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A B S T R A C T   

The effect of nitridation of Cr, Sc or both layers in the ultrathin multilayer structure Sc/Cr on the intermixing of 
thin Cr and Sc layers, as-deposited and after annealing at different temperatures were considered in details. The 
processes of passivation by nitrogen and synthesis in nitrogen medium of chromium and scandium layers are also 
compared. It was established that during passivation process the nitrogen interacts with surface of scandium film 
forming a ScNx compound and does not interact at all with the chromium layer. A net scavenging of nitrogen is 
observed in the case of CrNx/Sc system, while in the Sc/CrNx system the interaction of scandium with nitrogen 
gas before chromium layer deposition with formation of some amount of ScNx is added. 

Based on theoretical analysis of the effect of nitriding the system and detailed analysis carried out by 
photoelectron spectroscopy a multilayer system [Sc/CrNx]300 was synthesized and analyzed at different tem
peratures of annealing. Analysis of X-ray diffraction data showed that the sample consists of X-ray amorphous 
layers, the crystallinity of which practically does not change with increasing temperature. The results show that 
the [Sc/CrNx]300 system with small nitrogen content is very resistant to elevated temperatures up to 450 ◦C.   

1. Introduction 

Today, there is no doubt that the mixing of layers at the interfaces 
between two materials due to interdiffusion and chemical reactions 
including oxygen and nitrogen redistribution during synthesis is the 
main driving force for the formation of an interfacial barrier, which 
effects on different characteristics of the structures: effective work 
function [1–10] as well as the reflection coefficient of multilayer 
structures [11–17] and some others. At the same time the atomic pattern 
of this important process and the most effective ways to deal with it 
remains incomplete. Thus, in the case of multilayer X-ray mirrors the 
most of the attention so far has been devoted to the processes of for
mation of interlayer roughness, which leads to a change in the extension 
of the transition region while the formation of new compounds, as well 
as their effect on the sharpness of the interface, has received less 
attention. This problem is particularly acute in the case of multilayer 
systems with thin layers (thickness smaller than 1 nm). 

Owing to mechanical [18–21], plasmon [22], piezoelectric [23–25], 
and thermoelectric properties [26], thin films of transition metal and 
transition metal nitride are widely studied for effective application in 
multilayer coatings with superior mechanical and tribological proper
ties, microelectronics, X-ray optics and some other. 

Significant progress in recent years in the development of multilayer 
coatings in the extreme ultraviolet (EUV) region is undoubtedly deter
mined by the achievements in the development of EUV lithography for 
the semiconductor industry, which are to some extent determined by the 
search and application of new advanced technologies for smoothing 
interfaces. Roughness and/or interdiffusion of materials in multilayer 
structures is the main reason for the sharp decrease in the reflectivity of 
the coating in this region. From the point of view of such fields of 
knowledge as materials science, biology, and medicine, the wavelength 
range of the water window is of particular interest [27–38]. Systems 
based on Cr/Sc, consisting of layers with a thickness of less than 1 nm, 
demonstrate the most promising combination of materials for this range. 
Despite the high theoretical reflectivity (64%) of a short-period Cr/Sc 
mirror at an energy of 398 eV and normal incidence angle, the experi
mental values of its reflectivity are much lower [39,40]. Various 
methods have been tried by various groups to improve the efficiency of 
the Cr/Sc mirror, including barrier layer technology [41,42], substrate 
bias voltages [43], the introduction of O and N impurities during the 
deposition process [42,44,45]. 

As follows from the works [42,46,47], the deposition of a B4C barrier 
layer on the chromium layer or onto both layers (chromium and scan
dium) protects the crystallization process in the structure and 
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demonstrates a higher reflectivity. Also, a better thermal stability as 
compared to Cr/Sc multilayers was traced. In our recent work [48], it 
was shown that the introduction of a Si barrier layer between scandium 
and chromium makes it possible to preserve the amorphous structure up 
to a temperature of 450 ◦C. 

A special attention was paid to another method of the influence on 
the interface that can improve it and, as a consequence, increase the 
reflection coefficient and the thermal stability of short-period Cr/Sc 
structures. Ghafoor et al. have reported [45] that incorporation of N 
impurities during the deposition process effects on the interface quality 
reducing the interdiffusion that leads to more abrupt interfaces. How
ever, this effect was established only for a small number of periods. 
Ericson et. al. [46] studied the Cr/Sc multilayers with 34 at.% incor
porated nitrogen. They have shown that such system is a less perfect 
compared to the pure Cr/Sc: two slightly different periodicities was 
found in the system. Moreover, it was established that the period of the 
structure expands during annealing process. Inevitably, the question 
arises about the optimal nitrogen content in the layer, as well as the 
efficiency of nitriding one (Cr or Sc) or both layers. Further analyses of 
the interfaces in nitrided Cr/Sc multilayer structures would be required 
for a better understanding whether there are advantages in terms of 
thermal stability of the system due to the inclusion of nitrogen in Cr/Sc 
multilayers. 

