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Abstract

Experiments are reported on sputter depth profiling of CrN/AIN multilayer abrasive coatings by secondary ion mass
spectrometry (SIMS) coupled with sample current measurements (SCM). The coatings were deposited by a closed-field
unbalanced magnetron sputtering. It is shown that after oxidation tests, performed in air at 900 °C for 2 h and at 1100 °C for 4 h,
the layered structure begins to degrade but is not destroyed completely. Oxidation at 1100 °C for 20 h causes total destruction of
the coatings that can be attributed to a fast diffusion of oxygen, nickel, manganese and other elements along defect paths (grain
boundaries, dislocations, etc.) in the coating. There are practically no nitrides in the near-surface layer after such a treatment and
all the metallic components are in the oxidized form as follows from the data obtained by X-ray photoelectron spectroscopy
(XPS). According to XPS and mass-resolved ion scattering spectrometry (MARISS), the surface content of Al in the heat-treated
coatings has decreased in comparison with the as-received sample and that of Cr increased. Both XPS and MARISS data exhibit
real increase in superficial concentration of the substrate materials (Mn and Ni) that is controversial if using SIMS alone. SCM
turned out to be an informative depth profiling method complementary to more expensive and complicated SIMS, being
particularly useful for structures with different secondary electron emission properties of the layers. SCM with predetermined
SIMS calibration allows a routine characterization of coatings and other multilayer structures, particularly, in situations where
the expenses of analysis can be justified.
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1. Introduction

High-temperature resistant coatings have been
developed for a variety of applications. When a
considerable hardness is needed, such as for abrasive
coatings to be coupled with abradable ones for gap
sealing applications, a promising avenue is the
fabrication of complex multilayer structures. Amongst
them, metallic nitride and oxynitride films [1-6]
manufactured by physical vapour deposition (PVD)
techniques have proved to be very effective tools due
to enhanced mechanical properties (hardness, adhe-
sion, wear, corrosion, and high-temperature resis-
tances).

The optimization of coatings deposition processes
and understanding of the degradation mechanisms
requires post-growth characterization of the films,
usually in terms of chemical composition, phase
composition and microstructure by X-ray photoelec-
tron spectroscopy and X-ray diffraction, secondary
and transmission electron microscopy, Raman spec-
troscopy, etc. [7]. Less attention has been paid to the
elemental depth profiling in spite of the fact that such
measurements enable monitoring interfaces and reveal
degradation of the layered structures under different
conditions.

This has motivated the present work, aimed at
studying the elemental depth profiles of the CrN/AIN
multilayer films subjected to high-temperature oxida-
tion in air. The structures were developed by Teer
Coatings [8] for application as abrasive coatings for
tipping turbine blades. The depth profiling was
performed by secondary ion mass spectrometry
(SIMS) [9,10] with appropriate calibration of the
sputtering rate by a stylus profiler. To obtain
complementary information, we simultaneously mon-
itored the variations of ion-induced secondary electron
emission via current measurements in the sample
circuit. This simple but informative method (for a
review, see, e.g. [11-16]) is named ‘‘sample-current

measurements” (SCM) [17]. It exhibits high sensi-
tivity to the interlayer boundaries, particularly, for
structures with different secondary electron emission
properties of the layers and thus allows an integrated
depth profiling. In general, variations of secondary
electron emission induced by electrons, ions and
photons have a long history in characterisation of
metal overlayer growth, and a summary of its
applications and principles may be found in [18].
X-ray photoelectron spectroscopy (XPS) [19] was
employed in our study for surface chemical analysis of
the samples, and low-energy ion scattering [20] was
enlisted to probe the outer atomic layer of the surface.
In contrast to SIMS, the yield of the scattered ions is
less sensitive to “matrix effect”. It has been shown
[21-25] that complementary mass separation of
scattered ions simplifies peak identification and
eliminates the overall background related to sputtering
of the samples materials that allows avoiding any
additional treatment of the spectra. In [21], Wittmaack
denoted this technique as mass-resolved ion scattering
spectrometry (MARISS) and we used MARISS as an
adjuvant method for elemental analysis of the surface.

