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A B S T R A C T

The influence of adding CrAlSiN barrier layer between the back-reflector tungsten (W) and stainless-steel sub-
strate on thermal stability has been investigated. In previous work, after the annealing in vacuum at 600 °C,
tungsten diffusion from the back-reflection layer towards the stainless-steel substrate was found. In this study, a
barrier layer was added and its influence upon the W diffusion was studied. Several designs of multilayer solar
selective absorber for high temperature applications were used to test the thermal and chemical stability and
oxidation resistance after vacuum annealing. These samples were characterized by Scanning Electron
Microscopy (SEM), Rutherford Backscattering Spectrometry (RBS), X-ray diffraction (XRD), Fourier-transform
Infrared Spectroscopy (FTIR) and UV–VIS–NIR spectroscopy. All absorber tandems show good thermal stability
after vacuum annealing at 600 °C and the changes in optical constants solar absorptance (α) and thermal
emittance (ε) are negligible. In some cases, small changes in the reflectance curves after the first step of an-
nealing were seen. Some changes were found in the oxide layer, due to the incomplete oxidized Si atoms, as
confirmed by FTIR analyses. This cannot justify the increase of NIR reflectance observed in the optical stacks
after annealing, which can be due to the phase changes of the back-reflector tungsten layer. All layers of stacks
are amorphous, except the tungsten layer, which is polycrystalline and shows a columnar growth. The addition
of a CrAlSiNP = 0.11 Pa barrier layer between tungsten and stainless-steel substrate proved to be a good solution to
control the diffusion of W atoms towards the substrate, whereas using higher nitrogen partial pressure in the
high and the low absorption layers reduce the diffusion of Cr from those layers to surface.

1. Introduction

The efficiency of solar thermal absorbers does not only depend on
the high performance of selectivity, but also strongly depends on the
thermal stability, corrosion resistance, oxidation resistance and ele-
mental diffusion between layers [1]. Selectivity is the most crucial and
essential condition for high performance and efficient tandems. It
means that any solar thermal absorber should have a high absorptance
(α) in visible and near infrared (IR) region (wavelength range of
0.3–2.0 µm), and a low thermal emittance in IR region (wavelength
range greater than 2.0 µm) [2]. Low thermal emittance in IR region is a
vital condition, because the efficiency decreases as the temperature
increases due to the thermal radiation loss and the overlapping between
the incident solar region and the re-emission thermal spectra [3]. On
the other hand, stack's high thermal stability, good diffusion barrier and

high oxidation resistance after thermal ageing tests are essential factors
for a long lifetime of absorber tandems, resulting in a high competition
with other renewable energies, especially for electricity production
[4,5]. In most cases, the efficiency of thermal absorber stacks is directly
affected by the degradation of the optical properties of the absorber,
which is mainly due to diffusion, corrosion resistance and oxidation of
the metal back-reflector layer and other metallic components. These
issues become more important and present serious challenges at a
higher temperature.

Designs based on ceramic-metal composites and those based on
transition metal nitrides and oxynitrides are the best-known candidates
for solar thermal absorbers, because of their high thermal stability and
good oxidation resistance, in addition to adequate results in terms of
selectivity. These kinds of absorber stacks almost share the same
structural design, that consists of several layers as metal back-reflector
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layer, high and low metal volume fraction for phase interference (ab-
sorption layers), covered by oxide antireflection layer [6–11]. However,
most designs suffer from poor thermal stability and from elemental
diffusion between their layers. For example, Coa et al. reported the
diffusion of iron atoms from the stainless-steel into the cermet layer
forming a FeWO4 phase [6]. Zhang et al. clearly observed the elemental
diffusion of Cr, N and O between the absorbing layer and Al substrate
and some microstructure defects appeared [12]. This occurred in a sub-
stoichiometric amorphous chromium nitride deposited on an alumi-
nium substrate. Liang et al. confirmed the existence of the element
diffusion close to the interface region, in interfaces SiO2/CrOx and
CrOx/CrNx, and copper elemental diffusion from substrate throughout
all the stacked layers [13]. Kotilainen et al. studied the influence of
temperature-induced copper diffusion on the degradation of selective
chromium oxynitride solar absorber coating. They recorded a diffusion
of copper from the substrate into the coating and through the coating to
the surface [14]. In our previous studies [15,16], the Rutherford
Backscattering Spectrometry (RBS) and the Time of Flight Elastic Recoil
Detection Analysis (TOF-ERDA) methods were very efficient to detect a
very small amount of tungsten diffused from the back-reflection layer
towards stainless-steel substrate, and some Cr diffused from inner
layers, mainly the oxynitride layer, to the anti-reflection oxide layer.
Also, a small change in the stainless-steel substrate after air annealing
was reported. Wang et al. claimed that they improved the thermal
stability of W-Al2O3 by adding Ti nano-particles as WTi -Al2O3, which
revealed that the surface segregation of solute Ti atoms from the parent
alloyed nano-particles and their partial oxidation to form protective
layer restrain outward diffusion of W element [7].

