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Abstract: The optical properties of a-periodic, depth-graded multilayer 
mirrors operating at 13.5 nm wavelength are investigated using different 
compositions and designs to provide a constant reflectivity over an 
essentially wider angular range than periodic multilayers. A reflectivity of 
up to about 60% is achieved in these calculation in the [0, 18°] range of the 
angle of incidence for the structures without roughness. The effects of 
different physical and technological factors (interfacial roughness, natural 
interlayers, number of bi-layers, minimum layer thickness, inaccuracy of 
optical constants, and thickness errors) are discussed. The results from an 
experiment on the fabrication of a depth-graded Mo/Si multilayer mirror 
with a wide angular bandpass in the [0, 16°] range are presented and 
analyzed. 
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1. Introduction 

The development of normal incidence multilayer mirrors has opened up new opportunities in 
the production of high resolution imaging optics for the extreme ultra-violet (EUV) and soft 
x-ray spectral regions. The development of multilayer-based optical systems for EUV 
photolithography, which provides nanometer resolution in the image plane [1,2],  is 
representing a major technological and physics boost to this field. 

However, the interferential nature of reflection from multilayer mirrors results in a narrow 
spectral and angular bandpass. This limits some of the applications for multilayer optics. For 
example, the angular bandpass of reflection is about 9° for a periodic Mo/Si mirror at λ = 13.5 
nm (see Fig. 1, curve 1). However, future large aperture EUV-optical systems, which have 
diffraction limited resolution, will have radiation incident on the mirror at a range of angles 
that may exceed the bandpass of reflection. Evidently, a variation in the incidence angle φ0 
along a mirror surface (Fig. 2) can be compensated by a lateral variation in the period of a 
multilayer structure to obtain the Bragg condition of reflection at any point on a mirror 
surface. However, if the divergence of radiation δφ (Fig. 2) exceeds the width of the Bragg 
peak, the only solution to the problem is to design a mirror that can provide a wider 
reflectivity bandpass with the required reflectivity profile. Strictly speaking such a design 
should also take into account the variation of phase. However the complex amplitude 
reflectivity profile can only be considered for a specific optical system, which is out of the 
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scope of this work. At the same time the factors influencing characteristics of such a system 
are the same as those considered in this work. 

 

Fig. 1. The calculated reflectivity versus the angle of incidence of periodic (1) and depth-
graded (2-4) Mo/Si multilayer mirrors for naturally polarized radiation at λ = 13.5 nm. The 
design of depth-graded mirrors was optimized to obtain the constant reflectivity R0 in the [0, 
18°] range of angle of incidence, the aimed value of R0 being equal to 57% (2), 61% (3), and 
70% (4). Calculations were performed for ideal multilayer structures without interlayers. The 
uppermost layer was silicon covered with naturally formed SiO2 layer. 

 

Fig. 2. Sketch of reflection of EUV radiation from a multilayer mirror. 

The obvious way to widen the reflectivity bandpass of a multilayer mirror is to produce a 
gradual variation of the period with the depth of the multilayer structure stack [3]. An EUV 
beam, incident on such a structure over a range of angles will be reflected in accordance with 
the Bragg law, from different depths of the multilayer structure. Applying to the designing of 
depth-graded multilayer mirrors, the inverse problem can be formulated in the following 
manner. Suppose the angular, R(φ), or the spectral, R(λ), dependence of the reflectivity is a 
known function, one must find the required variation of the period and the Γ-ratio as a 
function of depth for the multilayer structure, d(z) and Γ(z), that will provide the given 
reflectivity profile R(φ) or R(λ). 

Different theoretical approaches to this problem have been considered in [4–9]. Examples 
of wide bandpass multilayer mirrors, intended for operation in hard and soft x-ray spectral 
regions have been fabricated and tested, e.g., in [10–12] and [13–15], respectively. However, 
thorough study of the optical properties of the wideband EUV multilayer mirrors and factors 
limiting their ultimate parameters is still unavailable. Moreover, an optimum choice of 
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materials constituting a wideband EUV multilayer structure is not as evident as for the 
conventional periodic mirrors. This is caused by the fact that the optical response of the 
wideband multilayers is strongly deformed due to the interaction zones formed between the 
main pair of materials, while in the periodic multilayers these zones only reduce the overall 
reflectance. 

