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The results of an investigation on oxidation processes in Mo/Be multilayer nanofilms

are presented. The films annealed both in ambient atmosphere and in vacuum. The

extreme ultraviolet (EUV) and X-ray reflectivity of the samples at 11.34 and at

0.154 nm respectively were measured before and after the treatment. No noticeable

changes in film thicknesses and boundaries were observed during the annealing at

temperatures up to 300◦C. An oxidation mechanism of the nanofilms Mo/Be is estab-

lished and the activation energy of the oxidation process is estimated to be 38 kJ/mol.

To determine an absolute quantity of oxygen in the oxidized layers, a simple tech-

nique based on the EUV reflectivity data is proposed, and the range of its applicability

is subsequently analysed. © 2018 Author(s). All article content, except where oth-

erwise noted, is licensed under a Creative Commons Attribution (CC BY) license

(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5007008

INTRODUCTION

New projects for solar corona imaging impose new requirements for material combinations

used in multilayer mirror (MLM) designs such as to provide both high reflectance and a good

spectral selectivity in the EUV range. It was shown in Ref. 1 that Be-based MLMs meet these

requirements to the greatest extent due to the unique combination of optical constants of Be. In par-

ticular, MLMs composed of Mo/Be have better spectral selectivity than traditional Mo/Si MLMs2

and are more suitable for detecting emission lines of iron ions Fe(XX), Fe(XXI), Fe(XXIII) in

the vicinity of 13 nm. The Mo/Be multilayered system was previously considered as one of the

candidates for EUV photolithography at the wavelength of 11.3 nm.3,4 Subsequently, the alterna-

tive wavelength of 13.5 nm was chosen, and the preference was given to Mo/Si MLM designs

since these have the highest reflectivity (up to 70.15%) at this wavelength.5 Presently, however, the

interest in Mo/Be MLMs is rising again owing to a possible selection of shorter wavelength for

the next generation of EUV lithography6 instead of the previously considered 6x nm project. For

instance, a nanolithography station with a working wavelength 11.2 - 11.3 nm is currently being

developed.7

Moreover, the Mo/Be may be of interest for “classical” EUV lithography. First, due to a lower

absorption of Be as compared with Si, Be-containing free-standing multilayer films, in particular

Mo/Be, can be used as cut-off filters and “pellicles” to protect photolithographic masks from con-

tamination.8 Secondly, it was recently shown that tri-material Mo/Be/Si MLMs routinely provide a

peak reflectivity in the 13.5 nm region of more than 71%, with record values of about 72%.9 Taking

into account the multi-mirror nature of modern lithography projection schemes, this can result in a

significant economic benefit for mass production of chips.
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For both space and lithography applications, a good temporal stability of the multilayer char-

acteristics is extremely important, as well as a resistance to heating for the coatings operating in an

elevated temperature environment or exposed to a high radiation flux. In addition to the resistance

of MLMs to heating, there is a practical interest to the resistance to Mo/Be MLMs to oxidation

processes, even under high vacuum conditions. To assess the long-term stability of the films in the

work, the activation energy of the oxidation processes was determined. To accelerate the oxidation

process, annealing was carried out in air. To separate the effects associated with oxidation and inter-

layer diffusion, identical samples were annealed in air and in vacuum. In the paper the questions of

samples preparation, characterization and annealing are given in details, followed by the stability

evaluations.

SAMPLE PREPARATION AND EXPERIMENTAL METHODS

The Mo/Be multilayer with 110 bi-layers was deposited on a 100 mm silicon wafer. The wafer

was subsequently diced into 20×20 mm2 samples. Deposition was carried out using DC magnetron

sputtering with the following process parameters: the residual vacuum pressure is 5×10-5 Pa, the

working gas (Ar) pressure is 7×10-2 Pa, the current through the Mo target is 600 mA and the voltage

is 270 V, whereas 900 mA and 300 V were used for the Be target respectively. More details on the

deposition process can be found elsewhere.1

The film thicknesses, the profile of transition layers at the boundaries and film densities in the

deposited MLMs were retrieved from a joint analysis of grazing incidence X-ray reflectivity (GIXR)

data (at 0.154 nm) and a near-normal incidence reflectivity of samples measured at 11.34 nm. The

so-called “extended” model based on X-ray reflectivity data10 was used for the reconstruction of

MLM parameters. The main feature of this approach, in contrast to traditional models,11 is the repre-

sentation of a transition region profile in the form of a linear combination of the following functions:

error function, linear, exponential, sinusoidal, hyper-tangent and step function. The coefficients for

the corresponding functions are treated as fitting parameters. This approach allows one to account

for various mechanisms of transition layer formation. For example, the annealing of a particular

MLM can cause drastic changes in the boundary profile, which will manifest itself as changes in

the corresponding function coefficients. One of the advantages of this model is that it is capable

of adequately describing the stoichiometric component within the transition layer (for instance, the

formation of chemical compounds) due to the introduction of the step function. More details on how

one can account for the oxidation of the upper layers will be described later.

