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Abstract: We performed experiments involving the fabrication of Mo/Si multilayer coatings
and established a model of the deposition process. The surface and interface roughness, surface
power spectral density, layer structures, and coating reflectivity were characterized for different
substrate inclination angles. The surface and interface roughness increase and the coating
reflectivity decreases with an increase in the substrate inclination angle, especially for large
angles (50–70°). The model was applied to explain this phenomenon, and a proposal to reduce
the interfacial roughness caused by substrate inclination angles is presented.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

With the increase in the demand for high-speed computation at low power consumption rates,
extreme ultraviolet lithography (EUVL) is seeing significant development. The process for
depositing the Mo/Si multilayer coating on the EUV collector mirror is a critical step that has
a determining effect on the output power, imaging quality, and working life of EUVL systems.
Therefore, the optimization of the process for depositing the Mo/Si multilayer coating on the
collector mirror should lead to further improvements in the performance of EUVL [1–6].
Theoretically, the EUV reflectance of Mo/Si multilayer coatings on collector mirror can be

around 75% [2], but in practice the reflectance is lower than 69% and the reflectivity at the
edge with large substrate inclination angle (about 50°) is reduced by about 2% compared to the
reflectivity near the center [7–9]. The decrease of reflectivity at the edge is mainly caused by the
increase of interfacial roughness of Mo/Si multilayer deposited at larger substrate inclination
angle, as mentioned by Broadway et al. [10]. Therefore, the effects of the substrate inclination
angle on the coating structure and its roughness should be elucidated if one wishes to improve
the reflection efficiency of the coating.

Torrea et al. [11] performed magnetron sputtering experiments to study the deposition process
of sputtering Ta atoms on inclined Si(100) substrates as well as the microstructures of the
thus-deposited films; the maximum substrate inclination angle studied was 70°. Moreover, they
established a 3D model to simulate the structures of the films grown for different substrate
inclination angles. Trost et al. [7] studied the variations in the scattering characteristics of Mo/Si
multilayer coatings formed on Si substrates with different inclination angles; in this case, the
maximum substrate inclination angle investigated was 30°.
Voronov et al. [12] used ion-beam sputtering method to fabricated Mo/Si multilayers with

different substrate inclination angles from 0° to 65° and present a continuum model for the growth
of the nano-ripples, which is very useful for understanding the evolution of Mo/Si multilayer
structures deposited at different inclination angles. In their experiment, the residual divergence
of the deposition angles on the substrate was very small (7°) and there was no need to consider
the distribution of incident angles. However, in our case Mo/Si multilayers are deposited on EUV
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collector mirror by large-size planar magnetron sputtering source with angular and sputtering
yield distribution of sputtered atoms [5,13,14], and it is necessary to consider the complicated
wide distribution of incident angles and its influence on the growth of the multilayers.

Neither of these previous studies directly clarified the reasons for the decreased reflectivity
of the coating at the edge of the collector mirror. Hence, in this work, we fabricated Mo/Si
multilayer coatings by the magnetron sputtering method on Si substrates with inclination angles
of 0, 20, 30, 40, 50, 60, and 70°. Atomic force microscopy (AFM) and transmission electron
microscopy (TEM) were used to measure the surface roughness and image the cross-sectional
structures, respectively, of the multilayer coatings. Further, the reflectivity of the multilayer
coatings for wavelengths of 12–16 nm was measured using an extreme ultraviolet spectrometer.

The structure of Mo/Si multilayer coatings can be optimized by improving the coating process
based on the results of previous experimental studies [1–8]. However, this is time consuming,
requires extensive practical experience, and would lead to material wastage. These problems can
be overcome by utilizing a simulation model. The kinetics Monte Carlo (KMC) method and the
molecular dynamics (MD) method have been employed previously to simulate coating deposition
processes [15]. Yang et al. [16] used the KMC method to simulate the growth of a Nickel thin
film while Schneider et al. [17] applied the MD method to simulate the effects of the energy of
the incident atoms on the deposition process with the aim of improving the coating density. In
this study, we combined these two methods to develop a model that can be used to simulate the
deposition of Mo and Si atoms on Si substrates.