2. Experimental

The coatings were deposited on a Nimonic-75
superalloy substrate (Ni 75%, Cr 19%, Fe 5%, Mn 1%)
using a closed-field unbalanced magnetron sputtering
system with opposite Cr and Al targets. Before
deposition, the substrate was polished by a diamond
paste down to 3 wm and fixed on a cylindrical sample
holder in the vacuum chamber (P = 4.7 % 1074 Pa). It
was cleaned by ion bombardment in an Ar plasma
discharge (P4, = 0.2 Pa) and coated in sequence by a
bonding Cr layer (ca. 0.3 wm), a transition CrN layer
(ca. 0.2 pm) and a gradual introduction of AIN (ca.
0.1 pm). Then, fourteen alternating layers of CrN and
AIN with nominal layer widths of 0.3 and 0.1 pm,
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Fig. 1. Cross-section of the sample and schematic view of SIMS—
SCM depth profiling arrangement.

respectively, were deposited in a nitrogen flow, which
was controlled by an optical emission system with a
feedback coupling to a piezoelectric valve. The layer
periodicity was adjusted by rotation speed of the
sample holder, which was biased by a pulsed DC
voltage (250 kHz, —60 V). A schematic cross section
of the sample is shown in Fig. 1.

The high-temperature oxidation tests were carried
out in a Carbolite furnace (model CWF 13/5) with a
maximum operating temperature of 1300 °C and a
heating rate of 15 °C/min. Three tests were performed
for three as-received samples: 1st, oxidation in the

ambient air at 900 °C for 2 h; 2nd, at 1100 °C for 4 h;
and 3rd, at 1100 °C for 20 h.

Secondary ion mass spectrometry and sample
current measurements were carried out simulta-
neously in a high-vacuum (10~® mbar) custom-built
installation [23-26] based on standard commercial
components. A schematic view of the SIMS-SCM
depth profiling arrangement is shown in Fig. 1. A
duoplasmatron ion gun (model DP50B by VG Fison)
generated mass-filtered '°0O,* primary ions with a
bombarding energy of 3 keV (1.5keV/atom). The
primary ions impinged on the surface at an angle of
60° with respect to the normal. The secondary ions
were measured along the normal by a Hiden EQS
1000 Mass Energy Analyser [27], which unifies a
high-transmission electrostatic energy analyser and a
powerful quadrupole mass spectrometer. The primary
beam with an average density of 0.1 mA/cm?® was
raster-scanned and eroded a sample area of 0.3 mm?>.

The sample current /; was measured in the sample
circuit using a free ADC input channel of the Hiden
control unit. The value of /; is known to be generally
determined by the value of the primary ion-beam
current /oy and by the secondary electron emission /:
I, = I + I, because the currents of secondary ions I;
and of scattered ions Iy are rather small as compared
with I,.. Since I, was set in accordance with the ion-
gun operation and was kept constant, all variations of
I, were mostly due to the changes of the secondary
electron current /. caused by alteration of the layer
properties.

During depth profiling, the intensity of selected
secondary ion mass peaks along with SCM data was
registered in a quasi-parallel manner under proper
apparatus adjustment for each mode. The analysed
zone of the crater created by ion bombardment was
limited to 10% by means of electronic gating of the
registration system for all signals, including sample
current. At every instant, we performed two different
current measurements: with a positive (+50 V relative
to ground) sample potential and a negative (—300 V)
potential applied to the surrounding electrodes, and
vice versa, i.e. with a negative sample potential and
positively biased surroundings. The required second-
ary electron current /. is calculated as a difference
between these measurements.

MARISS measurements were carried out in the
same experimental set-up that was used for SIMS—
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SCM. A 1keV Ne* beam (without mass separation)
was produced by an electron-impact ionisation source
IQE 12/38 by SPECS. The incident ions were directed
at a fixed incident angle of 30° with respect to the
normal. The ions backscattered at the angle 6 = 120°
were mass and energy analysed by the Hiden EQS
1000.

XPS analysis was performed in an ultra-high
vacuum (10~ '° mbar) experimental system equipped
with a VSW HAC 5000 hemispherical electron energy
analyser and an Al Ka X-ray source. Photoelectron
spectra were acquired in the constant-pass-energy
mode at Ep,, =44 €V, and the overall energy resolu-
tion was 1.2 eV measured as a full-width at half
maximum (FWHM) of the Ag 3ds, line of a pure
silver reference. Details of the system have been
reported in previous publications [28,29]. The peak
positions in XPS were determined by curve fitting
after Shirley background subtraction.

