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Abstract 

The evolution upon annealing from room temperature to 600°C of the microstructure of 

Co/Mo2C/Y and Co/Y/Mo2C multilayer stacks has been studied by transmission electron 

microscopy combining HAADF-STEM, EDX and HRTEM. Both kinds of samples show 

significant amount of intermixing even in the as-deposited state. The mixing further increases 

upon annealing. Most of the mixing occurs between the Co and the Mo elements, the Y layers 

staying comparatively preserved. After annealing at 600°C a surprising sharpening of the 

interfaces is observed. It is ascribed to the formation of Co-Mo compounds. Combining these 

new analyses with the results we have already published, we can explain in a consistent way 

the evolution of the x-ray reflectivity measurements of the samples upon annealing. 

Understanding the evolution the optical properties of such stacks designed to work in the soft 

x-ray range is essential for improving the optical performance of multilayer structures.  
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1. Introduction 

Multilayer mirrors are important optical elements in the soft x-ray and extreme 

ultraviolet (EUV) ranges [1-4]. The peak reflectivity of a multilayer mirror is critically 

dependent on the quality of each layer and interface in the stack [5-7]. Formation of 

continuous and smooth layers is important for achieving good optical performance of 

multilayer optics. Therefore, the accurate observation of microstructural features and 

interfacial structures, like intermixing and interface reaction, is necessary to improve the 

optical properties of the mirrors. In addition, studying the stability of the stacks under 

annealing is also important in order to simulate and understand the aging of such artificial 

structures. In this framework, the estimate of the width of interfaces and interlayers is 

generally provided from the fit of hard x-ray reflectivity data [8,9]. However as exemplified 

in this work x-ray reflectivity data cannot solely provide a complete description of such 

system. Thus, observation of direct imaging in electron microscopy is an essential counterpart 

to the fitting of the XRR data. 

In our previous paper, using non-destructive methods [10], it has been reported that 

the Co/Mo2C/Y systems showed a compression of their period owing to the formation of 

interfacial compounds. To understand exactly the origin of this period compression, the 

interface microstructure needs to be further clarified. In this paper, we used a scanning 

transmission electron microscope (STEM) equipped with high-angle annular dark field 

(HAADF) detector to analyze the microstructure of the multilayers. Unlike bright field (BF) 

imaging, HAADF imaging reduces the diffraction and phase contrast and the collected signal 

is dependent on the atomic number Z [11, 12], the shape of the atom and the total number of 

atoms encountered by the electron probe. Therefore, HAADF STEM image intensity is highly 

sensitivity to the atomic number (Zn with 1.5 < ! < 2.0)  [13, 14]. It has been used to 

investigate materials on the atomic scale with chemical sensitivity. For examples, Robb et al. 

demonstrated that the interfacial sharpness of the AlAs-on-GaAs interfaces can be effectively, 



3 
 

and quantitative analysis of the Ga(AsBi) and GaSb/GaAsSb systems was achieved via [15, 

16]. It was also demonstrated that HAADF-STEM technique is highly effective compared to 

bright-field STEM for studying interfaces of Mo/Si multilayer structures [17]. Furthermore, 

the study of an aperiodic W/B4C multilayer system demonstrated the reliability of the 

HAADF-STEM technique regarding the quantification of layer thicknesses [18]. 

Scanning transmission electron microscopy energy-dispersive X-ray (STEM-EDX) 

spectroscopy technique is also used in this study to determine element distribution for 

acquiring the interfacial information. STEM-EDX owns relatively high spatial resolution and 

is a very reliable approach to explore elemental composition. By acquiring an EDX spectrum 

in atomic resolution, all major elements can be easily recognized at any measured point [19]. 

For example, Servanton et al. reported that STEM-EDX is effective to detect the low arsenic 

dopant concentration in silicon devices at the nanometer scale [20] and Chen et al. pointed 

that precise elemental composition can be acquired by the improvement of detector collection 

angle and stability [21]. 