The measurements in the EUV spectral range were carried out using a reflectometer equipped

with high resolution grazing incidence spectrometer-monochromator and dismountable X-ray tube.12

Most of the measurements were performed at the wavelength of 11.34 nm, which corresponds to the

maximum of the K-line emission from the Be target.

Time-of-flight (TOF) secondary ion mass spectrometry (SIMS) was used as an auxiliary research

technique. The elemental analysis of nanofilms was carried out using the TOF.SIMS-5 installation

by IONTOF (Münster, Germany) with a TOF mass analyzer. This system uses a pulsed mode of

operation, which allows for the separation of effects from two ion beams for analysis and etching.

The etching is produced by O2
+ or Cs+ ions with energies from 0.5 to 2 keV, with an angle of incidence

on the surface of 45◦; the beam current is on the order of a few hundred nanoamps. A typical size of

the etching beam raster is from 200×200 µm2 to 500×500 µm2. O2
+ ions were used for the analysis

of metal distribution, and Cs+ ions were used for oxygen profiling. Etching by different ions was

performed at different points on the sample surface.

For the analysis, the probing ions from heavy Bi+ elements with an energy of 25 keV were used.

The beam current of these Bi ions did not exceed 1 pA, and the pulse duration was 1 ns. The technique

is described in more detail elsewhere.13

One part of each sample was annealed in a muffle furnace in air atmosphere. After annealing,

the multilayers were taken out and cooled down to ambient temperature. Another part of each sample

was annealed in vacuum using a special furnace pumped to a pressure of 1×10-4 Pa. All samples

were annealed for a preset time at a given temperature and subsequently cooled down inside the

furnace.
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EXPERIMENTAL RESULTS

GIXR measurements

Figure 1 shows the measured and fitted angular reflectivity dependencies for the as-prepared

Mo/Be sample at wavelengths of 0.154 and 11.34 nm. The number of periods is 110 and the top

layer is Be. Note the different vertical scales for both. The MLM parameters obtained by the fit-

ting algorithm are as follows: the thickness of the Be layer is 3.23 nm, the thickness of the Mo

layer is 2.79 nm; their densities are assumed equal to the tabulated values: ρBe = 1.848 g/cm3 and

ρMo = 10.22 g/cm3; the period drift from the top to the bottom of the MLM is estimated to be 0.12 nm

(approximately 2% of the period). The average roughness of the Be-on-Mo interface is about 0.35 nm

and that of the Mo-on-Be is 0.9 nm. The boundaries are described well by a combination of an error

function, an exponential function and a sinusoidal function, i.e. A∗erf(z)+B∗exp(z)+C∗sin(z). The

superposition of the error function, the exponential and the sine functions imply that the profile of

the interlayer region has no strong leaps or fractures, but its “tails” to each layer are longer that for

conventional error function. This is the reason for the less rapid decrease of the Bragg peaks in Fig. 1

(left) to high grazing angles of the probing beam.

The Mo/Be MLMs were annealed in air atmosphere at temperatures of 200, 250, 300, 350, 400

and 450◦C. Figure 2 shows GIXR curves corresponding to annealed samples at 300, 350 and 400◦C

during 0, 2 and 8 hours. Annealing up to 350◦C is observed to not practically affect the positions of

the diffraction peaks. However, at higher temperatures, the positions of the Bragg peaks are shifted

(less than 0.5%), implying that the multilayer period has contracted. Another interesting feature from

the reflectivity curves is in between the region of total external reflection and the first Bragg peak

(angular region around 0.5◦). These changes become more significant with increasing temperature

and/or duration of the anneal in air. This feature is not observed in the GIXR curves of Mo/Be annealed

in vacuum at 350◦C (see Fig. 3) for 0, 2.5 and 7 hours. It can therefore be concluded that the above

mentioned changes are due to surface oxidization processes.

