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• Temperature-dependent molecular dy-
namics calculations of the (100), (110),
and (111) surface energies of TiN.

• In situ microcantilever bending tests
performed at ambient, and elevated
temperatures.

• Growth defect recovery identified as a
decreasing factor for the fracture tough-
ness of TiN thin flims.

• Analytical continuum mechanics model
consulted to estimate the temperature-
dependent apparent fracture toughness
of TiN attached to a Si substrate.
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We provide an experimental and theoretical description of the high temperature fracture behaviour of TiN thin
films. For this, we employ molecular dynamics and density functional theory, to show that the surface energies
drop insignificantly between 0 and 1000 K. We utilise these results to predict a slight decrease of the fracture
toughness over the aforementioned temperature range.
For the experimental perspective, we use unbalanced DC reactivemagnetron sputtering to synthesise a TiN film,
on which we perform in situ high temperature microcantilever bending tests. Upon increasing the testing tem-
perature from room temperature to 773 K our results present a slight, irreversible decrease of KIC, once the depo-
sition temperature of the film (~653 K) is exceeded.
Based on our theoretical groundwork, as well as complementary data produced by X-ray diffraction, nanoinden-
tation, transmission electron microscopy, and wafer curvature measurements, we identify growth defect recov-
ery as the main reason behind the decrease of KIC. We observe no change in the deformation and/or fracture
mechanism of TiN across the experimentally investigated temperature range. Using an analytical model based
on continuum mechanics, we estimate the influence of macro residual stresses on the temperature-dependent
fracture toughness of TiN attached to a Si (100) wafer.

© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

Mechanical properties at elevated temperatures are a thoroughly ex-
plored field in the case of bulkmaterials [1–4]. Temperature-dependent
fracture characteristics have been described and evaluated for a variety
the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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of materials, including bulk-sized alloys, and metallic glasses, as well as
micro-sized samples of Si, andW [5–9]. In the case of ceramic thin films,
however, the high temperature (HT) fracture behaviour in particular
presents itself as rather uncharted territory. Among this family of mate-
rials, TiN has garnered widespread popularity within the field of micro-
electronics [10–12], fuel cells & batteries [13,14], and as protective
coatings against harsh environments [15,16]. In many of these applica-
tions, TiN is exposed to severe thermally and/or mechanically-induced
stresses [17]. Hence, it is imperative that we expand our understanding
of the fracture properties of TiN at elevated temperatures. Furthermore,
TiN is commonly consulted as a reference material for the family of re-
fractory nitride and carbide thin films and may therefore serve as a
basis to elucidate the fracture mechanisms of other isostructural repre-
sentatives of this class of materials.

Compared to other, more easily accessible, mechanical properties
(e.g. hardness, elasticmoduli), studies on the fracture toughness of tran-
sitionmetal nitrides (TMNs) are relatively rare even at ambient temper-
ature. Traditionally, the data available has been produced using classical
indentation-based methods [18–20]. However, these procedures can
often yield an unsatisfactory degree of accuracy, due to the comparably
complex andmultiaxial stress state induced by the indenter, potentially
unclear crack geometries, and the presence of residual stresses [18,19].
Thus,more sophisticatedmicromechanical techniques have been devel-
oped, including pillar splitting [21], and single cantilever bending tests
performed on free-standing film material [22]. Both approaches,
which minimise the influence of substrate-related residual stresses,
have been applied to determine the fracture toughness of a select few
TMNs [23–25], as well as to explore strategies that enhance the intrinsi-
cally poor toughness-related properties of TiN and its relatives [26,27].
Microcantilever bending tests have also been conducted to determine
the effect of annealing on the critical stress intensity KIC of TiN, TiAlN,
and TiN/CrN superlattices [23,28].

