In situ scanning electron microscopy indentation studies on
multilayer nitride films: Methodology and deformation mechanisms
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Systematic studies of the deformation mechanisms of multilayer transition metal nitride
coatings TiN/CrN, TiN/NbN, and NbN/CrN, and corresponding reference coatings of
TiN, NbN, and CrN deposited by a direct current (dc) magnetron sputtering process onto
silicon (100) have been performed. Mechanical characterization was conducted using a
combination of microindentation and nanoindentation in the load range 30 to 150 mN and
0.5 to 3.5 mN, respectively. For both load ranges, scanning electron microscopy (SEM) in
situ indentation was used to observe the indentation process including any pileup, sink-in,
and fracture mechanisms specific to each coating. The coatings’ microstructure, both
before and after indentation, was analyzed using transmission electron microscopy
(TEM). It was possible to both correlate the indentation load—displacement response to
surface roughness effects and fracture modes (substrate and film cracking) and observe

deformation mechanisms within the coatings.

I. INTRODUCTION

Transition metal nitride coatings have traditionally been
used as protective coatings for different types of cutting
tools and microelectronics and as diffusion barriers for the
semiconductor industry, and they are now being consid-
ered for use as protective coatings in microelectromecha-
nical systems (MEMS)."? This is due to their high
hardness and reasonable toughness, which combine to
give superior tribological performance compared to un-
coated devices.”™ Tribological issues are especially im-
portant for MEMS applications where excessive wear of
the single- and polycrystalline silicon elements in motion
drastically limit device designs and lifetimes.

The most extensively explored transition metal nitride
coatings are TiN, CrN, NbN, TaN, VN, and ZrN."* This
work focuses on three of these, namely TiN, CrN, and
NDN, because of their outstanding mechanical properties.
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All of these transition metal nitrides are relatively hard
with values ranging from 21 to 25 GPa for TiN,”~ from
14 to 22 GPa for CtN'*!'!" and from 6 to 45 GPa for
NbN,'>'* depending on the deposition technique and
its conditions. Moreover, all of these materials are
reported to have good wear resistance®'*'> and fracture
toughness.l’16

These materials also possess some individual proper-
ties that differentiate them from each other. Both CrN
and NbN have good oxidation and corrosion resis-
tance,”’18 contrary to TiN. On the other hand, TiN is
biocompatible,'”" can act as a good diffusion barri-
er,'?? and exhibits interesting optical properties.'®
NbN and TiN both have high melting points,'* and
NbN shows high electrical conductivity.”**** Thus, NbN
was first developed for a variety of applications such as
superconducting electronics,”  field-emission cath-
odes,?® and microelectronics. Such interesting combina-
tions of properties have brought these nitrides under
continuous development since mid-1980s,"®*> not only
for tribological applicationsz"27 but also for decorative
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applications in the case of TiN.?® It is thought that if
these constituent materials could be properly combined,
for example as multilayer nanolaminates, their combined
properties could be tailored for specific applications.

Multilayer coatings are reported to have enhanced
resistance to wear, cracking, and fracture when com-
pared with single-layered structures.®**” This is true for
both epitaxial superlattice structures® and polycrystalline
multilayer thin films30; however, enhancement mechan-
isms for these two laminate structures differ because of
microstructural differences. The hardness increase of
single-crystal nanolaminates is generally attributed to
the superlattice effect®’** while a rule-of-mixture argu-
ment is used for polycrystalline coatings.zg"zo’33 Any
increase beyond the rule-of-mixture value for polycrys-
talline nanolaminates is often explained by the modified
Hall—Petch theory.**** The improved fracture toughness
of the multilayer coatings compared with the single-
layer coatings can be explained by crack deflection at
the interlayer interfaces.”® Moreover, any dislocation
multiplication in adjacent layers is hampered by the
layer interfaces that can act as grain boundaries.>’

A full understanding of the deformation and fracture
mechanisms of multilayer coatings has been hindered by
their complexity.*® Depending on the constituent materials
in the multilayer coating, polycrystalline nanolaminate
structures are reported to deform by different mechanisms.
The most commonly observed are grain-boundary sliding
for TiN/NbN and TiN/(Ti,ADN?'* and densification
underneath the indentation imprint for TiN/NbN_*4!