The aim of the present work is to investigate in details the structure of Co/Mo2C/Y and 

Co/Y/Mo2C periodic multilayers. Using TEM and HAADF-STEM as well as STEM-EDX, 

we study the layer chemical change upon annealing in these two systems. Interface widths are 

evaluated from intensity profile on bright field images. We compare the interface structures of 

each system annealed at 300 and 600°C. The accurate analysis of the layers microstructure 

should help us understanding the reduction of the reflectivity performances of multilayer 

mirrors upon annealing and also improving further multilayer mirrors design. 

2.  Experimental 

2.1 Sample preparation 

Co/Mo2C/Y systems were prepared by direct-current magnetron sputtering. The 

substrates were sliced and polished Si (100) wafers. We have changed the order of deposition 

of two materials in one period in order to distinguish the effect of the two interfaces on the 
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reflectivity [10, 22]: in the following, Co/Mo2C/Y and Co/Y/Mo2C samples are studied. The 

first layer close to the substrate is Co and Mo2C for the Co/Mo2C/Y and Co/Y/Mo2C systems, 

respectively. The last layer is the Y layer in the both multilayers. The designed period is 

7.7 nm and the nominal thickness of Co, Mo2C and Y layers are 1.0 nm, 2.7 nm and 4.0 nm, 

respectively. A 3.5 nm-thick B4C capping layer has been deposited to prevent oxidation. The 

number of periods is 30. The base pressure was 10-5 Pa before deposition. The working gas 

was argon (99.999% purity) at a constant working pressure equal to 0.1 Pa. There were six 

10×10 mm2 substrate sections cleaved from a single wafer for each system. Then six 

multilayers were deposited separately in the same conditions. For each multilayer, five 

samples were annealed at different temperatures ranging from 200°C to 600°C with an 

interval of 100°C for one hour in a furnace with a base pressure of 3.0×10-4 Pa. For this paper 

we show the results obtained for five samples: the Co/Mo2C/Y multilayers, as-deposited and 

annealed at 300 and 600°C, and the Co/Y/Mo2C multilayers, annealed at 300 and 600°C. 

TEM cross sections were prepared by mechanical grinding and ion milling. First, two 

lamellae of 3×5 mm were glued face to face with a M-Bond 610 epoxy in order to obtain a 

sandwich, which was sliced into 750 µm thick pieces using a precision diamond wire saw 

instrument. TEM thin foil were prepared first by a mechanical polishing until a sample 

thickness of 30 µm is obtained and followed by an ion milling process until a small hole was 

drilled through the sample. 

The high-resolution TEM images and selected-area electron diffraction (SAED) were 

performed using a JEOL 2100F microscope operating at 200 kV and equipped with a 

spherical aberration corrector on the condenser lenses. The point to point resolution was 

0.20 nm in HRTEM and 0.12 nm in the HAADF-STEM modes respectively. The convergence 

angle was 25 mrad and the collection angles spread from 80 to 214 mrad. EDX line scan on 

the dark field image were performed to determine the distribution of the elements in each 

layer. The EDX detector is a JEOL Si(Li) detector. A point on the scan line lasted two 
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minutes. The beam current was around 150 pA and the beam size 0.15 nm. A drift correction 

by cross correlation was performed every 30 s. The interface widths were evaluated by 

measuring on the line profiles the positions reaching 15 and 85% of the maximum intensity. A 

similar evaluation method is mentioned by Kessels et al [23]. 

3. Results and discussion 

3.1 Scanning transmission electron microscopy (STEM) 

Fig. 1(a) and (b) present the HAADF images of the Co/Mo2C/Y as-deposited and 

Co/Y/Mo2C 600°C annealed samples, respectively. They show that even though our 

multilayers are constituted by 3 different materials only two clearly different contrasts can be 

observed. In an HAADF image, the contrast depends on the average atomic number of the 

elements: the bright regions correspond to the high atomic number (high-Z) element. In our 

case, we need to calculate the average atomic number of Co, Mo2C and Y materials per cubic 

Ångström. According to Hartel et al [24], considering the Rutherford–like diffusion, all atoms 

should be added in one given irradiated volume. The contrast in the HAADF STEM image is 

approximately proportional to Z power 1.7 [25]. So for Co, there are two atoms in the volume 

of 22 cubic Ångströms and the average atomic number is equal to [271.7×2]/22=24.5. For 