In situ micromechanical experiments focusing on the fracture
toughness at elevated temperatures have been performed on a small
minority of materials. Highlights include the observation of a brittle-
to-ductile transition in both Si [8,29] and single-crystalline W [9], due
to increasing temperature. Such investigations remain a scarce resource
for TMNs however, and the few studies that do exist, possess limited in-
formative value for TMNs as a whole. The scarcity of such studies is pre-
dominantly related to the fact that the required experimental
equipment has only become available and accessible in recent years.
Microcantilever bending tests at elevated temperatures of CrN thin
films were assumed to be affected by diffusion of Ga ions (implanted
during fabrication of the cantilevers) [30]. For the same material, the
micropillar splitting approach was found to gradually lose its validity
with increasing temperature, due to deformation of the outer pillar cir-
cumference at the higher end of the studied temperature range [31].

Providing a theoretical perspective on the temperature dependence
of the mechanical properties of TiN, ab initio molecular dynamics (MD)
calculations, performedby Steneteg et al. [32], show that the shear, bulk,
and Young's moduli all decrease across a temperature span ranging
from 300 K to 1800 K. Similarly, Shulumba et al. [33] reported, based
on Density Functional Theory (DFT) calculations, a decrease of all elastic
constants of TiAlN upon elevating the temperature from 0 K to 2000 K.
Notably, theoretical studies on the temperature dependence of more
toughness-relevant quantities are effectively untraceable. In fact, poten-
tials for classical MD calculations of TiN have only become available rel-
atively recently [34,35]; similarly, ab initio MD simulations of
reasonably sizedmodels have become feasible also only in the past cou-
ple of years. Since then, significant studies have emerged, detailing
strength and toughness-related properties of transition metal nitrides
from the perspective of ab initio molecular dynamics [36,37].

With both in situ micromechanical experiments at elevated temper-
atures and temperature-dependent toughness data obtainedwithin the
frameworks of DFT and MD simulations at the root of this study, we
therefore aim to provide a critical jigsaw piece, propelling us towards
a more comprehensive description of the mechanical characteristics of
TiN at application-relevant temperatures. The role of macro residual
stresses on the film-substrate system fracture toughness is discussed
for TiNon Si (100) using an analyticalmodel estimating the stress inten-
sity for a crack in a thin film on a substrate as a function of crack length
and the difference in elastic properties of the film and substrate [38].

2. Methodology

2.1. Computational

The temperature dependent surface energy γhkl was calculated for
the three main crystallographic directions (100), (110) and (111)
using molecular dynamics (MD). A modified embedded atom method
(MEAM) potential, designed for TiN surface properties, was used
[34,35]. The simulations were performed in a large-scale atomic/molec-
ular massively parallel simulator (LAMMPS) [39]. To obtain the surface
energy, a block of TiN was relaxed at each given temperature with peri-
odic boundary conditions. For each configuration and temperature, the
same initial cell, without the created surface, was run under the same
conditions. An NPH (constant number, pressure, and enthalpy) barostat
(switched to Parrinello-Rahman) with 1 bar of pressure was applied for
the calculations and used for the free energy calculations. The tempera-
ture was controlled over a Langevin thermostat set to the desired tem-
perature. After the initial run, the block was separated in the middle,
normal to the desired surface and relaxed again. In case of (100) and
(110), two identical surfaces, in case of (111), both a nitrogen and a ti-
tanium terminated surface are created as it would when a cracks forms
in this plane. Each cell consists of 8000–10,000 atoms, the chosen
timestep is 0.1 fs with a total simulation time of 5 ps. After roughly
600 fs the target temperature is reached. The surface energy was then
calculated from the energy difference according to Eq. 1.

γhkl Tð Þ ¼ Eslab Tð Þ−Ebulk Tð Þ
2A

; ð1Þ

where Eslab and Ebulk are thepotential energies of the separated and bulk
material, respectively, at the given temperature, and A is the area of one
of the created surfaces. To validate the results of the MD simulations,
γ100 was additionally calculated with density functional theory (DFT)
using the Generalised Gradient Approximation (GGA) with Projector
AugmentedWave (PAW)potentials [40]with a GGA potential in the Vi-
enna ab-initio simulation package (VASP) [41,42]. The phonon frequen-
cies of TiN slabs with different thicknesses were evaluated within the
finite displacement method framework implemented in phonopy [43].
Resulting harmonic approximation-based free energy was employed
in Eq. 1 to obtain the temperature-dependent surface energy. For the
temperature dependent elastic constants, the results of Shulumba
et al. were used [33].