Hard materials, such as transition metal nitrides and
their multilayer combinations, are generally character-
ized by their hardness, H, reduced modulus, E,, and
elastic recovery, W,. These quantities can be determined
from load—displacement curves obtained by instrumen-
ted indentation.*” However, a number of assumptions
concerning the material behavior must be made when
analyzing indentation data. Most models are based on
the indentation of a flat, elastic half-space and the as-
sumption that the tip area function (calculated by indent-
ing a reference material) is applicable to other, similar
materials. Mechanical properties such as nanohardness
and reduced modulus have been widely studied for a
number of different nitride multilayer systems. The most
extensively tested among others are TiN/CrN''*? and
TiN/NbN*'** and more complex combinations contain-
ing CrN such as TiN-CrAIN and CrN—CrAIN.*%3

However as shown in Sec. III. D, even the same class of
materials (in this case metal nitrides) can behave different-
ly at both the micro- and nanoscales with regard to materi-
al pileup and sink-in around the tip during an indentation.
These types of behaviors can greatly affect both the calcu-
lated hardness and modulus values and are not apparent
by observing only the load—displacement response. On
the other hand, thin-film fracture is generally seen in

instrumented indentation as a pop-in.*® However, this may
also be misleading as it is shown in Sec. III. D. 1 that crack
initiation is not always associated with pop-in events.

These issues can be addressed by in situ indentation
performed inside a scanning electron microscope (SEM)
since this technique allows for the pileup, sink-in crack
initiation and propagation and shear band formation*” to
be observed at the scale of interest in real time. This
provides additional information on fracture toughness
and strain hardening behavior that facilitates proper
quantitative data evaluation, enabling a more accurate
calculation of contact area and an improved mechanical
model.*® This information, when combined with post-
mortem transmission electron microscopy (TEM) studies
of the film cross sections beneath the indents, increases
understanding of the underlying deformation mechan-
isms of the studied coatings.

Our previous work was focused on in situ SEM micro-
indentation studies of TiN, CrN, and their multilayer
combinations.*’ In this paper, three multilayer coatings,
namely TiN/CrN, NbN/CrN, and TiN/NbN, with individu-
al layer thickness of approximately 17 nm, consisting of 20
periods in total, were systematically investigated by both
in situ SEM micro- and nanoindentation. For comparison,
single-layer reference coatings of TiN, CrN, and NbN
were deposited at least as thick as their multilayer counter-
parts. In situ SEM microindentation was used to investi-
gate the presence of pileup and sink-in, as well as cracking
behavior at the microscale for all of the deposited film/
substrate combinations. This large-scale indentation was
complemented by in situ high-resolution SEM nano-
indentation, which provided information about nanome-
chanical behavior for depths not exceeding the 15% of the
total coating thickness. Cross sections of the residual in-
dent impressions were created by focused ion beam (FIB)
milling and analyzed using TEM so that the type of micro-
structure, as well as deformation mechanisms within the
films, could be characterized. The average chemical com-
position of the thick reference coatings was assessed with
glow discharge optical emission spectroscopy (GDOES).

Il. EXPERIMENTAL DETAILS

Transition nitride multilayer thin films were deposited
with ultrahigh vacuum (UHV) direct current (dc) mag-
netron sputtering in a Leybold L400Sp system on (100)-
oriented silicon substrates at a substrate temperature of
~70 °C.>%! Three different types of multilayer combi-
nations, namely TiN/NbN, NbN/CrN, and TiN/CrN*
and corresponding single-layer reference coatings of
TiN, NbN, and CrN were deposited (see Table I).**°

Hardness and Young’s modulus values of the coatings
were obtained by nanoindentation using a Tribolndenter
(Hysitron, Inc., Minneapolis, MN) equipped with a
Berkovich-shape diamond tip. This indenter tip geometry
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TABLE I. Basic information about investigated films.

Average composition

Range of column (at.%) Average thicknesses of the ~ Measured thickness
Type of coating Materials width (nm) X N layers in the coating (nm) of the coating (nm) Compression (%)
Reference TiN ~10-30 35 65 646 ~4
CrN ~150 85 15 1069 ~11
NbN ~15 55 45 780 ~3.8
Multilayers TiN/NbN ~30-60 16.66/16.28 659 ~19.5
TiN/CrtN ~50 18.03/17.52 697 ~20.4
NbN/CrN ~15-200 19.61/18.65 765 ~16.5

Column widths and thicknesses were determined by TEM, composition was measured with GDOES, and the compression (%) is the decrease in film

thickness below 30 mN indents. (X = Ti, Cr, Nb).