This paper reports the results of theoretical analysis on determination of the optimum 
parameters for these structures, when constrained by requiring a constant reflectivity at a 
wavelength of 13.5 nm over a [0, 18°] range of angles of incidence. We will discuss the 
design, optimization, and approaches taken to increase the reflectivity of wider bandpass 
mirrors with a constant reflectivity profile, shown in Section 2. We consider the influence of 
different physical and technological factors on the reflectivity of depth-graded EUV 
multilayer mirrors in Section 3. Finally, we describe the fabrication and characteristics of a 
depth-graded Mo/Si multilayer mirror with a wider angular reflectivity bandpass in Section 4. 

2. Wideband EUV multilayer mirrors with constant reflectivity 

Our approach to the inverse problem of designing an EUV multilayer mirror with reflectivity, 
R0(φ), between the angles of incidence φmin and φmax (φ being the angle of incidence) is based 
on the minimization of the conventional merit function: 

 
max

min

2

0

max min

1
[ ( ) ( )]MF R R d

ϕ

ϕ

ϕ ϕ ϕ
ϕ ϕ

= −
− ∫   (1) 

which characterizes the root-mean-square deviation of the calculated reflectivity profile R(φ) 
from the intended reflectivity. The thicknesses of the deposited layers are considered as 
independent variables. The solution to the inverse problem is a set of layer thicknesses that 
provides a sufficiently deep minimum of the merit function of Eg. (1) so that the calculated 
reflectivity profile is close to the one aimed for. The studied multilayer mirrors are listed in 
Table 1. 

We started our calculations with an ideal Mo/Si structure which had no interlayers 
between the adjacent materials and zero roughness (sample 1 in Table 1). The uppermost layer 
is a 2 nm SiO2 oxide layer which results from the oxidation of the top silicon layer. The aim 
was to find a design that yielded a constant reflectivity (R0(φ) = R0) at wavelength λ = 13.5 
nm over a [0, 18°] range of angles of incidence. Minimization of the merit function of Eq. (1) 
is performed using the conventional Levenberg-Marquardt algorithm [16]. 

The calculated reflectivity profiles (Fig. 1) show that if R0 is considerably lower than the 
maximum possible reflectance for a periodic structure, the computational procedure obtains a 
very even reflectivity plateau (curve 2) over the given angular range. When R0 is increased, 
the reflectivity profile becomes a varying function of the angle of incidence, which becomes 
stronger as R0 is increased (compare the curves 3 and 4). 

The calculated phase ψ of the amplitude reflectivity r = |r|·exp(iψ) is shown in Fig. 3 for 
the multilayer structures in Fig. 1. As seen, the phase variation of both periodic (curve 1) and 
depth-graded (curves 2-4) mirrors is similar, with the phase being a smooth and monotone 
function of the incidence angle in the angular range of high reflectance. 

Table 1. Parameters of the depth-graded EUV multilayer mirrors a 

Sample Description 
Number of bi-

layers 

Interlayers 
or barrier 

layers 

<R> 
at RD = 

0.6–0.7% 
Rint, rad 

1 SiO2/[Si/Mo]N/sub 100 none 61% 0.190 
2 SiO2/[Si/MoSi2/Mo/MoSi2]N/sub 100 MoSi2 54% 0.169 
3 SiO2/[Si/MoSi2/Mo/MoSi2]N/sub 50 MoSi2 52% 0.163 
4 SiO2/[Si/Mo2C/Mo/Mo2C]N/sub 100 Mo2C 58% 0.182 
5 SiO2/[Si/Mo2C]N/sub 100 none 56% 0.175 

a Parameters are optimized to provide constant reflectivity in the [0, 18°] range of the angle of incidence at λ = 
13.5 nm. When calculating, we took the thickness of the SiO2 oxide layer to be equal to 2 nm, and the thickness 
of the MoSi2 interlayers or Mo2C barrier layers to be equal to 1 nm. The substrate was fused silica. 
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Fig. 3. The calculated phase of the amplitude reflectivity (s-polarized radiation) versus the 
angle of incidence for the multilayer mirrors in Fig. 1. 

