red curve) and at a stand-alone 
laboratory EUV reflectometer (EUVR). Probably 
due to stray light contributions the measured 
reflectance is typically 2 % lower with the EUVR. 
However, the 7-fold replication of the same 
measurement shows a very stable operation. 
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3. EXPERIMENTAL RESULTS 
 

3.1 Mo/Si multilayers with barrier layers 

Pure Mo/Si multilayers deposited by magnetron sputtering show polycrystalline Mo layers, amorphous Si layers and 
amorphous transition layers with a composition close to MoSi2. The thickness of the transition layers is different on the 
individual interfaces and has values of 0.5 - 0.7 nm on the Si-on-Mo interfaces and 1.1 - 1.3 nm on the Mo-on-Si 
interfaces. Due to these transition layers the EUV reflectance of pure Mo/Si multilayers at near-normal incidence is 
typically limited to 69 %. The formation of amorphous transition layers is connected with a period thickness 
contraction: the multilayers resulting from the magnetron sputter deposition show a smaller period thickness than 
expected from the deposition rates of Mo and Si. With the introduction of barrier layers on the individual interfaces the 
interdiffusion of Mo and Si can be reduced and the EUV reflectance can be increased. Two groups have found 
independently that with tiny C and B4C barrier layers on both interfaces near-normal incidence reflectance of typically 
70 % at λ = 13.4 nm is obtained. 

The introduction of barrier layers on the Mo-on-Si interface influences the growth of the next Mo layer. The critical 
thickness da->c for the nucleation of Mo is increased by approximately 22.5 % (C barrier layers) and 10 % (B4C barrier 
layers). Since the optimum Mo thickness is close to the critical thickness, it is possible to deposit high-reflection 
multilayers with amorphous as well as with crystalline Mo layers. However, the morphology of the Mo layer has a 
strong impact on the diffusion on the Si-on-Mo interface. We observed a period thickness contraction for different types 
of Mo/Si multilayers with barrier layers and found a contraction change of 0.1 nm with amorphous Mo layers and no 
contraction change with crystalline Mo layers (Fig. 2). This is an indication that with crystalline Mo layers no barrier 
layers are necessary on the Si-on-Mo interfaces. If it is possible to deposit high-reflection multilayers with only one 
carbon barrier layer on the Mo-on-Si interface several advantages can result from this: 

• The use of three instead of four sputter sources increases the run-to-run reproducibility of the multilayer 
deposition since every sputter source fluctuates independently. 

• Possible composition changes from one target to another that can appear with the use of compound materials 
like B4C are avoided when using pure materials. 

 

Figure 2: Period thickness contraction change of Mo/Si multilayers with barrier layers on the individual interfaces. No 
contraction change is observable in the case of crystalline Mo layers with barrier layers on the Si-on-Mo 
interfaces. The best reduction of silicide formation is obtained with B4C and C barrier layers on the Mo-on-Si 
interfaces. 
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3.1.1 Multilayer morphology of Mo/Si/C multilayers 

The growth of thin films with thicknesses in the nm-range can be described by the structure zone model developed by 
Movchan and Demchishin9 more than 30 years ago and extended by Guenther10 in 1990. The model of Movchan and 
Demchishin refers to the normalized substrate temperature T = TS/TM ( TS … substrate temperature, TM … melting 
point of the material to be coated) as the only one parameter determining the layer growth. Depending on T, three 
different zones are defined: 

• Zone 1 (T < 0.3): columnar, porous 
• Zone 2 (0.3 < T < 0.45): columnar, dense 
• Zone 3 (0.45 < T < 1): polycrystalline dense 

 
Despite the rather simple description this model reflects many experimental observations of thin film growth with 
surprising accuracy10. However, the model does not include the growth of vitreous amorphous, fully dense structures 
that are observed with some ion and plasma assisted deposition processes like ion beam sputtering, pulsed laser 
deposition or even magnetron sputter deposition at low Ar pressures. Therefore Guenther extended the model to a forth 
zone and generalized the parameters TS and TM: in his model TS represents the thermal equivalent to the total particle 
energy (thermal, kinetic, electronic, chemical) and TM is a measure for the influence of the activation energy of the film 
material10. A schematic view of Guenther’s structure zone model is shown in fig. 3. 