allows for indentation while applying relatively
low strain gradients, which decreases the probability of
sample cracking. The penetration depth was limited to
the range of 5 to 15% of the total coating thickness to
minimize errors associated with surface effects (the low-
er limit) and the influence of the substrate (the upper
limit).”> The coating surface influence can have its
source in many different principles. Too low of an inden-
tation depth may result in unnaturally high hardness
caused by unfavorable ratios of surfaces roughness to tip
radius of curvature and surface roughness to indentation
depth.>® To stay within the optimal displacement regime,
the applied load ranged from 0.5 to 3.5 mN. The indenter
was operated in the open-loop loading mode with loading
and unloading portions of 5 s each. Therefore, the aver-
age load rate varied depending on the maximum load,
namely 0.1 mN/s for 0.5 mN, 0.2 mN/s for 1 mN, 0.5
mN/s for 2.5 mN, and 0.7 mN/s for 3.5 mN. These load-
ing rates did not influence the measured hardness or
reduced modulus. To ensure accurate data estimation,
values presented in this work are averages of at least
eight measurements, while the error bars represent three
standard deviations that correspond to the range contain-
ing 99.97% of possible values.”*

To investigate the incipient stages of deformation at
displacements of less than 15% of the coating thickness,
a Hysitron Picolndenter (Hysitron, Inc.) integrated into
high-resolution SEM (Hitachi S-4800, Japan) was used.’”

Indentation experiments were also performed at the
microscale with the in situ microindenter developed and
integrated into a Zeiss DSM962 SEM (Germany) by
Rabe et al.*® For these experiments, a cube corner indent-
er tip was used. The load-controlled indentation experi-
ment with a maximum load of 150 mN was performed on
all investigated samples. The indentation experiment
consists of 60 s of linear loading, a hold segment at
maximum load, and unloading segment, 30 s long each.
Therefore, the average loading and unloading rate were
equal to 2.5 and 5 mN/s, respectively. Such a high load
was necessary to reach the onset of crack formation and
failure modes characteristic for each type of coating. As
the depth of indentation far exceeded 15% of the coating

thickness for these experiments, the mechanical behavior
of the coating—substrate system was probed.

TEM foils were prepared in a way that the coatings’
microstructure and deformation mechanisms could be
characterized. Foils of the cross sections of the as-depos-
ited coatings and of the residual plastic impressions from
30 mN indents were prepared using a FIB-Dual Beam FEI
STRATA DB235 external lift-out technique (FEI, The
Netherlands). Transmission electron microscopy in both
bright field (BF) and dark field (DF) were performed on a
CM30 Philips LaB6 TEM (FEI) using 300 kV acceleration
voltage, reaching a point resolution of 2.6 A.

lll. RESULTS AND DISCUSSION
A. Microstructure of the investigated thin films

Dark-field micrograph analysis allowed for compari-
son of the microstructure for all coatings. As can be seen
for both reference and multilayer coatings, the structure
is generally nanocrystalline with randomly oriented
grains as seen in Fig. 1. Reference coatings show col-
umnar growth with increasing grain size toward the
film surface. The average column width varies between
15 nm for NbN and 150 nm for CrN,’® as summarized in
Table I. Both CrN and TiN have columns extending
through the entire film thickness, but TiN shows high-
angle boundaries whereas CrN has low-angle boundaries
columns. NbN grains exhibit a subgranular structure
with many differently oriented zones. A nucleation zone
with an unresolved nature (amorphous or nanocrystal-
line) was observed close to the substrate/film interface.

From the TEM micrographs in Fig. 1, the constituent
layers in the multilayer coatings interacted differently in
each pair during deposition. The NbN/CrN multilayers
show smooth layers with sharp and smooth interfaces in
the BF image. However, columnar grains grow within
multilayered structure having a sublayer structure. In the
DF image, the CrN-NbN interface in the direction of
deposition is very sharp, contrasting with the NbN-CrN
interface. This may occur because the NbN has high-
angle boundaries unlike CrN, which has low-angle
boundaries. The TiN/CrN is characterized by flat layers
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(d) (e)
FIG. 1. TEM cross-sectional analysis for as-deposited coatings with dark field (DF) for all coatings in addition to bright field (BF) for
multilayers. (a) TiN showing high levels of misorientation. (b) TiN/NbN showing columnar grain growth through layers. (c) NbN exhibiting
granular structure with subgranular misorientation. (d) TiN/CrN showing multilayer grain orientation. (¢) CrN showing large columnar grains.
(f) NbN/CrN with crisp interfaces.