To characterize quantitatively the optical quality of a wideband multilayer mirror, we 
introduce the mean value of the reflectivity plateau, <R>, and the relative dispersion of the 
reflectivity, RD, as follows: 

 
max

minmax min

1
( )R R d

ϕ

ϕ

ϕ ϕ
ϕ ϕ

=
− ∫   (2) 
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min

2

max min

1 1
[ ( ) ] 100%RD R R d

R

ϕ

ϕ
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ϕ ϕ
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< > − ∫   (3) 

where φmin = 0 and φmax = 18°. The relative dispersion of the reflectivity characterizes an 
undesirable deviation of the reflectivity curve from the flat plateau. The mean reflectivity 
versus the target value of the reflectivity plateau is shown in Fig. 4, curve 1. With increasing 
R0, the mean reflectivity differs from R0 and tends to a certain value determined by the 
absorption of radiation in the material. The relative dispersion of the reflectivity versus the 
mean reflectivity is shown in Fig. 5, curve 1. It increases quickly with increasing <R>, 
limiting the practicable value of the reflectivity plateau. If it is assumed that an acceptable 
level of the reflectivity dispersion is 0.6 – 0.7%, then the mean reflectivity is about 61%. The 
corresponding reflectivity profile is presented in Fig. 6, curve 1, and the variation of the layer 
thickness along the depth of Mo/Si multilayer mirror is shown in Fig. 7. Note that the inverse 
problem has typically a great number of solutions (minima of the merit function (1) of 
different depth), each of which results in different thickness profiles (see, e.g [9].). 

By trying different initial thickness profiles, we found that the optimization procedure 
resulted in the small RD value and in depth-distributions that have a relatively smooth form, 
which also tend to be quasi-periodic in contrast to designs obtained in [14,15]. This is 
essential for the fabrication process, since smoother profiles are considered to be easier to 
implement due to more accurate calibration of the layer thicknesses for commonly used 
deposition techniques. 
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Fig. 4. The mean reflectivity <R> of depth-graded multilayer mirrors in the [0, 18°] range of 
angle of incidence versus the aimed reflectivity plateau R0. The curve number in the figure 
corresponds to the number of a structure in Table 1. The dashed straight line corresponds to the 
ideal case <R> = R0. 

 

Fig. 5. The relative dispersion of reflectivity of depth-graded multilayer mirrors in the [0, 18°] 
range of angle of incidence versus the mean reflectivity value. The curve number in the figure 
corresponds to the structure number in Table 1. 
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Fig. 6. The reflectivity of the studied depth-graded multilayer mirrors at about the same relative 
dispersion of the reflectivity RD ~0.6–0.7%. Curve number in the figures corresponds to the 
structure number in Table 1. 

 

Fig. 7. The depth-distribution of the period (beginning from the top) (1) as well as the thickness 
of the Si (2) and Mo (3) layers for the Mo/Si multilayer mirror (sample 1 in Table 1) optimized 
for the constant reflectivity R0 = 61% at λ = 13.5 nm in the [0, 18°] range of the angle of 
incidence. 

