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We propose a new system, namely the periodic Co/Mg multilayer system, for optics applications in the EUV
range. Close to the Mg L edge, i.e., around a wavelength of 25 nm or a photon energy of 50 eV, a reflectivity
of about 43% is measured at 45° for s-polarized radiation. Moreover, it appears that this system is stable over
a period of time of three months. The introduction of thin boron carbide interfacial layers proves disastrous
contrary to simulations that show this could be beneficial. We combine X-ray reflectivity in the hard X-ray
range, X-ray emission spectroscopy, and nuclear magnetic resonance to determine the thickness and roughness
of the Co and Mg layers as well as the chemical state of the Co and Mg atoms at the interfaces. This reveals
that in the Co/Mg system the interfaces are abrupt and there is no interdiffusion between the Co and Mg
layers. Then the difference between the experimental and simulated reflectivities is ascribed to the interfacial
roughness of the order of 0.4 nm. In the Co/Mg/B4C system, evidence of a large mixing of the Co and B4C
layers is presented and explains the poor reflectance of this system.

1. Introduction

Periodic multilayers made of alternating nanometric thin films
nowadays play an important role for optical applications from
the extreme ultraviolet (EUV) to the hard X-rays.1,2 The
performances of these structures in terms of reflectance and
bandwidth strongly depend on the quality of interfaces between
the different layers, i.e. the value of the interfacial roughness
and the interdiffusion. Thus the development of optimized stacks
relies on the characterization of the layers, determination of their
thickness, roughness, and density, as well as the comprehension
of the interfacial phenomena, atomic diffusion, or formation of
compounds.

In this paper we propose a new system, namely Co/Mg, for
applications in the EUV range close to the Mg L edge, that is
to say around 25 nm wavelength or 50 eV photon energy. In
view of a possible application as monochromator, the simulated
reflectivity obtained with the IMD software3 and assuming an
s-polarized light incoming at 45° is calculated. It shows a
maximum of 56.5% given an “ideal” multilayer with no
interaction between the layers and no interfacial roughness.4

Because we suspect a possible interdiffusion and the formation
of compounds at the metal-metal interfaces, we consider the
introduction of boron carbide at one interface. This kind of
barrier layer has proved its efficiency for numerous multilayer

systems devoted to optics applications.5,6 For the ideal Co/Mg/
B4C multilayer a maximum reflectance of 53.5% is calculated.4

For comparison, in the case of the Mg/SiC system, simula-
tions of an “ideal” multilayer indicate a reflectance of about
60% at 30.4 nm and 20° off normal incidence using s-polarized
light. But, reflectivity measurements at 30.4 nm demonstrate
that the large value of the rms interfacial roughness (g1 nm) is
directly responsible for the limitation of the optical performances
(R is only 40%).7 This example has motivated us to explore
other optimum material combinations, even systems where
simulations predict a reflectance slightly lower than that of Mg/
SiC provided that (i) the measured roughness remains moderate
and (ii), as a consequence, the discrepancy between simulated
and measured reflectance values is lower than in the case of
Mg/SiC. Indeed, at 30.4 nm and near normal incidence, the Co/
Mg system gives experimental performances of the same order
of magnitude as the Mg/SiC system: 40% reflectivity and 1.3
nm bandwidth for Co/Mg; 45% reflectivity and 1.7 nm
bandwidth for Mg/SiC.8 In the same conditions, the Al/SiC and
Mo/Si systems reach reflectance of only 17% and 22%,
respectively,9 and B4C/Mo/Si reaches 32%.10

Multilayers are fabricated by magnetron sputtering and tested
in the EUV range. They are characterized by X-ray reflectivity
(XRR) in the hard X-ray range after their preparation to
determine the thickness, roughness, and density of their layers.
The introduction of thin boron carbide layers is also considered.
The time stability of these structures is also studied over a
duration of about 3 months. To determine if some interaction
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takes place between the layers, we look to the chemical state
of the Mg and Co atoms present within the multilayer, by using
X-ray emission spectroscopy (XES) and nuclear magnetic
resonance (NMR). If there is some interdiffusion between the
layers, the chemical state of the atoms of the interfacial layer is
different from that of the atoms at the center of the layer. In
this case, at least two chemical states of Mg and Co should be
observed. The interest of combining XES and NMR is to obtain
the information from both sides of the interface.