The proposed model was used to simulate the structure of Mo/Si multilayer coatings and study
the variations in the coating structure and surface roughness with changes in the inclination
angle of the substrate. The process conditions, including the temperature and pressure of the
deposition environment, deposition rate, and voltages applied to the Mo and Si targets as well
as the substrate inclination angle were kept the same as those during the experiments. It was
found that the changes in the surface power spectral density (PSD) and surface roughness with
the substrate inclination angle as simulated using the model were similar to those observed
experimentally, thus confirming the suitability of the model.

2. Modeling of deposition

Magnetron sputtering is a popular coating deposition method. In this section, we present a model
for the magnetron sputtering deposition of Mo/Si multilayer coatings based on the physical
processes involved: 1) the distribution of the incident sputtered particles and 2) their deposition
on the substrate.

2.1. Distribution of incident sputtered particles

In order to determine the distribution of the sputtered particles incident on the substrate, we need
to model the following three processes: a) magnetron discharging, b) plasma–target interaction,
and c) transport of particles in processing gas.

2.1.1. Magnetron discharging

An Ar plasma is generally used to bombard the Mo/Si targets and generate the sputtered Mo/Si
particles during the deposition process. Under the effect of magnetic and electric fields, the Ar
plasma is made to move away from its initial direction and bombard the Mo and Si targets at high
speed. The sputtering yield distribution of the Ar plasma as it comes in contact with the Mo/Si
targets was calculated based on the shape of the target grove [18,19] in our model.

2.1.2. Plasma–target interaction

When the Ar plasma bombards the Mo and Si targets at a certain angle and energy, Mo and
Si atoms get sputtered from the respective targets. This process is considered a plasma–target
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interaction. The software programs SRIM [20] and TRIM [21,22] applying the binary collision
method were used to model this process, in order to determine the angle and energy distributions
of the sputtered Mo/Si atoms and the reflected Ar atoms [23]. The voltages applied to the Mo
and Si targets were 350 and 600 V, respectively.

2.1.3. Transport of particles in processing gas

The software SIMTRA [23] was used to model the movement of the sputtered particles in
processing gas in order to determine the incident angles and energy distributions of the sputtered
Mo and Si atoms and the reflected Ar atoms as they arrived at the substrate.

The spatial positions of the Mo and Si targets and the inclined substrate during the simulations
are shown in Fig. 1 which were similar to those used during the experiments. The distance
between each target and the substrate is 12 cm, and the diameter of each target is 10 cm. The
environment temperature and pressure were kept at 300 K and 6e−2 Pa, respectively. The voltages
applied to the Mo and Si targets were 350 and 600 V, respectively. The working gas is Ar plasma.

Fig. 1. Spatial positions of Mo and Si targets and inclined substrate.

Figures 2 and 3 show the incident angles and energy distributions of the Mo and Ar (Mo target)
and Si and Ar (Si target) atoms arriving at the substrate, respectively. The substrate inclination
angles were 0, 20, 40, 50, 60, and 70°.
It can be observed that the peak of the incident angle distribution moves to the left with the

increase in the substrate inclination angle while the incident energy distribution remains almost
unchanged; this is true for all three types of atoms (Mo, Si, and Ar). In addition, the peak of the
incident energy distribution of the Ar atoms is higher than that of the Si atoms, indicating that the
reflected Ar atoms also participate in the deposition process. The presence of these high-energy
Ar atoms is one of the primary reasons to smooth the surface roughness of the coatings, as is
explained next.
The incident angle and energy distributions of the atoms were taken as the initial conditions

for the proposed deposition model.

2.2. Deposition of sputtered particles on substrate

The deposition of sputtered particles on substrate was simulated based on MD method and KMC
method. The MD method was applied to investigate on the physical process of the high-energy
sputtered atoms colliding with the substrate, similar to Yang’s [24] study on the deposition of
Ni/Cu multilayers and Luo’s [25] work on the inclined deposition of Si thin films. Further, the
KMC method was utilized to study the thermal diffusion process of atoms deposited on the
substrate based on ADEPT and 2D KMC model [16, 26].
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Fig. 2. Incident angles and energy distributions of Mo and Ar atoms (Mo target).

Fig. 3. Incident angles and energy distributions of Si and Ar atoms (Si target).

2.2.1. High-energy physical deposition

As the incident sputtered particles have a certain kinetic energy, they collide with the substrate
and undergo reflection [27], resputtering [27], biased diffusion [28], and kinetic energy assisted
diffusion [29–31] (shown in Fig. 4), determining the motion trajectory of the atoms and affecting
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the deposited coating structure on the substrate. LAMMPS software containing MD method was
practical used in our model to explore the four high-energy physical deposition processes.

