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ABSTRACT 

We present the results of the characterization of Mg/Co periodic multilayers and their thermal stability 

for the EUV range. The annealing study is performed up to a temperature of 400°C. Images obtained by 

scanning transmission electron microscopy and electron energy loss spectroscopy clearly show the good 

quality of the multilayer structure. The measurements of the EUV reflectivity around 25 nm (~49 eV) 

indicate that the reflectivity decreases when the annealing temperature increases above 300°C. X-ray 

emission spectroscopy is performed to determine the chemical state of the Mg atoms within the Mg/Co 

multilayer. Nuclear magnetic resonance used to determine the chemical state of the Co atoms and 

scanning electron microscopy images of cross sections of the Mg/Co multilayers reveal changes in the 

morphology of the stack from an annealing temperature of 305°C. This explains the observed 

reflectivity loss. 

KEYWORDS annealing, interface, multilayer, Mg, Co, scanning transmission electron microscopy, 

electron energy loss spectroscopy, EUV reflectivity, nuclear magnetism resonance, x-ray emission 

spectroscopy, scanning electron microscopy 
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1. Introduction 

In the extreme ultraviolet (EUV) range, highly efficient periodic multilayers are widely used in 

many fields such as X-ray space telescopes, EUV lithography or X-ray laser facilities. The previous 

measurements of the optical and interface properties of the Mg/Co multilayer [1, 2] show that this 

multilayer is promising for future applications in the wavelength range close to the Mg L edge around 

25 nm (or a photon energy of 50 eV) and in particular for the observation of the 30.4 nm He II emission 

[3]. In the 25 nm range, a reflectivity of about 43% is measured at 45° for s-polarized radiation. 

Another important property often required for multilayer devices is their thermal stability. In fact 

multilayers can be subject to high thermal loads, for example, when in use in space telescopes where 

they needs to withstand the high temperature space environment. Systems already investigated in this 

context include Mg/SiC [4,5] which is thermally stable for applications only up to 200°C and also on 

more stable systems such as Mo/Si, Mo/C, W/Si and Fe/Al, etc. [6-11] and more recently Mo/B4C [12]. 

The present work examines Mg/Co multilayers and their thermal stability by studying 

interdiffusion, interfacial compound formation and roughness development. From the phase diagram, 

the Mg-Co system is stable in the solid state up to a high temperature. The only possible compound is 

Co2Mg. In this work, we study Mg/Co multilayer samples prepared by magnetron sputtering and then 

annealed up to 400°C, under ultra-high vacuum. Scanning transmission electron microscopy (STEM) 

images and electron energy loss spectroscopy (EELS) give direct evidence of the quality of the layers of 

the unannealed multilayer. The measurements of the EUV reflectivity around 25 nm (~49 eV) indicate 

the optical property of the multilayers. X-ray emission spectroscopy (XES) and nuclear magnetic 

resonance (NMR) are performed to determine the chemical state of the Mg and Co atoms within the 

Mg/Co multilayer, respectively. The interest of combining XES and NMR is to obtain the information 

from both sides of the interfaces. Scanning electron microscopy (SEM) checks the changes of the 
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interface morphology as a function of the annealing temperature. 

2. Experimental Section 

2.1 Samples 

Following the multilayer design resulting from simulations [13], we prepared two sets of Mg/Co 

multilayers with different periods, Mg/Co_1 and Mg/Co_2 whose parameters are given in Table 1. They 

were both deposited onto ultra-smooth polished Si substrates (30 mm × 40 mm) by an ultrahigh vacuum 

direct current magnetron sputtering deposition system (Model JGP560C, SKY Technology, China) 

using Co (99.95% purity) and Mg (99.98% purity) targets. The sample preparation was done at a base 

pressure of 1×10-4 Pa. The working gas is argon (99.999% purity) at a constant working pressure 

0.13 Pa. The number of periods is 30. In order to prevent oxidation, both multilayers are capped with a 

3.5 nm thick B4C layer. For Mg/Co_2, we cut the 15 mm × 15 mm sample into six small pieces of size 

7.5 mm × 5 mm in order to do the annealing at different temperatures. 