 

In the following we will use the structure zone model for a qualitative interpretation of the growth of Mo/Si multilayers 
deposited by magnetron sputtering at low Ar pressures (pAr ∼ 10-3 mbar) with and without carbon barrier layers. 
Provided that the total particle energies of magnetron sputtered Mo and Si atoms are similar at the same deposition 
conditions, the melting temperatures of the two main components – Mo with TM = 2610 °C and Si with TM = 1410 °C – 
indicate that the growth of silicon layers should be characterized by a higher value for the normalized substrate 
temperature in the structure zone model. And in fact, in Mo/Si multilayers with a period thickness of typically 7 nm and 
single layer thicknesses of dMo = 2.5-3 nm and dSi = 4-4.5 nm we observe amorphous Si layers and dense polycrystalline 
Mo layers. Hence the growth of the Si layers follows the behavior of zone 4 whereas the growth of the Mo layers must 
be described using zone 3 resulting in normalized substrate temperatures of < 1 and > 1 for Mo and Si, respectively. 
Besides the different structure of the formed layers in the individual structure zones, there is another important 
parameter for optical coatings that changes with increasing T: the layer roughness. Higher values for T result in 
smoother layers and the value of T = 1 can be seen as the point at which the roughness propagation changes 
qualitatively. For T < 1 the layer roughness increases with increasing layer thickness due to the columnar growth, 
whereas for T > 1 rather a decrease of an existing high-frequency substrate roughness is observed. Therefore in Mo/Si 
multilayers an alternating roughening and smoothening occurs. The growth of the Mo layers is connected with an 
increase of layer roughness and the growth of the Si layers results in a decrease of the layer roughness. Depending on 
the thickness ratio Γ = dMo/dP the interface roughness of the multilayer can increase or decrease. This has been 
confirmed by the variation of Γ: with increasing Mo layer thickness the multilayer roughness also increases. 
Consequently, from the viewpoint of interface roughness the Mo layer thickness should be as small as possible. 
However, the optimum value from the optical point of view is fixed to 0.4⋅dP and only small variations can be made 
without losing reflectance. 

Figure 3: Structure zone model of Guenther10. 
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Comparing the interface roughness of pure Mo/Si multilayers and Mo/Si multilayers with C barrier layers on the Mo-
on-Si interfaces we observe lower values for the three-layer system. This is in agreement with investigations of Ti/Ni 
multilayers with and without C barrier layers11. Our interpretation of this effect is that the presence of carbon on the 
Mo-on-Si interface retards the crystallization of Mo. It was found that the critical thickness at which the crystallization 
of the Mo layers starts is increased from 2.0 nm in pure Mo/Si multilayers to 2.45 nm in Mo/Si/C multilayers. 
Additionally, the size of the Mo crystallites is smaller in Mo/Si/C multilayers than in pure Mo/Si multilayers with the 
same amount of Mo. Since the roughness development of the Mo layers is directly connected with the size of the Mo 
grains, lower interface roughness will be the result. The first qualitative indication for the validity of this hypothesis is 
the observation of 16 orders of Bragg reflection peaks in the Cu-Kα reflectograph up to gracing angles of >10 deg 
(fig. 4, left hand side). Corresponding to this promising result, the near-normal incidence EUV reflectance of such 
Mo/Si multilayers with C barrier layers is very high (R = 70.1 % at λ = 13.3 nm), even without B4C barrier layers on the 
Si-on-Mo interfaces (fig. 4, right hand side). 

The quantitative analysis of the multilayer roughness has been performed by AFM investigations. It was found that the 
surfaces of Mo/Si/C multilayers are slightly smoother than the underlying Si substrates. Typical values for the substrate 
roughness prior to the deposition are in the range of 0.18-0.19 nm. The surfaces of typical Mo/Si/C multilayers show 
roughness in the range of 0.17-0.18 nm (fig. 5). 