Mo2C, the cell contains eight atoms of Mo and four atoms of C in a volume of 148 cubic 

Ångströms and the average atomic number is equal to [(421.7×8)+(61.7×4)]/148=30. For Y, 

there are four atoms in a volume of 123 cubic Ångströms and the average atomic number is 

equal to [391.7×4]/123=16. Thus if no diffusion takes place between layers, the brightest 

regions should indicate the Mo2C layers in the stack. However the average atomic number of 

Co is only slightly smaller than the one of Mo2C and will therefore only be slightly less bright 

than Mo2C. From the order of deposition, the first three layers close to the substrate are Co, 

Mo2C, Y and Mo2C, Co, Y layers for Co/Mo2C/Y and Co/Y/Mo2C systems, respectively. 

Therefore, in both multilayer types, the bright regions correspond to both Co and Mo2C layers 

whereas the dark regions indicate the Y layers. Because of the small difference in average 
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atomic number between Co and Mo2C it is difficult to conclude if interdiffusion takes place 

between the Co and Mo2C layers or not. However, in a previous paper [10], we have 

demonstrated that the fits of the EUV reflectivity data of both systems were improved when 

considering interdiffusion and compound formation between the layers. 

Because the small HAADF contrast between Co and Mo2C does not allow 

characterizing the interfaces between Co and Mo2C, we have performed EDX measurements 

in order to get a better insight into the interface quality of the stacks. Fig. 2(a)-(e) show the 

EDX line profiles performed in the HAADF-STEM mode for the five samples. As already 

suggested, it is confirmed that the Y layers do correspond to the dark regions while both the 

Mo2C and Co layers correspond to the bright regions. In the case of the as-deposited 

Co/Mo2C/Y sample, Fig. 2(a), the Mo concentration profile extends all over the Co 

concentration range. A shoulder in the Mo profile can even be observed in the Co 

concentration range. From the point of view of Y, the maximum of its concentration profile 

corresponds to the minimum of concentration of Mo and Co. Similar observation can be made 

for Co/Mo2C/Y annealed at 300°C (Fig. 2(b)). The Mo concentration profile shoulder in the 

Co range appears even more clearly than at room temperature. This shows that the Co layers 

do fully mix with Mo or Mo2C and form an interphase between the Y and Mo2C layers. When 

annealing temperature is increased up to 600°C the shoulder in the Mo concentration profile is 

less clear again but at the same time Co concentration is observed in the Y range meaning that 

an even more general mixing occurs at 600°C temperature. 

For the Co/Y/Mo2C_300°C and 600°C samples, Fig. 2(d) and (e), as for the previous 

samples the Mo concentration profile does extend over the Co concentration range. In 

addition, the Mo concentration profile also extends into the Y range. The Co seems to extend 

much less in the Y range. 

3.2 Intensity line profile 
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For the sake of comparison with our previous hard x-ray reflectivity data we 

performed line intensity profiles that give similar information. Fig. 3 presents an example of 

line profile along a few periods, extracted from the bright field image of a typical sample. 

These intensity line profiles are related to the density of materials and the cross-sectional 

lamella sample thickness. The position of the pure Y layers in the stack corresponds to the 

bright layers as the contrast in bright field STEM image is opposite to that in dark field ones. 

The period thickness is determined by calculating the distance between two peaks. In order to 

minimize the aberration of period value, we take the average value obtained over almost all 

the thickness of the stack. The results obtained for the five samples, are listed in Table 1 and 

compare well with the values deduced from the hard x-ray reflectivity data [10]. 

In order to obtain the detailed information about the layer period and the interface 

width between layers, the intensity line profile of one period is magnified as shown in 

Fig. 3(b). The thickness of bright regions can be determined by calculating the full width at 

half maximum (FWHM) in the intensity line profile. These values are also listed in Table 1. 

They are close to the designed thickness of Y layer. The Mo2C and Co layers in all samples 

are mixed and thus cannot be discerned. The thicknesses of these mixed layers are obtained 

by subtracting the Y layer thickness from the period, see Table 1. They slightly differ from 

the fitted values derived from the XRR data (not shown). 