In most studies reported in the literature, there is a small change in
the reflectance curve of the stacks after the first step of annealing in air
or vacuum, but for further steps of annealing, it looks more stable.
Despite extensive studies on the design and the structure of thermal
solar absorber tandems, oxidation resistance and the diffusion process
are still difficult to understand.

In our previous studies [15,16], tungsten diffusion from the back-
reflection layer towards stainless-steel substrate was found. Although
this did not affect the stability of optical properties with the performed
annealing, in a long-term time scale, this can contribute to the coating
degradation due to the possibility of the formation at the interface of
the brittle intermetallic compounds (FeW and Fe7W6). In this study, a
barrier layer between the stainless-steel substrate and the tungsten
back-reflector layer was added and its influence upon the W diffusion
was studied. In order to avoid the Cr diffusion from inner layers to the
coating surface, as also found in previous studies [15,16], the effect of
using higher nitrogen partial pressure in the deposition of nitride layer
in the absorber stack is studied in detail. Additionally, the small change
after the first annealing step was studied using Fourier-transform In-
frared Spectroscopy (FTIR) analyses, in order to understand what is
involved in those small changes, which do not happen in subsequent
annealing steps.

2. Experimental details

All multi-layer stacks were deposited by dc magnetron sputtering on
p-doped Boron Si (100) (used for Scanning Electron Microscopy (SEM)),
and polished stainless-steel (AISI304) substrates (used for annealing
tests, Rutherford Backscattering Spectrometry (RBS), X-Ray diffraction
(XRD) and Fourier-transform Infrared Spectroscopy (FTIR) analyses).
The depositions were performed using a substrate holder placed 9 cm
above the target and working in static mode. The back-reflection
tungsten layers were deposited using a tungsten target (99.99%) with a
diameter of 10 cm. A Cr70Al30 at% target was used to deposit CrAlSiNx

layers, where are included the barrier layer and first absorption layer,
and CrAlSiOyNx layer of the stacks, by adding 9 silicon pellets with a
diameter of 10mm on the target erosion zone. For antireflection SiAlOx

oxide layer, a Si80Al20 at% target was used, with oxygen as a reactive

gas. The deposition parameters of different layers were: PAr= 0.37 Pa,
current density 6.4 mA/cm2, pulsed bias of −60 V, f = 90 kHz, room
temperature and base pressure 1.2×10−4 Pa, except in tungsten layer
case, where the current density was 12.7 mA/cm2. Silicon and stainless-
steel substrates were ultrasound cleaned in acetone for 15min, and ion
etched prior the deposition. The detailed simulation with models used
for tracing the optical constants of the stacks and their single layers are
presented in the previous work [16], and further details about de-
position parameters of the coatings are presented in Table 1.

Samples were subjected to annealing tests in air at 450 °C and in
vacuum at 600 °C for 400 h and 300 h, respectively. The vacuum fur-
nace was evacuated to the base pressure of 5.0mPa and the annealing
was performed for several steps. After each step, the vacuum was
broken, and the reflectance of samples was measured in order to
evaluate the absorptance and the emissivity. Some samples were also
analyzed by RBS and FTIR before and after the annealing steps.

RBS measurements were carried out at the CTN/IST Van de Graaff
accelerator with detectors placed at 165° to the beam direction. Spectra
were collected with a 2MeV 4He+ beam. Normal incidence was used in
the experiments and the obtained data were analyzed with the IBA Data
Furnace [17]. Scanning electron microscopy analysis was performed in
a NanoSEM-FEI Nova 200 (FEG/SEM) equipment, to determine the
coatings’ thickness and morphology. The crystalline structure of the
absorber coating was studied using X-ray diffraction employing a
Bruker AXS Discover D8, operating with CuKα radiation. X-Ray dif-
fraction measurements were performed using a 3° incidence angle.

