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Abstract
Interfacial interdiffusion in dual-facing-target sputtered amorphous CoMoN/CN
soft-x-ray optical multilayer mirrors has been investigated quantitatively by
monitoring the enhancement of the first-order modulation peak on annealing in
the temperature range of 498–548 K. Smaller negative interdiffusivity is quite
noticeable by comparing with those of Co/C and CoN/CN systems, signalling
that relatively stable interfaces were formed by incorporation of molybdenum.
Thermodynamic calculation reveals that the increase of binding enthalpy is the
main factor leading to a larger activation energy and hence the smaller interdif-
fusion coefficient. The results imply that it is possible to further improve the
thermal stability of CoN/CN multilayers by doping with refractory metals such
as molybdenum.

1. Introduction

Soft-x-ray optical multilayer mirrors are one-dimensional periodic structures consisting of
alternating layers of low- and high-electron-density materials, generally referred to as spacer
and absorber respectively. As effective soft-x-ray reflectors, the multilayers have been
successfully used in branches of science such as microscopy [1] astronomy [2], lithography [3],
imaging [4], spectroscopy [5] and x-ray lasers [6]. The most common spacer materials
currently in use are C, B4C and Si, because of the ease of growing thin films and their stability.
Optically, suitable absorbers include Fe, Co, Ni, Ru, W and Mo, which are usually used for
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reflections at different wavelengths, e.g. Co(Ni, Fe, W)/C for 4.5–6.5 nm [4, 7–9], Ru/B4C
for 6.5–12.4 nm [10] and (Mo, B)/Si for 12.4–30 nm [11–13].

With the development of synchrotron optics, soft-x-ray optical multilayers are often used
as reflectors under high-brilliance synchrotron radiation beams,which can produce a significant
heat load on the mirror,and increase their temperature up to several hundred degrees centigrade.
Thus, thermal stability is one of the important factors that must be considered for the soft-x-
ray optical multilayers used in high-temperature environments [14–16]. Unfortunately, most
soft-x-ray optical multilayer systems are destroyed either due to the recrystallization of the
amorphous sublayers or to the interfacial reaction and interdiffusion. We thus need to develop
a new generation of soft-x-ray multilayers that can work under a high-power beam without
radiation damage. A possible solution to avoiding the occurrence of interdiffusion, sublayer
crystallization and interfacial compound formation is to make compound multilayers instead
of elemental multilayers. Both the absorber and the spacer can be made of relatively inert
and stable compounds so that the tendency of interdiffusion and reaction at the interface
is minimized. Another advantage is that compounds are generally deposited in amorphous
condition. Their composition can be chosen such that they have a relatively high glass transition
temperature.

We have fabricated compound CoMoN/CN soft-x-ray optical multilayers by dual-facing-
target sputtering (DFTS), and in this paper will report on the interdiffusion in the low-
temperature annealed CoMoN/CN soft-x-ray optical multilayer mirrors. The reason for placing
the emphasis on the interfacial diffusion is that the reflection profile will change when the
interdiffusion or intermediate-phase formation occurs at the interfaces during annealing, and
the optical performance of the multilayer mirrors depends sensitively on the chemical stability
of these interfaces [17].

2. Experimental details

The multilayer samples were made by a DFTS system. The typical base pressure of the
chamber was better than 1.33 ×10−4 Pa. The targets, 10 cm in diameter, were 99.999% purity
C and 99.99% purity Co with 99.99% purity Mo pellets placed symmetrically on it. During
the deposition, the total pressure of Ar and N2 gas was kept at 5.33 × 10−1 Pa, and the ratio
of partial pressure of N2 to Ar was fixed at 0.25. A series of CoMoN/CN multilayers was
fabricated on ultra-smooth crystalline (111) silicon wafers and NaCl crystals with a freshly
cleaved surface. The nominal structures are periods of 2.5 and 5.0 nm, both with a ratio of the
thickness of the CoMoN layer to the multilayer period of � = 0.4. No attempt was made to
remove the natural oxide layer on the silicon wafers prior to the deposition.