During SIMS-SCM, MARISS and XPS analyses of
the coatings surface charging effects were negligible
despite the AIN film being an insulator. An efficient
charge leakage through the coating appears to be
associated with metallic-type electrical properties of
thick Cr,N layers [30] or conductivity in the Cr,Al,_
AN structure [31]. In XPS, the binding energies were
measured in reference to the C 1s peak of the
adventitious aliphatic carbon assumed to be at
284.7 eV.

3. Results and discussion

Fig. 2 shows a mass spectrum of the positively
charged secondary ions (in histogram form) measured
at the beginning of sputter depth profiling of as-
received sample, which has not been exposed to high-
temperature oxidation. The spectrum includes differ-
ent types of secondary ion species and appears very
complex. The interpretation of such mass spectra is an
intricate problem, especially for quadrupole-based
SIMS, which does not provide the same high mass
resolution as magnetic and time-of-flight analysers do.
Our approach to solving this problem is discussed in
detail elsewhere [32] and the results of the mass-
spectra decomposition by DECO computer code
[33,34] are shown in Table 1. Here, we identified
mass peaks of atomic ions of the coating (Al, Cr, N)

as-received sample

10° o Ni* Cr0"

INTENSITY (cps)

0 50 100 150
m/z

Fig. 2. Mass spectrum of the positive secondary ions measured for
the as-received sample.

Table 1
Identification of the main positively charged secondary ions mea-
sured for the as-received sample (Fig. 2)

Ton species Intensity Ton species Intensity
(x10° cps) (x10° cps)

Al 5020 0, 2.1
Cr 4540 CrO, 1.7
K 534 Mn 1.6
Na 449 CrAlO, 1.5
CrO 345 AINO 1.3
Al, 241 CrOH 12
AlO 105 Ni 1.1
CIN 92.2 CrNOH 1.0
Cr,0 65.9 Cr,H 0.9
CrOH, 62.4 SiH 0.8
CrAl 575 CH 0.7
Ca 514 NH 0.7
CrAlO 49.8 CaH 0.3
Fe 40.5

(6] 28.3

Cr, 27.4

Mg 24.0

Si 16.9

CaO 16.0

AIN 9.2

AIOH 6.5

N 59

Cl'202 4.5

Zn 3.2

C 2.8

ALO, 2.3

Sum total of the peak intensities is 1.22 x 107 cps, and the uni-
dentified remainder is 4.2 x 10° cps (3.5%).
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and substrate (Ni, Fe, Mn) materials, surface and bulk
contaminant species (K, Na, Ca, Mg, Si, Zn, O, C), and
different molecular (cluster) ions mainly resulted from
oxygen ion-beam irradiation of the sample. The
intensities reported in Table 1 are the sum of all isotope
ions for every species. The high level of the alkali and
alkaline-earth metal ion signals is due to their ultra-high
positive ion yields (ionization probability).

We selected “N*, 3 (A10)* and '**(Cr,0)* ions as
characteristic masses for depth profiling of the multi-
layer structure. The substrate material was represented
by >>Mn" and *®Ni* secondary ions. Atomic *’Al* and
>2Cr* ions were not monitored in our experiments since
the intensity of their emission was very high (more than
4 x 10° cps) and could be distorted due to the saturation
of a secondary electron multiplier.

Fig. 3 depicts a three-dimensional image and a
cross-section of the sputtered crater for the as-

received sample measured by a Tencor Stylus
Profiler P-10. The crater depth Z in the midpoint
is about 4 pm.

Figs. 4-7 exhibit SIMS and SCM depth profiles of
the sample in the initial state and of the samples
subjected to high-temperature oxidation. Sputter time
is converted into eroded depth by assuming a constant
erosion rate Vg, = Z/I'=13.5 & 2.5 nm/min, where T
is the time of sputtering. The images of the sputter
craters measured by an optical microscope are also
shown in the panels.

For the as-received sample, the SIMS depth profiles
reproduce the expected periodic multilayer structure
(Fig. 4a). We estimated the average layer thickness
(FWHM) equal to 150 +40nm for AIN and
280 =40 nm for CrN and layers. These numbers
are close to those designed by the manufacturer of the
coatings.