Fig. 4. High-energy physical deposition processes: (a) reflection, (b) resputtering, (c)
biased diffusion, (d) and kinetic energy assisted diffusion

Four types of collision are considered in order to approximate the real multilayers deposition
processes: 1) the collision of Mo atoms on a Mo substrate (Mo-on-Mo); 2) the collision of Mo
atoms on a Si substrate (Mo-on-Si); 3) the collision of Si atoms on a Mo substrate (Si-on-Mo),
and 4) the collision of Si atoms on a Si substrate (Si-on-Si). The four high-energy physical
deposition processes all happen for these four types of collision. However, Since the sputtered
Ar atoms are gaseous at working temperature, it is difficult for Ar to form thin films. Thus, we
assumed that only kinetic energy assisted diffusion process happens when Ar atoms colliding
with the substrate.

The reflection and resputtering probability, and biased diffusion distance in terms of incident
angle and energy can be calculated for the four types of collisions by the MD method (the case of
Mo-on-Mo is shown in Fig. 5). In addition, the angle and energy distribution of the reflection
and resputtering atoms can be obtained as well [27, 28]. Therefore, the location of the sputtering
atoms deposited on the substrate can be determined; afterwards, KMC method is used to account
for the low-energy thermal diffusion processes discussed in the following.

2.2.2. Thermal diffusion

After the high-energy physical deposition processes, the atoms stop moving since their kinetic
energy is consumed. However, the atoms would not remain at the same location; instead, they
would jump stochastically to another position. This stochastic jumping is called thermal diffusion,
which is one of the key factors affecting the film structure.

To calculate the thermal diffusion trajectory, it is necessary to compute the barrier energy for
particle skipping. The potentials induced by the relative locations of the atoms during thermal
diffusion can be computed using the modified embedded atom model (MEAM) method [32–34].
The nudged elastic band (NEB) method can then be employed to compute the barrier energy
[2,35,36] based on the potentials. As per the principle of the NEB method, particle skipping
occurs along the path with the lowest barrier energy and not along the shortest path. LAMMPS
software applying MEAM and NEB method was used to calculate the barrier energy in our
model.
If the thermal diffusion is assumed to conform to Boltzmann statistics, the jump probability

for the atoms to the nearest neighbor empty site can be expressed as: pi = v0exp(−Ei/KT) .
Where, v0 is the effective vibrational frequency, K is Boltzmann’s constant, and T is the absolute
temperature of the environment. Ei is the activation energy for jump i, which is the barrier energy
acquired by the above mentioned MEAM and NEB methods.
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Fig. 5. Mo-on-Mo.(a) Reflection probability vs. incident angle, incident energy fixed
at 50 eV. (b) Reflection probability vs. incident energy, incident angle fixed at 75°. (c)
Resputtering probability vs. incidence angle, incident energy fixed at 50 eV. (d) Resputtering
probability vs. incident energy, incident angle fixed at 30°. (e) Biased diffusion distance
vs. incident angle, incident energies are 10, 20, and 30 eV. (f) Biased diffusion distance vs.
incident energy, incident angle fixed at 75°.

KMC method is implemented to simulate the location changes of atoms under the thermal
effect based on the jumpy probability pi, and final film structure is thereby determined [16].

The incident angle and energy distributions of the atoms were calculated using the simulation
model (see Section 2.1). At least 320000 atoms were used to simulate the deposition process
based on the model described in Section 2.2. The atomic deposition rates were same with that in
the experiment, and the environment temperature was 300 K. The substrate was assumed to be
smooth, and the inclination angles investigated were the same as those used in the experiments
(0, 20, 40, 50, 60, and 70°).



Research Article Vol. 28, No. 9 / 27 April 2020 / Optics Express 13522

3. Experimental setup

An FJL600 DC magnetron sputtering system was used in this study. The vacuum system of
this machine uses turbo molecular pumps, and the working gas is Ar gas. The environment
temperature was kept at 300 K, the background pressure at 1.2e−3 Pa, and the working pressure at
6e−2 Pa. The substrates used were made of super-polished Si and had dimensions of 15 mm× 15
mm. The purities of the target Mo and Si are 99.95% and 99.999% respectively, and the targets
are both produced by Umicore. The period of the deposited Mo/Si multilayer coatings was
40.5, meaning that the first and last layers were both of Si. Seven different inclination angles
were evaluated, and the investigated range included both high and low angles as well as those
that lay in between (0, 20, 30, 40, 50, 60, and 70°). The deposition rates at different substrate
inclination angles are shown in Table 1. The Mo/Si multilayer coatings were deposited under the
above-described process conditions. The surface roughness, structures, periodic thicknesses, and
reflectivity of the coatings were evaluated using AFM, TEM, X-ray diffraction (XRD) machine,
and ultraviolet spectrometer spectrometry, respectively.