From the directional Youngs's moduli, E[hkl], and corresponding sur-
face energies, γ(hkl), the fracture toughness (KIC) is estimated by the fol-
lowing equation, in compliance with [44,45]:

KIC hklð Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4E hkl½ �γ hklð Þ

q
; ð2Þ

2.2. Experimental

All samples discussed in this study were synthesised by unbalanced
DC reactive magnetron sputtering inside an adapted lab-scaled Leybold
Heraeus Z400. We used Si (100) wafers as substrates, which we ultra-
sonically cleaned in acetone and ethanol for 5 min each, before mount-
ing them in the stationary substrate holder. The system was
subsequently evacuated to a base pressure of roughly 10−4 Pa, before
thermal purging of the chamber was conducted at 773 K for 20 min.
To remove native oxide layers from the surface, the substrates were
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ion-etched for 15min in a pureAr atmospherewith a pressure of 6 Pa by
applying a voltage of −150 V with a frequency of 150 kHz to the sub-
strates. To minimise oxygen contamination of our films, we also ad-
hered to the recommendations of Riedl et al. [46], which have been
shown to reduce the level of oxygen contamination below the detection
limit of elastic recoil detection analysis (ERDA) in Hf-Ta-Ti-V-Zr nitrides
[47] synthesised in the exact same deposition system as the TiN of the
present study. These recommendations included sputter-cleaning the
Ti target behind the closed shutter for the last 2 min of the etching pro-
cess in pure Ar. For the deposition process itself, we applied a constant
current of 1 A to a 3-in. Ti target, while bleeding a N2:Ar gas mixture
of 12 sccm/28 sccm into the chamber. The total chamber pressure was
kept constant at 0.4 Pa. A constant bias voltage of −40 V was applied
to the substrates to facilitate the formation of a dense microstructure
within our TiNfilm.We set the substrate heater to 773 K,which resulted
in an effective temperature of approximately 653 K on the surface of the
substrate (in the following denoted as “deposition temperature”).

To prepare the samples for the cantilever fabrication process, we re-
moved the Si (100) substrate beneath a polished edge of the coating,
producing roughly 10 μm of freestanding film material. This was
achieved by submerging the sample in a 30% KOH solution heated to
343 K for 2 h. A rotating oblongmagnet provided a constant stirringmo-
tion. Themicrocantileverswere cut into the freestanding part of thefilm
using a focussed ion beam (FIB) workstation (FEI Quanta 200 3D DFIB).
The rough shape of the cantilevers was prepared with an ion beam cur-
rent of 3 nA. For the finer patterning steps, producing the final shape of
the cantilevers, a current of 500 pA was used, while aiming for dimen-
sions of t × t × 7 t, whereby t denotes the film thickness. We further re-
duced the current to 50 pA to cut the notches. Our TiN film had a
thickness of approximately 2.8 μm, while the cuts for the notches
reached a depth of about 470 nm. Thinmaterial bridges were left intact,
flanking the notches. All cuts were made using an accelerating voltage
of 30 kV. In an effort to minimise drift during the FIB procedure, we
sputtered 8 nm of a AuPd alloy (60:40) onto the sample surface.

Microcantilever fracture testing was performed on freestanding film
material at ambient and elevated temperatures using a high tempera-
ture setup (Alemnis nanoindenter, Alemnis AG, Thun/Switzerland)
equipped with a cono-spherical diamond indenter (1 μm tip radius).
The experiments were conducted at room temperature, ~200 °C
(473 K), ~400 °C (673 K), ~500 °C (773 K), and again at room tempera-
ture afterwards. Either 6 or 7microcantileverswere tested at every tem-
perature. The tip temperature was calibrated by performing indents
into a Cu stub at different temperatures covering the investigated tem-
perature range. Prior to the experiments, the contact drift was
minimised by adjusting the sample and tip temperature and by
performing shallow indentations into the bulk material next to the
micro-cantilevers. Further details of this method can be found else-
where [48]. Drift rates of below 10 nm/min could be achieved. The
tests were performed displacement-controlled with a rate of 30 nm/s
and were manually interrupted once fracture had occurred.