One more parameter characterizing optical properties of a wideband multilayer mirror is 
the integral reflectivity Rint, i.e. the reflectivity integrated over the [0, 18°] angular interval. 
The values of Rint of the studied mirrors are presented in Table 1. The Rint for a depth-graded 
Mo/Si multilayer mirror based on an ideal stack (sample 1 in Table 1) is equal to 0.190 rad 
that is about 1.33 times higher compared to that of a periodic multilayer mirror based on an 
ideal stack (Rint = 0.143 rad). We would like to note that the integral reflectivity can be further 
increased by performing a special optimization of a multilayer structure to provide the 
maximal value of Rint. However, in this case the reflectivity will become strongly oscillating 
function of the incidence angle. Finding a compromise solution between the flatness of the 
reflectivity profile and integral reflectivity acceptable for a specific optical system is out of 
the scope of this paper. At the same time the factors influencing characteristics of such 
systems in general are the same as those considered in this work for achieving flat reflectivity 
profile. 

In general, for multilayer structures, the flat reflectivity profile cannot be achieved using 
designs based on an ideal stack. In the Mo/Si system, the formation of natural interlayers will 
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considerably alter the reflectivity, therefore these interlayers have to be taken into account in 
the design process. In the next step we study the influence of this effect, including 
experimentally estimated parameters for the interlayers. 

The interlayers of different silicides and thicknesses have been identified between Mo and 
Si layers depending on the deposition method and measurement technique [17–22]. For our 
estimate, we approximate the interlayers by introducing 1 nm MoSi2 interlayers at every 
boundary. Using this approach, the only variables in the merit function are still the thicknesses 
of the Mo and Si layers. The mean reflectivity versus the aimed value of the reflectivity 
plateau is shown in Fig. 4 (curve 2), and the relative dispersion of the reflectivity versus the 
mean reflectivity is shown in Fig. 5 (curve 2). The calculated reflectivity profile for this 
structure is presented in Fig. 6 (curve 2). Essentially, the interlayers result in a decrease in the 
mean reflectivity compared to an ideal structure with the same dispersion of the reflectivity. 
For example, when RD is ~0.6–0.7%, the loss is about 7%. Note that the loss due to the 
presence of interlayers in a periodic structure optimized for maximum normal incidence 
reflectance, would only be about 4%. So, the effects of interlayers are more pronounced for 
wide bandpass multilayer structures. This can be explained by the fact that the thickness of 
absorbing layers (Mo) in an ideal structure can be varied over a wider range compared to a 
structure with 1 nm MoSi2 interlayers. Once the interlayers are included, the absorber 
thickness cannot be lower than 2 nm (two 1 nm thick MoSi2 interlayers with zero Mo layer 
thickness left). This fact limits degrees of freedom of optimization and, in particular, results in 
an increasing dispersion of the reflectivity curve. 

In real life, the naturally formed interlayers cannot be fully controlled by the deposition 
technique. Their fine structure, i.e. the variation of density and atomic composition across 
interlayer, as well as the precise thicknesses are not known with the sufficient accuracy to 
realize the designed structures. One way to avoid this uncertainty is to introduce efficient 
diffusion barrier layers with known parameters that prevent the formation of natural 
interlayers. Below, we consider an example of artificial 1 nm Mo2C diffusion barriers 
introduced at every boundary between Mo and Si. The stability of interfaces in a 
nonequilibrium Mo2C-Si system is conditioned by the activation energy barrier that must be 
overcome to decompose Mo2C and produce MoSi2. In turn, the Mo2C-Mo interface is rather 
stable, even at elevated temperatures, because this pair of materials are neighbors on the phase 
diagram and are in thermodynamic equilibrium with each other. The reflectivity and thermal 
stability of periodic Mo/Mo2C/Si/Mo2C multilayers have previously been experimentally 
studied in the EUV range [23]. The mean reflectivity of a Mo/Mo2C/Si/Mo2C mirror (sample 
4 in Table 1) versus the target reflectivity is shown in Fig. 4 (curve 4), and the relative 
dispersion versus the mean reflectivity is presented in Fig. 6 (curve 4). The reflectivity of the 
mirror increases as the thickness of the barrier layers decreases. However, the technological 
difficulties involved in depositing ultra-thin layers along with the increased possibility of 
silicon and molybdenum diffusing through very thin Mo2C films means that the thickness of 
the diffusion barriers cannot be too small. 