Table 1. Experimental deposition rates at different substrate inclination angles.

Deposition atom
Deposition rates nm/s

0° 20° 30° 40° 50° 60° 70°
Mo 0.141 0.133 0.121 0.1053 0.0878 0.0695 0.0475

Si 0.146 0.135 0.125 0.108 0.0905 0.0719 0.0492

4. Results and discussions

4.1. Surface roughness measurements

AFM was used to measure the surface contours of the deposited Mo/Si multilayer coatings. A
region with dimensions of 2 µm × 2 µmwas analyzed for each sample (Fig. 6), and the roughness
(RMS) of this region was calculated (Fig. 7).

Fig. 6. Surface contour structures of experimental Mo/Si multilayer coatings deposited on
substrates inclined at different angles: (a) uncoated substrate and substrates coated when
inclined at angles of (b) 0, (c) 20, (d) 30, (e) 40, (f) 50, (g) 60, and (h) 70°.
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Fig. 7. Correlation between experimental surface roughness and inclination angle of
substrate.

It can be observed that the surface roughness (RMS) of the uncoated super-polished substrate
was quite small. However, granules formed on the substrate surface, and its roughness increased
after the deposition of the coating. Nevertheless, the changes in the surface contours were small,
and the surface roughness increased only slightly for inclination angles between 0° and 40°. On
the other hand, the size of the surface granules as well as the surface roughness increased rapidly
for inclination angles between 50° and 70°. Moreover, the experimentally determined surface
roughness values were found to be exponentially correlated to the substrate inclination angle (see
Fig. 7); in the figure, the black dots are the measured surface roughness, while the red curve is
the fitted curve. The relationship can be expressed as follows:

σ = 4 × 10−4eθ/8.33 + 0.105 (1)

where σ is the surface roughness of the deposited coating and θ is the inclination angle of the
substrate.
The surface roughness during the simulations were similar to those observed during the

experiments (Fig. 8). In other words, in both cases, they exhibited an exponential relationship
with the substrate inclination angle. The maximum deviation between the simulated and
experimentally measured surface roughness was less than 20%, which means that the proposed
simulation model is effective for calculating the surface roughness of Mo/Si multilayer coatings
and study the changes in the surface roughness with the substrate inclination angle.

4.2. Power spectral density measurements

To accurately characterize the surface profile and provide a quantitative description of the spatial
frequency distribution, it is necessary to introduce the evaluation method of PSD. The obtained
surface contour information (shown in Fig. 6) can be converted to a spatial-frequency domain
by Fourier transform. Because of the required infinite continuous range of Fourier transform,
it cannot be used to calculate PSD directly. Therefore, the discretization method proposed by
Stearns [37] was used for calculating the PSD.

PSD(ν) =
∆x
M

���∑M−1

m=0
z(m)w2k(m)e−2πj(mvM)

���2 (2)

Here, ∆x is the separation between the samples to ensure a correct dimension, M is the number
of sampling points, z(m) is a discrete form of the surface profile height function, v is the spatial
frequency, and w2k(m) is the correction function.
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Fig. 8. Surface roughness (RMS) for substrate inclination angles of 0, 20, 40, 50, 60, and
70° as observed during simulations and experiments.