2. Experimental Section

2.1. Sample Preparation. The studied periodic Co/Mg and
Co/Mg/B4C multilayers were prepared by using a calibrated
ultrahigh vacuum direct current magnetron sputtering system
(JGP560C6, SKY Inc., China) with targets of Co (purity
99.95%), Mg (purity 99.98%), and B4C (purity 99.5%) in Ar
gas (99.999%). The targets are 100 mm in diameter. The base
pressure was 10-4 Pa and the working pressure was 0.13 Pa of
Ar gas. The power applied on the Co, Mg, and B4C targets was
set to 25, 15, and 80 W, respectively. The multilayers were all
deposited onto 30 mm × 30 mm ultrasmooth polished Si
substrates with rms surface roughness of 0.3 nm.

The description of the designed structure of each multilayered
sample is summarized in Table 1. Each sample is made of 30
bilayers. The first layer on the substrate is the cobalt one. A
3.50-nm-thick capping layer made of B4C is deposited at the
surface of each sample in order to prevent oxidation: in the
sample where 0.90-nm-thick B4C layers enter in the composition
of the periodic structure, the thickness of the capping layer is
reduced to 2.60 nm.

The samples named CoMg_1 and CoMgB4C_1, both char-
acterized by a short period (8.00 and 8.90 nm, respectively),
are dedicated to the X-ray emission spectroscopy analysis.
Indeed, to be able to identify by means of XES the formation
of an interfacial layer at the interface between two successive
layers, the thickness of this interfacial layer should be compa-
rable to that of the layer of the emitting atoms (Co layer for the
Co LR� emissions and Mg layer for the Mg K� emission). The
two remaining samples (namely CoMg_2 and CoMgB4C_2) are
designed to lead to the highest reflectivity value at the
application wavelength. Thus, these two samples are analyzed
by means of XRR in the EUV range. Moreover, the four samples
have been studied by NMR spectroscopy in order to study the
chemical state of the (magnetic) Co atoms.

2.2. X-ray Reflectivity at 0.154 nm. The structural quality
of all these multilayers and the agreement between the aimed
and effective thicknesses have been checked by using X-ray
reflectivity at 0.154 nm (Cu KR emission at 8048 eV). The
measurements are made with use of a grazing incidence X-ray
reflectometer (D1 system, Bede Ltd.) working in the θ-2θ
mode. The angular resolution is 5/1000°. Bragg law corrected
for refraction was used to determine the multilayer period. The
fit of the XRR curves performed with Bede Refs software
(genetic algorithm)11 was used to determine individual layer
thickness, roughness, and layer density.

2.3. EUV Reflectivity. The measurement of the reflectivity
curves in the EUV domain is performed on the BEAR

beamline12 at the Elettra synchrotron center using s-polarization.
The photon energy is carefully calibrated by using the Pt 4f7/2

feature and the Si L edge. The goniometer angular resolution
is 1/100°. Impinging and reflected photon intensities are
measured by using a solid state photodiode. Incident intensities
are monitored with an Au mesh inserted in the beam path whose
drain current is used for normalization. The overall accuracy
on the absolute reflectivity values is estimated to be about 1%.