To reconstruct the multilayer structure, the “extended” model was revised by adding further

variable parameters including thicknesses and layer densities, the shape and width of the inter-layer

transition regions estimating the interfacial roughness and inter-diffusion of the multilayer materials.

While constructing the oxidized layer model, the following assumptions were used based on SIMS

data. At “low” annealing temperatures (<250◦C), only the top Be layer is oxidized into BeO (with

a density 3.01 g/cm3) as this is the case of a single Be film stored in ambient conditions for several

months. At “high” annealing temperatures (>350◦C), the two outermost layers (i.e. the last deposited

period) are fully oxidized. Moreover, an intermixing occurs between the oxidized layers of Be and

Mo. The layers of penultimate period are partly oxidized without intermixing. In the intermediate

temperature range (250–350◦C), both scenarios were deemed possible. More details on the results of

SIMS measurements will be given in the next section.

Figure 4 shows the results of the reflectivity measurements and the corresponding fits for the

Mo/Be sample annealed in air at 400◦C in air for 4 hours. In the proposed model, the last two periods

FIG. 1. X-ray (left) and EUV (right) reflectivity curves as a function of incident angle of as-prepared Mo/Be multilayer. Red

line + dots – measurement, blue line – model fit.



075202-4 Nechay et al. AIP Advances 8, 075202 (2018)

FIG. 2. GIXR curves of Mo/Be MLMs before and after annealing at different temperatures in air: (a) 300◦C, (b) 350◦C,

(c) 400◦C. Before annealing – black curve, annealing time 2 hours – red curve and 8 hours – blue curve.

FIG. 3. GIXR curves of Mo/Be MLMs before and after annealing at 350◦C in vacuum: before annealing – black curve,

annealing time 2.5 hours – red curve and 7 hours – blue curve.
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FIG. 4. GIXR and EUV reflectivity curves of the Mo/Be sample annealed in air at 400◦C for 4 hours. Red – measurement,

blue – model fit.

(i.e. four upper layers) are fully oxidized and intermixing of the top bi-layer materials lead to the

formation of a MoxBeyOz film.

It can be concluded that the annealing of Mo/Be at temperatures higher than 350◦C results in

essential structural changes deeply within the nanofilms, which are caused by inter-diffusion. These

changes are clearly visible on the GIXR curves. The statement concerning diffusion is supported by the

fact that the profile of the interface region changes from the superposition of the sinusoidal, exponential

and error functions to a linear function. The linear function of the interfaces is characteristic of MLMs

with strong inter-diffusion, for instance, Ni/C14 and La/B4C (La/B)15–17 multilayers. In contrast,

annealing at temperatures below 300◦C results in small changes to the thicknesses and densities

of layers as well as the transitional regions; furthermore, the reflectivity drop is mainly caused by

surface oxidation (for annealing in air). The depth of the oxidized surface region formed as a result

of annealing in air atmosphere depends on both temperature and annealing time.

Reflectometry at 11.34 nm

EUV reflectivity was measured at 11.34 nm for samples annealed in air and in vacuum at

temperatures from 200 to 450◦C in 50◦C increments. The evolution of the angular dependence of

the reflectance is illustrated in Fig. 5 for the sample annealed at 400◦C in air atmosphere for 2 and

8 hours. After 8 hours, the change in the Bragg peak position corresponds to a decrease in period of

about 0.03 nm, and indicates the beginning of a structural change in the sample. Significant changes

are observed for the reflection coefficient magnitude: during annealing, the reflectance decreases by

about 35%.

FIG. 5. The EUV reflectivity curves of Mo/Be samples annealed at 400◦C in air, black – before annealing, red – annealed for

2 hours, and blue – after 8 hours of annealing.
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FIG. 6. The EUV peak reflectance (normalized) of Mo/Be MLMs as a function of the time and the temperature of annealing

in air atmosphere.

Fig. 6 shows the EUV peak reflectance of Mo/Be multilayers (normalized to the reflectance

of the as-prepared sample) as a function of the annealing time in air at different temperatures. The

uncertainty on the reflectivity measurement is±3%. It can be seen that for low annealing temperatures,

the reflectance decreases only slightly, whereas for the higher temperatures, the loss in reflectance

is much more significant. The rapid initial drop in the reflectance is followed by a more moderate

reduction. The results of these measurements show that a significant degradation in reflectivity of

more than 10%) for the Mo/Be MLMs occurs for annealing temperatures above 300◦C in air. At

lower temperatures, these MLMs can be stored in ambient atmosphere for a long period of time with

no dramatic loss in performance.