and interfaces of higher roughness compared with NbN/
CrN. This combination®” exhibits a granular microstruc-
ture such that the columns can grow through several
layers.®® TiN/NbN has nonflat layers with rough and
wavy interfaces, which is probably caused by the com-
petitive growth of strongly misoriented columnar grains.
For the TiN/NbN combination, the grain boundaries are
visible as white vertical lines [see Fig. 1(b), arrow].
Voids occurred as a result of kinetic limitations of the
deposition process that separate the columnar grains. In
the TiN constituent layers for both TiN/NbN and TiN/
CrN combinations, small grains of TiN are nested be-
tween larger columnar grains, and therefore the presence
of the layered structure confines the TiN microstructure.

B. Chemical composition of reference coatings

The chemical composition of the reference coatings
was assessed using the GDOES technique. The use of
thick coatings allows for more accurate data interpreta-
tion. The as-deposited materials are nonstoichiometric to
varying degrees as is summarized in Table 1. Following
that, the TiN composition is very rich in N (~65 at.%),
while CrN contains only 15% N (see Table I).16 The
NbN is close to stoichiometric composition, which is
in agreement with previous studies.’” The concentration
of each constituent element is constant through the
film thickness. Relatively low deposition temperatures

(substrate temperature during deposition ~70 °C)>
implies that the deposition is not thermodynamically
stable and suggests that the coatings contain a mixture
of different phases.”® Chemical composition was studied
extensively for each of the binary combinations and is
reported for Ti—N,Sg_60 for Nb—N,él’62 and for Cr—N.%3:¢4

C. Ex-situ nanoindentation

Film systems were indented with a Hysitron Tribo-
Indenter with loads ranging from 0.5 to 3.5 mN to quan-
tify hardness and reduced modulus without substrate
influence. These results can be seen in Fig. 2. The NbN
reference coating shows much higher hardness and re-
duced modulus when compared with the other coatings.
Hardness increases in this case with increasing indenta-
tion depth, from 20.4 to 32.7 GPa, while reduced modu-
lus maintains a value between 276 and 287 GPa
throughout the range of applied loads. All of the other
reference and multilayer films had hardnesses in the
range of 10 to 20 GPa, while reduced moduli ranged
from 180 to 240 GPa. Within the measurement accuracy,
the two nanolaminates that contain the NbN do not fol-
low the rule of mixture either for hardness or for modu-
lus. The values decrease to the other constituent material
properties; the reason for which is explained in Sec. III.
D. 2. As is shown with ex situ nanoindentation alone,
it is impossible to determine why the hardness and
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FIG. 2. Hardness (a) and reduced modulus (b) as a function of the
contact depth for all coatings from ex situ nanoindentation determined
using the Oliver and Pharr approach.

reduced modulus values are practically the same for all
the coatings even though they are made from different
materials. For further insight, the in situ SEM indenta-
tion at both the micro- and nanoscale was performed.

D. In situ SEM micro/nanoindentation

The main goal for the in situ investigation was to
correlate any cracking and spalling that may be observed
during indentation as seen in Figs. 3 and 6 with events
that occurred on the corresponding load—displacement
curves in Figs. 5 and 8 such as pop-ins or other disconti-
nuities. The in situ indentation performed at the micro-
scale allowed for fracture mechanism observations,
while indentation at the nanoscale concentrated on
pileup and sink-in of the films independently on the
substrate influence.

1. In situ SEM microindentation

During in situ SEM microindentation, movies can be
recorded throughout the indentation process. Indentations

to a maximum load of 150 mN were conducted, and
the residual impressions from these indentations are
compiled in Fig. 3. The load—displacement response
from these are shown in Fig. 5, where an indentation into
the bare Si is repeated in each figure as an aid when
comparing coating performance. Figures 5(a)-5(c) show
multilayers and corresponding reference coatings
responses. Figure 5(d) shows the load—displacement
curves for reference coatings for comparison. All films
show cracking in Fig. 3 except for the NbN reference film,
which spalled off during the first part of unloading
[the inset of Fig. 3(c’) shows the film at maximum load
without cracking]. In this case, the spalling could be
caused by either weak coating—substrate adhesion or high
residual stress that can be superimposed on the contact
stress. The spalled coating reveals the damage that
occurred in the substrate in the form of lateral cracking,
but it does not show up in the load—displacement curve in
the form of a discontinuity [Fig. 5(d)]. For all of the
other coatings, the initiation and growth of the radial
cracks can be correlated to the load—displacement re-
sponse by isolating individual in situ movie frames. For
example, the initiation and growth of cracks in the CrN
reference film can be seen in Fig. 4 where it is immediate-
ly apparent that there is not an excursion (in load or
displacement) that corresponds to the visible cracking.
This is true for the other specimens as well where the
indentation depth and load for crack initiation along with
the crack length at maximum load are compiled in
Table II. These cracks are nucleated in the coatings
during the loading portion of the indentation experiment
and grow slowly and continuously until the maximum
load is reached. Subsequently, they open more or
even grow in during the unloading part of the test. Finally,
they close again as the tip loses contact with the
surface. The exact moment of the tip—material relative
motion is visible on the load—displacement curves by a
regular kink during unloading, marked out by the circle
on Fig. 5(b).