The issue of interlayers can also be solved by selecting pairs of materials that form sharp 
interfaces. Following the example above, the entire Mo layer can be replaced by Mo2C. 
Periodic Mo2C/Si structures have been studied experimentally in the EUV range and it was 
suggested that no interlayers are formed in the system [23]. In our calculations, the structure is 
assumed to be free of interlayers (sample 5 in Table 1). With the same reflectivity dispersion, 
the Mo2C/Si mirror has 2% higher reflectivity compared to the reflectivity of the Mo/Si mirror 
with interlayers. However, Mo-based multilayer mirrors with Mo2C diffusion barriers will 
have better optical parameters than Mo2C/Si mirrors because the optical constants of pure 
molybdenum are more suitable for multilayer mirrors operating at 13.5 nm. 

3. Factors influencing the optical quality 

In this section, we consider the effects of the number of bi-layers, minimum layer thickness 
limitations, inaccuracy of optical constants, interfacial roughness, and thickness errors, on 
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achievable optical parameters (plateau reflectivity, reflectivity dispersion) for depth-graded 
multilayer mirrors. 

Let us consider the optical parameters of Mo/MoSi2/Si/MoSi2 mirrors with different 
numbers of bi-layers N = 100 and N = 50 (samples 2 and 3 in Table 1). Comparison of curves 
2 and 3 in Fig. 4 show that mirrors with 50 bi-layers have almost the same reflectivity as 
mirrors with 100 bi-layers, i.e. the lower 50 bi-layers contribute minimally to the mean 
reflectivity. However, comparison between curves 2 and 3 in Figs. 3 and 4 show that, at a 
fixed value of dispersion, the mean reflectivity of the 100 bi-layer mirror is about 2% more 
than that of the mirror with 50 bi-layers. In other words, the lower 50 bi-layers, while not 
contributing to the mean reflectivity, smooth the reflectivity plateau. 

Until now, we have discussed the results of calculations performed with the sole limitation 
that the layer thickness is a positive quantity. However, in some cases, the optimum thickness 
of the absorbing layers was found to be as small as 0.1-0.5 nm, which seems to be impractical 
to implement, as shown in Fig. 8 (filled symbols). 

 

Fig. 8. The depth-distribution of the layer thickness for a Mo2C/Si multilayer structure (sample 
5 in Table 1), optimized for the average reflectivity R0 = 56% in the [0, 18°] range of angle of 
incidence (filled symbols) and for a similar multilayer mirror with a limitation imposed on the 
thickness so that it is not less than 1.5 nm (unfilled symbols). Both designs result in virtually 
the same reflectivity profile. 

To account for the technological constraints, we performed calculations such that a certain 
minimum layer thickness was required. Figure 9 shows the dependence of the relative 
dispersion of reflectivity on the minimum possible layer thickness for a Mo2C/Si multilayer 
mirror. This shows that as the minimum layer thickness increases, the relative dispersion 
increases and, therefore, the greater the oscillations in the reflectivity curve. In the current 
case the relative dispersion increases dramatically when the minimum layer thickness exceeds 
2 nm, because the constraint on the layer thickness limits the degrees of freedom of computer 
optimization of the structure. The depth-distribution of layer thickness calculated under the 
assumption of a 1.5 nm minimum layer thickness is shown in Fig. 8 (unfilled symbols). 
Although this solution of depth-distribution differs significantly from the solution without the 
imposed limitation, this design results in virtually the same reflectivity profile. 
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Fig. 9. The relative dispersion of the reflectivity versus the minimum possible layer thickness 
of the Mo2C/Si multilayer mirror optimized for the average reflectivity R0 = 56% in the [0, 18°] 
range of the angle of incidence. 