The visible and infrared reflectance of samples was measured in the
wavelength range of 250–2500 nm, using a Shimadzu PC3101
UV–VIS–NIR scanning spectrophotometer, at an incidence angle of 8°
using an integrating sphere attachment and an Al mirror as a reference.
The reflectance data were corrected according to theAl -reference re-
flectance curve. The normal solar absorptance (αs) was determined
from Eq. (1) using experimental spectral reflectance data R(λ) and
ASTM AM1.5D solar spectral irradiance, Is(λ), at the wavelength range
of 0.3–2.5 µm.

Table 1
Deposition parameters of layers included in different designs (A, B, C and D).

Sample Layer Target Deposition
time min: s

Reactive
gas and
partial
pressure
(Pa)

Target
current
density
(mA/
cm2)

A (without
barrier
layer) B
(with
barrier
layer)

CrAlSiN
(only in
design B)

CrAl+9 Si 2:30 N2 6.4
0.11

W W 2:30 – 12.7
CrAlSiNx CrAl+9 Si 1: 46 N2 6.4

0.05
CrAlSiOyNx CrAl+9 Si 1: 7 N2/O2

(85%/
15%)

6.4

0.07
SiAlOx SiAl 1:38 O2 6.4

0.06
C CrAlSiN CrAl+9 Si 2:30 N2 6.4

0.11
W W 2:00 – 12.7
CrAlSiNx CrAl+9Si 2:21 N2 6.4

0.08
SiAlOx SiAl 1: 43 O2 6.4

0.06
D CrAlSiN CrAl+9 Si 3:00 N2 6.4

0.11
W W 2: 30 – 12.7
SiAlOx SiAl 1:30 O2 6.4

0.06
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The infrared specular reflectance spectra were measured in the
wavelength range of 1.6–16.0 µm at near normal incidence (angle of
incidence α≈ 11°) with a Fourier Transform Infrared spectrometer
Bruker IFS 66 V equipped with a Globar source, a KBr beam-splitter and
a DTGS detector with KBr window. The measurements were performed
in vacuum at room temperature and spectra were recorded at 4 cm−1

resolution with 16 scans. Before the sample measurement, a back-
ground reference was performed with an aluminium mirror placed in
the same position as the sample. The normal thermal emittance, εth was
calculated as a weighted fraction between emitted radiation and the
Planck blackbody distribution at a specific temperature from the
equation:
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where Ibb(λ) is the spectral blackbody emissive power and R(λ) is the
spectral reflectance. The thermal emittance of a polished copper sub-
strate was used to correct data, using a thermal emittance of 3%.

The study of infrared vibrational modes was performed in the wa-
venumber range of 400–5000 cm−1 with the above mentioned FTIR
spectrometer and similar conditions, except that p-polarized light (po-
larization parallel to the incidence plane) at oblique-incidence (45°)
was used in the reflectance measurements. The spectra were recorded
using 128 scans.

3. Results and discussion

3.1. Structure

Four designs (A, B, C and D) were used in this study (Table 1): A is a
solar absorber tandem without barrier layer between tungsten and
stainless-steel substrate, with structure based on stainless-steel/W/
CrAlSiNP = 0.05 Pa /CrAlSiONP = 0.07 Pa /SiAlOP = 0.06 Pa, B is the same as
A, but with barrier layer included based on CrAlSiNP = 0.11 Pa, C is a
multilayer stack with a nitride layer deposited with higher nitrogen
partial pressure and with barrier layer included structure based on
stainless-steel/CrAlSiNP= 0.11 Pa/W/CrAlSiNP = 0.08 Pa/SiAlOP= 0.06 Pa

and D is a barrier layer with structure based on stainless-steel/CrAlSiNP

= 0.11 Pa /W/SiAlOP = 0.06 Pa.
The CrAlSiNP= 0.05 Pa layer used as high absorption layer in our

optical stack needs to have enough intrinsic absorption of solar radia-
tion, and for the Cr:Al:Si ratio used cannot be stoichiometric in terms of
metal to nitrogen ratio. However, when close to stoichiometry and with
enough ion bombardment during deposition, the CrAlSiN layer can
have a nanostructure in the form of n-CrAlN/a-SiNx, where CrAlN na-
nocrystalline grains are embedded in an amorphous SiNx layer [18,19].
This type of nanostructure leads to an improvement of the barrier dif-
fusion properties, as well as, of oxidation resistance and chemical sta-
bility, at temperatures as high as 800 °C/900 °C, which was already
reported [19–21].