The aim of this work was to study the effect of nitridation of Cr or Sc 
or both layers on the intermixing of thin Cr and Sc layers, as-deposited 
and after annealing at different temperatures. 

2. Experimental part 

All samples were synthesized by DC magnetron sputtering. Detailed 
description of the equipment can be found in the works [49,50]. 
Nitriding was carried out by injection of nitrogen gas into the synthesis 
chamber during or after (in case of a layer passivation) material depo
sition. The partial pressure of N2 ranged from 3% to 20% relative to the 
Ar gas pressure of 0.1–0.13 Pa. The pressure was measured by utilizing 
Pfeiffer PKR 251. The purity of the nitrogen gas was 99.998%, and the 
argon gas was 99.998%. Targets of Cr, Sc, Be and B4C were used for 
sputtering. They represented disks of 150 mm in diameter and 5 mm in 
thickness. Si wafers with super-polished surface whose RMS roughness 
was no worse than 0.2 nm were used as substrate. The parameters of 
synthesis, such as magnetron voltage, discharge current, residual gas 
pressure and evaluated thicknesses of layers in the samples are pre
sented in Table S1. Evaluation of the actual layer thicknesses was per
formed by fitting experimental X-ray reflection curves obtained at an 
X’Pert PRO MRD diffractometer (PANAlitical, Netherlands, 2006). 

X-ray photoelectron spectra were measured at two spectrometers: 
ESCALAB 250 Xi of the “Centre for Physical Methods of Surface Inves
tigation” of the Research Park, Saint-Petersburg State university; ESCA 
laboratory module at the NANOPES station of the National Research 
Center “Kurchatov institute”. Both spectrometers are equipped with an 
X-ray source with an energy of 1486.6 eV and have comparable energy 
resolution. More detailed information about parameters of the labora
tory stations can be found elsewhere [48]. Annealing of the samples was 
performed in the preparation chamber of the ESCALAB Xi 250 spec
trometer in high vacuum (residual gas pressure was approximately 10-6 

Pa). 
To carry out a detailed analysis, the photoelectron spectra were 

decomposed into their constituent components. To ensure the reliability 
of the resulting decompositions, the peak parameters were set based on 
the parameters obtained for the lines in the spectra of the reference 
samples. For ease of comparison, in some figures the background of 
inelastically scattered photoelectrons is subtracted from the spectra, and 
normalization is also carried out to the maximum intensity of the 
photoelectron line. The background was set using the universal Tou
gaard function [51]. To establish the main parameters of photoelectron 
lines (shape and energy position), the spectra of reference samples Sc, 

Cr, ScNx and CrNx were measured. During the decomposition of complex 
systems, the positions of peaks other than ScNxOy were fixed. 

3. Results and discussion 

3.1. Interaction of chromium and scandium with nitrogen 

To understand the processes occurring between the Cr and Sc layers 
during nitriding of one of them or both layers, at the first stage, we 
considered the interaction of nitrogen with each of these layers sepa
rately. Fig. 1a displays the detailed photoelectron spectrum of the Sc 2p 
core level together with the deconvoluted peaks for thick scandium film. 
Five peaks were introduced to perform the decomposition procedure of 
this spectrum. Sc 2p3/2 peaks originating from pure scandium and 
scandium oxide are centered at 398.3 eV and 402.0 eV, respectively, and 
is in good agreement with the literate values [52]. It should be noted 
that the Sc 2p spectrum is characterized by a doublet structure, which is 
a consequence of the spin–orbit splitting, the value of which is 4.7 ± 0.2 
eV [52], the intensity ratio of Sc 2p3/2 and Sc 2p1/2 is constrained to 2:1, 
which is in good agreement with the expected ratio of (2j1 + 1)/(2j2 +

1), where j1 and j2 represent the total angular momentum quantum 
numbers for corresponding states of the unpaired core electron after the 
photoionization event. The fifth peak is a low intensity peak located at 
396.6 eV, which can be assigned to a nitrogen 1s line [53]. 

It is important to note that scandium strongly interacts with all gases 
present in the magnetron sputtering plant that especially demands the 
minimal content of any impurities in the working gas before film 
deposition. Nevertheless, the low intensity nitrogen line found in the 
spectrum indicates the presence of nitrogen in the sample, which is 
apparently due to the presence of an insignificant amount of N2 in the 
magnetron chamber before deposition of the film. Minor amounts of 
residual gases such as C, N and O have been found in Cr/Sc multilayer 
mirrors deposited under high vacuum by magnetron sputtering [45]. 

Fig. 1b shows the combined photoelectron spectrum of the Sc 2p and 
N 1s lines of the reference ScNx film. Sc 2p3/2 peaks originating from 
ScNx and ScNxOy are centered at 400.2 eV and 402.5 eV [54], respec
tively. A rather intense N 1s peak, which can be assigned to ScNx, is 
located at lower energies (395.9 eV) compared to the nitrogen in the 
sample of metallic Sc film. And low intensity N 1s peak in the form of a 
shoulder located at a higher binding energy of 397.1 eV refers to the 
oxynitride ScNxOy [54]. 