2.4. X-ray Emission Spectroscopy. The X-ray emission
analysis is performed in a high-resolution wavelength dispersive
soft X-ray spectrometer.13 The Mg K� and Co LR� emission
coming from the magnesium and cobalt atoms present in the
Co/Mg and Co/Mg/B4C multilayered samples are analyzed.
These emissions correspond to the Mg 3p-1s and Co 3d-2p3/2

and 3d-2p1/2 transitions respectively and are related to the
occupied valence states having the Mg 3p and Co 3d character.
These emissions are sensitive to the physicochemical state of
the magnesium and cobalt atoms, respectively.7,14

The Mg 1s and Co 2p core holes are created by an electron
beam coming from a Pierce gun. The energy of the incident
electrons was chosen to be higher than the threshold of the
studied emission (1303.4 and 778.8 eV for the Mg 1s and Co
2p3/2 binding energies, respectively). In the present case, the
electron energy was 7.5 keV for the Mg K� emission and 3.5
keV for the Co LR� emissions. Following the ionization of the
atoms present in the sample, characteristic X-rays are emitted,15,16

then dispersed by a (101j0) beryl (for Mg K� emission) or TlAP
(001) (for Co LR� emission) bent crystal and detected in a gas-
flux counter working in the Geiger regime. The current density
of the electrons reaching the sample is set to less than 1
mA · cm-2 to ensure that the shape and intensity of the studied
emission remain constant throughout the measurements.

In the following, each presented emission spectrum is
normalized with respect to its maximum and a linear background
corresponding to the Bremsstrahlung contribution is subtracted.
To determine the composition of the multilayers (especially to
identify possible interfacial compounds), their emission spectrum
is compared to that of reference compounds. This methodology
is now routinely used to study complex materials.6,17–24

In the Co-C binary phase diagram, no compound arising
from the reaction of the two materials is mentioned.25 The region
for the solubility of graphite in cobalt is limited to the 0-1%
C range. On the contrary, the Co-B and Co-Mg binary phase
diagrams exhibit the Co3B, Co2B, and CoB27 and MgCo2

27

compounds, respectively. In the Mg-B binary phase diagram,
the MgB2, MgB4, and MgB7 compounds are reported.28 To our
knowledge, the Co-B-C ternary diagram is not available in
the literature. Among all these compounds, only MgB2 was
easily available: its Mg K� emission spectrum will be compared
to that of the Co/Mg/B4C multilayer. For the same emission,
we have also considered as references a MgO single crystal
cleaved along the (100) plane and a MgZn (Zn 1 wt %) dilute
alloy. For that latter sample, we have carefully checked that its
Mg K� emission spectrum is very close to that of the Mg
metal.29 In the case of the Co LR� emissions, a Co thin film
deposited by magnetron sputtering is used as reference.

TABLE 1: Designed Structure of the Co/Mg and Co/Mg/B4C Multilayers

multilayer sample name period d (nm) dCo (nm) dMg (nm) dB4C (nm) simulated reflectivity

Co/Mg CoMg_1 8.00 2.55 5.45 - -
CoMg_2 17.00 2.55 14.45 - 56.5% @ 25.2 nm

Co/Mg/B4C CoMgB4C_1 8.90 2.55 5.45 0.90 -
CoMgB4C_2 17.90 2.55 14.45 0.90 53.5% @ 25.8 nm

Co/Mg Periodic Multilayers for the EUV Range J. Phys. Chem. C, Vol. 114, No. 14, 2010 6485



The Mg K� spectrum of the Mg2CoH5 compound has been
observed.30 We expect the electronic structure (and hence the
X-ray spectrum) of a magnesium-rich Mg-Co compound to
be close to that of this hydride. However, it is not easy to
compare this measured spectrum to ours owing to a discrepancy
concerning the photon energy calibration and a problem of
oxidation of the sample.

2.5. Nuclear Magnetic Resonance Spectroscopy. Zero field
NMR has been performed with a homemade automated broad-
band NMR spectrometer. For the sake of sensitivity all the
samples were measured at 4.2 K since the NMR signal increases
as the inverse of the measurement temperature. All spectra have
been recorded for different values of radio frequency field
strengths allowing for correcting the NMR intensities with a
frequency dependent enhancement factor. Therefore the NMR
spectra represent the distribution of Co atoms versus their
resonance frequency (i.e. the hyperfine field experienced by their
nuclei).31,32 The NMR resonance frequency is sensitive to the
local environment of the probed atoms: nearest neighbor local
structure and/or local chemical environment.