In these films, the process of cracking is not rapid and
does not provide quick energy release. The radial cracks
within the coating are most likely the consequence of
lateral cracking beneath the coating within the substrate
similar to what is observed in Fig. 3(c). The repeating
pop-ins present at ~30 mN further suggest that internal,
nonvisible cracks occurred in this structure before
appearing on the coating surface [Fig. 5(b), circle]. Sub-
strate cracking enhances the local tensile strain within
the coating, which contributes to the cracking. A pop-in
was observed on the load—displacement curve only for
TiN/NDbN, albeit at a lower load than the surface crack
was nucleated [Fig. 5(b), arrow]. Although these coat-
ings happen to crack at high loads, they provide a signif-
icant improvement over the response of the bare
Si substrate, which revealed many well-pronounced
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FIG. 3. In situ SEM nanoindentation images of the indentation imprints for a maximum load of 150 mN on the following coatings: (a) TiN,
(b) TiN/NDN, (c) remnants of NbN coating, (¢') complete NbN coating under maximum load, (d) TiN/CrN, (e) CrN, and (f) NbN/CrN.

pop-ins that did not happen for the coated substrates as
seen in Fig. 5.

2. In situ SEM nanoindentation

In situ high-resolution SEM nanoindentation was per-
formed using a Hysitron Picolndenter.”® Applying a
maximum load of ~900 uN, which is close to the limit
for this type of sensor, the deformation mechanisms of
the coatings were studied independently from the influ-
ence of the substrate. Residual impressions from these
indents can be seen in Fig. 6, while the corresponding
load—displacement curves can be seen in Fig. 8. Rough-
nesses of these coatings vary and influence the initial
stiffness during the indentation. This is clearly seen for
NbN/CrN in Fig. 8 where the load increases at once,
unlike the TiN/NbN coating.

The deformation modes observed in situ during nano-
indentation are consistent with the information available
from the load—displacement curves. Indentation curves
for CrN show significant plasticity, while NbN has great-
er elastic deformation [Fig. 8(d)]. The presence of TiN in
the TiN/NbN multilayer coating determined the amount
of the plasticity present during deformation [Fig. 8(b)].

Hardness values from the in situ SEM nanoindenta-
tion experiment were calculated using the contact area at
maximum load determined from the in situ movies along
the maximum load from the data in Fig. 8. These values,
listed in Table III, depend on the SEM image resolution
and are therefore subject to a small amount of error.
They are compared with hardness values obtained using
the Oliver and Pharr® method from 1000 pN indents
obtained with a Hysitron Tribolndenter instrument. All
of the coatings that contain NbN indicate that in situ
SEM hardness values are higher than those obtained by
the Oliver and Pharr method. For these coatings, a large
amount of sink-in are visible during the experiment (see
e.g., Fig. 7). Such phenomena as pileup and sink-in were
not taken into account in the ex situ experiments. There-
fore, the apparent contact area was overestimated, thus
lowering both the hardness and reduced modulus. When
accounting for the sink-in from the in situ indentations,
hardness of the TiN/NbN multilayer increases to 19 GPa,
while the NbN/CrN increases to more than 37 GPa. That
is a 100% increase in calculated hardness when com-
pared with the ex situ values calculated using the Oliver
and Pharr method.
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FIG. 4. Frames of indentation [see Fig. 3(e)] showing the different stages of deformation of the CrN reference coating and corresponding load—
displacement curve. (¢') First contact of the indenter tip with the coating surface area. (¢”) First moment of pileup formation. (¢'”) The moment of
piling up of the coating just before the crack formation. (¢'*) First moment of cracking (crack appeared very rapidly). (e*) Coating under the

maximum load. (¢*”) The moment of tip form the coating reliving.