The dimensions of the fracture surface (thickness w, breadth b, and
notch depth a0) were consulted, in combination with the length l of
the cantilever and the maximum force recorded at failure Ff, to derive
a value for the critical stress intensity KIC for every cantilever, utilising
the following equations outlined in various studies [22,49,50].

KIC ¼ F f l

bw
3�

2

f
a0
w

� �
; ð3Þ

Therein f(a0/w) represents the followingpolynomial shape function:

f
a0
w

� �
¼ 1:46þ 24:36

a0
w

� �
−47:21

a0
w

� �2
þ 75:18

a0
w

� �3
; ð4Þ

The cross-sectional fracture surfaces were analysed, regarding their
dimensions and morphology, with an FEI Quanta 250 FEG (a field
emission gun scanning electronmicroscope – FEGSEM). Structural anal-
yses of the film before and after the heating sequence were performed
by X-ray diffraction (XRD), employing a symmetric Bragg-Brentano X-
ray diffraction setup. The system was equipped with a Ge (220) hybrid
monochromator, which ensured an incident beam of Cu-Kα1

radiation only.
A JEOL2100F transmission electron microscope, equipped with an

image-side CS-corrector, was used in this study, which demonstrates a
resolution of 1.2 Å at 200 kV. The aberration coefficients were set to
be sufficiently small, underwhich the high resolution transmission elec-
tron microscopy (HRTEM) images were taken under slightly over-
focused conditions (close to Scherzer defocus). Scanning TEM (STEM)
images shown in this paper were recorded using a high-angle annular
dark-field (HAADF)/bright-field (BF) detector, with the inner and
outer angle of theHAADF detector set to 54mrad and 144mrad, respec-
tively, and a BF detector angle of less than 10 mrad.

To investigate the hardness and indentationmodulus of the TiN film
before and after undergoing the heating procedure, we worked with a
Fischer Cripps Laboratories ultra-microindentation system (UMIS)
equipped with a Berkovich indenter tip. In total, 31 indentations were
performed on the sample in both instances with forces ranging from 3
mN to 45mN. All indents exceeding a depth of 10% of the coating thick-
ness were excluded from the evaluation, to minimise the influence of
the substrate on the final results. We performed the analysis of the re-
corded data in accordance with the Oliver and Pharr method [51]. The
indentation modulus was derived from the reduced modulus recorded
by the UMIS system as outlined by Fischer-Cripps [52].

The residual stress state of TiN as function of the temperature was
analysed using a kSA MOS Thermal Scan wafer curvature measure-
ment system. The peak temperature of the measurement was set to
773 K, and two different heating rates of 0.5 K/s, and 0.1 K/s, respec-
tively, were used and evaluated. We instructed the system to hold the
peak temperature for 2 h before initiating passive vacuum cooling. The
temperature- and time-dependent curvature data provided by the in-
strument was converted into residual stress values using Stoney's
equations in compliance with the guidelines provided by Janssen
et al. [53].

To quantify the influence ofmacro residual stresses in thefilmon the
system fracture toughness of a TiN film on a Si substratewe performed a
fracture mechanical analysis. The total stress intensity factor Ktot can be
defined as the superposition of the stress intensity factor introduced by
an external load Kext and by the residual stress state Kres.

Ktot ¼ Kext þ Kres; ð5Þ

If Ktot equals or exceeds the material's inherent fracture toughness
KIC the crack will propagate. We define the system fracture toughness
Ksys as the critical stress intensity factor corresponding to the externally
applied load, i.e. the fracture toughnesswewould experimentally deter-
mine for a system with residual stresses. Hence, we can rewrite Eq. 5:

Ksys ¼ KIC−Kres; ð6Þ

Weassess the contribution of the residual stress state bymeans of an
analytical approach proposed by Beuth [38] for thin bonded films in re-
sidual tension. It allows to estimate the stress intensity factor for a par-
tially cracked film on a semi-infinite substrate as a function of crack
length a for a given film thickness t with uniform stress in the film.
The stress intensity factor associated with the residual stress state σres

is given by

Kres ¼ σ res
ffiffiffiffiffi
πt

p
F α;β;

a
t

� �
; ð7Þ

where F(α,β,a/t) is a dimensionless quantity depending on the geome-
try and the Dundurs parameters (α, β) which describe the elastic mis-
match between film and substrate considering plane strain conditions.
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The fact that compressive residual stresses would lead to crack closure
does not constitute a problem for the herein analysed situation, as we
define the total stress intensity factor Ktot as the superposition of Kext

and Kres. Stresses with a negative sign in Eq. 7, corresponding to com-
pressive thermal residual stresses, simply lead to an increase of the sys-
tem fracture toughness given by Eq. 6.

Lastly, whenever possible, experimental results and measurements
in this document are quoted in terms of their sample mean and stan-
dard error.
3. Results & discussion

3.1. Theoretical studies

Our theoretical results demonstrate that the surface energies de-
crease slightly with increasing temperature. As visualised in Fig. 1a,
the results fromDFT andMD show the same trend for the (100) surface.
Although the energies calculated by DFT do not perfectly match those
provided by MD, they are of similar magnitude. A certain mismatch is
expectable, since it has been demonstrated that the accuracy of surface
energies calculated by DFT is rather limited in general [54]. Within the
experimentally relevant temperature range from 300 to 800 K, γ100 de-
creases by 1.6%. The MD simulations show a decrease of 4.6% for the
(100) surface. For the (110) and (111) surfaces the changes are of
smaller magnitude with 1.7 and 1.6%. We note that the error stemming
from using harmonic approximation (HA) neglecting thermal expan-
sion is expected to be negligible. In the first instance, we can correct
the HA data by including thermal expansion term to the surface area.
Considering thermal expansion, the surface energy drop increases
from 1.6% to 2.8% over the temperature range 300–800 K. Further im-
provement would be related to employing (computationally much
heavier) quasi-harmonic approximation instead of HA, but this is be-
yond the scope of the present paper.
Fig. 1. (100), (110), and (111) surface energies of TiN as a function of temperature
(a) calculated using molecular dynamics (MD). The observed trends were verified by
calculating a reference for the (100) surface energy via DFT. The temperature-
dependence of the directional Young's moduli of TiN (b) were derived from the elastic
constants calculated by Shulumba et al.
Shulumba et al. [33] showed that the elastic constants decreasewith
temperature. As expected, the same holds true for the directional
Young's moduli, as illustrated in Fig. 1b. In the aforementioned
temperature range, E100 decreases by 8.7%. For the [110] and the [111]
directions, the Youngs's moduli decrease by 6.8 and 6.3% respectively.
The brittle/ductile behaviour, as predicted by the Pugh [55] and Pettifor
[56] criteria, over the same temperature range does not change signifi-
cantlywith a G/B value of 1.5 for thewhole range and a Cauchy pressure
increase from −30.8 to 28.1 GPa for 273 and 873 K.

Calculating the critical stress intensity KIC over the temperature
range predicts a slight decline in the theoretical fracture toughness
with a decrease of 6.7, 4.3, and 4.0% for the different surfaces, as
depicted in Fig. 2. Deviations of the absolute calculated values of the
fracture toughness of TiN (shown in Fig. 2) from experimentally pro-
duced ones are to be expected, as ab initio calculations do not consider
features, such as growth defects, residual stresses, and grain boundaries,
which influence the fracture toughness of an experimentally produced
TiN. Also, the TiN films investigated in this study are polycrystalline
and measurements performed on them therefore contain influences of
all crystallographic directions. In addition to the fact that the fracture
mechanism of theory and experiment are not perfectly identical, all of
this means that the absolute values in Fig. 2 have to be taken with
care. The trends discussed above, however, still provide valuable insight,
as they suggest that TiN should have a relatively constant fracture
toughness over the studied temperature range – from an atomistic
perspective.
3.2. Structural analyses