Bulk reference samples consisting of 1% B and 1% Mg into
Co have been measured to check the influence of the B and
Mg neighborhood on the Co resonance frequency (hyperfine
field). NMR lines at 117 and 170 MHz have been observed,
respectively. According to the Co-B and Co-Mg phase
diagrams, B and Mg do not mix easily with Co, therefore the
observed NMR lines are likely to arise from Co3B and Co2Mg
phases embedded into bulk Co.

3. Results and Discussion

3.1. X-ray Reflectivity at 0.154 nm. The reflectivity curves
of the Co/Mg and Co/Mg/B4C multilayers are presented in

Figure 1 on a logarithmic scale. In Figure 1a, five well-defined
and narrow Bragg peaks are observed for the CoMg_1 sample
up to 3°; on the contrary, in the case of the CoMgB4C_1 sample,
up to 3°, only the first Bragg peak is narrow and well-defined
while the three following Bragg peaks are large and not intense
for the two last ones. In Figure 1b, all the Bragg peaks are
narrow and well-defined. For the Co/Mg/B4C_2 sample, nine
Bragg peaks are seen up to 2.5°, whereas eleven Bragg peaks
are observed up to 3° for the Co/Mg_2 sample. The Bragg peaks
are more intense for Co/Mg_2 with respect to Co/Mg/B4C_2.
It is also observed, Figure 1a and b, that the intensity of the
background decreases more rapidly for Co/Mg/B4C samples with
respect to Co/Mg samples. From these curves, it appears that
the structural quality of Co/Mg multilayers is better than that
of Co/Mg/B4C multilayers. The comparison of the reflectivity
curves, with and without B4C layers, gives evidence that the
introduction of B4C does not improve the structural quality of
the multilayers. This is probably due to an interaction between
the B4C layers and the metal layers.

For the CoMg_1 and CoMgB4C_1 samples, the position of
the Bragg peaks leads to a period value equal to 7.92 and 8.40
nm, respectively (see Table 2). The correction for refraction is
taken into account in the calculation. For the CoMg_2 and
CoMgB4C_2 samples, the position of the Bragg peaks corre-
sponds to a period value equal to 16.70 and 17.13 nm,
respectively (see Table 2). In the case of the Co/Mg_1 and
Co/Mg_2 samples, a good agreement exists between the aimed
and experimental period values (difference of about 1%). On
the contrary, for the CoMgB4C_1 and CoMgB4C_2 samples,
the difference between the aimed and experimental values
becomes significant (between 5 and 6%). The introduction of a
B4C layer within the multilayer structure decreases the period

Figure 1. X-ray reflectivity curves measured at 0.154 nm: (a) Co/Mg_1 and Co/Mg/B4C_1 samples; (b) Co/Mg_2 and Co/Mg/B4C_2 samples; (c)
B4C/Co and Mg/B4C multilayers deposited for thickness calibration purposes; and (d) fit of the reflectivity curve in the case of the Co/Mg_1
sample.
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value (period contraction) due to a reaction between the B4C
layer and the metal layer.

To identify which interface, B4C/Co or Mg/B4C, is respon-
sible for the poor reflectivity of the Co/Mg/B4C stack, we
compare in Figure 1c the reflectivity curves of the B4C/Co and
Mg/B4C multilayers made of only 5 or 10 periods and the
designed period was 15 nm for both samples. These two
multilayers were prepared in a preliminary batch by using
nonoptimized conditions to calibrate the deposited thicknesses.
It is clearly seen that the Mg/B4C system leads to a very low
reflectivity, only two very weak Bragg peaks being observed.
The first Bragg peaks of the B4C/Co system are also weak with
respect to the plateau before the total reflection. The number of
bilayers of B4C/Co is 10 while that of Co/Mg is 30 and as a
consequence, all the Bragg peaks of the B4C/Co multilayer are
about three times broader, Figure 1c, than those of Co/Mg and
Co/Mg/B4C multilayers, Figure 1a and b. These observations
indicate that the optical qualities of both B4C/Co and Mg/B4C
are low, the Mg/B4C interface being the worse one. Therefore,
interface imperfections, including roughness and/or diffuseness,
greatly limit the final Co/Mg/B4C multilayer reflectivity.