 

Table 1. Designed structures of the Mg/Co multilayers. 

Sample 

name 

Period d 

(nm) 

dCo 

(nm) 

dMg 

(nm) 

Simulated 

reflectivity 

Size 

(mm2) 

Experimental Annealing 

Mg/Co_1 8.00 2.55 5.45 - 10×10 

4×6 

XES 

NMR 

Yes 

Yes 

Mg/Co_2 17.00 2.55 14.45 56.7% 

@ 

25.2 nm 

15×15 

7.5×5 

7.5×5 

STEM / EELS 

EUV reflectivity 

SEM 

No 

Yes 

Yes 

 

 We characterized the Mg/Co_2 unannealed multilayer after its preparation by measuring its the 
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reflectivity at 0.154 nm of [1]. The structural parameters of the Mg/Co_2 multilayer, deduced from the 

fit of the reflectivity curve, show a good agreement between the aimed and effective thicknesses of the 

layers and an interfacial roughness of Co-on-Mg and Mg-on-Co layers which are 0.5 and 0.6 nm, 

respectively. 

To investigate the thermal stability of Mg/Co periodic multilayers, all the Mg/Co multilayers 

were annealed at 280, 305 and 400°C for one hour centre in the preparation chamber of the BEAR 

beamline [14] at the Elettra synchrotron. The base pressure is 1×10-8 Pa. All samples were annealed for 

one hour. The EUV reflectivity measurements were made in situ, that is to say that the sample remained 

in a UHV environment. The XES, NMR and SEM measurements were done ex situ after transferring the 

samples in air. 

The Mg/Co_2 unannealed sample is dedicated to the STEM / EELS (Table 1) analysis. The 

Mg/Co_2 annealing samples are dedicated to the reflectivity measurement in the EUV range and SEM 

studies in order to characterize the optical properties and the morphology of the multilayers, 

respectively. Then the set of Mg/Co_1 annealing samples, which is characterized by a short period, is 

dedicated to the XES and NMR analysis in order to study the chemical state of the Mg and Co atoms, 

respectively. Indeed, to be able to identify the formation of an interfacial layer at the interface between 

two successive layers, the thickness of this interfacial layer should be comparable to that of the layer of 

the emitting atoms. 

2.2 Scanning transmission electron microscope and electron energy loss spectroscopy 

 The lamella of the cross section of the unannealed Mg/Co_2 multilayer was examined by STEM 

and EELS. A Nion Ultrastem 100 operating at 100 kV and under ultra-high vacuum was used for these 

observations. The spherical aberration-corrected probe size was around 0.1 nm. The images are 

generated by scanning the focused beam over the lamella. Both energy-loss spectra and high angle 

annular dark field (HAADF) images can be collected simultaneously, which makes the STEM a good 
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technique for materials morphological and chemical characterization at the sub-nanometer level. We 

used a probe convergence angle of 35 mrad and a collection angle for the EELS spectrometer of 50 

mrad. Spectra were acquired with a dispersion of 1 eV per channel (with a 1024 channel camera) to 

have access simultaneously to the Co-L edge (779 eV) and the Mg K edge (1305 eV). The HAADF 

collection range was 75 to 200 mrad. 

2.3 EUV reflectivity 

The EUV reflectivity curves were measured on the BEAR beamline of the Elettra synchrotron 

facility using s-polarized light. The absolute uncertainty of the reflectivity values was about 1%. The 

photon energy was calibrated with respect to the Pt 4f7/2 and Si L with an accuracy of 0.1 eV. The 

intensities of incident and reflected radiation were measured with a solid-state photodiode. The 

incoming photon flux was also monitored using an Au mesh inserted into the beam path, whose drain 

current was used for normalization. 