The dependencies of EUV reflectance on time and annealing temperature in vacuum of Mo/Be

MLMs are plotted in Fig. 7, where the peak reflectance is again normalized to the as-prepared sample.

A stable response at annealing temperatures ≤300◦C are measured within 3%. At temperatures above

350◦C, the trend changes, so one can conclude that the mirror begins to degrade, which becomes

imminent at temperatures above 400◦C. A small shift in the Bragg peak positions in the GIXR curves

FIG. 7. The EUV peak reflectance (normalized) of Mo/Be MLMs as a function of the time and the temperature of annealing

in vacuum.
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of the Mo/Be samples annealed in vacuum at temperatures greater than 350◦C was also observed

(see Fig. 3).

Thus, it can be assumed that the layer densities and the interfacial roughness remain unchanged

in the Mo/Be MLMs upon annealing in vacuum at temperatures up to 300◦C. It can also be assumed

that the degradation of EUV reflectivity annealed in air at temperatures up to 300◦C is related to

the oxidation of the near-surface layers in the nanofilms, which becomes less transparent to probing

radiation. The critical temperature of 350◦C results in a change in internal structure of the Mo/Be

MLM. At higher temperatures, the degradation process appears to be fast.

TOF-SIMS measurements

The TOF-SIMS technique has become widely used for qualitative and, to some extent, quanti-

tative elemental analysis of thin film and multilayer composition and distribution of elements from

the surface down to deeper layers.13,18,19 This technique was used to study the distribution profiles

of the main elements (Mo, Be, O, C) within Mo/Be MLMs with a period of 6 nm. Figure 8 shows the

oxygen profile in the near-surface layers (approximately the last 10 deposited periods of the stack)

of as-deposited and annealed in air (350◦C for 12 hours) samples. The recorded signal from oxygen

ions (in terms of counts per second) is plotted as a function of depth, which is known from GIXR

data.

The initial part of each curve is an artifact due to a delay in the beginning of the sputtering

process. The plateau corresponds to a fully oxidized surface layer, and the concentration of oxygen

atoms begins to decrease down to values representing the quantity of oxygen penetrating into the

stack either during deposition or annealing. It can be estimated that the as-deposited sample has

a partially oxidized region (approx. 3 nm thick) with variable oxide stoichiometry. The annealed

sample, however, is characterized by a 12 nm thick fully oxidized region and a partially oxidized

layer of about 3 nm. The changes in the oxygen profile were determined to be caused by annealing

temperatures above 200◦C.

As can be seen from Fig. 8, the modulation of the oxygen profile in the deeper layers of the

annealed sample have a lower amplitude than the as-prepared sample, but the average oxygen content

remains practically the same. This effect can be explained by a redistribution of oxygen within the

stack. During the growth of the multilayer stack, the oxygen atoms are mainly absorbed in the Be

layers. After annealing, they diffuse into neighboring layers. Such a redistribution of the oxygen

content between Be and Mo layers can explain the small increase in the reflectance of the MLM

(comparable to the measurement error) annealed in vacuum at 300◦C (see Fig. 7).

The TOF-SIMS technique was also used to probe the Be and Mo contents in the MLMs and

to study the effect of annealing on their respective distributions in the near-surface region of the

FIG. 8. The oxygen distribution in the near-surface layers of as-deposited (red crosses) and annealed at 350◦C during 12 hours

in air (blue triangles) Mo/Be samples.
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structure. The measured Be and Mo depth profiles are plotted on Fig. 9 for (a) as-deposited samples

and (b) samples annealed in air atmosphere at 350◦C. The signals recorded from the two elements

are normalized to their respective maxima. The observable modulation of Mo and Be in Fig. 9(a)

is lower in first period due to surface effects, specific for SIMS technique, and not real. This is

connected with the contamination of near-surface layers with other elements even in as-prepared

sample. After few periods the modulation is diminishing due to roughness increase during etching

process. A good contrast between the Be and Mo layers observed for the as-deposited sample is

missing in the outermost layers of the annealed sample that is fully oxidized and intermixed. As a

consequence, this region of the annealed MLM does not contribute to the constructive interference of

the reflected light, and instead, absorbs a component of the radiation leading to the observed decrease

in the EUV reflectance of the multilayers.