To estimate the time stability of these samples, we have
checked the reproducibility of the reflectivity measurements over
a period of 108 days: the corresponding periods are also
presented in Table 2. The different period values coincide within
the experimental uncertainty demonstrating the good time
stability of the Co/Mg stack. It would be necessary to measure
the reflectivity of the multilayers over even a larger period of
time because applications require stability over a few years.

To improve the description of the multilayer, the Co/Mg_1
and Co/Mg_2 reflectivity curves are fitted in order to estimate
the values of the structural parameters of the stack: the thickness,
roughness, and density of the various layers. The roughness
deduced from the fit is an overall roughness including the
contributions from both geometrical roughness and interdiffu-
sion. These values are collected in Table 2. In that table, the
density ratio (%) is defined as the density of the layer divided
by the density of the bulk. As an illustration, Figure 1d shows
the comparison between the experimental and fitted XRR curve
in the case of the Co/Mg_1 sample. We do not fit the reflectivity
of the CoMgB4C_1 and CoMgB4C_2 samples because of the
large number of parameters and the probable reaction of the
B4C layer with the metal layer.

The values of the Co and Mg layer thickness are those of
the designed structure for CoMg_1 while for CoMg_2, a slight
difference exists between these values: compared to the design,
the Co layer is about 3% thicker and the Mg layer about 3%
thinner. In both cases, the period values are close to that
calculated with the Bragg law corrected for refraction. For a
given sample, the roughness values at both interfaces are
comparable. The density values are given within a 5% uncer-
tainty. For both samples, the layers are as dense as the bulk
materials, except in the CoMg_1 sample where the Co layer is

less dense than in the bulk. As a summary, the fitting results
indicate that the deposited multilayered samples coincide in a
satisfactory manner with those expected in the preparation step.

3.2. EUV Reflectivity. The reflectivity curves of the
Co/Mg_2 and Co/Mg/B4C_2 multilayer samples measured at
45° and around the photon energy of 50 eV are presented in
Figure 2 on a linear scale. The asymmetric shape of the two
reflectivity curves is due to the presence of the Mg L edge (L2

and L3 edges at 49.78 and 49.50 eV respectively). Contrary to
the CoMgB4C_2 sample where, preceding the maximum value,
the reflectivity remains constant, in the case of the CoMg_2
sample an additional structure centered around 24.3 nm (or
51 eV) is present.

The maximum of the CoMg_2 reflectivity curve is equal to
42.6% at 25.05 nm whereas that of the CoMgB4C_2 sample is
only 0.73% at 25.10 nm. In the case of the CoMg_2 sample,
the measured value has to be compared to the simulated value
(56.5% at 25.2 nm given an “ideal” multilayer: no interaction
and no roughness at the interfaces). That is to say that the
experimental value represents 75% of the simulated value, which
is higher than in the case of the Mg/SiC system.7 Moreover,
for comparison, using the parameter values extracted from the
fit of the CoMg_2 XRR curve measured at 0.154 nm (see Table
2) for reflectivity simulations in the EUV range, the reflectivity
of this multilayer is calculated to be 27% at 25.2 nm at 45° of
grazing incidence. The absence of agreement between this latter
value and the measured value reflects the fact that, in the fitting
procedure, the values retained for the structural parameters
(thickness, roughness, and density of the layers) are not correctly
optimized.