2.4 Nuclear magnetic resonance spectroscopy 

 In order to probe the chemical state of the Co atoms within the multilayers, the samples have 

been analyzed by zero field NMR. The experiment was performed at 4.2 K using an automated 

frequency scanning broadband spectrometer with phase coherent detection [15]. The NMR spectra 

represent the distribution of Co atoms versus their resonance frequency [16]. The NMR frequency is 

strongly dependent on the number and nature of atoms in its neighborhood and also possibly on the 

symmetry of this neighborhood. 

2.5 X-ray emission spectroscopy 

We have performed XES with a high-resolution wavelength dispersive spectrometer [17] to 

identify the chemical state of the Mg atoms within the multilayers. Similar studies have already been 

performed by this method [18-26]. We observed the shape of the Mg Kβ emission band from the 3p–1s 
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transition which describes the Mg 3p valence states. They are sensitive to the chemical state of the Mg 

atoms [27,28]. The energy of the incident electrons used to produce the ionizations necessary to induce 

the electron transitions was set to 7.5 keV. The electron beam comes from a Pierce gun. Following the 

ionization of the atoms present in the sample, characteristic x-rays were emitted [29,30], then dispersed 

by a (100) bent beryl crystal. The radiation was detected in a gas-flux counter working in the Geiger 

regime. The spectra of the multilayers were compared to the references, Mg metal and MgO. 

2.6 Scanning electron microscopy and focused ion beam 

 Lamellae of the cross section of the Mg/Co_2 multilayers were prepared by FIB (Focused Ion 

Beam) / SEM CrossBeam® workstation NEON40EsB (Carl Zeiss). The FIB/SEM system, combination 

of a scanning electron microscope and a Ga+ ion beam, allowed a precise and located milling by 

sputtering of material with a simultaneous accurate observation. This FIB/SEM workstation is also 

equipped with an in situ gas injection system loaded with platinum gas precursor. 

 We first deposited a thin carbon rich platinum film (about 15 nm thick) with the electron beam 

to protect the sample surface against ion-beam damage. Then a 1 µm thick platinum layer was deposited 

with the ion beam. A first cross section of the multilayers is cut and observed by SEM. A lamella, 

whose size was approximately 10 µm × 4 µm with a thickness of 1 µm, was excavated, lifted-out in situ 

using a micromanipulator and glued to a copper half TEM grid. Finally, the lamella was polished to a 

thickness of 60 nm, giving the electron transparency needed for TEM. However, further thinning to 

about 30 nm in a Gatan PIPS system operating at 1 kV was found to be necessary for the high resolution 

imaging and EELS experiments. 

3. Results and discussion 

3.1 Samples without annealing 

Figure 1 shows us the overall view of STEM images of the unannealed Mg/Co_2 multilayer as 
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prepared by FIB. We can clearly distinguish the multilayer structures: from top to bottom are the 

substrate, the 30 periods multilayer and the Pt protection layer. The figure shows us the multilayer of 

good quality and the layers are smooth. The diffuse nature of the interfaces is probably mostly due to 

loss of resolution due to multiple scattering in the thicker parts of the TEM sample (which happens here 

to be mainly in the lower part of the figure, in the layers nearest the substrate). 

 

Figure 1. STEM BF image of the unannealed Mg/Co_2 multilayer. 

 To get a better impression of the quality of the layers we need to zoom onto a part thin enough 

(and well oriented enough) to allow visualisation of the crystal structure in the dense Co layers. Figure 2 

shows a zoom onto the first two periods of the multilayer in the thinnest part of the sample. The 

horizontal fringes have spacings corresponding to those of the hexagonal planes in bulk magnesium and 

bulk cobalt in the appropriate regions. Lattice spacings are measured as 0.26 ± 0.01nm in the Mg layer 

(c/2 = 0.2605nm in bulk Mg) and 0.21nm ± 0.01nm in the Co layer (c/2 = 0.204nm in bulk Co). Other 

orientations are sometimes visible, but are probably due, in this thin region, to disordered and/or oxide 

layers at the outer surfaces of the STEM sample caused by to ion-beam damage and air exposure. (In 

most thicker regions, the hexagonal Mg fringes can be seen but not those of Co, which is too dense).  