Determination of the quantity of oxygen in multilayer films

Different methods exist to determine the absolute quantity of oxygen in solids, which is not always

a simple task, but these methods either do not reliably provide an acceptable accuracy (for instance, the

total weight) or require a special (and rather expensive) piece of equipment (for example, the neutron

activation analysis). Furthermore, large uncertainties are typically associated with the specificity of

the surface layer.20

One of the most convenient and sensitive methods, in the opinion of the authors, is the mea-

surement of absorption of EUV radiation by oxygen. By specifying the wavelength, it is possible

to expand the dynamic range of the oxygen concentration measurements, and to detect both small

and relatively large quantities of adsorbed oxygen. However, the absorption caused by oxidization

can only be measured with thin free-standing films of a certain thickness. The fabrication of such

films is a feasible but rather complicated process.21 Therefore, to estimate the quantity of oxygen,

the reflectance of the multilayers with an oxidized surface is proposed as a function of an “effective”

FIG. 9. The Be and Mo depth profiles in as-deposited (a) and annealed (b) in air at 350 ◦C during 12 hours Mo/Be multilayers.
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thickness of the surface oxide layer. This method is quite simple and only requires measuring the

EUV reflectivity.

This approach is deemed acceptable due to the negligible dependence of the atomic absorption

and scattering processes in the X-ray range on the presence of chemical bonds in solids. However,

assuming a priori that the decrease in reflectivity is solely caused by oxidation can limit the reliability

of this method. In practice, any change in the state of the boundaries between the layers and, to a

lesser extent, in the densities of the materials can result in significant variation in the multilayer

reflectance.

To define the limits of applicability of the proposed method, the analysis of GIXR and EUV

reflectivity data were used for as-deposited and annealed samples as well as the TOF-SIMS results.

First, it can be concluded that no significant structural changes occurred in the bulk Mo/Be multilayers

annealed up to temperatures as high as 300◦C, which could affect the reflectance of the MLMs in

the EUV range. Second, from SIMS measurements, only the outermost layers were susceptible to

oxidation and, thus, the formation of the surface oxide film absorbing the probing radiation is, to a

greater extent, responsible for the reduction of the EUV peak reflectance of MLMs.

In the “effective” oxide film model for the MLM surface, the intensity of radiation transmitted

through the sample is given by:

J = J0 × exp(− µ
/

ρ × 2m) (1)

where J and J0 are the intensities of the transmitted and incident radiation respectively, m is the

mass of the absorbing material per unit area (g/cm2), 2m corresponds to the double pass of radi-

ation through the oxide film, and µ
/

ρ is the mass attenuation coefficient. For oxygen, this value is

5.66×104 cm2/g at wavelength of 11.34 nm.22

In accordance with Eq. (1), the absolute quantity of oxygen in the oxide layer (in g/cm2) was

calculated as a function of the annealing time and temperature. The results of these calculations are

shown in Fig. 10. At all annealing temperatures, the oxygen concentration was found to rise rapidly

during the first hour of annealing, followed by a slower increase in oxygen content with a tendency to

saturate. For instance, upon annealing at temperature of 400◦C during 8 hours, the quantity of oxygen

FIG. 10. Dependence of the quantity of oxygen in the oxide layer on the annealing time at different temperatures: (a) 250◦C,

(b) 300◦C, (c) 350◦C and (d) 400◦C. The thin line is the logarithmic approximation from Eq. (2). The points are the results

of experiment.
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in the film was estimated to be 4.2×10-6 g/cm2, which corresponds to an “effective” oxide layer of

about 42 nm. This value is approximately 1.3 - 1.5 times higher than the SIMS data, which can be

explained by the greater “effective” oxygen density in oxide films. Thus, the proposed model allows

for the determination of the absolute quantity of oxygen in the Mo/Be MLM with reliable accuracy

within 30 – 50 %.

Oxidation kinetics

It was shown in Ref. 23 that the dependence of the oxide layer thickness (or quantity of oxygen

in the oxide layer) on anneal time can be described either by a logarithmic, a power-law dependence,

or a parabolic dependence (Wagner’s theory, Ref. 23) in specific physical cases. With a logarithmic

dependence, the thickness of the oxide layer is small and the permeability of the layer is determined

by the tunneling of electrons through the oxide layer (see a detailed discussion of the problem in

Ref. 20). The important aspects are the crystalline structure and the temperature of the sample: for

each type of structure and for each temperature, there exists a certain value of the oxide layer thickness

for which further oxygen diffusion practically stops.