In the case of the CoMgB4C_2 sample, the measured
reflectivity curve demonstrates the poor quality of the multilayer
in terms of optical performances. The introduction of a B4C
material at the Co-on-Mg interface does not contribute at all to

TABLE 2: Variation over 108 Days of the Period Values Calculated Using the Refraction Corrected Bragg Law and Parameter
Values Extracted from the Fit of the Co/Mg_2 Reflectivity Curve Measured at 0.154 nma

d (nm) periodb XRR fit

sample t ) 0 t ) 108 days dCo (nm); dMg (nm) d(nm) σCo (nm); σMg (nm) density ratios: Co (%); Mg (%)

CoMg_1 7.92 7.95 2.51; 5.44 7.95 0.56; 0.54 91 ( 5; 105 ( 5
CoMgB4C_1 8.40 8.46 - - - -
CoMg_2 16.70 16.71 2.63; 14.10 16.73 0.40; 0.40 102 ( 5; 100 ( 5
CoMgB4C_2 17.13 17.17 - - - -
a σ stands for the interfacial roughness. Corrected for refraction. b The period is calculated using the Bragg law corrected from refraction.

Figure 2. EUV reflectivity curves of the Co/Mg and Co/Mg/B4C
multilayers measured at 45°. The Co/Mg/B4C curve is amplified 50
times.
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improve the quality of the interfaces, in contrast with the IMD
simulations for an “ideal” multilayer (see Table 1). A reaction
between the B4C layer and the metallic layers could be
responsible for this drastic drop of the reflectivity with respect
to the Co/Mg system.

3.3. XES Analysis. The Co LR� emission spectrum origi-
nating from the Co reference is compared to that of the CoMg_1
and CoMgB4C_1 multilayer samples in Figure 3a while the
Mg K� emission spectrum originating from the references
(Mg, MgO, and MgB2) is compared to that of the
CoMg_1 and CoMg/B4C_1 multilayer samples in Figure 3b.

Concerning the Co LR� emission, Figure 3a, the spectra of
the multilayers is close to that of the Co reference sample. From
one sample to the other, the position of the Co LR maximum
does not vary by more than 0.3 eV. The position of the Co L�
maximum remains constant for the three samples. The intensity
ratio determined with the values of the maximum of the Co LR
and L� emission bands remains of the order of 0.2 for the three
samples. As a consequence, the Co LR� emission band shapes
are not sufficiently different from each other to enable us to
discuss the formation of interfacial compounds between suc-
cessive layers within the multilayers. The Co LR� emission is
not sensitive enough to the physicochemical environment
surrounding the emitting Co atoms. Our XES analysis will be
essentially based on Mg K� experimental data.

For the Mg K� emission, Figure 3b, the multilayers spectra
are rather similar to that of the Mg reference. Thus, this result
allows us to say that, within the CoMg_1 and CoMgB4C_1
samples, the Mg atoms are in a physicochemical state close to
that of Mg atoms in the Mg metallic state. Nevertheless, we
can try to gain further insight into the comparison of these
spectra. In the high photon energy side, the multilayer spectra
are both close to that of the Mg reference. On the contrary, in
the low photon energy side, the shape of the multilayer spectra
slightly differs from that of the Mg reference: a kind of tail is
observed in the region where the respective maxima of the MgO
and MgB2 Mg K� emission spectra are present (1293 eV for
MgO and 1294 eV for MgB2). To infer the possible oxidation
of the Mg atoms present within the multilayer, it is advisible to
decrease the energy of the incident electrons: the analyzed depth
becomes thinner and information about the layers close to the
surface is provided.

In Figure 4 we study in the case of the CoMg_1 sample the
change, as a function of the electron energy, of the shape of
the Mg K� emission band. For an electron energy equal to 4.5
keV, the analyzed depth is estimated, using CASINO software,33

to correspond to the 20 first Mg layers in Co/Mg, and recovers

the all 30 Mg layers at 7.5 keV of electron energy. The tail
observed in the Mg K� emission spectrum is more intense with
electrons of energy equal to 4.5 keV. The same effect is also
observed in the CoMgB4C_1 sample (not shown). Thus the Mg
atoms present within the two multilayers are slightly oxidized.
In the case of the CoMgB4C_1 sample, this result does not allow
us to exclude that the Mg atoms can also slightly react with B
atoms to form the MgB2 compound.