Fig. 2a displays the measured and fitted Cr 2p photoelectron spec
trum of reference Cr film. In contrast to numerous publications [55–59], 
we use the multiplet splitting of the Cr(III) compound in the decompo
sition of the spectrum, which is well confirmed experimentally [60–63]. 

Multiplet splitting occurs when an atom contains unpaired electrons. 
In this case, when a core electron vacancy is formed as a result of 
photoionization process, a bond can arise between the unpaired electron 
in the core and the unpaired electron in the outer shell. This can create a 
series of final states, which will show up in the photoelectron spectrum. 
Cr(III) contains three unpaired d electrons. Fitting parameters for Cr 
2p3/2 spectra are based on spectra taken from a series of well- 
characterized standard compounds [62,64,65]. Cr(III) oxide shows 
discrete multiplet structure whereas the hydroxide shows only a broad 
peak shape (multiplet splitting is irresolvable). The decomposition car
ried such way allowed us to establish parameters of the chromium line 
(the energy position, lineshape and full width at half maximum). The 
narrow peak centered at (574.3 eV) can be attributed to metallic chro
mium [65]. 

Consideration of the decomposed Cr 2p spectrum of the CrNx refer
ence film draws attention to the fact that, in contrast to the spectrum of 
the ScNx film, the spectrum of the nitride Cr film (Fig. 2b) contains a 
peak of metallic chromium in addition to the peak corresponding to the 
CrNx compound. The chromium peaks (Cr 2p3/2) originating from 
metallic Cr, CrNx and CrNxOy are centered at (574.3 eV), (575.4 eV) and 
(576.4 eV), respectively. N 1s spectrum, shown in the Fig. 2c consists 
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from three peaks, which can be assigned to two different nitrides CrN 
(396.8 eV,) and Cr2N (395.96 eV) [66]; tightness from the side of high 
energies is responsible for formation of the CrNxOy. Due to the proximity 
of the CrN and Cr2N peaks relative to each other, it is not possible to 
separate them in the Cr 2p spectrum. Due to the complexity of decom
posing a multicomponent spectrum using multiplet splitting and taking 
into account the overlap of individual components belonging to different 
compounds, we will further represent the components related to CrNxOy 
and Cr2O3 as total peaks. 

Fig. 2d allows one to compare the Cr 2p spectra of CrNx films syn
thesized in an argon atmosphere with different nitrogen contents. It 
should be noted that all three spectra in this case were measured at the 
station ESCALAB. For the convenience of comparison, the spectra are 
normalized to the intensity of Cr 2p peak. A joint analysis of the spectra 
indicates the effect of the nitrogen content on the ratio of the 

contributions of metallic chromium and CrNx, as well as the effect of the 
nitrogen content on film oxidation. It can be seen that nitrogen protects 
the film from oxidation by environment oxygen to some extent: the 
higher the nitrogen content, the lower the oxidation process. It is 
interesting to note that, starting from nitrogen partial pressure of 11%, a 
further increase in its content does not affect the structure of the film: 
while a small amount of metallic chromium is retained in the film. 

Also, it should be noted that according to N 1s spectra with an in
crease in the nitrogen content, the contribution of the Cr2N component 
decreases significantly (Fig. 2c, f). 

Fig. 3a,b displays the detailed photoelectron spectra of the Sc 2p + N 
1s and Cr 2p core levels, together with the deconvoluted peaks collected 
from the Sc/N2 and Cr/N2 systems. In contrast to the ScNx (CrNx) film, 
which was deposited in the argon + nitrogen medium, in the Sc/N2 (Cr/ 
N2) sample, nitrogen is supplied to the installation after the deposition of 

Fig. 1. Experimental and decomposed Sc 2p + N 1s photoelectron spectra collected from the a) Sc and b) ScNx reference films.  