 

 

 

Figure 4: Left: Cu-Kα reflectograph of typical Mo/Si/C multilayers (N = 60, dP = 6.93 nm, dC = 0.4 nm) showing 16 orders of 
Bragg reflection peaks indicating extremely smooth interfaces. 
Right: EUV reflectance of typical Mo/Si/C multilayers, the actual highest reflectance is 70.1 % at λ = 13.3 nm (measured 
at PTB/BESSY2), the values that can be reproducible obtained on smooth substrates are REUV > 69.5 %. 
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Figure 5: Left: AFM picture with a scan width of 1µm of a typical Si wafer showing rms surface roughness in the range of 0.18-
0.19 nm. 
Right: AFM picture with a scan width of 1µm of a typical Mo/Si/C multilayer on a Si wafer showing rms surface 
roughness in the range of 0.17-0.18 nm. 

3.1.3 Internal stress 

The application of Mo/Si multilayers as EUV mirrors not only requires high-reflection multilayers. For the use of such 
mirrors in real optical systems curved substrates with very precise shapes are needed. Therefore, one necessary demand 
is that the figure of the substrate will not be distorted by the multilayer coatings. This implies that the multilayers should 
not exhibit internal stress which can affect the substrate surface. 

A lot of investigations on internal stress has been done so far with pure Mo/Si multilayers12-15. However, to our 
knowledge only a few information is available about stress in Mo/Si multilayers with barriers. Bajt reported that their 
multilayers show a 30% higher internal stress if B4C barrier layers are included within the Mo/Si stack16. In this paper 
we will present initial experiments with Mo/Si multilayers with C and B4C barrier layers on different interfaces: 
Mo/Si/C, Mo/B4C/Si/C, Mo/B4C/Si and Mo/Si with fixed thicknesses of the individual layers corresponding to the 
optimum values for high reflectance of Mo/B4C/Si/C multilayers5 (dB4C ≈ 0.25 nm, dC ≈ 0.4nm, dMo ≈ 2.4 nm, 
dSi ≈ 3.85 nm). More detailed investigations will be published soon by Moss17. 

The determination of the internal stress was carried out by measuring the substrate curvature before and after the 
deposition. With the assumption that the substrate thickness ( = 520 µm ± 10 µm ) is very much higher than the 
multilayer film thickness ( = NdP = 250-280 nm), the Stoney equation18 can be applied and the value of the internal 
stress σ can be calculated by 
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with 
 ES … Young’s modulus of the substrate material (with ES/(1-νS) = 180 GPa for silicon) 
 dS … substrate thickness = ( 520 ± 10 ) µm 
 νS … Poisson number of the substrate material 
 N … number of multilayer periods 
 dP … multilayer period thickness 
 R0 … curvature radius of the substrate prior to the deposition 
 R … curvature radius of the substrate after the multilayer deposition 
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The curvature radii of the deposited wafers were measured within one or two days after the deposition. Up to now no 
time-dependent effects of stress relaxation have been investigated. Subsequently, the samples were annealed for 20 
minutes under vacuum conditions (p < 100 mbar) at different temperatures and the resulting curvature radii were 
measured after every thermal treatment. 

All multilayer configurations investigated show compressive stress. The internal stress of pure Mo/Si multilayers is in 
the range of -350 to –400 MPa and is well within the interval of measured values of other groups which have found 
compressive stress in the range of –250 to –450 MPa12-15. Independently of the multilayer configuration, the 
compressive stress decreases with increasing annealing temperatures. For Mo/Si/C multilayers the internal stress is 
largely reduced to zero after a thermal treatment at 200 °C (Fig. 6). 