DEPTH (um)

02 03 04 05 06 07 08

LENGTH (mm)

Fig. 3. 3D image of the eroded crater measured by a stylus profiler (inset depicts a cross-section of the crater along the line A-A).
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Fig. 4. SIMS (a) and SCM (b) depth profiles, and optical image of
the sputter crater (c) for the as-received sample.

All the profiles shown in Figs. 4-7 are disturbed by
different artefacts associated with SIMS depth
profiling technique. There are well-documented
physical and apparatus problems [35,36] that result
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Fig. 5. SIMS (a) and SCM (b) depth profiles, and optical image of
the sputter crater (c) for the sample subjected to oxidation in the air
at 900 °C for 2 h.

in the loss of depth resolution with increasing eroded
depth. We could not totally obviate the disturbances
arising from the crater edges, since the overall eroded
depth was very large in our experiments. So, it was
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Fig. 6. SIMS (a) and SCM (b) depth profiles, and optical image of
the sputter crater (c) for the sample subjected to oxidation at 1100 °C
for 4 h.

necessary to decrease the crater size and to increase
the bombarding energy in order to hold duration of the
analysis in the acceptable limits. Beam-induced
interlayer mixing contributes to the degradation of

Fig. 7. SIMS (a) and SCM (b) depth profiles, and optical image of
the sputter crater (c) for the sample subjected to oxidation at 1100 °C
for 20 h.

SIMS profiles as well; it can be considerably
suppressed only by lowering the bombarding energy
down to 100-200 eV [37] or by using polyatomic or
cluster projectiles [38—40]. At present, such techni-
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ques are beyond the capabilities of the SIMS
instrument used in this study.

The oscillation of the secondary electron current of
the as-received sample (Fig. 4b) reproduces the
variations of intensity of the AlO" secondary ions
(Fig. 4a), i.e. I, exhibits sensitivity to elemental
composition of the surface revealed under sputter
depth profiling. The optical image of the crater
(Fig. 4c) shows concentric ellipses related to the
multilayer structure, with the bright rings correspond-
ing to Cr-containing layers and the dark ones to Al-
containing layers. Since the crater walls are far from
vertical (see Fig. 3), the projections of the rings on the
crater walls are optically visible (“wedge effect’)
despite the fact that original thicknesses of the layers
are less than the light wavelength.

XPS analysis of the as-received sample (Fig. 8,
curve 1) showed the presence on the surface of Al, Cr,
N, O, C, and Na. The surface chemical and phase
composition derived from available binding energies
of the respective peaks is given in Table 2. The
appreciable contamination of the surface of the sample
with sodium revealed by XPS is in agreement with
SIMS data (see Fig. 2 and Table 1).

The chemical environment for the XPS Al 2p peak
cannot be easily distinguished because of the small
binding energy (BE) difference between the AI-N and
Al-O bonds. However, the availability of the X-ray
excited Al KLL Auger peak (Table 2) allows
determination of Auger parameter for aluminium in

N 1s
— as-received O1s
——11000C, 20h
Cr2p
2 Na KLL
c
5
a
P
©
>
= M
= \ n2p
c
2
£ satellite
] 2 Ir\.J satellites
360 440 520 600 680

Binding energy, eV

Fig. 8. A selected region of XPS spectra for the as-received sample
(1) and for the sample subjected to oxidation at 1100 °C for 20 h (2).

the compound o'(Al) = KE(Al KLL) + BE(AI 2p) =
1463.7 eV (here KE stands for the kinetic energy),
which is by far more sensitive to the bond type and
points out formation of AI-N bonds [41]. The Cr 2p3,,
peak is dominated by the component (BE = 574.8 eV),
which can be attributed to nitrogen-deficient chro-
mium nitride close to Cr,N [42]. There is also a minor
component at BE =576.9 eV indicating formation of
chromium oxide/hydroxide on the surface [43]. The
nitrogen deficiency in the Cr—Al-N coating may be
responsible for a good electrical conductivity [31]
preventing from appreciable surface charging during
XPS—SIMS analyses. The energy position of the N 1s
peak and its satellite at ca. 419 eV (Fig. 8) demonstrate
that nitrogen enters into nitrides. According to the
results of deconvolution, the O 1s spectrum is
composed of three peaks. Two major components
located at BEs of 531.7 and 530.2 eV correspond to
the signals from oxygen in carbonyl-type species [44]
(52% of the total) and in oxide/oxynitride [31] (39%),
respectively, and a minor peak at 535.1 eV can be
attributed to adsorbed water [45]. The assignment of
the O 1s component at BE = 531.7 eV to carbonyl-
type species is consistent with the structure of the
asymmetric C 1s spectrum which includes, in addition
to the main peak at 284.7eV (—C-C-bonds), a
component at 287.9eV related to —-C=0O bonds
[44,46] which amounts to about 21% of the total C
1s peak.