The layers thus appear to be generally well-crystallised and somewhat epitaxial in nature. A poorly 
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crystallised region is also seen between the substrate and the first Co layer. In order to determine the 

nature of this layer and to attempt a further check of the roughness of the layers some preliminary EELS 

spectrum-images have been acquired in this thinner region. 

Figure 2. Close up of the thinnest part of the unannealed Mg/Co_2 multilayer. 

 Figure 3 shows Co, Mg, O EELS maps and the corresponding HAADF images from the first two 

bi-layers. The layers can be seen to be chemically well-ordered at this scale. A strong oxygen signal is 

detected, along with Mg in the poorly crystallised region mentioned above. This appears therefore to be 

an MgO layer. The oxygen signal is also slightly enhanced over the Mg layers, probably due to surface 

oxidation. 

 

Co 

Mg 

Co 
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Figure 3. Co, Mg, O EELS maps and the corresponding HAADF images from the first two bi-layers. 

 Figure 4 shows a higher resolution set of EELS maps going across one Co layer. The vertical 

integrations in the dotted boxes give the interface width. The width of the interfaces on both sides is 

measured here as approximately 1 nm, i.e. almost twice as much as the figures found by reflectivity. 

Convolution with the probe-size of around 0.1 nm cannot account for the entire discrepancy. EELS 

signals can suffer from delocalisation, i.e. excitation of an atom by a fast electron passing at a distance 

which can be several angstroms. However the effects would not be expected to be very large here, 

especially in the case of the high energy-loss Mg K edge. The broadening of the profiles is more likely 

to be due to non-negligible multiple elastic and inelastic scattering in the region where the data were 

acquired (~40 nm) which is still not ideally thin for 100 keV electrons and these materials, and the 

disordered layers seen to be present at the sample surface which almost certainly contain a mixture of 

Mg and Co. Further EELS experiments on thinner samples (or using higher acceleration voltages) and 

using higher energy resolution should provide further details of the structure and chemistry of the range 

of samples studied here. 

 

 

 

Mg Co O OMgCo HAADF 
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Figure 4. Higher resolution EELS maps (top) of Co (left) and Mg (right) across the second Co layer and 

the interface width profiles (bottom). 

3.2 Samples with annealing 

EUV reflectivity 

 We show in Figure 5 the reflectivity curves as a function of the annealing temperature, measured 

in the 45-55 eV energy range at 45° Bragg angle, angle for which the multilayer is designed, and in the 

42-52 eV energy range at 50°. At 45° the maximum reflectivity is 42.4% at 49.3 eV, which is close to 

0.89nm 0.88nm 

1.0nm 

1.05nm 

Mg 
g 

Co 
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the Mg-L absorption edge at 49.50 eV for 2p3/2 and 49.78 eV for 2p1/2. This is rather too close to the Mg-

L edge and we prefer to fit the reflectivity curves obtained at 50°. In the following, the position and 

maximum position of the Bragg peak will then be discussed for spectra recorded at 50° of grazing 

incidence. 

 

Figure 5. Evolution as a function of the annealing temperature of the Mg/Co_2 EUV reflectivity curves 

obtained at 45° (a) and 50° (b) Bragg angles. 

 The reflectivity slightly increases and the position of the Bragg peak of the Mg/Co_2 annealed at 

280°C is slightly shifted (0.2 eV) towards lower photon energy with respect to that of the multilayer 

without annealing. At 305°C, a reflectivity drop of nearly 45% is observed as well as a peak shift 

(0.4 eV) towards higher photon energy. At 400°C, the reflectivity can be considered as zero. The 

structural parameters of the stack deduced from the fit of the reflectivity curves measured at 50° are 

collected in Table 2. The interfacial roughness and the thickness are stable for the unannealed and 

280°C samples. However, the interfacial roughness increases quite a lot for the Mg/Co_2 annealed at 

305°C and the fitted thicknesses vary drastically. 
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Table 2. Parameter values extracted from the fit to the Mg/Co_2 reflectivity curve measured at a Bragg 

angle of 50° in the EUV range. σ stands for the interfacial roughness. 