The samples were annealed in a vacuum furnace at 1.33 × 10−4 Pa pressure. The anneal
temperature was controlled within ±1 K. In order to avoid the sample to sample fluctuation,
the annealed sample was cut into pieces with the same shape and area, and each piece was
characterized before and after the treatment.

All x-ray diffraction measurements were made using the Cu Kα radiation. Using low-
angle x-ray diffraction (LAXRD), the multilayer period � was determined with the Bragg
equation, modified for refraction [18]

sin2(θm) =
(

mλ

2�

)2

+ 2δ, (1)

where � is the modulation period, θ the position of the low-angle diffraction peak, m the
integer reflection order number and δ the average deviation of the refractive index from unity.
� can be determined from the linear regression of the sin2 θm versus m2 plot.
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Standard θ–2θ high-angle x-ray diffraction (HAXRD) was used here to identify the phases
present in the as-deposited and annealed CoMoN/CN multilayers. The microstructures of
the samples deposited on the NaCl(100) single crystal were investigated by using a JEM-
200CX transmission electron microscope (TEM) operated at 200 kV. Selected-area electron
diffraction (SAED) and bright-field imaging were employed to characterize the films at various
annealing temperatures.

In order to obtain the real atomic fractions of elements in the CoMoN and CN sublayers,
we also prepared ∼100 nm thick CoMoN and CN monolayers under the identical conditions as
the sublayers were fabricated. X-ray photoelectron spectra were then recorded after removing
the contaminated surface layer by 2 keV 1 µA mm−2 ion beam etching, in a Perkin Elmer PhI
5300 spectrometer (Mg Kα radiation) equipped with a spherical capacitor analyser.

3. Data analyses

The compositionally modulated film technique [19–21] allows the measurement of small
interdiffusivities by low-angle x-ray specular reflectivity measurements. The advantages of
the technique are that

(1) it is very sensitive, and can measure the interdiffusivities down to 10−27 m2 s−1,
(2) it is nondestructive, and this makes it possible to perform time-resolved studies of

interdiffusivity with annealing, and
(3) the diffusion process for extremely minute displacements of the diffusing atoms can be

revealed by x-ray diffraction.

The disadvantage of this technique is that only chemical interdiffusivity, not the chemical
diffusivities of individual species, can readily be extracted.

For the concentration distribution of a multilayer of small amplitude, the composition
dependence of the mobility M , the second derivative of the Helmholtz energy f ′′

0 and gradient
energy coefficient k are negligible. The changes of concentration with time can thus be
described by the Cahn linear diffusion equation [22, 23]

∂c

∂ t
= D

∂2c

∂x2
− 2D

f ′′
0

k
∂4c

∂x4
, (2)

where c is the concentration variable related to time and D = M f0 is the macroscopic
interdiffusion coefficient. A particular solution to equation (2) is

c − c0 = A(t) cos βx, (3)

A(t) = A0 exp

[
−Dβ2

(
1 +

2kβ2

f ′′
0

)
t

]
, (4)

where c0 is the average composition, A(t) is the amplitude of the composition wave at time t
and β = 2π/�. It is clear that the higher-order Fourier components have decayed out during
the deposition due to interdiffusion.

A composition modulation produces satellites on higher-angle and on lower-angle sides
about each Bragg peak. For the special case of (000) Bragg satellites, the diffracted intensity
is proportional to the square of the Fourier transform of the composition variation, i.e.

I ∝ |A|2. (5)

From equations (4) and (5), the time dependence of all satellites can be expressed as

d

dt
ln[I (t)/I (0)] = −2D

(
1 +

2kβ2

f ′′
0

)
β2 = −2D�β2, (6)
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Figure 1. HAXRD pattern of as-deposited 20-layer-pair CoMoN/CN multilayers with a nominal
period of 5.0 nm.

Table 1. Relative atomic fractions determined by XPS.

Atomic fraction (at.%)

Elements CoMoN CN CoN

C — 65 —
N 25.6 35 17.4
Co 68.2 — 82.6
Mo 6.2 — —

where I (0) is the initial intensity and D� the composition and wavelength dependent effective
interdiffusion coefficient (interdiffusivity). Substituting β = 2π/� into equation (6) yields

D� = − �2

8π2

d

dt
ln[I (t)/I (0)]. (7)

Experimentally, within experimental error, I (0) and I (t) in equation (7) can be the integrated
or peak intensity. But for convenience, the latter was usually used for the estimation of the
interdiffusivity.