The XRD patterns of our TiN coating on Si (100) before and after the
heating cycle of the fracture toughness testing procedure, depicted in
Fig. 3, show a clear fcc peak sequence in both cases and align with the
reference pattern for rocksalt (rs) TiN. In both instances, the film
shows a diffraction pattern characteristic of a material without any
strongly preferred crystalline orientation. Upon completing the heating
sequence, the sample displays a slight intensification of the (100) peak.
The testing procedure at elevated temperatures also appears to reduce
thewidth of the (111) and (200) peaks. The full width at halfmaximum
(FWHM) of the (111) peak decreases from 0.37° (pre-HT) to 0.34°
(post-HT). Analogically, the full width at half maximum of the (200)
peak is also narrowed from 0.39° to 0.35° as a consequence of the heat
treatment. A small shift to higher diffraction angles, indicative of a de-
creased d-spacing and lattice parameter, can also be observed for
these two peaks as a result of the high temperature treatment with a
maximum temperature of 773 K. These two features (reduced FWHM
and d-spacing) are established indicators of recovery effects, whereby
Fig. 2. Theoretically predicted trend of the critical stress intensity as a function of
temperature.



Fig. 3. XRD patterns of the TiN film before and after the high temperature testing
procedure. The full width at half maximum (FWHM) is quoted for both the (111) peaks
(left) and the (200) peaks (right).
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growth-induced structural defects (such as point and line defects) rear-
range towards lower-energy sites (sometimes even annihilate) at tem-
peratures above the deposition temperature of 653 K. Please note that
changes in the macro residual stress state of the film also affect the d-
spacing measured by XRD. Theoretically, grain growth and/or
recrystallisation may also cause the observed intensification and
narrowing of the Bragg peaks, however, for TMNs, such events are typ-
ically reported at temperatures significantly higher than 773 K.

Further information on the (micro-)structural changes occurring
within the TiN film during the high temperature testing process can
be derived via transmission electron microscopy (TEM). Fig. 4a and b
show BF-STEM (bright-field scanning TEM) images of an as-deposited
TiN coating (equivalent to pre-HT in Fig. 5a), and of the TiN film after
the testing procedure at elevated temperatures (post-HT), respectively.
Fig. 4c and d depict accordingly BF-TEM images of the two samples. The
untreated sample (Fig. 4a) shows a higher prevalence of dark spots and
striations – and thus a higher number of scattering sites for electron –
compared to the sample that underwent the heating cycle (Fig. 4b).
These features are likely clusters of point and/or line defects, and
Fig. 4.Bright-field STEM (a and b), bright-field TEM(c and d), andhigh-resolution TEM (e and f)
images is the [100] direction.
therefore the TEMmicrographs of the heated sample exhibit a reduced
concentration of defects. Due to the annihilation of the darkened fea-
tures, the columnar grain structure is more clearly visible in the BF-
STEM, and BF-TEM images of the “annealed” TiN sample (Fig. 4b, and
d, respectively). The grain size and shape appear to remain unaffected
by the heating procedure of the high temperature fracture toughness
tests, based on our TEM investigations. Close examination of Fig. 4d in-
dicates pore formation at the grain boundaries, as a result of the high
temperature testing procedure, due to defect condensation and annihi-
lation at the grain boundaries. High-resolution TEM (HRTEM) images of
the untreated (as deposited) TiN film and the heat-treated TiN sample
are provided in Fig. 4e and f, respectively. In these presented images,
the recovery-related difference is not as apparent as in the BF-STEM,
and -TEM micrographs, however in the as-deposited state the TiN ex-
hibits a higher number of blurred, distorted regions, which may be
caused by dislocations. The HRTEM micrograph of the heat-treated
TiN sample, on the other hand, exhibits a more defect-free crystalline
structure.
3.3. Intrinsic fracture toughness of TiN at elevated temperatures

In Fig. 5a we present the intrinsic fracture toughness of polycrystal-
line TiN (in terms of the critical stress intensity KIC) recorded at 298 (be-
fore any post-deposition heating), 473, 673, and 773 K, and again after
cooling down to a RT of 296 K. Fig. 5b and c depict SEM micrographs
of a representative microcantilever before testing and a typical fracture
cross-section of a cantilever after failure, respectively. The initial (as de-
posited) fracture toughness of our TiN thin film was measured to be
2.9 ± 0.1 MPa√m at a RT of 298 K.