Fig. 2. Cr 2p and N 1s photoelectron spectra collected from the reference films Cr (a) and CrNx (b)-(f). (b) and (c) figs. show the experimental and decomposed 
spectra of CrNx film synthesized in an argon + nitrogen (11%) medium. (d) and (e) show the comparison of the spectra of three CrNx films depending on the nitrogen 
partial pressure (3% or 11% or 20%). (d) shows the experimental and decomposed spectra of CrNx film synthesized in an argon + nitrogen (3%). 
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the Sc(Cr) film. That means the nitrogen is applied to an already 
deposited Sc(Cr) film. The joint analysis of the Sc 2p and Cr 2p photo
electron spectra allows us to conclude that the presence of nitrogen in 
the chamber leads to its interaction with surface of scandium film 
forming a ScNx compound; at the same time nitrogen does not interact at 
all with the chromium layer. The last statement is confirmed by 
measured nitrogen spectra, which are not shown. A comparison of the 
spectra of Sc/N2 and ScNx indicates the interaction of nitrogen with 
scandium layer, leading to the formation of ScNx while retaining a suf
ficient amount of metallic scandium. An intense peak located at the 
binding energy of 401.9 eV can be assigned to the formed oxynitride. 
The shift of this peak towards lower binding energies relative to the 
analogous peak in the ScNx system by about 0.8 eV suggests a decrease 
in the oxygen content in the scandium oxynitride due to oxygen scav
enging by scandium with the formation of scandium oxide. This 
assumption is confirmed by the presence of an Sc2O3 peak in the spec
trum. It also should be noted that the contribution of oxynitride in the 
case of the Sc/N2 system is significantly higher compared to the ScNx 
system. Recall, that in both cases, i.e., both in the synthesis of sample 
ScNx and in the synthesis of sample Sc/N2, the same amount of nitrogen 
was used: the synthesis was carried out in an argon + nitrogen (11%) 
medium. It can be concluded that scandium actively interacts with ni
trogen, regardless of the moment of nitrogen injection in the synthesis 
chamber. Nevertheless, passivation of the surface of the scandium film 
makes it possible to preserve the layer of metallic scandium from 
oxidation in the environment. 

To limit the interaction of Sc layer with nitrogen medium a capping 
layer can be used. An example would be the Sc/B4C/N2 system with thin 
B4C barrier layer. It should be noted that nitrogen was supplied after the 
deposition of the B4C layer, but before the deposition of scandium for 
~10 sec. Analysis of the detailed photoelectron spectrum of the Sc 2p +
N 1s core levels reveal a significant decrease in the contribution of ScNx 
and scandium oxynitride. 

3.2. Estimation of layer thicknesses 

Analysis of the Sc 2p spectra of the Sc and ScNx films showed the 
presence of intense oxide peaks because of the formation of natural 
oxides. Since the thickness of the Sc layers in a multilayer is less than 1 
nm, an assessment of the part of the layer that is oxidized is necessary. 
The evaluation of the thickness of natural oxides was carried out as 
follows. At the first stage of calculations, we consider two samples (both 
synthesized by magnetron sputtering and deposited on a silicon sub
strate) 40-nm-thick scandium film and 40-nm-thick scandium nitride 
film. The density of thin films may differ from the density of the bulk 
material, usually the difference is estimated at 5–10%. The values of 
density were taken from the CRC Handbook of Chemistry and Physics 
[67]. When determining the error in calculating the thickness of the 
surface layer, we assume that:  

– density determination error is 5%;  
– IMFP calculation error by TPP-2 M formula is 10%;  
– the error in determining the molar mass and the emission angle is 

negligible. 

The error in determining the intensity of the photoelectron peak will 
be estimated on the basis of Monte Carlo calculations in the CASAXPS 
program [68]. 

The thickness of the surface layer can be determined by the formula 
[69]: 

d = λA⋅cosθln
(

1 +
R

R∞

)

R =
IA

IB  

R∞ =
nAλA,A

nBλB,A
=

ρAλA,AMA

ρBλB,AMB 

where d is the thickness of the natural oxide surface layer, IA,B is the 
intensity of the photoelectron peak related to the material A of the layer 
or B of the substrate, n is the atomic concentration, M is the molar mass, 
ρ is the density, λ is the mean free path of inelastically scattered pho
toelectrons emitted from material 1 and propagating in material 2, θ is 
the angle of photoelectron emission, R∞ is the ratio of photoelectron 
peak intensities for the case of thick materials A and B. We assume that 
λA,A ≈ λB,A. 

The formation of an oxide layer on the surface leads to a change in 
the thickness of the initial layer that participated in the reaction. To 
estimate the layer broadening factor (Billing-Bedworth coefficient), we 
use the following formula: 

α =
Vox

Vme
=

Moxρme

k⋅Mmeρox  

where M is the relative molecular weight, ρ is the density, ox, me are 
oxide and metal, respectively, k is the number of metal atoms in the 
oxide “molecule”. If α > 1, then a continuous layer of oxide film is 
formed. If α < 1, then a porous layer of oxide film is formed. For both 
materials (Sc and ScN) the Sc 2p photoelectron spectra were used. 

If we assume the formation of an oxide film on the surface of scan
dium, then the thickness of the surface layer of scandium oxide can be 
estimated as 5.0 nm ± 0.7 nm. By analogy, the thickness of the surface 
layer of scandium oxynitride is estimated as 2.3 nm ± 0.7 nm. 