The line profiles can also be used to evaluate the interface width. For the as-deposited 

Co/Mo2C/Y multilayer, the width of the Y-on-Mo2C interface is determined to be 1.1 nm and 

slightly smaller than that of Co-on-Y interfaces (1.3 nm). Considering the uncertainty (± 0.10 

nm), the width of these two interfaces shows no significant variation upon annealing. For the 

Co/Y/Mo2C multilayers, the interface widths of the Mo2C-on-Y and Co-on-Y interfaces are 

determined to be 1.1 and 1.0 nm respectively at 300°C, rather similar given the uncertainty. 

At 600°C, both interface widths increase and the value of Y-on-Co interface (1.7 nm) is larger 

than that of the Mo2C-on-Y interface (1.3 nm), evidencing asymmetrical interfaces. 
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3.3 High-resolution TEM images  

In the previous paragraphs it is shown that the multilayers are strongly mixed, 

especially at the Co/Mo2C interfaces. In this part using high-resolution TEM images, further 

investigation of the crystallographic nature of the layers and intermixed regions are presented. 

Fig. 4(a)-(e) show the high-resolution TEM images of both Co/Mo2C/Y and Co/Y/Mo2C 

systems. In all the samples, lattice fringes are revealed with different orientations. The bright 

regions correspond to polycrystalline Y layers. From the lattice fringes, it is possible to 

determine an interatomic distance of the order of 0.3 nm. It is also determined by the selected-

area electron diffraction images, inserts of Fig. 4(a), (d) and (e). This distance can only be 

attributed to pure Y lattice. However yttrium carbides also show similar interatomic distances, 

therefore the presence of carbon into the Y layer cannot be ruled out. No lattice fringes are 

observed in the dark regions that correspond to the Mo2C and Co layers. It does not mean that 

these regions are amorphous but only that the TEM beam is not aligned with any lattice 

orientation. In our previous work [10] X-ray reflectivity data simulations suggested the 

presence of MoC and Co2Y phases. However lattice fringes corresponding to these phases are 

not observed and the presence of these phases cannot be confirmed. Fig. 4(b) and (d) show 

that after annealing at 300°C the contrast between the dark and bright regions becomes 

weaker. This is consistent with the layer intermixing shown in the previous paragraphs. 

Indeed as intermixing becomes larger the difference in average atomic number becomes 

smaller what results in a decrease in contrast. Surprisingly Fig. 4(c) and (e) show that after 

annealing at 600°C the contrast between the bright and dark regions increases again. This has 

already been mentioned in the HAADF images analysis. Although no direct evidence can be 

given, this suggests that well defined compounds, like the MoC and Co2Y phases introduced 

in the X-ray reflectivity simulations [10], are formed. 

Considering the information obtained by this study and by our previous results [10], 

we can attempt to explain the behavior of the sample reflectivity [10]. In the as-deposited 
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samples interfacial mixing between the different layers already exists (for example by the 

nuclear magnetic resonance spectroscopy) the mixing is smaller in the Co/Mo2C/Y as-

deposited sample. It results in a significantly larger reflectivity for the Co/Mo2C/Y samples. 

Upon annealing diffusion occurs in both samples reducing the reflectivity of both samples. 

The EDX line profiles suggest that the mixing takes place over the whole layers in the 

Co/Y/Mo2C sample while it is limited to an interphase in the Co/Mo2C/Y sample. It results in 

a stronger decrease of the Co/Y/Mo2C reflectivity. Finally at 600°C a dramatic increase of 

Co/Y/Mo2C reflectivity is observed that becomes almost as large as the one obtained for the 

as deposited Co/Mo2C/Y layer. This is attributed to the formation of new phases during this 

high temperature annealing. However the MoC and Co2Y phases suggested by the reflectivity 

simulations are not consistent with our present results. Indeed both EDX analysis and 

HRTEM measurements suggest that the Y layers stay rather free of mixing. On the other hand 