MARISS spectra for the as-received sample (curve
1) and for the sample subjected to oxidation at
1100 °C for 20 h (curve 2) are shown in Fig. 9. On the
basis of the binary elastic collisions (BEC) model (see,
e.g. [20]) we identified the peaks as corresponding to
20Ne* scattered from Al and Cr atoms (for the as-
received sample) and additionally from substrate
materials (Mn and Ni) and contaminations (Na, K/Ca)
for the heat-treated sample. The narrow peak near-
zero energy was caused by Ne® ions initially
implanted and then re-emitted [21,23]. MARISS is
one of the most surface sensitive technique; however,
in comparison with SIMS, it is characterized by
relatively low elemental sensitivity and small mass
resolution. Furthermore, in our backscattering geo-
metry (60 = 120°) the classical laws of conservation of
energy and momentum prohibited BEC scattering of a
primary ion from a surface atom lighter than the
projectile. Hence, we could not monitor by MARISS
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Table 2
XPS data: surface chemical elemental and phase composition of the as-received sample and of the sample subjected to oxidation in air at 1100 °C
for 20 h
Element Line As-received sample After high-temperature oxidation
BE (eV) Attribution BE (eV) Attribution
Al Al 2p 72.8 73.6
AlKLL 95.7 AN 100.9 A0

Cr Cr 2pspn 574.8 Cr-N [42] 576.1 Cr,03 [52]

576.9 Cr,05/Cr(OH); [43]
N N 1s 395.5 Nitrides -
O O 1s 531.7 -0=C [44] 529.9 0% [49]

530.2 07" [50] 531.9 -0=C

535.1 H-OH [45]
Mn Mn 2p;/, - 641.3 MnO, Mn304 [53]
Ni Ni 2psp - 854.8 NiO [54]
C Cls 284.7 —C-C- [44] -C-C-

287.9 —-C=0 [406] 284.7 Contamination
Na Na Is 1071.4 Contamination -

nitrogen, oxygen and other light atoms with masses
less than mass of *°Ne* ions.

SIMS, due to its high sensitivity, reveals that
substrate components, nickel and manganese, pene-
trate the whole multilayer coating and segregate at the
surface (Fig. 4a), while XPS and MARISS do not
detect the presence of these elements on the surface of
the as-received sample (Figs. 8 and 9, curve 1). It
seems that Ni and Mn, exhibiting high atomic
mobility, diffuse readily towards the surface already
during the course of the layer deposition.

o “Ne"/ Al §
3 120° 60°
/ 200, + é
Ne™/ Cr )

®Ne*/ Mn

INTENSITY (counts/nc)
S

®Ne*/ Ca (K)

0.0' - '0.l1' o I0.|2' o IO.'SI o I0.4
SCATTERED ION ENERGY E JE,

Fig. 9. A selected region of MARISS spectra for the as-received
sample (1) and for the sample subjected to oxidation at 1100 °C for
20h (2).

After the 1st oxidation test (900 °C for 2 h) the
layered structure still existed; however, smoothing of
the oscillations in the SIMS profiles (Fig. 5a) indicates
an enhanced interlayer diffusion. Also, the diffusion of
the substrate components (Mn and Ni) towards the
surface and the depletion of the subsurface region of
nitrogen are clearly observed. At the same time, no
significant modifications of the SCM profile and of the
optical image of the crater are revealed (Figs. 5b,c),
although the amplitude of the SCM oscillations is
somewhat decreased.