Another explanation for the tail observed in the spectrum of
the CoMg_1 sample could be that a Co-Mg compound forms
at the interfaces of the multilayer. Indeed the experimental
spectrum of MgCo2 is not published and one could imagine
that its maximum appears in the same region of the tail as that
of MgO. We present in Figure 5 the Mg K� spectrum of the
Mg and MgCo2 compounds calculated from the first principles
using the Wien2k software34 compared to the experimental one
originating from the Mg reference sample. The calculated
spectrum is obtained from the Mg 3p density of states weighed
by the transition probability and convoluted by a Lorentzian
function to take into account the natural width of the Mg 1s
level and by a Gaussian function to take into account the
experimental broadening. The comparison for Mg metal shows
that the calculation reproduces quite accurately the experiment.
All the spectra are presented on an energy scale relative to the
position of the Fermi level. The energy position of the maximum
of the MgCo2 emission band is about 0.4 eV higher than that
of the Mg spectrum. More striking is the large width of the Mg
emission band with respect to that of MgCo2. From these
calculations, we can affirm that, within our sensitivity, the

Figure 3. (a) Co LR� and (b) Mg K� emission bands originating from the references (Co (a) and Mg, MgO, and MgB2 (b)) compared to those
of the Co/Mg_1 and Co/Mg/B4C_1 multilayer samples.

Figure 4. Change, as a function of the electron energy, of the shape
of the Mg K� emission band originating from the Co/Mg_1 sample,
compared to that of the MgO reference.

6488 J. Phys. Chem. C, Vol. 114, No. 14, 2010 Le Guen et al.



possible formation of the MgCo2 compound at the interfaces
of the CoMg_1 and CoMgB4C_1 samples is not confirmed by
XES. From comparison with transition metal silicides,35 the
same kind of narrow bandwidth spectrum is expected for other
possible Co-Mg compounds that could form out of equilibrium:
CoMg36,37 or CoMg2.37,38

3.4. NMR Analysis. NMR spectra obtained for the Co/Mg
and Co/Mg/B4C multilayers are presented in Figure 6. To
compare the shape of the spectra, their total surface area is
normalized to one. The thickness of the Mg layers has no
influence on the NMR spectra (neither in shape nor in intensity)
and therefore on the sample structure; fore the sake of clarity
one spectrum only of each type of sample is shown.

As can be seen, the shape of the spectra of the two kinds of
samples is very different. The Co/Mg samples show a well-
defined line at 226 MHz that is the fingerprint of bulk hcp Co.
The Co atoms are mainly situated in pure Co layers and the
intermixing at the Co/Mg interfaces is limited. An additional
line is observed at 156 MHz. This line is at a frequency
significantly different from the one observed for the CoMg1%
reference sample (170 MHz) and has very probably a different
origin. Actually the shape of the low-frequency part of the
spectrum (below 210 MHz) looks very similar to the shape
observed in multilayers with sharp interfaces,31,32 but this
interpretation is difficult to ascertain because of the lack of
appropriate reference samples. However a tentative simulation
with the step interface model39 that is appropriate for samples
with sharp interfaces is presented in Figure 7. The model

reproduces closely the experimental spectrum. It must be noted
that in this model the ratio between the intensities of the
interfacial part of the spectrum and the bulk part of the spectrum
is not an adjusted parameter, but is fixed from the thickness of
the deposited Co layers. This gives us confidence in our
interpretation and suggests strongly that the Co/Mg multilayers
present sharp interfaces.