The accuracy of the optical constants and, in particular, the density of materials used for 
calculations also influences the optical quality of depth-graded multilayer mirrors. Curve 1 in 
Fig. 10 shows the reflectivity profile of a Mo/MoSi2/Si/MoSi2 multilayer mirror designed with 
the assumption that the densities of all the materials are the same as their bulk densities. Curve 
2 shows the reflectivity profile of the same mirror after the density of Mo has been reduced by 
10%. This change results in a reduction of the reflectivity by 5% as well as increasing the 
distortion of the reflectivity curve (i.e. an increased RD value). On the other hand, the 
reflectivity is relatively unaffected by decreasing the density of Si or MoSi2. This situation is 
identical to that of hard x-ray supermirrors, whose optical parameters are determined mainly 
by the polarizability of the absorbing layers [9]. Finally, curve 3 in Fig. 10 was calculated 
assuming the absorption of silicon to be 1.5 times higher than that given in the literature. 
Increasing absorption may be caused, for example, by impurities introduced during film 
deposition and, evidently this decreases the reflectivity with no significant distortion of the 
reflectivity curve. 

 

Fig. 10. The effect of layer density on depth-graded Mo/MoSi2/Si/MoSi2 multilayer mirror 
reflectivity (sample 2 in Table 1). Curve 1 is the result of optimization targeting R0 = 54% and 
taking the density of all the layers to be the same as that of the bulk materials. Curve 2 is the 
reflectivity for the same layer thickness distribution but taking the density of Mo layers to be 
0.9 of the bulk material density. Curve 3 was calculated taking the absorption of Si layers to be 
1.5 times higher compared to the literature data. 
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Thus far, we have considered perfectly smooth multilayer structures. Now we will discuss 
the effect of interfacial roughness. We restrict ourselves to the following simplest cases: (a) 
totally conformal interfacial roughness with a large correlation length and (b) non-conformal 
interfacial roughness with a small correlation length. These two limiting cases contain the 
essential physics required for describing more complicated cases of interfacial roughness. The 
large-scale roughness is replicated during multilayer mirror deposition and, simultaneously, 
additional small-scale intrinsic roughness arises. In the first case, the decrease in the 
reflectivity is described by the Debye-Waller factor applied to the total reflectivity coefficient 
of the multilayer structure. In the second case, the decrease in the reflectivity is usually 
described by the Nevot-Croce factor applied to the amplitude reflectivity of each interface. 
The result of the calculations for interfacial roughness with a 0.3 nm rms height are shown in 
Fig. 11 for the conformal (curve 2) and the nonconformal (curve 3) cases. The effect of 
interfacial roughness is stronger for conformal roughness, which has a longer correlation 
length. Nevertheless, the even reflectivity plateau is still retained in both cases. 

 

Fig. 11. The effect of interfacial roughness on the depth-graded Mo/MoSi2/Si/MoSi2 multilayer 
mirror reflectivity (sample 2 in Table 1). Curve 1 was calculated for R0 = 54% with the 
assumption of perfectly smooth interfaces. Curves 2-3 were calculated for the same structure as 
curve 1 assuming 0.3 nm interfacial roughness. When calculating curve 2, the roughness of the 
different interfaces was supposed to be conformal and the correlation length large. In contrary, 
when calculating curve 3, the roughness was assumed to be nonconformal and the correlation 
length small. 

Finally, we will discuss the effect of thickness errors. Thickness errors originate from 
imprecise thickness control, reaction fluctuations, or interdiffusion between adjacent layers. 
To estimate these effects, we consider two systems; Mo2C/Si (no interlayers formed) and 
Mo/MoSi2/Si/MoSi2 (where MoSi2 is a natural interlayer). Evenly distributed thickness errors, 
in the range of ± 0.05 nm, were included in our calculations and the results from five such 
calculations are presented here to show examples of possible effects on the reflectivity profile. 
In contrast to the factors discussed above, the random thickness errors resulted in a strong-
deformation of the reflectivity plateau (Fig. 12). The effect is more pronounced in the case of 
the Mo/MoSi2/Si/MoSi2 structure where the thicknesses of the interlayers were also subject to 
fluctuations. 
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Fig. 12. (a) The reflectivity of a Mo2C/Si multilayer mirror (sample 5 in Table 1) aimed at the 
constant reflectivity R0 = 54% (black curve) as well as the reflectivity of the same multilayers 
with random layer thickness fluctuations evenly distributed in the ± 0.05 nm range (colored 
curves). Calculations were performed for five sequences of random layer fluctuations. (b) The 
same for the Mo/MoSi2/Si/MoSi2 multilayer mirror (sample 2 in Table 1). 