The comparison of the pairs Mo/Si/C versus Mo/Si and Mo/B4C/Si/C versus Mo/B4C/Si shows that the introduction of 
0.4 nm C on the Mo-on-Si interface reduces the compressive stress by 15-20 %. In contrast to this the comparison of 
Mo/Si/C versus Mo/B4C/Si/C and Mo/Si versus Mo/B4C/Si shows that the introduction of 0.25 nm B4C on the Si-on-
Mo interface increases the compressive stress of the multilayer by 45-50 %. This observation is independent from the 
annealing procedure. 

 

Figure 6: Temperature-dependent change of internal stress of Mo/Si multilayers with different combinations of C and B4C barrier 
layers on the incividual interfaces. For Mo/Si/C multilayers largely stress free multilayers have been obtained after 
annealing at 200 °C for 20 minutes. 

The question arising at this point is, how the EUV reflectance is influenced by the thermal treatment. Particularly in the 
case of Mo/Si/C multilayers, where the Si-on-Mo interfaces are not protected by barrier layers, the probability of 
interdiffusion should be high. However, Boettger19 et al. have found that initial interdiffusion starts on the Mo-on-Si 
interfaces. Up to now we did not make systematic investigations on the dependence of EUV reflectance on thermal 
treatments. However, we can present measurements on selected samples of the constitution Mo/Si/C in the as-deposited 
state and after annealing at 150 °C. We observe a period thickness contraction of appr. 0.3 % resulting in a wavelength 
shift of 0.04 nm and an EUV reflectance decrease of appr. 0.1 % from 69.9 % to 69.8 %. Since the internal stress is 
reduced by appr. 63 % while the EUV reflectance loss is only in the order of 0.1 %, the Mo/Si/C system seems to be a 
very promising candidate for the coatings of optics for the EUV lithography. 

3.2 Mo/Si multilayers with silver and ruthenium layers 

3.2.1 Model calculations 

Assuming ideal layers (bulk densities of the layers, no interface roughness and diffusion, no surface reaction and 
contamination) two aspects have to be balanced to get high reflectance: 
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• Highest possible X-ray optical contrast ∆δ = δabsorber - δspacer (refractive index n = 1 – δ + iβ ) between 
absorber and spacer layers. 

• Low absorptions βabsorber and βspacer of the X-rays in both layers. 
 
A high contrast ∆δ increases the reflectance of the X-rays on every interface. However, the best optical contrast is 
useless if the absorption of X-rays in the individual layers is too high. In this case only a few periods will contribute to 
the entire reflection since the X-rays can not penetrate into deeper layers. Calculations of the EUV reflectance of model 
systems consisting of two layers per period show that molybdenum and silicon is the combination with the highest 
reflectance. We can find combinations with higher contrast between the individual layers (e.g. Ru/Si) and with lower 
absorption (e.g. Nb/Si), but in all cases the resulting reflectance is lower than for Mo/Si multilayers. The higher contrast 
of Ru/Si is overcompensated by the higher absorption of Ru as compared to Mo. The gain that is reached due to the 
improved contrast disappears due to the higher absorption which decreases the number of reflecting periods Nmin

1 to 54 
resulting in a reflectance of only 70.6 %. The situation is opposite considering the Nb/Si combination. Due to the lower 
absorption of Nb compared to Mo, the number of reflecting periods Nmin = 66 is higher than for Mo/Si multilayers. 
However, this time the decreased contrast between Nb and Si results in a lower reflectance of Nb/Si (Rmax = 74.1 %) as 
compared to Mo/Si (Nmin = 57, Rmax = 75.4%). This example shows, that always a compromise between the highest 
possible contrast and the lowest absorption of the layers must be found. 

Considering multilayers with more than two layers per period a better situation for high contrast and low absorption at 
the same time can be found. Since the electrical field intensity within the multilayer is oscillating, absorber materials 
with a higher contrast to silicon can be favourable in multilayer regions where the electrical field intensity is low despite 
the fact of a higher absorption of these materials. The calculations show that the replacement of pure Mo layers by a 
combination of Mo/Ru or Mo/Ag results in a higher reflectance (Fig. 7). 