4. Results

4.1. Structure characterization

The atomic fractions in the sublayers of CoMoN/CN multilayers can be obtained through the
analyses of chemical concentration in the CoMoN and CN monolayers by using XPS. After
Ar+ ion etching, the C XPS peaks related to contamination and the oxygen peak were removed.
Thus, the N atomic fractions listed in table 1, calculated using the integrated peak intensity [24]
and relative sensitive factors [25], are considered to be the actual chemical composition of the
monolayers. Also presented in the table is the N concentration of a CoN monolayer prepared
under the same conditions as the CoMoN monolayer was deposited. Obviously, the atomic
fraction of N (27.3 at.% without taking Mo into account) from CoMoN films is much higher
than that in CoN films, i.e. Mo doping can effectively enhance the incorporation of nitrogen.

HAXRD and TEM analyses, as shown in figures 1 and 2(a), respectively, did not present
any evidence on crystallization, signalling that the as-deposited CoMoN/CN is amorphous.
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Figure 2. SAED of ten-layer-pair CoMoN/CN multilayers with a nominal period of 5.0 nm, (a) as
deposited and (b) annealed at 573 K.

1 2 3 4 5 6 7 8 9 10

(a)  Λ=2.54 nm

In
te

ns
ity

 (
ar

b.
 u

ni
ts

)

2θ (degree)

1 2 3 4 5 6 7 8 9 10

(b)  Λ=5.05 nm

In
te

ns
ity

 (
ar

b.
 u

ni
ts

)

2θ (degree)

Figure 3. LAXRD patterns of the 20-layer-pair CoMoN/CN multilayers with nominal modulation
periods of (a) 2.5 nm and (b) 5.0 nm.

Figures 3(a) and (b) show the LAXRD peaks from the composition modulation of the
CoMoN/CN multilayers with nominal modulation periods of 2.5 and 5.0 nm, respectively.
The modulation periods � derived from the linear plots of sin2 θm versus m2 (figure 4) using
the modified Bragg law, i.e. equation (1), are 2.54 and 5.05 nm.

4.2. Effective interdiffusivity

TEM annealing analyses, as presented in figure 2, show no crystallization after annealing the
ten-layer-pair CoMoN/CN multilayers with periods of 2.54 (not shown) and 5.05 nm for 30 h.
Therefore, the influences of sublayer crystallization on the grazing incidence reflectivity that
is strongly associated with effective interdiffusivities can be eliminated below 548 K [26–28].
The effective interdiffusivity can thus be determined by monitoring the relative changes in the
(000) first-order modulation peak intensity I (t), as indicated in equation (7).

Figure 5 shows ln[I (t)/I (0)] as a function of the annealing time for CoMoN/CN
multilayers at three different annealing temperatures. Two regimes, as observed in Co/C
and CoN/CN multilayers [29, 30], are also clearly identified from the curves presented in
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Figure 4. Plots of sin2 θm versus m2.

Table 2. Effective interdiffusivities D� of the CoMoN/CN multilayers at different annealing
temperatures.

D� (10−24 m2 s−1)

� (nm) 498 K 523 K 548 K

2.54 −0.0807 −0.637 −4.12
5.05 −0.182 −1.53 −10.6

the figure. The rapid initial nonexponential increase (insets of figures 5(a)–(c)) is thought
to stem from the interfacial structural relaxation, i.e. short-range diffusion [31]. After the
initial structural relaxation, the interdiffusion process reaches the isoconfigurational condition;
ln[I (t)/I (0)] is enhanced linearly with the annealing time. By applying equation (2) to the
linear regime representing the interdiffusion process, the effective interdiffusivities for the
CoMoN/CN multilayers at different annealing temperatures were obtained and are listed in
table 2.

4.3. Modulation wavelength dependence of the effective interdiffusivity

The ‘effective’ interdiffusivity refers to the fact that the interdiffusion constant is modulation
wavelength and concentration dependent. From equation (6), we can further obtain modulation
wavelength dependence of the effective interdiffusivity, i.e.