This fact is explained by the cumulative effect of the random thickness fluctuations 
[24,25]. Indeed, layer thickness fluctuations result in a random shift of (j + 1)th interface by 

the value 
1

j

j ii
z zδ

=
∆ =∑ , where δzi is the random fluctuation of i-th layer thickness and the 

summation is carried out over all the previous layers. Hence, the dispersion of the wave phase 
(DPj) reflected from (j + 1)th interface is proportional to the dispersion of the single layer 
thickness multiplied by the total number of previous layers: DPj ~j<(δz)

2
>. The effect of the 

thickness errors becomes more pronounced for the Mo/MoSi2/Si/MoSi2 structures since they 
have double the number of layers for the same number of periods. Actually, in case of fixed 
interlayer thicknesses, the effect of thickness errors is very similar for Mo/MoSi2/Si/MoSi2 
and Mo2C/Si structures. 

4. Pilot experiment 

In our first pilot experiment, we designed and fabricated a depth-graded Mo/Si multilayer 
mirror for λ = 13.5 nm with a target reflectivity R0 = 60% in the [0, 16°] range of the angle of 
incidence. The design consisted of 49.5 bi-layers, with silicon layers being placed on the top 
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and bottom of the structure. To account for the naturally formed interlayers, at every boundary 
between Mo and Si we introduced 0.8 nm thick interlayers consisting of a mixture of Mo5Si3 
and MoSi2, as suggested by modelling of grazing incidence x-ray reflectivity, diffraction 
measurements and TEM of real e-beam deposited multilayers in our earlier work [18,26–28]. 
Finally the structure was covered with a 2 nm thick silicon oxide layer. The densities of all the 
layers were assumed to be the same as the densities of the bulk materials. We also assumed 
that each interface had 0.2 nm roughness with a very small correlation length in the plane of 
the interface. There is considered to be no correlation between the roughness of different 
interfaces throughout the stack. Therefore, the effect of the interface roughness was described 
by the Nevot-Croce factor applied to the amplitude reflectivity of each interface. The 
calculated depth-distribution of the Mo and Si layer thickness is presented in Fig. 13 (filled 
symbols) with the bi-layer number being counted from the top of the structure. Interlayers and 
the oxide layer are not shown in the figure. The target reflectivity profile is given by the green 
curve in Fig. 14. The designed depth-graded multilayer was deposited at one of the FOM 
coating facilities by means of e-beam evaporation and ion beam polishing [29–31], in an ultra 

high vacuum system (base pressure below 10
−8

 mbar). The growth of the layers was 
monitored by quartz mass balances and the roughness was reduced by Kr-ion polishing of the 
completed Si layers. The multilayer reflectance at near-normal incidence around 13.5 nm was 
measured at the Physikalisch Technische Bundesanstalt (PTB) [32,33] using the BESSY II 
storage ring in Berlin. The measured reflectance of the depth-graded multilayer versus the 
angle of incidence is shown in Fig. 14 (circles). The angular bandpass of reflection is close to 
the target value of 16°, demonstrating that the thickness profile is rather close to the intended 
one. However, the experimental reflectivity curve is deformed: the measured reflectivity is not 
constant at the plateau and varies between 50 to 60%. This fact, as well as an observed 
difference between the measured and the calculated reflectivity at larger angles, clearly 
demonstrates that the internal structure of the fabricated mirror differs somewhat from the 
designed one. 