On the other hand, the materials that pile up demon-
strate a decrease in the measured hardness (note that the
contact between indenter tip and the CrN was obscured
so an in situ hardness value could not be accurately
determined for that case). For example, the TiN/CrN
multilayer exhibits a decrease in calculated hardness
from 14.9 to 10.5 GPa. Interestingly for the NbN/CrN
coating, where the reference films show dissimilar beha-
viors (sink-in for NbN and pileup for CrN), sink-in is
observed generating a hardness level equal to that of the
NbN reference coating at the nanoscale.

E. TEM analysis of the deformed area

Cross-sectional TEM analysis of the plastic deforma-
tion beneath 30 mN indents was conducted on both
multilayers and reference coatings; the resulting images
are shown in Fig. 9. From this, it can be seen that the
TiN reference coating [Fig. 9(a)] deforms through
cracks [Fig. 9(a’), arrow] and shears along the columnar

boundaries, which result in formation of steps at the
coating/substrate interface [Fig. 9(a”)]. This was also
found in previous studies.”®*’ Additionally, deformation
and delamination in the form of buckling, characteristic
for hard coatings on a softer substrate®® appeared at the
coating/substrate interface. The CrN reference film
[Fig. 9(e)] densifies, which is also consistent with previ-
ous studies.®® However, CrN was also subject to materi-
al flow, which occurred in the form of pileups along the
indentation imprint edges and formation of shear bands
visible in Fig. 3(e). The last among the reference coat-
ings, NbN [Fig. 9(c)] behaves like an elastic plate,
and the majority of the plastic deformation is confined
within the substrate. The smallest amount of permanent
deformation is observed for NbN and TiN reference
coatings, 3.8% and 4%, respectively, while for CrN
it is ~11% (see Table I). These values are the per-
cent decrease in coating thickness underneath the
indent. This deformation is a combination of changes in
material volume caused by material porosity that may
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FIG. 5. Load—displacement curves of the multilayers and corresponding reference coatings that were recorded during in situ SEM microindenta-
tion (see Fig. 3). (a) TiN/CrN, CrN, and TiN. (b) TiN/NbN, NbN, and TiN. (c) NbN/CrN, NbN, and CrN. (d) TiN, CrN, and NbN.

not be visible on the TEM micrographs, flattening of
the rough coating surface, and dislocation-mediated
plastic flow.

For the TiN/CrN [Fig. 9(d”)] and NbN/CrN [Fig. 9(f')]
coatings, indentation caused multilayer structural rota-
tion similar to previous studies of polycrystalline39 and
single-crystal coatings.®” Grain rotation is observed to be
~10° for TiN/CrN and ~15° for NbN/CrN. Inclination
of the TEM sample around the horizontal axis in plane
with the layers confirmed that the multilayered structure
was not destroyed by the plastic deformation and that
there are not cracks in the multilayer coating that is
contrary to other studies.” Calculated deformation
(Table 1) is in the range of ~16% for NbN/CrN to 20%
TiN/CrN of the initial coating thickness. The TiN/NbN
combination [Fig. 9(b")] did not show a multilayer rota-
tion as deformation is mainly accommodated by shear-
ing perpendicular to the film.

A detailed analysis of the multilayer deformation in
the center of the indentation can be seen in Fig. 10.
For indentation into a flat, elastic half space, there is a

gradient in the stress intensity beneath the indenter such
that the maximum stress is at the depth of roughly 50%
of the contact radius below the surface. Therefore, it is
not surprising that deformation of the multilayers is not
homogeneous as a function of depth. A good example of
this is seen in Fig. 10(c) for the NbN/CrN coating where
the highest deformation is seen from layers 28 to 36 (first
deposited layer is marked in Fig. 10 as a number 1) with
relative compression reaching 50% for those periods.
This cross section does provide some insight as to why
the NbN/CrN film was characterized by sink-in for
nanoscale indentations as seen with in situ movies. This
could never be observed with any other method besides
in situ SEM-indentation based technique since the final
indent [Fig. 6(f)] shows a small amount of pileup. The
plasticity of the CrN through most of the coating in
Fig. 10(c) was confined by the stiffer NbN as a result of
the crisp interfaces for these materials observed in
Fig. 1. The flow in CrN and minimal deformation of
NbN resulted in the formation of shear band extending
for several layers [Fig. 9(f')]. For example in Fig. 10(c),
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TiN/NbN

TiN/CrN

CrN/NbN

FIG. 6. In situ SEM nanoindentation images of the indentation imprints for a maximum load of 0.9 mN on the following coatings: (a) TiN, (b)

TiN/NBN, (c) NbN, (d) TiN/CrN, (¢) CrN, and (f) NbN/CrN.