In contrast, the shape of the Co/Mg/B4C spectra is very
different. No Co bulk line is observed anymore. This shows
that the Co layers are not pure but that alien atoms (Mg, B, or
C) are mixed with Co. Since the Co/Mg multilayers show sharp
interfaces the mixing is likely to originate from the Co/B4C
interfaces. The intermixing in the Co/Mg/B4C is more important
than the one depicted by the change in spectra shape since the
absolute integral intensity of the Co/Mg/B4C spectra is 3 times
smaller than the intensity of the Co/Mg spectra. This means
that two-thirds of the total Co atoms included in these samples
are not observed in the Co/Mg/B4C NMR spectra. These Co
atoms are most probably situated into non-ferromagnetic phases
(and therefore give no NMR signal) with a large content of Mg,
B, or C atoms. This confirms the large mixing observed by XRR
in the Co/Mg/B4C samples.

The samples have been analyzed after a period of three
months where they were stocked in a desiccator. No significant
variation of the NMR signal is detected for both Co/Mg and
Co/Mg/B4C systems. This confirms the reflectivity measurement
in the hard X-ray range after 108 days for the Co/Mg multilayer.

4. Conclusion

The Co/Mg multilayers are promising for applications in the
EUV range around 25 nm. A reflectivity of 46% at 45° angle is
measured representing three-quarters of the ideal reflectivity,
i.e. for a perfect multilayer without roughness and interdiffusion.
This experimental value can be improved by increasing the
number of bilayers within the stack and also by optimizing the
deposition conditions and the capping layer. Thus, it is important
to characterize in detail these kinds of nanometric multilayers.
This was done in the present work by using X-ray reflectivity
in the hard and soft X-ray ranges, X-ray emission spectroscopy,
and nuclear magnetic resonance spectroscopy. The reflectivity
measurements and their fit enable us to establish that the
thicknesses of the various deposited layers are close to the aimed
ones during the preparation. It was also deduced from these
measurements that the interfacial roughness is less than 0.5 nm.
XES and NMR spectra permit the determination of the chemical
state of the Mg and Co atoms, respectively, at the interfaces.

Figure 5. Comparison of the Mg K� emission band calculated for the
Mg and MgCo2 compounds by using Wien2k with that measured at
7500 V for the Mg reference sample. The energy scale refers to the
position of the Fermi level EF.

Figure 6. NMR spectra of Co/Mg and Co/Mg/B4C multilayers. The
spectra surface areas are normalized to the same area.

Figure 7. Simulation of the Co/Mg multilayer spectrum with a sharp
interface model.
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They reveal no compound formation and abrupt interfaces. Thus
the difference between the experimental and simulated reflec-
tivity values can be ascribed to the interfacial roughness.

The introduction of thin boron carbide interfacial layers into
the stack considerably degrades the EUV reflectance, leading
to a poor value of less than 1%. From XES and NMR
measurements, it is observed that it is the Co atoms that react
with the B or C atoms of the carbide layers to form an interfacial
compound while the Mg atoms seem undisturbed. It has not
been possible to determine this compound due to the lack of
reference compounds. We have shown that the Mg/B4C system
is worse (in terms of optical qualities) than the Co/B4C system.
From this simple fact, we could have deduced that within the
trilayer, the Mg/B4C interfaces were responsible of the very low
reflectivity. However, this is not the case. From XES and NMR,
we determine that it is the Co/B4C interfaces that lead to the
deterioration of the reflectivity. In fact within the multilayer,
there is a competition between the Co and Mg atoms to react
with the atoms of the B4C layers and it appears that in the stack,
the Co atoms are more reactive than the Mg ones. Thus, it is
not possible to infer the properties of a trilayer system from
the properties of bilayer systems.

The temporal stability of the Co/Mg and Co/Mg/B4C mul-
tilayers has been checked over a period of about three months
and reveals no significant deterioration of the reflectivity in the
hard X-ray range as well as of the NMR signal. For applications,
this stability has to be checked over longer periods of time.
The thermal stability must be verified because the multilayers
can be subjected to high thermal loads. In this case, it probably
will be necessary to consider the introduction of an efficient
diffusion barrier. This will be addressed in a forthcoming paper.
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