Multilayer 

Mg/Co_2 

 

d (nm) 
dco (nm) 

dMg (nm) 
σ (nm) 

Without annealing 16.9 
2.6 

14.3 

Co-on-Mg = 0.5 

Mg-on-Co = 0.6 

Annealed at 280°C 16.98 
2.86 

14.12 

Co-on-Mg = 0.5 

Mg-on-Co = 0.6 

Annealed at 305°C 16.9 
3.95 

12.95 

Co-on-Mg = 1.0 

Mg-on-Co = 2.7 

 

NMR analysis 

 NMR spectra obtained for the Mg/Co_1 multilayers as a function of the annealing temperatures 

are presented in Figure 7(a). As can be seen, the spectra shapes of the Mg/Co_1 multilayers after 

annealing at different temperatures show a well defined line at 226 MHz which corresponds to Co atoms 

lying in the bulk of the Co layers with an hcp structure. The Co atoms are thus mainly situated in pure 

Co layers (226 MHz) and the intermixing at the Mg/Co interfaces is limited. An additional line is 

observed at 156 MHz for the multilayer without annealing and for the sample annealed at 280°C in 

Figure 7(b). This line has been identified in our previous work with the Co atoms situated at perfect 

interfaces between Co and Mg atoms [1]. The overall shape of the spectrum after annealing at 280°C is 

very similar to that observed for the as deposited sample. It can be noticed that the Co interface line 

seems to be even better resolved after annealing at 280°C than in the spectrum of the as deposited 

sample. This observation would suggest that such low temperature annealing results in some sharpening 

of the Co/Mg interfaces. 
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Figure 6. (a) NMR spectra of Mg/Co_1 multilayers as a function of the annealing temperatures; (b) 

zoom around 156 MHz. 

 The modification of the NMR spectra is much more significant for higher annealing 

temperatures (305 and 400°C). The most striking observation is that the contribution of the Co atoms at 

the Co/Mg interfaces (156 MHz) vanishes with increasing annealing temperature, Figure 7(b). This 

could be attributed to the formation of non magnetic interfacial alloys or compounds. However this is 

not consistent with the XES analysis and the observation that the total NMR intensity is not significantly 

(a) 

(b) 
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reduced after annealing. 

 

 Additional details can be obtained from the magnetic information that is provided by the NMR 

experiments. Indeed NMR can also probe the magnetic stiffness of the samples [16]. This stiffness can 

have several origins and is described as a magnetic restoring field. The plot of this restoring field versus 

the annealing temperature is shown in Figure 8 (room temperature corresponding to 20°C). It can be 

seen that while the restoring field stays unchanged after the annealing at 280°C, it increases strongly for 

higher annealing temperatures. After the annealing at 400°C the restoring field is an order of magnitude 

higher than after the annealing at 280°C. This observation does not support the intermixing process 

since such a process usually leads to a decrease in the restoring field. However it shows that the 

magnetization processes are drastically modified by the annealing process. 

 

Figure 7. Magnetic restoring field versus the annealing temperature of Mg/Co_1 multilayers. 