D� = − �2

8π2

d

dt
ln[I (t)/I (0)] = D

(
1 +

8π2

�2

k

f ′′
0

)
. (8)

It is clear that, if there were no gradient energy effect, the effective interdiffusion coefficient
would be independent of modulation wavelength and equal to the macroscopic interdiffusion
coefficient.

Fitting equation (8) to the data listed in table 2, we obtained negative D and k/ f ′′
0 , as listed

in table 3. Note that D = M f ′′
0 and M is always positive; the gradient energy coefficient k

must be positive, indicating that phase separation occurs at CoMoN–CN interfaces [23].
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Figure 5. ln[I (t)/I (0)] as a function of the annealing time for CoMoN/CN multilayers with
periods of 2.54 and 5.05 nm at different annealing temperatures, (a) 498 K, (b) 523 K and (c)
548 K.

Table 3. Macroscopic interdiffusion coefficients D and k/ f ′′
0 of the CoMoN/CN multilayers at

different annealing temperatures.

T (K) D (10−24 m2 s−1) k/ f ′′
0 (10−20 m2)

498 −0.216 −5.12
523 −1.83 −5.33
548 −12.8 −5.43

4.4. Temperature dependence of the macroscopic interdiffusion coefficient

In figure 6, ln D versus 1000/T is plotted, indicating the expected temperature dependence
of the macroscopic coefficient given by Arrhenius’s equation, D = D0 exp(−E/kB T ). The
temperature dependence of the macroscopic interdiffusion coefficient can thus be determined
by linear fitting,

D = −5.62 × 10−6 exp

[
− (184.9 ± 23.1) kJ mol−1

RT

]
. (9)

The activation energy E obtained is 184.9 kJ mol−1, which is larger than that of the CoN–CN
system, but still lower than that of self-diffusion of fcc β-Co, 283.4 kJ mol−1 [32].
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It is of physical significance to consider which of the constituents dominate the diffusion
process. Note that

(1) the x-ray atomic scattering factor of Co is many times larger than those of C and N atoms,
and

(2) the atomic fraction of Mo is lower; Co is thought to dominate the changes of the
modulation peak intensity, and the measured macroscopic interdiffusion coefficient is
primarily concerned with the composition modulation amplitude of Co.

5. Discussions

5.1. On the negative interdiffusivity—thermodynamic consideration

The negative interdiffusivity indicates that the back-diffusion, i.e. phase separation, occurs at
the interfaces. According to the regular solution model [23], the gradient energy coefficient
k ∝ 
H ; 
H is the enthalpy of mixing and can be written as [33, 34]


H = 
H ch + 
H e, (10)

where 
H ch is a chemical term given by the model of Miedema et al [35, 36]; 
H e is an
elastic contribution due to atomic size mismatch and is always positive. We have calculated
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H ch for Co–C and Mo–C systems and found that 
H ch is always positive for the Co–C
system at any composition, as shown in figure 7, while for the Mo–C system 
H ch shows a
small negative value at C composition below 0.35 mol and increases sharply above it. Actually,
at CoMoN–CN interfaces, the atomic fraction ratio of Mo to C is believed to be much smaller
than 1.86 (0.65/0.35) due to the slight Mo doping. Considering k ∝ 
H and equation (10),
we obtained k > 0. Because a positive gradient energy coefficient is characteristic of a phase-
separating system, the positive k indicates that Co–C is a phase-separating system, and it is
energy favourable for the Mo–C system to separate into two phases at larger C concentration.

5.2. On the smaller interdiffusivity—the effects of Mo addition

Mo doped CoN/CN multilayers show some important features different from those of Co/C
and CoN/CN multilayers [29, 30]:

(1) the annealing time needed to approach the isoconfiguration conditions is much longer,
(2) the effective interdiffusivities and the macroscopic interdiffusion coefficients are lower

and
(3) the activation energy for diffusion is larger.

For amorphous multilayers, the activation energy for diffusion should consist of migration
enthalpy and binding enthalpy, which is an intrinsic parameter controlling the interdiffusion
process and is strongly associated with the radii of diffusion atoms and chemical binding in
sublayers, respectively. The larger activation energy (smaller interdiffusivity) is believed to
originate from the strong chemical bonding between Mo and Co, and Mo and N. In order
to clarify the chemical bondings, XPS analysis of the CoMoN monolayer was performed to
obtain the pure chemical bonding information in the CoMoN sublayers.