In the case of a power-law dependence, the growth rate of the oxide layer is determined by

the rate of diffusion of oxygen ions within the oxide layer caused by a gradient of the oxygen ion

concentration. The electrostatic field applied to the dielectric oxide film can influence this process.20,23

The oxidation of metals in this case can be represented as an electrochemical process, leading to the

creation of a potential difference between opposite sides of the oxide film. In the limit of thick

oxide layers, this dependence becomes parabolic. For layers of moderate thickness, there will be a

dependence on the exponent, i.e. quadratic and cubic, or some intermediate.

The experimental data was interpolated in Fig. 10 using a logarithmic dependence of the

form:

N = k × ln(t/t0 + 1) (2)

where N is the quantity of oxygen atoms in the oxide layer, k is the constant of the logarithmic rate

of increase in the quantity of oxygen, t is the annealing time and t0 is the characteristic oxidation

time.

It can be seen that the rate of growth of the oxide layer follows a logarithmic dependence.

Consequently, each annealing temperature corresponds to a certain thickness of stable oxide layer

formed at the surface. This also means that the moment the sample first comes into contact with

oxygen, a fast and intensive oxidation of the surface occurs and the thickness of the oxide layer is

determined by the temperature of the sample.

FIG. 11. Arrhenius dependence in coordinates log10(k) vs 1/T. The slope of the fitted function corresponds to the activation

energy of the oxidation process, determined to be 38 kJ/mol.
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The activation energy of oxidation

In accordance with the Arrhenius equation, the rate of growth of the oxide film can be described

by a dependence of the form:

k = κ0 × exp(
−Q

R × T
), (3)

where k is the same constant of the logarithmic rate of increase in the quantity of oxygen as in Eq. (2),

Q is the activation energy for the process, R is the gas constant, T is the thermodynamic temperature

and κ0 is the asymptotic oxidation speed at high temperatures.

The activation energy of the oxidation process was extracted from the slope of the Arrhenius plot,

illustrated in Fig. 11, as 38 kJ/mol. This value coincides in order of magnitude with the activation

energy for other oxidation processes in thin films.20,24

SUMMARY

The presented study of the oxidation processes and effects of annealing on structural and reflective

properties of Mo/Be MLMs revealed a number of conclusions.

First, the Mo/Be system has a high structural stability, which is not typical for purely metallic

MLMs. The small decrease in period (less than 0.5%) and widening of interlayer areas were observed

starting from temperatures as high as 350◦C. The inter-diffusion processes at the boundaries between

the two layers are responsible for these transformations. The change of the transition region profiles

from an error function to more a more linear behavior, which is typical for systems with a strong

intermixing, indirectly supports this conclusion.

Second, it was shown that the main factor responsible for the observed decrease in EUV

reflectance of an annealed Mo/Be MLM is the oxidation process occurring within the near-surface

region. In the case of annealing in air atmosphere, the formation of the surface oxide layer is already

starting at a temperature of 200◦C. The samples annealed in a vacuum (residual pressure on the order

of 1×10-4 Pa) withstand higher temperatures of up to 400◦C.

Third, a slight increase of about 2%, which is comparable to the measurement error, was observed

in the EUV peak reflectance of the sample annealed in vacuum at 300◦C. This increase is hypothesized

to be due to diffusion of oxygen atoms, absorbed mainly in Be layers of as-deposited samples, into

the Mo layers. This redistribution leads to a decrease in the absorption of the standing wave in the

MLM.

Fourth, a simple technique was developed which allows for the determination of the quantity

of oxygen in the near-surface region of multilayers. This technique resulted in a quantification of

the absolute quantity of oxygen in the MLMs as a function of annealing temperature and time. For

instance, for the Mo/Be sample annealed at 400◦C in air for 8 hours, the quantity of oxygen was

estimated to be 4.2×10-6 g/cm2, which corresponds to a 42 nm thick oxide layer assuming an oxygen

density of 1 g/cm2.

Fifth, it was established that the quantity of oxygen in the oxide layer grows logarithmically

and reaches saturation at a certain thickness. The activation energy of the oxidation processes in the

Mo/Be multilayer was determined to be about 38 kJ/mol.

Finally, it can be concluded that the results of this study give valuable information on the thermal

stability and lifetime of Mo/Be multilayers, which is of practical interest for EUV lithography, solar

imaging and other applications using the EUV reflecting coatings operating in conditions of high

thermal load.
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