The thickness of the starting material that was oxidized was also 
evaluated. First, the broadening coefficient, which shows how thick the 
layer is formed if 1 nm of the starting material is oxidized. For Sc → 
Sc2O3 and ScN → Sc6N2O5 was calculated. The broadening coefficients 
for Sc - Sc2O3 and ScN - Sc6N2O5 were obtained as 1.19 and 1.15, 
respectively. The final assessment of the layer thicknesses gave the 
following values: the thickness of original Sc film, which was involved in 

Fig. 3. Experimental and decomposed photoelectron spectra collected from the a) Sc/N2, b) Cr/N2 and c) Sc/B4C/N2 systems.  
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the process of oxidation is 4.2 nm ± 0.6 nm, the thickness of formed 
Sc6N2O5 is 2.2 nm ± 0.6 nm. It can be seen that the thickness of the 
oxidized Sc (ScNx) in the 40 nm thick film is greater than the initial 
thickness of the Sc layer in a multilayer. This might be a reason to use Cr 
as a top layer in a multilayer. 

3.3. Effect of layers ordering 

Let us turn to the consideration of systems in which one of the layers 
(Cr or Sc) is nitrided and moreover we will analyze the effect of the 
ordering of the layers on the formation of the interface in these systems. 

Fig. 4 displays the detailed Sc 2p + N1s and Cr 2p photoelectron 
spectra together with the peak fitting for the CrNx(39 nm)/Sc(2 nm) and 
Sc(40 nm)/CrNx(1 nm)/Be(1 nm) systems. A thin layer of beryllium was 
used to protect CrNx layer from oxidation. Previously, we have shown 
that a beryllium layer with a nominal thickness of 1 nm on the tungsten 
surface is completely oxidized, forming a beryllium oxide film [70]. The 
formed BeO acts as a protective layer and prevents the oxidation of 
tungsten [71]. However, usage of the BeO overlayer on the scandium 
film is not effective since the Sc oxide has less formation energy (-3.97 
eV/atom for Sc2O3 and -3.1 eV/atom for BeO) [67,72] and the scandium 
will interact with BeO. First, it should be paid attention to the film 
deposition process. In the CrNx/Sc system, the growth of the CrNx layer 
occurs in the Ar + N2 medium. Before deposition of scandium, the ni
trogen supply is turned off. The growth of the scandium layer occurs in 

the absence of nitrogen supply to the chamber. In the case of the syn
thesis of the Sc/CrNx/Be system, nitrogen is supplied to the chamber 
almost immediately after the deposition of scandium to form a CrNx 
layer. This means that during the deposition of the first atoms of the 
CrNx film onto Sc, scandium may interact with nitrogen and some 
amount of ScNx can be formed. 

The detailed Sc 2p + N1s and Cr 2p photoelectron spectra for the 
CrNx/Sc is shown in the Fig. 4 a,b. Analysis of the Cr 2p spectrum 
(Fig. 4b) reveals the presence of both CrNx and metallic Cr compounds. 
Nevertheless, a joint analysis of the Cr 2p and Sc 2p spectra indicates a 
strong scavenging of nitrogen by scandium from the CrNx layer. If the 
ratio of metallic chromium to CrNx in the CrNx reference film is 1:5 (0.2), 
then in the system CrNx/Sc this ratio increases to value 8:5 (1.7). 

Sc 2p spectrum examination traces a small ScNx peak and a high 
intensity ScNxOy oxynitride component. (Fig. 4a). The position of the 
ScNxOy peak coincides with the position of the oxynitride in the spec
trum of the ScNx reference film. It should also be noted that Sc passes 
oxygen into the underlying layer of CrNx, which leads to the formation 
of a small amount of chromium oxide. 

Fig. 4c,d displays the Sc 2p + N1s and Cr 2p photoelectron spectra 
collected from the Sc(40 nm)/CrNx(1 nm)/Be(1 nm) system. A detailed 
analysis of the Cr 2p spectrum of the Sc/CrNx/Be system together with 
the CrNx/Sc system indicates that in terms of a shape of the spectrum 
(number of details and their energy position) these spectra correlate well 
with each other. Nevertheless, the nitrogen scavenging by scandium 

Fig. 4. Experimental and decomposed Sc 2p + N1s and Cr 2p photoelectron spectra collected from the CrNx(39 nm)/Sc(2 nm) system (a), (b) and Sc(40 nm)/CrNx(1 
nm)/Be(1 nm) (c), (d) systems. 
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from the CrNx even more intense in this system and the ratio of metallic 
chromium to CrNx is 3:1 (2.9) in this case. It is also seen that the 
beryllium layer somewhat protects the thin CrNx layer from the oxida
tion in the environment. One can assume that beryllium, while pro
tecting the CrNx film from oxidation in the environment, allows nitrogen 
to be scavenged more freely; oxygen to some extent resists nitrogen 
scavenging. 

The analysis of the Sc 2p line confirms the fairly strong scavenging of 
nitrogen from the CrNx layer in this case. Attention is drawn to the 
significant intensity of the nitrogen peak in this case, which is due to the 
presence of contributions from both CrNx and ScNx compounds in this 
line. 

It can be concluded that, depending on the sequence of deposition of 
layers in the system Sc/CrNx, nitrogen is scavenged from chromium by 
scandium to one degree or another. In the case of CrNx/Sc system, a net 
scavenging of nitrogen is observed, while in the Sc/CrNx system the 
interaction of scandium with nitrogen gas before chromium layer 
deposition with formation of some amount of ScNx is added. 