 

Figure 7: Left: Calculated EUV reflectance of multilayers with absorber layers consisting of Mo and Ag. 
Right: Calculated EUV reflectance of multilayers with absorber layers consisting of Mo and Ru. The theoretical increase 
in reflectance can be up to 0.5 %. 

3.2.2 Mo/Si multilayers containing Ag layers 

In contrast to carbon barrier layers, silver barrier layers on the Mo-on-Si interface theoretically can result in higher 
reflectances as compared to pure Mo/Si multilayers. Additionally, silver as noble metal is characterized by a 
comparable low chemical reactivity, which may improve the interface quality. Hence, silver was seen as a promising 
candidate for an alternative barrier layer material. 

However, already the first experiments with silver single layers showed that even with the lowest possible Ar sputter 
gas pressures the roughness of the layers is evidently higher than for other metal materials like e.g. molybdenum. The 
fitting of model calculations of Cu-Kα reflectographs to the measured curves showed a rms-roughness in the range of 
1.5 - 2.0 nm. Compared to typical metal layers of similar thicknesses this value is approximately one order higher. In 
                                                           
1 Nmin is the number of periods at which the reflectance reaches 99.9 % of the value for an infinite multilayer stack. 
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order to investigate the interdiffusion and chemical reactions of silver and silicon, Ag/Si multilayers of different period 
thicknesses and thickness ratios have been prepared and characterized20. Due to the island growth of the silver layers 
these multilayers also show higher interface roughness than Mo/Si multilayers. Up to a silver single layer thickness of 
dAg = 2.9 nm the following observations have been made: 

• dAg, observed > dAg, aim, ρAg, observed < ρAg, aim 
• dSi, observed < dSi, aim, ρSi, observed > ρSi, aim 

The reason for this behavior is the island growth of the silver layer. Up to a critical thickness of 2.9 nm no dense layers 
are formed and the remaining voids in the silver layers are filled by silicon deposited thereafter. For dAg > 2.9 nm, the 
silver layers are closed and the expected results for the individual layer densities and thicknesses are observed. 

Despite these rather discouraging results for Ag/Si multilayers a few test samples of Mo/Si with Ag barrier layers with 
thickness in the range of 0.3 - 0.8 nm have been prepared. As expected, also in these multilayers we observe a 
significant roughness increase. The comparison of Cu-Kα reflectographs of such Ag-containing Mo/Si multilayers with 
pure standard Mo/Si multilayers clearly shows a stronger decrease of the higher Bragg reflection peak orders caused by 
the higher layer roughness (Fig. 8). The fitting of calculated curves to the measured ones results in an interface 
roughness of typically 0.5 – 0.8 nm. Additionally, from the TEM investigations on Mo/Si/Ag multilayers it can be 
concluded that the interdiffusion on the Mo-on-Si interfaces is not reduced by the introduction of Ag layers (Fig. 9). 
The reason, of course, is that the Ag layers are not closed for the thicknesses that are of interest for the barrier layers. 

        

 
3.2.3 Mo/Si multilayers containing Ru layers 

As shown in Fig. 7, the highest EUV-reflectance can be reached by the implementation of a 0.8nm thick ruthenium 
layer on the carbon barrier layer in the Mo/Si/C multilayer stack where the thickness of molybdenum is below 2nm. 

It is known that high reflectance of Mo/Si multilayers also strongly depends on state of crystallization of the 
molybdenum in the multilayer. The use of barrier layers introduced on the Mo-on-Si interfaces is compulsory in order 
to obtain high EUV reflectance. In contrast, the Si-on-Mo interfaces do not need barrier layers if molybdenum is in its 
crystalline state5. 

In order to find out the influence of the ruthenium layer on the crystallization of molybdenum several depositions were 
performed. Three series with ruthenium thicknesses of 0.4 nm, 0.6 nm and 0.8 nm and varying molybdenum thicknesses 
were prepared. The period thickness of all deposited multilayers was approximately 6.9 nm. 