Fig. 1 shows SEM cross-section image of each sample. As observed
in the figure, the tungsten layer shows a columnar growth in all designs,
whereas the morphology of other layers -including the barrier layer- is
not so clear. Thicker single layers with the same coating parameters of
tungsten and barrier layers were analyzed by XRD, as shown in Fig. 2.

Fig. 1. Cross-sectional SEM images of samples A, B, C and D showing the morphology and the thicknesses. (BL, RL, AL and AR stand for barrier, back-reflector,
absorption and antireflection layers respectively). In a) and b) AL in comprised of 2 absorption layers, nitride and oxynitride, whereas in c) is only the nitride layer.
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The XRD pattern of tungsten reveals a combined growth between α-
and β- phases, α- being the dominant phase. So, W is polycrystalline
with (110) orientation (2θ = 40°). On the other hand, the XRD spec-
trum of the barrier layer shows no peaks revealing its amorphous
structure. The formation of β- phase depends on the partial pressure of
oxygen (or base pressure) in the chamber, the film thickness, substrate
bias and deposition rate/deposition power [22–24].

3.2. Thermal stability

In previous studies [15,16], thermal stability and elemental diffu-
sion of stacks similar to sample A were studied before and after an-
nealing in air and vacuum at 400 °C and 600 °C, respectively. The stacks
revealed an excellent oxidation resistance and layers elemental diffu-
sion, but in the case of vacuum annealing, a diffusion of W atoms to-
wards the stainless-steel substrate and a diffusion of Cr atoms from
oxynitride layer towards the surface were recorded. So, we decided to
study the effect of adding a barrier layer between the tungsten layer and
the substrate (samples B, C, and D), when subjected to a vacuum an-
nealing at 600 °C. In addition, Sample C was also used to study the
influence of higher nitrogen partial pressure on the diffusion of Cr from
inner layers towards the surface.

Fig. 3 shows the reflectance curves of the four samples measured in
the as-deposited state and after vacuum annealing at 600 °C. No no-
ticeable changes are seen in the reflectance curves, solar absorptance
(α) and thermal emittance (ε) values for all samples. This implies a very
good thermal and oxidation resistance for all stacks. However, small
changes in the reflectance curves are observed. In all samples, a small
increase of reflectance was found for wavelength higher than 3000 nm.
Considering the excellent oxidation resistance and stability of the op-
tical properties with the annealing, these small changes are likely to
happen in the back-reflector W layer. To test this, sample D was grown
with the antireflection layer deposited directly over the W back-re-
flector layer, allowing to follow any change in the oxide layer. With the
absorption layers and the antireflection layer, FTIR analyses would

Fig. 2. X-ray diffraction spectra of the single thick of tungsten and barrier
layers deposited on stainless-steel.

Fig. 3. Reflectance curves of the four samples A, B, C and D, measured in as-deposited state and after vacuum annealing at 600 °C. The emissivity was calculated for
400 °C.
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integrate the signals from the three layers. Changes in the first an-
nealing steps followed by steps without significant changes, with very
good thermal stability, were reported in our previous studies [9] and by
other authors in coatings based on W-Al2O3 [25], Mo-SiO2 [26] and W-
SiO2 [27] cermet composites. The changes were not similar in all cases:
in most cases a small increase in reflectance in IR range was observed,
but also a small decrease in the reflectance occurred in other cases.

The spectral reflectance shown in Fig. 3 exhibit some changes with
the annealing in vacuum. A small increase in the reflectance was found,
and this can be due to a W phase transformation during the annealing.
A transformation from tungsten β- to α- phase was reported by Anto-
naia et al. [25] with a small increase in the reflectance for wavelengths
higher than 2 µm.

According to O’Keefe et al. [28] differences in the oxygen con-
centration in the films induce variations in the transformation time and
temperature for each sample. The higher the oxygen concentration in
the film, the higher the temperature or longer the time required to
transform A-15 β-W into bcc α-W. These authors reported a phase
transformation at 600 °C, with an annealing time of 1min, for samples
with low oxygen concentration (1–2 at% O). Samples with higher
oxygen concentration transformed around 650 °C. This can be the
reason the small increase in the reflectance in IR range was not found
for all samples. The decrease in the emissivity obtained with the va-
cuum annealing also supports this conclusion. The β-W phase has
higher electrical resistivity than α-W phase [24,28], and the mentioned
phase transformation contributes to the resistivity decrease of the W
layer and consequent emissivity decrease.