There are several factors that could lead to the observed deformation of the reflectivity 
curve. First of all, we note that the right part of the experimental reflectivity plateau (at φ 
~16°) is slightly shifted to the larger angles by about 0.6° as compared to the designed value. 
This shift can be caused, in accordance with the roughly applied Bragg law, by a systematic 

shift of all bi-layer thicknesses by a constant value of ∆d = d∆φ·tanφ ≈0.021 nm. One of 
possible reasons resulting in this inaccuracy is a slightly incorrect interlayer thickness used in 
the designing process. Unfortunately reflectometry data cannot resolve this uncertainty since 
it can only be done accurately for the periodic structures. At the same time this uncertainty 
also leads to the deformation of the reflectivity plateau at small incidence angle resulting in 
the observed 50 to 60% fluctuations. 

A significant part of the shift and deformation of the reflectivity profile could also result 
from the uncertainty in the fine structure of the naturally formed interlayers, i.e. variation in 
the material density and its chemical composition across the interlayer, which is not known at 
the current state of research and, therefore, could not be taken into account in the design. 

Finally the observed deviation of the experimental data could also be explained by the 
random layer fluctuations arising during deposition. The result of fitting the experimental 
reflectivity curve using random layer fluctuations while keeping the rest of the parameters the 
same as in the design is shown by the unfilled symbols in Fig. 13, and the corresponding 
reflectivity by the blue curve in Fig. 14. Note that the thickness distribution found by the 
optimization technique is not unique and there are a number of different thickness 
distributions that provide the same reflectivity profile within the prescribed accuracy. 
Nevertheless, Fig. 13 allows us to conclude that the deviation of the reflectivity curve could 
also be caused by small random deviations in the layer thicknesses. 
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Fig. 13. The designed layer thickness distribution (filled symbols) of the Mo/Si multilayer 
structure (N = 49.5) targeting the constant reflectivity R0 = 60% in the [0, 16°] range of the 
angle of incidence at λ = 13.5 nm. To account for the naturally formed interlayers 0.8 nm thick 
interlayers were introduced at every boundary between Mo and Si that are not shown at the 
graph. Unfilled symbols show the result of fitting to the experimental reflectivity curve. 

 

Fig. 14. The aimed (green curve) and the measured (red circles) reflectivity curve versus the 
angle of incidence (at λ = 13.5 nm) of the Mo/Si multilayer mirror aimed at the constant 
reflectivity in the [0, 16°] range of angle of incidence. Blue curve is the result of fitting 
allowing thickness fluctuations during deposition. 

Therefore, the future improvement of the designing procedure implies the use of a more 
correct model of the naturally formed interlayers and designing multilayer structures with a 
reduced sensitivity to random layer thickness variations. 

5. Conclusions 

We theoretically analyzed the optical properties of multilayer mirrors with a wide angular 
bandpass in the EUV wavelength range and the factors that influence these properties. In 
general, a flat reflectivity profile cannot be achieved when an ideal stack is assumed during 
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the design stage. In particular, the formation of natural interlayers alters the reflectivity profile 
of Mo/Si systems considerably and, therefore must be taken into account during the design of 
the multilayer structure. Based on that, structures that do not form significant interlayers (e.g. 
Mo2C/Si), or structures with stable and well controlled artificial barrier layers (e.g. 
Mo/Mo2C/Si/Mo2C), are preferable for practical applications. We have also shown that 
deviations in the thicknesses of individual layers play a crucial role in deforming the 
reflectivity plateau. The cumulative effect of these fluctuations on the reflectivity plateau 
make it preferable to design two-component mirrors that do not have significant interaction 
between the layers (e.g. Mo2C/Si) rather than mirrors with diffusion barriers (e.g. 
Mo/Mo2C/Si/Mo2C) in spite of their somewhat lesser reflectivity. 

We have successfully fabricated, by e-beam evaporation, a depth-graded Mo/Si multilayer 
mirror for the range [0, 16°] of angle of incidence for a wavelength of λ = 13.5 nm. However, 
the observed differences between the measured and the calculated reflectivity calls for further 
analysis. This should include thickness errors induced during deposition, as well as taking into 
account the fine structure of naturally formed interlayers. 
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