Figure 8: Cu-Kα reflectograph of a typical Mo/Si/Ag 
multilayer compared to a standard Mo/Si 
multilayer. 

Figure 9: TEM picture of a typical Mo/Si/Ag multilayer 
showing rough and diffuse interfaces. 
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Figure 10: Influence of ruthenium layer thickness on crystallization of molybdenum. 
 
The Cu-Kα diffractometry carried out in the Θ-2Θ step scan mode shows significant differences in the diffraction 
patterns of these different Mo/Si/C/Ru- multilayers. The diffraction peak corresponds to the (110) lattice plane of bcc 
Mo. It can be seen that the crystallization of equally thick deposited molybdenum layers is more pronounced in the case 
of thicker ruthenium layers (Fig. 10). 

Although thicker ruthenium layers move the start of crystallization of molybdenum to thinner molybdenum thickness, 
the choice of the best thickness for ruthenium and molybdenum must be done with regard to the whole absorber system 
(molybdenum and ruthenium together). For best optical performance the gamma value should be kept below 0.5. 
Therefore the following multilayer compositions have been prepared for EUV reflectance measurements: 

a) dRu = 0.4 nm, dMo = 2.8 nm, dP = 6.9 nm, Γ = 0.46 
b) dRu = 0.5 nm, dMo = 2.75 nm, dP = 6.9 nm, Γ = 0.47 
c) dRu = 0.6 nm, dMo = 1.9 nm, dP = 6.9 nm, Γ = 0.36 (best optical composition) 

Due to optical reasons it was necessary to reduce the ideal thickness of ruthenium from 0.8 nm to below 0.6 nm. In 
particular, the thickness of molybdenum for multilayer compositions a) and b) was chosen to be large enough to fulfill 
the transition from amorphous to crystalline molybdenum. The third multilayer composition c) consists of layers with 
thicknesses that were calculated in order to achieve best reflectance with a Mo/Si/C/Ru- multilayer at λ = 13.5 nm. 
Consciously, for multilayer composition c) it was accepted that the thickness of molybdenum does not reach the value 
at which the crystallization of molybdenum takes place. 
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Figure 11: Results of EUV-reflectance measurements on Mo/Si/C/Ru- multilayer samples performed at PTB/BESSY2 Berlin. 
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The results of EUV-reflectance measurements show that multilayer composition c) has a higher reflectance than both 
compositions with a crystalline molybdenum layer in the multilayer stack. The increase of absorber thickness, necessary 
for the crystallization of molybdenum, leads to a significant higher gamma value and impinge drastically the EUV-
reflectance (Fig. 11). 

However, all three Mo/Si/C/Ru- compositions show a lower EUV- reflectance than the Mo/Si/C- samples (R > 69 %) 
routinely deposited in our laboratory. The comparison of Cu-Kα reflectographs and Rocking-scans of these 
Mo/Si/C/Ru- multilayers to our standard Mo/Si/C- multilayers exhibits a higher roughness of the Mo/Si/C/Ru- 
multilayer. This can be clearly seen by the much lower intensities at high order peaks in the Cu-Kα reflectograph. The 
Rocking-scan around the first Bragg peak shows a higher diffuse scattering for the Mo/Si/C/Ru- samples too (Fig. 12). 
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Furthermore, the roughness of the Mo/Si/C/Ru- multilayer can be seen in the HRTEM micrograph (Fig. 13) which 
shows a cross section of a sample with composition a). It seems that already the first molybdenum layer induces a 
roughness that is continued throughout the whole multilayer stack, whereas no differences have been observed on both 
interfaces of molybdenum, Mo-on-Ru and Si-on-Mo. Additionally, it appears as if the molybdenum is more crystallized 
and textured near to the interface Si-on-Mo. 
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Figure 12: Cu-Kα reflectrographs and rocking-scans 
of Mo/Si/C/Ru- and Mo/Si/C-multilayer 
(N = 60). 

Figure 13: HRTEM micrograph of Mo/Si/C/Ru- 
multilayer with composition a) 
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