The second test (1100 °C for 4 h) did not destroy
the multilayer structure (Fig. 6a) but it further
stimulated interlayer diffusion and strong segregation
of Mn and Ni coupled with a drastic decrease in the
nitrogen content in the near-surface region. The
secondary electron current exhibited damped oscilla-
tion with increasing eroded depth (Fig. 6b). The heat
treatments at 900 °C for 2h and 1100 °C for 4 h
favoured the process of chemisorption and oxidation
induced segregation [47,48] accompanied by a
progressive accumulation of Al in the outer layer of
the coating and the broadening of the Al-containing
layers (Figs. 5a and 6a).

The oxidation performed at the same temperature
1100 °C for 20 h (the third test) resulted in the total
elimination of the layered structure, which is evident
from both SIMS and SCM profiles shown in
Fig. 7a,b. The optical image (Fig. 7c) does not
depict any more regular features. The destruction of
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the coating structure can be attributed to a fast
diffusion of N, O, Ni, Mn and other elements along
defect paths (grain boundaries, dislocations, etc.) in
both directions, towards the surface and inward the
coating.

Accumulation of the substrate components Mn and
Ni in the near-surface region of the coating occurring
due to strong diffusion of these elements during heat
treatment of the sample in the air at 1100 °C for 20 h is
clearly demonstrated by respective SIMS depth
profiles (Fig. 7a). An intense emission of the Mn*
and Ni" secondary ions is not caused solely by
enhancement of respective secondary ion yields due to
oxidation but also reflects an appreciable increase in
the concentration of these components in the near-
surface region which is corroborated by XPS and
MARISS analyses of this sample. Indeed, as distinct
from as-received sample (Fig. 8, curve 1), a
pronounced Mn 2p (Fig. 8, curve 2) and a small Ni
2p peaks are now detected in the spectra. The binding
energies of these peaks indicate that they are formed
predominantly by photoelectrons emitted from most
stable oxides (Table 2).

According to XPS-MARISS data, the surface
content of Al in the heat-treated coating has decreased
in comparison with the as-received sample and that of
Cr increased. After high-temperature oxidation no
nitrogen is detected at the surface while oxygen
concentration rises significantly (Fig. 8). The main
component of the O 1s spectrum at BE =529.9 eV
points out predominant formation of the metal-oxide
(O*7) species and seems to be largely associated with
Cr,0;3 [49], though a small contribution of the
carbonyl-type bonds is also present. There are
practically no nitrides in the surface layer, and all
the metallic components in the heat-treated coating are
in the oxidized form as follows from their binding
energies (Table 2) and as is also indicated by a satellite
of the O 1s peak at ca. 555 eV (Fig. 8, curve 2). The
emergence of a satellite of the Cr 2p peak at ca. 598 eV
(Fig. 8, spectrum 2) provides an evidence of the
trivalent state of chromium in oxide [50]. In the
oxidized sample, the Al 2p binding energy and Auger
parameter for aluminium o'(Al)=1459.3 eV are
somewhat lower than those reported for Al,O3
[41,51] that may indicate formation of oxygen-
deficient Al,Oj or/and of complex Al-Cr—-O oxide
[51].

4. Summary

The results of the present study provide a detailed
characterization of PVD fabricated multilayer CrN/
AIN coatings and their resistance to high-temperature
oxidation in air. Our focus is on the SIMS—SCM depth
profiling of the coatings, which revealed degradation
of the layered structure under high-temperature
oxidation tests in the air. It was found that heat
treatments of the nitride multilayer coating at 900 °C
for 2h and at 1100 °C for 4 h stimulated interlayer
diffusion, enhanced segregation of the substrate
components (Mn, Ni), brought about a progressive
depletion of the near-surface region of nitrogen but did
not destroy completely the layered structure. Holding
the coating in the air at 1100 °C for 20 h eliminated the
layered structure and resulted in the full oxidation of
the surface region accompanied by a strong diffusion
of the substrate components towards the surface. XPS
and MARISS have proved a real increase in superficial
concentration of the substrate materials (Mn and Ni)
that is controversial, if using SIMS alone. One of the
findings of the present work is that the sample current
measurements are capable of monitoring interfaces in
the multilayer structure as the more complex SIMS
technique does. Using SCM with predetermined
calibration by SIMS allows a routine characterization
of coatings and other multilayer structures, particu-
larly, in situations where the expenses of analysis can
be justified.
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