Fig. 5 demonstrates the spectra collected from the Cr(39 nm)/ScNx(2 
nm) and ScNx(40 nm)/Cr(1 nm)/Be(1 nm) systems. In these systems the 
scandium layer is nitridated. The main difference between these systems 
and systems with chromium nitridated layer is the absence of chromium 
nitride in the Cr 2p spectra; chromium does not interact with environ
ment nitrogen during the deposition of first atoms of the ScNx layer, and 
does not draw nitrogen from the scandium nitrided layer. A small 

amount of the chromium oxide and chromium hydroxide can be traced 
in the Cr 2p spectra of the Cr/ScNx system and only a trace of the oxide in 
the Cr 2p spectrum of the ScNx/Cr/Be system can be established. Sc 2p 
spectrum of the Cr/ScNx system correlates well with the spectrum of the 
reference ScNx film. 

3.4. Theoretical predictions of nitridation effect 

Since one of the applications of this system is the development of 
multilayer systems for X-ray optics, the question arises of the effect of 
nitridation of scandium and/or chromium layers on the peak reflection 
coefficients of the Cr/Sc mirror in the energy range of the “water 
transparency window”. For this purpose, the reflection coefficients for 
structures containing nitrogen were calculated: CrNx/Sc, Cr/ScNx, CrNx/ 
ScNx. For each pair of materials, such a ratio of thicknesses was chosen 
that is optimal for the considered energy. The optimal ratio was also 
estimated based on the formula from work [73]. Three materials were 
considered as chromium nitrides: Cr2N, CrN, CrN2. The density values 
for the first two materials were taken from the [67] and for the third one 
from the [74]. Only the ScN compound was used as scandium nitride, 
the density for which was taken from the [74]. The density and thickness 
ratio values used are presented in Table 1. 

The spectral dependences R(E) were calculated at a normal angle of 
0◦ (Fig. 6), a fixed number of layers N = 300, and a period d = 1.561 nm. 
Only the materials of the layers were varied. The layer thickness ratios 

Fig. 5. Experimental and decomposed Sc 2p + N1s and Cr 2p photoelectron spectra collected from the Cr(39 nm)/ScNx(2 nm) (a, b) and ScNx(40 nm)/Cr(1 nm)/Be 
(1 nm) (c, d) systems. 
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calculated for an energy of 397 eV were used. The calculations were 
carried out using the IMD program [75]. 

As follows from the presented results, at a fixed number of pairs of 
layers, scandium nitridation negatively affects reflection, while chro
mium nitridation, on the contrary, can lead to an increase in reflection, 
and the more nitrogen in the compound, the better. Consider the effect 
of roughness/diffusion on reflection (Fig. 7). Let us try to understand the 
dependence of the degree of reduction of the peak reflection coefficient 
on the roughness/diffusion (σ) for different mirrors. Only three mirrors 
will be taken into account: Cr/Sc, CrN2/Sc, and CrN2/ScN. We will add 
the σ parameter as symmetrical (σ(Cr-on-Sc) = σ(Sc-on-Cr)), set the 
surface roughness to 0. 

It can be seen that as the roughness/interdiffusion increases, the 
peak reflection coefficient decreases slightly faster for multilayer 
structures that contain nitrogen. The more nitrogen, the faster the 

decline. After σ = 0.3 nm, the benefit of using CrN2 almost disappears, 
while the use of Cr2N instead of Cr remains better up to σ = 0.5 nm. An 
analysis of the data obtained allows us to conclude that: i) structures 
with chromium nitride can have higher reflection coefficients compared 
to “pure” Cr/Sc; ii) in order for roughness/interdiffusion to reduce the 
peak reflectance slightly less, it is necessary to use chromium with a low 
nitrogen content; iii) it is necessary to exclude the formation of scan
dium nitrides. 

3.5. [Sc/CrNx]300 before and after annealing 

Taking into account the theoretical analysis of the effect of nitrida
tion of the system, as well as detailed analysis of the processes at the 
interface between chromium and scandium, depending on the sequence 
of deposition of layers and nitriding of chromium and/or scandium, we 
consider a multilayer system [Sc/CrNx]300 synthesized in an argon +
nitrogen (3%) medium. In the case of a multilayer system with thin 
layers, when using an energy of exciting photons of 1486.6 eV, several 
periods of the system are involved in the formation of a photoelectronic 
signal, which means that both the Sc/CrNx and the CrNx/Sc interfaces 
are involved in the process. As a result, the spectrum displays the sum 
signal due to the presence of both interfaces. As noted above, in the Sc/ 
CrNx-based system, as a result of the deposition of both scandium on 
CrNx layer and CrNx on scandium layer, the nitrogen is scavenged from 
chromium by scandium, but in the case of the succession of CrNx on 
scandium layer, an additional contribution from the ScNx compound is 
added as a result of the interaction of first scandium atoms with nitro
gen. The presence of the intense nitrogen line in the N 1s spectrum 
(Fig. 8), which accumulates lines originated from ScNx and CrNx, reflects 
these processes. Rather intense Sc 2p line can be assigned to ScNx. Also, 
small intensity lines originating from the metallic scandium and oxy
nitride scandium can be traced in the Sc 2p + N 1s spectrum. It should be 
noted that the positions of the peaks of metallic scandium and ScNx 
coincide with the positions of analogous peak in the spectra of all the 

Table 1 
Values of densities of the materials and ratios thickness 
of absorber to period width in mirrors.  