The PSD values for the different substrate inclination angles are shown in Fig. 9. It can be
seen from the figure that both the high spatial frequency and the low spatial frequency surface
roughness values of the various coatings were higher than those of the substrate. The low spatial
frequency surface roughness remained almost unchanged, while the high spatial frequency surface
roughness increased when the substrate inclination angle was increased from 0° to 20°. This
meant that the size of the surface granules remained almost constant while their number density
increased with the increase in the inclination angle. Further, both the low spatial frequency and
the high spatial frequency surface roughness were similar at 20° and 40°. However, when the
substrate inclination angle was increased from 40° to 50°, the high spatial frequency surface
roughness remained almost unchanged but the low spatial frequency surface roughness increased
sharply. This indicated that the size of the surface granules increased sharply with the increase in
the inclination angle. Furthermore, the high spatial frequency and low spatial frequency surface
roughness both increased significantly when the substrate inclination angle was increased from
50° to 70°. This was because, in this case, the deposited atoms were incident on the substrate
surface at a very high angle. Hence, the energy transferred to the substrate was too low for kinetic
energy assisted diffusion to occur [24,29–31]. Thus, island-like structures formed on the surface.
Furthermore, owing to the large incident angle and the presence of these island-like structures, a
blocking effect occurred, which led to the formation of even more island-like structures.

Fig. 9. PSD values of experimental Mo/Si multilayer coatings for different substrate
inclination angles.
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4.3. Periodic thickness measurements

Based on the results of the XRD measurement (Fig. 10), the periodic thicknesses of the multilayer
coatings formed for substrate inclination angles of 0, 20, 40, and 50° were determined to be
7.0654, 6.9935, 6.8467, and 6.8054 nm, respectively. The fitted ratios (Mo fraction in the
multilayer period) were all around 0.4. However, only a single diffraction peak was observed on
the left side of the spectrum when the substrate inclination angle was 70° (see the red curve in
Fig. 10). This indicated that the periodicity of this coating had been destroyed owing to the high
substrate inclination angle.

Fig. 10. XRD patterns of experimental Mo/Si multilayer coatings for different substrate
inclination angles.

4.4. Analysis of coating structure

The structures of the Mo/Si multilayer coatings with period of 40.5 (the period is 20.5 in 70°)
obtained from the simulations are shown in Fig. 11, where the red and blue layers represent the
Mo and Si atoms, respectively.
TEM was performed to evaluate the structures of the Mo/Si multilayer coatings fabricated

in experiments for substrate inclination angles of 0, 50, and 70° (Fig. 12). To allow for better
visualization, magnified images of the Mo/Si multilayer coatings are shown in Fig. 13.

The following conclusions can be made based on the results shown in the figures:

(1) When the substrate inclination angle is 0, 20, 40, or 50°, a periodic Mo/Si multilayer
coating is formed (Figs. 11–13). Further, the interface roughness between the Mo and Si
layers increases with the increase in the substrate inclination angle. This is because the
incident angle increases with the increase in the substrate inclination angle (from Figs. 2
and 3), and the block effect becomes more pronounced during deposition, resulting in an
increase in the interface roughness. However, when the substrate inclination angle is 60 or
70°, the multilayer coating formed is not periodic. This is because the block effect is very
strong and destroys the periodicity.

(2) Small imperfections are propagated throughout the individual interfaces (as descripted
by the orange line in Fig. 14) when the substrate inclination angle is 40 or 50°. Macleod
[38,39] stated that the multilayer growth angle, β, and incident angle, α, satisfy the
expression tanβ = c tanα (c = 0.5) when α is 40°, meaning that β is 23°. β was found to
be approximately 20° when α was 40° during the simulations, in keeping with the results
reported by Macleod. Furthermore, β was found to be approximately 40° when α was
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50°; this was the case both during the simulations and the experiments. In the case too,
the expression tanβ = c tanα held true but with a higher c (c = 0.7), indicating that c
increases with the incident angle.

4.5. Reflectivity measurements

The extreme ultraviolet spectrometry was used to measure the reflectivity of the Mo/Si multilayer
coatings in the EUV band. For the substrate inclination angle of 0°, the peak reflectivity is
65.13%. The normalized peak reflectivity (relative to 0°) of the Mo/Si multilayer deposited for
substrate inclination angles of 0, 20, 40, 50, and 60° are shown in Fig. 15. The peak reflectivity
decreases only slightly when the substrate inclination angle is increased from 0° to 20° and then

Fig. 11. Simulated structures of multilayer coatings with period of 40.5 at different substrate
inclination angles as determined through simulations: (a) 0, (b) 20, (c) 40, (d) 50, (e) 60,
and (f) 70° (the period is 20.5).