The analyses of infrared bands of sample D show that the oxide layer
undergoes small changes after annealing. Fig. 4 shows the experimental
oblique-incidence reflectance for p polarized light of sample D as-de-
posited and after vacuum annealing. The lowest frequency part of the
spectra amplified in Fig. 4b, shows that after vacuum annealing the
main modifications occur in the broad reflectance bands at around
850 cm-1 and 1240 cm-1. The later shifts to higher frequencies. and the
shape of the band at 850 cm-1 is clearly modified. These changes may be
due to some local structural rearrangements, e.g., the increment of the
oxidation state of some Si atoms. No important absorption is observed
in the water absorption spectral region in both cases.

To access and identify the absorbing bands the dielectric function
was extracted by simulating the experimental spectra. The modelling
was performed by use of Fresnel equations, considering the back
medium (tungsten) as a conductor and the oxide layer as a dielectric
with optical responses described by the Drude model and the factorized
form of the dielectric function [29], respectively. For tungsten we used
fixed parameters in the Drude model from the work of Ordal et al. [30]:

plasma frequency - 51,700 cm-1; damping frequency - 467 cm-1. For the
oxide layers a high frequency dielectric constant ε∞ = n2 =2.31
(where n is the refactive index in the visible spectral range) and the
thickness of 63 nm. Fig. 5 shows the imaginary part of the dielectric
function (ε2) for both samples. The ε2 spectra are roughly similar to the
absorption spectrum of amorphous silica. The main three bands with
maxima at about 480 cm-1, 810 cm-1 and 1020 cm-1/1036 cm-1, can be
attributed, respectively, to rocking (R), symmetrical stretching (SS) and
asymmetrical stretching (AS) of Si–O bond [31–34]. The other minor
bands are identified in Table 2. Notice that the shift of the AS band, well
known in the studies of amorphous silica, is usually connected to the
increase of stoichiometry in SiOx [35,36].

Although local structural rearrangements in the oxide layer can give
rise to small changes in its high-frequency refractive index, these
changes will not induce the reflectance modifications with the an-
nealing shown in Fig. 3 at the wavelength range higher than 2000 nm.
For wavelengths higher than 550 nm, the refractive index of the as-
deposited oxide layer is 1.52. The simulated reflectance curves of the
oxide layer deposited on tungsten varying the refractive index (n) of the
oxide layer are shown in Fig. 6. The expected variations of n are smaller
than those simulated in Fig. 6, but with these, it is easier to demonstrate
the effect. The simulation shows no changes in reflectance spectra for
wavelength greater than 2000 nm due to changes in the refractive index
of the oxide layer.

To obtain more information about oxidation resistance after an-
nealing, all samples were studied by XRD and no changes were seen in

Fig. 4. a) p-polarized reflectance spectra (angle of incidence of 45°) of sample D as-deposited and after vacuum annealing at 600 °C. b) Amplification in the spectral
range where absorption bands are present.

Fig. 5. Imaginary part of the dielectric function of as-deposited and after va-
cuum annealing at 600 °C of sample D. The inset is an amplification to show the
detail of the weaker bands.
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the XRD spectra after annealing, as shown in Fig. 6 for sample B. No W
phase transformation was clearly observed in our samples (see Fig. 7),
since XRD peaks associated with both phases continue to have similar
intensity before and after annealing. However, the peak located at
about 37° showed a small variation of the width and the peak located at
40° revealed a small decrease in the width and a shift to higher angles
with a small increase in intensity.

3.3. Elemental diffusion

Elemental diffusion is one of the most important processes of ageing
of solar absorber tandems. So, these absorbers can have a long life-time
by controlling their elemental diffusion, as well as the oxidation re-
sistance.