Material Density, g/cm3 

Sc 2.99 
Cr 7.15 
Cr2N 6.8 
CrN 5.9 
CrN2 5.09 
ScN 4.27  

Mirror Optimal dabsorber/d 

Cr/Sc 0.41 
Cr2N/Sc 0.43 
CrN/Sc 0.45 
CrN2/Sc 0.48 
Cr/Sc 0.41 
Cr/ScN 0.43  

Fig. 6. The spectral dependences R(E) calculated at a normal angle of 0◦, a fixed number of layers N = 300, and a period d = 1.561 nm for different mirrors.  
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above referenced samples. At the same time, the ScNxOy peak (401.0 eV) 
is shifted towards lower energies, not only relative to the ScNx film 
(402.5 eV), but also relative to Sc/N2 film (401.8 eV). It is plausible to 
assume the highest nitriding of Sc in the multilayer system. 

Analysis of Cr 2p spectrum reveals two main peaks comparable in 
intensity, which can be attributed to metallic chromium and CrNx. The 

high intensity of the metallic chromium line is an additional confirma
tion of the active scavenging of nitrogen from the CrNx layers. It is 
interesting to turn to the Sc/CrNx/Be system again. Only a small in
tensity CrNx line was traced in the Cr 2p spectrum of the Sc/CrNx/Be 
system. When considering the spectra of this system, it was suggested 
that oxygen to some extent resists nitrogen scavenging. The Cr 2p 
spectrum of multilayer system fully confirms this assumption. 

An additional confirmation of this prediction was obtained during 
annealing of all studied samples. Effect of annealing depending on its 
temperature (250 ◦C, 350 ◦C, 450 ◦C) on the structure of all the studied 
samples was analyzed. As an example, the spectra of the multilayer 
system [Sc/CrNx]300 are shown in the Fig. 9. The main conclusion 
following from the analysis of the spectra is that during annealing, both 
layers, regardless of the sequence of deposition and nitriding of scan
dium or chromium, are oxidized to one degree or another. Minor in
crease in the dip in the region of 397.7 eV and the minor change in the 
high-energy edge of the broad peak located at an energy of about 395.5 
eV upon annealing to 350 ◦C (Fig. 9a) indicates a slight decrease in the 
contribution of ScNx content and the growth of scandium oxynitride that 
correlates well with a slight increase in the CrNx contribution in the Cr 
2p spectrum. During further annealing, the shape of the spectra is 
retained. 

In general, it can be said that the shape of the spectrum is practically 
preserved during annealing, which means that annealing does not pro
voke further nitrogen scavenging from the CrNx layer; actually, further 
mixing of scandium and CrNx layers. Note that despite the preservation 
of the shape of the spectra, an increase in the oxide component is 

Fig. 7. Dependence of peak reflectivity on roughness/interdiffusion (σ) value.  

Fig. 8. Experimental and decomposed Sc 2p + N1s and Cr 2p photoelectron spectra collected from the multilayer system [Sc/CrNx]300.  

Fig. 9. Experimental and decomposed Sc 2p + N1s and Cr 2p photoelectron spectra collected from the reference system Sc(40 nm)/CrNx(1 nm)/Be(1 nm) and 
multilayer system [Sc/CrNx]300 and annealed at temperatures 250 ◦C, 350 ◦C, 450 ◦C. 
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observed. Thus, it can be argued that the presence of oxygen and its 
gradual increase with increasing temperature prevents mixing of the 
layers in the system under consideration during annealing. 

Comparing the multilayer system [Sc/CrNx]300 studied by us with 
the previously studied [Sc/Cr]300 system [48], it can be argued that the 
nitriding of the chromium layer makes it possible to obtain a system 
resistant to annealing. This system is characterized by scandium scav
enging of nitrogen from the CrNx layer with the final formation of a 
predominantly nitrided scandium layer with a small contribution of 
metallic scandium. The second layer consists of approximately equal 
proportions of metallic chromium and CrNx layers. Such a system is very 
resistant to elevated temperatures up to 450 ◦C. 