 Actually the vanishing of the interfacial line as well as the increase in the restoring field with the 

annealing temperature can both be explained by the clustering of the Co layers into spheres or more 

probably into Co grains with pan cake like shapes. Indeed spherical grains would lead to a reorientation 

of the magnetization direction of the Co grains compared to the magnetization direction of the Co thin 
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film. In such a case the NMR resonance frequency would shift from 226 MHz to 220 MHz [31], which 

is not observed in the NMR spectra. The clustering of the Co atoms will result in Co particles for which 

the surface to volume ratio is much smaller than in the case for the as deposited multilayer shape. If the 

Co grains are large enough, the contribution of the surface Co atoms becomes so small that it is not 

measurable anymore. The magnetic properties of Co grains are also very different from those of Co 

films. In Co films extended domain wall (Neel walls) can develop, resulting in soft magnetic properties 

(small restoring fields in NMR) while in Co grains such domain walls if they exist will have a smaller 

mobility, resulting in hard magnetic properties (large restoring fields in NMR). Therefore the clustering 

of the Co films into large Co grains with increasing annealing temperature explains both the evolution 

of the NMR spectra and the evolution of the magnetic properties of the samples. 

XES analysis 

 We present in Figure 8 the Mg Kß emission band of the Mg/Co_1 sample as a function of the 

annealing temperature and the comparison to the references Mg and MgO. The Mg Kß emission band of 

the Mg/Co multilayer without annealing is discussed in detail in Ref. [1]. 

 

Figure 8. The Mg Kß emission band of sample Mg/Co_1 annealed at different temperatures (a) and its 

comparison with the Mg and MgO spectra (b). 
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 The spectrum of the sample annealed at 280°C is close that obtained without annealing and close 

to that of Mg metal. We deduce that within the sample annealed at 280°C, the Mg atoms are in a 

physico-chemical state close to that of Mg atoms in the Mg metallic state and the interaction with the Co 

layers is limited. The spectra of Mg/Co_1 samples annealed at 305°C and 400°C differ from that of 

Mg/Co without annealing toward the low photon energies. A shoulder appears in the region of the MgO 

maximum (1288-1295 eV) whose intensity increases with temperature. Thus from 305°C an oxidation 

of the Mg layer takes place. Because of the annealing conditions, the oxidation takes place after the 

EUV measurements when the sample is returned to the air prior their XES analysis. Thus, whatever the 

annealing temperature, the Mg atoms do not interact with the Co atoms, which is in agreement with the 

NMR result. 

SEM analysis 

 From the SEM images of cross sections presented in Figure 9 we can see that the Mg/Co_2 

multilayers without annealing and annealed at 280°C have clear multilayer structures. The cross section 

of the samples presents from top to bottom the Pt protection layer, the Mg/Co_2 multilayer and the Si 

substrate. For the sample annealed at 305°C, there exist some cracks between the multilayer and the 

substrate, the interface is no longer flat and there seems to be a loss of adherence. The sample annealed 

at 400°C has more serious changes compared to the sample annealed at 305°C: cracks and voids exist 

also between the layers. The change in the multilayer structure results from the change in the 

morphology of the Co layers deduced from NMR. The deformation of the Co layers generates 

mechanical stress that finally is discharged by the delamination of the multilayer and the formation of 

cracks. Because of these cracks, the multilayer is no longer flat and so its reflectivity decreases. Finally, 

the cracks facilitate the introduction of oxygen within the multilayer. This explains the oxidation of the 

Mg layers observed in XES. 
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Figure 9. SEM images of Mg/Co_2 multilayer without annealing (a), annealed at 280°C (b), 305°C (c) 

and 400°C (d). 

4. Conclusions 

 We have characterized a Mg/Co periodic multilayer and its thermal stability by using 

STEM / EELS, EUV reflectivity around 25 nm (~50 eV), NMR, XES and SEM. The multilayer is 

designed for optical application in the EUV range. STEM / EELS images show the good quality of the 

as-prepared multilayer and the crystallization of the Co and Mg layers. EUV reflectivity measurements 

show that the reflectivity slightly increases with the temperature up to 280°C. Then, the reflectivity 

drops by nearly 45% at 305°C and vanishes at 400°C. The combination of the results obtained by the 

various used techniques allows us to explain this reflectivity variation: as a function of the annealing 

temperature the morphology of the Co layers changes; this generates some cracks within the multilayer 

and then a loss of its flatness; consequently the reflectivity decreases until the multilayer is destroyed. 
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