FIG. 7. Frames of the indentation from Fig. 6(c) showing sink-in of the NbN surface. (c’) Tip is approaching the sample surface. (¢”) Maximum
load (maximum sink-in may be observed). (¢'”") Just after the tip retraction (sink-in did not recover fully yet). (¢’') Postmortem SEM image with

full recovering of the sink-in phenomena.

TABLE II. Cracking measured for coatings during in situ micro-
indentation for a maximum load of 150 mN.

Type of Crack length for the ~ Load for appearing Penetration
coating max. load (um) of crack (mN) depth (nm)
TiN 5.11 57 932
CiN 10.1 147 1771
NbN
TiN/NbN 9.8 73 1636
TiN/CrN 11.4 71.8 1440
NbN/CrN 38 1334 652

the deformation of both constituent materials was ap-
proximately equal through layers 10 to 20 where stresses
were lower than at layers 28 to 36 in this experiment.
This similarity of deformation at larger indentation loads

highlights the potential for nanolaminate strengthening
at lower loads whereby a strong material and a tough
material can combine their disparate properties into a
single coating.

Uniformity of deformation is not seen in the other
two multilayer combinations [Figs. 10(a) and 10(b)].
These materials possess rough interfaces and have
grain orientations, which continue through multiple
layers. For these films, strain localization was prevalent
[Figs. 10(a) and 10(b)] and a rule-of-mixture with hard-
ness (Table III) is found.

In the TiN/CrN substrate for 30 mN indentation, crack-
ing in the substrate is generated during the loading part of
the indentation experiment and can therefore be related
to the pop-in in the load—displacement curve, as is dis-
cussed in Sec. III. D. Grain-boundary shearing for TiN is
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FIG. 8. Load—displacement curves recorded during in situ SEM nanoindentation presented in Fig. 6 for multilayers and corresponding reference
coatings. (a) TiN/CrN, TiN and CrN. (b) TiN/NbN, TiN, and NbN. (c). NbN/CrN, NbN, and CrN. (d) TiN, CrN, and NbN. Surface roughness is
evident as a lower slope at the initial stages (displacement < 20 nm) of the load—displacement curve.

TABLE III. Hardness values obtained by the Hysitron Tribolndenter
and Picolndenter

Hardness measured with Hardness calculated from the

Type of TriboIndenter (GPa) in situ picoindentation (GPa)
coating 1000 pN 850 uN

TiN 15.00 10.54

CrN 16.59

NbN 26.46 37.84

TiN/NbN 14.89 19.20

TiN/CtN 14.67 10.48

NbN/CrN 18.63 37.75

visible through shear steps at the substrate interface
[Fig. 9(d’), arrow]. The TiN/NbN multilayer coating pre-
sents the most developed damage of the substrate where
radial cracking is accompanied by symmetrical lateral
cracks. Here, as seen in Fig. 9(b), the TiN sublayers
deform to a larger extent than the NbN, which results in
the through-thickness shearing of the NbN sublayers
[Fig. 9(b’)]. Moreover, across the entire thickness of the
multilayer coating, TiN layers exhibit a larger compres-
sion than NbN sublayers [Fig. 10(b)].

F. Overall deformation and fracture behavior

The combination of different measurement techniques,
including in situ SEM micro- and nanoindentation, and
cross-sectional TEM of the resulting deformation veri-
fied that the correlation of the appearance of cracks and
discontinuities on the load—displacement curve is not
always straightforward. In situ indentation has shown
that many times cracks appear without a corresponding
displacement burst. In fact, the cracking of the coatings is
preceded by substrate cracking at lower loads for these
coating/substrate combinations. All of the coatings, ex-
cept NbN, show radial cracks having their source in the
lateral substrate cracking. Even though the NbN did not
crack, it did spall thus exposing the fracture that had
occurred in the substrate as seen in the SEM micrograph
of NbN [Fig. 3(c)]. The CrN reference coating plastically
deforms starting with pileup, which develops into shear
bands while the TiN deforms via grain-boundary sliding
and cracking along the grain boundaries in addition to
slight piling up and finally cracks.