EDX results show that Co is fully mixed with Mo. So the phases formed at high temperature 

are more likely to be Co-Mo phases resulting in a sharpening of the interfaces. This 

sharpening is also observed by HRTEM in the Co/Mo2C/Y sample. However the EDX 

analysis suggests that the Co-Mo phase formation is limited to the interfacial regions 

(shoulder in the profile) while in the Co/Mo2C/Y samples it probably takes place all over the 

Co/Mo part of the stack (same maximum position for Co and Mo in the EDX profile). The 

behavior of the carbon atoms with annealing is more complicated to ascertain. Most likely 

while Co and Mo atoms mix together [26], carbon atoms enter the Y layers without 

significantly modifying the lattice fringes observed by HRTEM. 

 

4. Conclusion 

The evolution upon annealing from room temperature to 600°C of the microstructure 

of Co/Mo2C/Y and Co/Y/Mo2C multilayer stacks has been studied by transmission electron 

microscopy combining HAADF-STEM, EDX and HRTEM. Both kinds of samples show 

significant amount of intermixing even in the as-deposited state. The mixing increases upon 
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annealing. Most of the mixing occurs between the Co and the Mo elements, the Y layers 

staying comparatively preserved. After annealing at 600°C a surprising sharpening of the 

interfaces is observed. It is attributed to the formation of Co-Mo compounds. Combining 

these analyses with the results published in [10] we can explain in a consistent way the 

evolution of the X-ray reflectivity measurements of the samples upon annealing. The 

observation of transmission electron microscopy provides a meaningful suggestion to improve 

the reflectivity of samples including several components. 
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Table 1: Structural parameters (period d, thickness dX of the layer of the X material and interface width δ) 

of the Co/Mo2C/Y and Co/Y/Mo2C multilayers determined from the intensity line profile and compared to 

the one deduced from the fit of reflectivity curve [3]. The uncertainty of the interface width δ is about 

0.10 nm. 

Parameters 
Co/Mo2C/Y Co/Y/Mo2C 

as-
deposited 300°C 600°C 300°

C 600°C 

Period (nm): 
from intensity profile (±0.20 nm) 

 
7.68 

 
7.48 

 
7.66 

 
7.61 

 
7.65 

from x-ray reflectivity curves 
(±0.05 nm) 7.67 7.48 7.46 7.55 7.37 

Bright region thickness 
analysis: 
dY (nm) 

 
 

3.89 

 
 

4.10 

 
 

4.10 

 
 

4.09 

 
 

3.92 
dCo+Mo2C 3.98 3.38 3.56 3.52 3.73 

Interface width (±0.10 nm): 
δY-on-Mo2C (nm) 

 
1.1 

 
1.4 

 
1.2 

-
-- 

 
-- 

δCo-on-Y (nm) 1.3 1.2 1.3 -
-- -- 

δMo2C-on-Y (nm) -- -- -- 1.1 1.3 
δY-on-Co (nm) -- -- -- 1.0 1.7 
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Fig. 1: HAADF images of the Co/Mo2C/Y and Co/Y/Mo2C multilayers: Co/Mo2C/Y as-deposited (a) and 

Co/Y/Mo2C_600°C (b). 

 

Fig. 2: HAADF images and EDX line profiles of the multilayer samples: Co/Mo2C/Y_as-deposited (a), 

300°C (b) and 600°C (c), Co/Y/Mo2C_300°C (d) and 600°C (e). 

 

Fig. 3: Bright field images and corresponding intensity line profiles of a few periods of the multilayer 

stacks in the STEM mode. Image (a) corresponds to the Co/Mo2C/Y_as-deposited. The thickness of one 

period layers and interfacial widths are indicated in (b). The estimated values of layer thickness and 

interfacial width are indicated. 

 
Fig. 4: High-resolution images and selected-area electron diffraction of the multilayer samples: 

Co/Mo2C/Y_as-deposited (a), Co/Mo2C/Y_300°C (b), Co/Mo2C/Y_600°C (c), Co/Y/Mo2C_300°C (d) and 

Co/Y/Mo2C_600°C (e). Lattice fringes are indicated by an orange arrow. 
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