The Mo 3d5/2 peak, as shown in figure 8(a), situated at ∼229.1, 1.1 eV higher than that
for the Mo–Mo bond, is partially assigned to the binding energy of the Co–Mo metallic bond.
The shift in core-level binding energy has been proved both theoretically and experimentally to
depend on the models of the bond formation,such as charge transfer,orbital rehybridization and
volume renormalization of atomic energy levels [37–43]. The shift observed here is believed
to be associated with charge transfer from the d band of Mo to an unfilled d band of Co. In
figure 8(b), the Co 2p3/2 peak position is at ∼778.02 eV, corresponding to pure cobalt. The
shift in core-level binding energy associated with charge transfer is not observed, because the
perturbation of Co atoms caused by low-content Mo atoms is too small to be detected. On the
other hand, the chemical shift caused by the charge transfer between Co and N was also proved
to be hardly seen [30]. Figure 8(c) shows the N1s spectrum, where multi-peak structures are
revealed. The peak energy ∼399.03 eV, which is slightly higher than that of nitrogen itself,
∼399.0 eV, is from N≡N bonding. The other two peaks, located at 397.25 and 398.17 eV,
respectively, are thought to be associated with the Mo–N and Co–N metallic nitrides, because
Mo has a very strong affinity with nitrogen, as evidenced below.

Figures 9(a) and (b) depict the enthalpies of compound formation for the Co–Mo, Co–N
and Mo–N systems. It is clear that at any concentrations, the compound formation enthalpy of
the Co–Mo system is always negative, and for Co–N and Mo–N systems it is energy favourable
(negative) over a certain concentration range. Most obviously, for the Mo–N system, the large
negative enthalpy signals Mo has a strong affinity for nitrogen. Therefore they may easily
form nitrides during the deposition. This is believed to be the main factor of the significant
enhanced incorporation of nitrogen into Co–N films by Mo addition.

Nitrogen incorporates as interstitial atoms in CoMoN layers due to their small radius, and
may cause additional shift in Mo3d binding energy. According to the theory of Johansson and
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Figure 8. (a) Mo3d, (b) Co2p and (c) N1s XPS spectra.
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Martensson [44, 45], for the Mo–N system, the chemical shift of Mo can be given as

Chemical shift = −
H f orm, (11)

where 
H f orm is the enthalpy of compound formation. The chemical shifts calculated from
equation (11) are presented in table 4. One can see that the calculated chemical shift is smaller
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Table 4. Calculated enthalpy and chemical shifts of Mo–N compounds.

Compound MoN Mo2N Mo3N


H (kJ mol−1) −66.38 −60.47 −45.41
Chemical shift of Mo (eV) 0.69 0.63 0.47

than the experimental value (∼1.1 eV). Apparently, the difference comes from the chemical
shift caused by the charge transfer between Co and Mo.

6. Conclusion

CoMoN/CN compound soft-x-ray multilayer mirrors have been fabricated through doping
Mo in CoN/CN multilayers by facing-target sputtering. It was found that Mo doping
could effectively enhance the incorporation of nitrogen. By investigating quantitatively the
interdiffusion in low-temperature annealed CoMoN/CN multilayers at temperatures ranging
from 498 to 548 K, we obtained a negative interdiffusivity whose magnitude is smaller than
those of Co–C and CoN–CN multilayer systems. The slow back-interdiffusion is believed to be
attributable to the strong chemical bonding between Co and Mo, Co (Mo) and N atoms. XPS
analyses detected a charge transfer from the valence band of Mo to the unfilled valence band
of Co and a remarkable chemical shift of N atoms. Thermodynamic calculations performed
based on the Miedema model are well consistent with the experimental analyses. These results
suggest that thermally stable interfaces of soft-x-ray optical multilayers can be formed by slight
doping with refractory metals.
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[14] Dudás A, Langer G A, Beke D L, Kis-Varga M, Daróczi L and Erdályi Z 1999 J. Appl. Phys. 86 2008
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