Fig. 12. Experimental TEM Images of Mo/Si multilayer coatings for substrate inclination
angles of (a) 0°, (b) 50°, and (c) 70°.
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Fig. 13. Magnified images of structures of multilayer coatings at substrate inclination
angles of (a) 0°, (b) 50° and (c) 70° as determined through experiments and (d) 0°, (e) 50°
and (f) 70° in simulations

Fig. 14. Propagation of small imperfections throughout individual interfaces at substrate
angle of 50° as observed during (a) experiments and (b) simulations.

to 40°. However, the peak reflectivity decreases sharply, falling to less than 0.54 at 50° and
decreases further to 0.17 at 60°. This is in keeping with the results of the AFM and PSD analysis,
which suggested that the size of the surface granules and hence the surface roughness increases
with the inclination angle, as well as the TEM results, which showed that irregular interfaces are
formed when the substrate inclination angle is greater than 40°. It can be further inferred that the
reflectivity is nearly 0 at the substrate angle of 70° owning to the significant surface roughness
and destruction of periodic structures.

4.6. Discussions

We have developed a model for explaining the increase of interfacial roughness of Mo/Si
multilayers with the increase of substrate inclination angle. Our goal is not only to explain things
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Fig. 15. Normalized peak reflectivity of Mo/Si multilayer coatings for substrate inclination
angles of 0, 20, 40, 50, and 60°

but also to improve things. It is well known that the interfacial roughness of Mo/Si multilayers
can be reduced by polishing the surface of Si layer [13,14]. The established model can simulate
this kinetic energy assisted diffusion processes and tune the flux, incident angle and energy of
Ar+ to decrease the interface roughness.

Using the proposed model, we simulate the Mo/Si multilayers with 10 bi-layers at substrate
inclination angles of 20, 40, and 50° under two conditions: 1) unpolished; 2) Si layers polished
by Ar+. Figure 16 shows that the interface is smoothed apparently after Si layers are polished by
Ar+. Figure 17(a) implies that the surface roughness (RMS) all decrease at different inclination
angles when Si layers are polished by Ar+. Figure 17(b) shows that the etched thicknesses of Si
layer polished by Ar+ are different at different inclination angles. The simulation results indicate
that the deterioration of interfacial roughness with larger inclination angles can be compensated
by the polish of Si layer with different etched thicknesses. As to the experimental implement,
the etched thickness distribution of Si layer for different part of collector can be controlled by
modulating the velocity of substrate sweeping across the ion source.

Fig. 16. Simulated structures of the Mo/Si multilayers with 10 bi-layers at substrate
inclination angle of 50°, (a) unpolished, (b) Si layers polished by Ar+, the etched thickness
of Si layer is 0.91nm, incident angle and energy of Ar+ are 50° and 50eV.
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Fig. 17. (a) Simulated surface roughness (RMS) of Mo/Si multilayers at different inclination
angles (unpolished and Ar+ polished), (b) etched thickness of Si layer at different inclination
angles.

5. Conclusions

In this work, Mo/Si multilayer coatings with a period of 40.5 were fabricated, and a model was
developed to simulate the deposition process of the coatings based on the high-energy and thermal
diffusion physical processes. The primary focus was the changes in the surface and interface
roughness, layer structure, and coating reflectivity of the multilayer coatings with changes in the
substrate inclination angle, and a total of seven different angles (0, 20, 30, 40, 50, 60, and 70°)
were studied. The main findings of the study can be summarized as follows:

(1) For substrate inclination angles smaller than 40°, the surface and interface roughness of
the multilayer coatings increases slightly with an increase in the inclination angle, and the
layers are kept periodic. However, for substrate inclination angles greater than 40°, the
surface and interface roughness increase sharply with increases in the inclination angle,
further, the layers become irregular and the periodicity is destroyed at very large inclination
angles (60 and 70°). Further, the relationship between the surface roughness and substrate
inclination angle is an exponential one.

(2) For substrate inclination angles lower than 40°, the reflectance of the multilayer coatings
with respect to EUV decreases slightly with an increase in the inclination angle. However,
for substrate inclination angles greater than 40°, the reflectance with respect to EUV
decreases sharply with the increase in the inclination angle. In addition, it was also
found that the high roughness of the coating surface and interfaces are responsible for the
significant decrease in the reflectance at large inclination angles. Thus, it is essential to
improve the coating process in order to increase the reflectance at large inclination angles.

(3) On comparing the surface roughness results of the experiments and simulations, it was found
that the deviation in the roughness was less than 20%. This confirmed the effectiveness of
proposed model. Furthermore, the proposed deposition model could serve as a theoretical
basis for the advanced coating process development.
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