The deformation mechanisms of the multilayers are
characterized by the mechanisms of the constituent
layers; however, they combine differently. For example,
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(d)

()

FIG. 9. TEM cross sections through indents (30 mN maximum load) performed on the coatings (a) TiN. (2’) Intergranular cracks. (a”) Shear steps
at the surface/coating interface. (b) TiN/NbN. (b") Showing grain-boundary sliding within TiN layers. (c) NbN. (d) TiN/CrN. (d’) Shear step
caused by the TiN grain-boundary shearing at the coating/substrate interface. (d”) Layer rotation in the indentation imprint visible as a loss of
sharpness. (e) CrN. (f) NbN/CrN. (f') Showing shearing beneath the indentation imprint and layer rotation.
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FIG. 10. Detailed analysis of the compression of the layers in the multilayer coatings through the thickness underneath the center of the 30 mN

indents from Fig. 9 for: (a) TiN/CrN, (b) TiN/NbN, and (c) NbN/CrN.

grain-boundary sliding, which is characteristic for TiN,
is much more apparent in the TiN/NbN combination,
where NbN acts like a rigid plate, than for the TiN/CrN,
where deformation is taken over by both constituent
layers. Additionally, multilayers that contain NbN show
improvement in adhesion compared with the NbN refer-
ence coating, and the pileup tendency of CrN is miti-
gated in the multilayer combinations. Qualitatively,
larger deformation, longer cracks, and more pronounced
fracture of the substrates underneath the indentation
imprints was observed for the multilayers compared with
the reference coatings.

At the nanoscale, each of the coatings exhibited spe-
cific mechanisms such as sink-in for NbN and NbN/CrN
multilayers and varying degrees of pileup observed
after unloading for CrN, TiN, TiN/CrN, and TiN/NbN.
It should be noted that while the NbN/CrN coating
shows minimal pileup after indentation, both it and the
other coatings containing NbN exhibited sink-in behav-
ior during indentation. Therefore, all coatings with NbN
show an increase in hardness when calculating hardness
from the in situ SEM images. The high nanohardness
value (Table III) and smaller amount of compression
(Table I) of the NbN/CrN combination relative to the
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TiN/NbN coating was probably caused by the sharp and
smooth interfaces that confine CrN plasticity. This is
interesting since the TiN reference film deforms
much less than the CrN reference film, and it shows
that interfaces can play a significant role in overall
deformation.

IV. CONCLUSIONS

Deformation and fracture mechanisms of the multilayer
transition metal nitride coatings, TiN/CrN, TiN/NbN and
NbN/CrN and corresponding reference coatings of TiN,
NbN and CrN were systematically investigated using a
combination of in situ micro- and nanoindentation and
postmortem analysis of the indents by transmission elec-
tron microscopy. In situ SEM microindentation allowed
for observation of fracture events, pileup, and sink-in of
the coating/substrate system during indentation and
demonstrated that fracture events do not always show up
as discontinuities in the load—displacement curve. In situ
SEM nanoindentation enabled the coating to be mechani-
cally probed and roughness, pileup, and sink-in to be taken
into account. In particular, the contact area calculated di-
rectly from the SEM image taken while the tip was under
maximum load was shown to differ significantly from the
one calculated using a standard Oliver and Pharr approach
because of the factors mentioned previously. Postmortem
TEM analysis of the deformed areas was used to assess the
mechanisms of deformation of the coatings, and in partic-
ular an analysis of the compression ratio of the sublayers
in the multilayers gave insight into the deformation me-
chanics at this scale.

Within measurement accuracy, the multilayer coatings
exhibited no increase in hardness or reduced modulus
when compared with the reference coatings. The defor-
mation mechanisms of the multilayers are characterized
by the mechanisms of the constituent layers; however,
they do combine differently. Grain-boundary sliding,
which is mechanism characteristic for TiN, is much
more apparent in the TiN/NbN combination than in
TiN/CrN. This is probably due to NbN-rigid-plate be-
havior in TiN/NbN, while in TiN/CrN the deformation
is taken over by both constituent layers. Both multilayer
coatings containing NbN exhibited sink-in during inden-
tation; however, the NbN/CrN coating deforms less than
the TiN/NbN combination, even though the reference
films of CrN and TiN show the opposite behavior
(Table I). It is thought that this is caused by the smooth
interfaces that form in the NbN/CrN coating, compared
with the TiN/NbN interfaces, such that the NbN is able
to confine the CrN deformation. This example illustrates
the importance of the state of the interface to the overall
mechanical behavior of the coating and shows that the
enhancement of constituent materials within a multilayer
coating is possible.
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