In this work, the evaluation of elemental diffusion was studied by
RBS. Fig. 8 shows RBS spectra of samples A, B, C and D deposited in the
same run, namely as deposited and after vacuum annealing at 600 °C for
200 h. Since the signals from the different elements can overlap, the
composition should be determined from the front edges of the elements,
which are indicated in figures for better understanding. The relative
heights of those front edges are correlated with the relative con-
centrations of the different elements. The position of the different ele-
ments, when located at the surface sample, are indicated in the graph. It
is difficult to distinguish between silicon and aluminium because of the
small difference of their atomic mass. Sample A, which is a stack
without a barrier layer, has a structure similar to the one used in the
previous studies [15,16]. The analysis emphasized small differences
between as-deposited and annealed sample. The difference between
those spectra is in the region of channel numbers 560–580, which is
related with the depth profile of W element and corresponds to a tail
elongation of the back side of W layer. These differences are in ac-
cordance with the diffusion of a small amount of tungsten towards the
stainless-steel substrate. The general evaluation shows that no other
significant changes occurred after annealing in vacuum. However, in
sample B a diffusion barrier layer was added between stainless-steel
substrate and tungsten layer to avoid the W diffusion towards the
substrate. As seen in the figure, there are no changes in the W depth
profile after 200 h of vacuum annealing, which demonstrates the im-
provement of the stack diffusion without any recorded W atoms dif-
fused towards the stainless-steel substrate. To make sure that the barrier
layer works as expected, the barrier layer was also included in samples
C and D and the same results were obtained. So, the barrier layer is very
effective in preventing the diffusion. In the case of sample C, the stack is
composed of the barrier layer, tungsten layer, nitride absorbing layer,
which was deposited with higher nitrogen partial pressure, and anti-
reflection oxide layer. This sample was used to study both diffusion
cases: Cr towards the surface and W towards the substrate. In both
cases, the design shows excellent thermal stability and no diffused
elements between layers were recorded. Thus, using higher nitrogen
partial pressure in nitride and oxynitride layers can control the diffu-
sion of Cr atoms towards surface because the resulting films are stoi-
chiometric and more stable.

So, increasing of N2 partial pressure during deposition with best
choice of Cr, Al and Si composition decreases the number of Cr at
metallic oxidation state and promotes the SiNx segregation [19], im-
proving the oxidation resistance and barrier diffusion properties
[18,20], which contributes for the W diffusion reduction [19,21]. One
of the advantages is that it is possible to use the same target to deposit
the barrier layer, as well as, the nitride/oxynitride absorption layers.

4. Conclusions

Several absorbers with different designs were used to study the
thermal stability, oxidation resistance and elemental diffusion between
stacks layers. All absorbers show an excellent resistance against oxi-
dation and thermal stability after annealing in vacuum at 600 °C for
200 h. The changes in optical constants solar absorptance (α) and
thermal emittance (ε) are negligible, and XRD spectra of all samples are
very similar before and after annealing. In some cases, small changes in
the reflectance curves after the first step of annealing were seen. The
increase in reflectance in IR wavelength range (λ > 3000 nm) is due to
the phase changes of the back-reflector tungsten layer, which also
contributes to a decrease in the emissivity after the vacuum annealing.
Incomplete oxidized Si as confirmed by FTIR analyses can eventually

Table 2
Bands assignment of the FTIR spectra.

Band position
(cm−1)

Band assignment Reference

480 Si-O (rocking (R)), or [31–34,37–39]
Al-O-Al (bending in AlO6)

648 Al-O-Al (bending in AlO4) [37–39]
758 T-O-T bending in mixed occupancy

tetrahedral
[38,39]

(T= Si, Al)
810 Si-O symmetrical stretching (SS) [38,39]
888 Al−O stretching in AlO4 [38,39]
1020/1036 Si-O asymmetrical stretching (AS1) [31–34,37–39]
1200 Si-O asymmetrical stretching (AS2) [31]

Fig. 6. Simulated reflectance curves of an antireflection oxide layer on tungsten
as varying its refractive index (n) as shown in the insert.

Fig. 7. X-ray diffraction patterns of sample B as deposited and after vacuum
annealing at 600 °C.
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introduce small changes in reflectance curves of the stack for wave-
lengths lower than 1500 nm. All layers of stacks are amorphous, except
the tungsten layer, which is polycrystalline and shows a columnar
growth. Adding a CrAlSiNP= 0.11 Pa barrier layer between the tungsten
and the stainless-steel substrate controls the diffusion of W atoms to-
wards the substrate, whereas using higher nitrogen pressure in HA, LA
layers reduces the diffusion of Cr from those layers to the surface.
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