3.6. X-ray reflectometry studies 

X-ray reflection curves obtained for the Si/[Sc/CrNx]300 multilayer 
structure before and after annealing are shown in the Fig. 10. As can be 
seen from the figure, all curves correlate well with each other in shape, 
all comprise Bragg peak, which indicates the persistence of the layered 
structure in the Si/[Sc/CrNx]300 system. The annealing retains a signif
icant intensity Bragg peak but with growth of the temperature of 
annealing a shift towards larger angles relative to the as-deposited 
sample can be traced that corresponds to a decrease in the multilayer 
period. Detailed analysis of the shape of all four peaks reveals a slight 
narrowing of the peak as a result of annealing and practically the 
preservation of its half-width at all annealing temperatures. X-ray 
diffraction data (Figure S1) showed that sample consists of X-ray 
amorphous layers, the crystallinity of which practically does not change 
with increasing temperature. In addition, the redistribution of the in
tensities of the higher-order Bragg peaks indicates that the dCrN/d ratio 
also changes. The results show good thermal stability of the [Sc/ 
CrNx]300 multilayer system. Noteworthy, a “pure” Cr/Sc multilayer was 
fully degraded after annealing at a temperature of 450 ◦C [48]. 

4. Conclusions 

The effect of nitridation of Cr or Sc layer in the ultrathin multilayer 
structure Sc/Cr on the intermixing of the Cr and Sc layers was consid
ered in details. To understand the physical mechanism underlying the 
interaction of chromium and scandium with nitrogen the passivation 
process by nitrogen was further considered. It was concluded that 
scandium actively interacts with nitrogen, regardless of the moment of 
nitrogen injection in the synthesis chamber. A comparison of the spectra 
of Sc/N2 and ScNx indicates the interaction of nitrogen with scandium 
layer, leading to the formation of ScNx in both cases, while retaining a 
sufficient amount of metallic scandium only in the Sc/N2. In contrast to 
scandium, the chromium layer does not interact with nitrogen at all 
during passivation. We found that a small amount of nitrogen is suffi
cient to improve the properties of the chromium layer during nitrida
tion. It is small amounts of nitrogen that make it possible to preserve the 
amorphous structure in Sc/Cr structure, while according to existing re
searches, high nitrogen contents (more than 30%) inevitably cause 
crystallization of the layers. 

A detailed sequential study of the interface depending on the depo
sition order of nitrided layers made it possible to establish the fact that 
scandium scavenged the nitrogen from the chromium layer. It was 
established that a net scavenging of nitrogen is observed in the case of 
CrNx/Sc system, while in the Sc/CrNx system the interaction of scan
dium with nitrogen gas before chromium layer deposition with forma
tion of some amount of ScNx is added. 

The theoretical analysis of the effect of nitridation of the system was 
realized. Based on a joint analysis of theoretical data and experimental 
results, a [Sc/CrNx]300 multilayer system synthesized in an argon +
nitrogen (3%) medium was prepared and studied at different annealing 
temperatures. Consideration of the spectra of this system allows one to 
suggest that oxygen to some extent resists nitrogen scavenging. This 
conclusion was supported by the results obtained during annealing of all 
studied samples. 

Fig. 10. X-ray reflection curves obtained for the Si/[Sc/CrNx]300 multilayer structure before and after annealing at 250 ◦C, 350 ◦C and 450 ◦C.  
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Analysis of the refection curves and diffraction patten indicates the 
persistence of the layered structure in the Si/[Sc/CrNx]300 system after 
annealing. A shift of the first Bragg peak towards larger angles relative to 
the as-deposited sample corresponds to a decrease in the multilayer 
period. According to the diffraction data the sample consists of X-ray 
amorphous layers, the crystallinity of which practically does not change 
with increasing temperature. It can be concluded that, in contrast to our 
previous study of the influence of the barrier layers on the thermal 
stability of the Sc/Cr multilayer system, the nitriding technique allows 
preserving the layered structure and the amorphousness of the layers up 
to 450 ◦C. 
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Bondi, M.P. Marco, J.C. Sánchez-López, I.S. Anderson, A general perspective of the 
characterization and quantification of nanoparticles: Imaging, spectroscopic, and 
separation techniques, Crit. Rev. Solid State Mater. Sci. 39 (2014) 423–458, 
https://doi.org/10.1080/10408436.2014.899890. 

[38] B.E. Van Kuiken, H. Cho, K. Hong, M. Khalil, R.W. Schoenlein, T.K. Kim, N. Huse, 
Time-Resolved X-ray Spectroscopy in the Water Window: Elucidating Transient 
Valence Charge Distributions in an Aqueous Fe(II) Complex, J. Phys. Chem. Lett. 7 
(2016) 465–470, https://doi.org/10.1021/acs.jpclett.5b02509. 

[39] F. Eriksson, G.A. Johansson, H.M. Hertz, E.M. Gullikson, U. Kreissig, J. Birch, 
14.5% near-normal incidence reflectance of Cr/Sc x-ray multilayer mirrors for the 
water window, Opt. Lett. 28 (2003) 2494, https://doi.org/10.1364/OL.28.002494. 
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