Compared to past studies, our measurement resides at the higher
end of the spectrum of fracture toughness values reported for TiN,
which typically vary roughly between 2 and 3 MPa√m [23,24,27,57].
This slight elevation of our KIC value compared to other studies may
be caused by a combination of multiple different factors originating
from the synthesis and testing procedures. Firstly, since our study fo-
cuses solely on TiN, we were able to optimise the deposition conditions
of the sputtering process for the growth of a TiN film with favourable
mechanical properties. Secondly, microcantilever bending tests are
micrographs of pristine, and heat-treated TiN, respectively. The viewing axis of theHRTEM



Fig. 5.Plot of the fracture toughness – in terms of the critical stress intensity KIC– versus the testing temperature (a). The effective substrate temperature during the deposition process Tdep
is highlighted, as well as the room temperature values of KIC before and after the high temperature testing steps. The connecting line was added as guidance in accordance with our
interpretation of the data. The SEM micrographs in (b) and (c) show a typical cantilever before and after fracture at room temperature (pre-HT).
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known to be sensitive to the notch and bridge geometries [58,59]. We
performed our tests in accordance with the findings of Brinckmann
et al. [58], who recommend a displacement-controlled setup and
bridged notches that exceed an a/w ratio of ~0.15. Nevertheless, given
the geometries of our notches and bridges (Fig. 5c), our measurements
are more likely to be affected by a small degree of overestimation than
by underestimation [58].

Upon increasing the testing temperature from 298 K to 473 K,
the critical stress intensity decreases only marginally. This small
decrease may reflect the minor reduction of both the surface en-
ergy and the Young's modulus observed in the DFT and MD calcu-
lations. However, the difference between these two data points is
completely covered by the error of both measurements, and may
therefore be entirely fictional. The subsequent noticeable decrease
of the fracture toughness to 2.6 ± 0.1 MPa√m as the temperature
is increased to 673 K can no longer be attributed solely to measure-
ment uncertainties. By completing this heating step, the deposition
temperature of 653 K is surpassed, and therefore recovery effects
may ensue. A further elevation of the testing temperature to
773 K only results in an additional minor decrease of the critical
stress intensity to roughly 2.5 ± 0.1 MPa√m, fully covered by the
measurement error, which may be explained by continuing recov-
ery processes. However, measurement errors, local deviations
from the measured temperature, and the minor detrimental influ-
ence of the temperature on the surface energy, as observed by
our theoretical studies, have to be taken into consideration for
this last observation. In general, the TiN microcantilevers failed in
an intergranular manner, as depicted in Fig. 5c.

As the sample is cooled from 773 K to a RT of 296 K, the fracture
toughness remains virtually constant. The observation that the drop in
KIC, recorded as soon as the deposition temperature was exceeded, is ir-
reversible by cooling back to RT serves as additional evidence for the im-
pact of recovery effects on the fracture toughness. Moreover, results
produced by nanoindentation outline a clear decrease of the hardness
from 31.9 ± 0.7 (pre-HT) to 27.3 ± 0.6 GPa (post-HT). The indentation
modulus remains relatively constant at 481.8 ± 6.8 and 475.0 ±
11.0 GPa respectively. It has to be noted that – unlike the
microcantilever bending tests – nanoindentation is influenced by
changes of the residual stress state of the film. However, a decreasing
hardness is a common observation associated with the recovery of
growth defects [23,60,61]. Hence, in combinationwith the structural in-
vestigations of the previous sections, the nanoindentation results sug-
gest as well that neither the temperature dependence of the elastic
constants, nor the surface energies are responsible for the significant
decrease in KIC, but the associated recovery effects when surpassing
the deposition temperature.

The load-deflection curves of all cantilevers depicted in Fig. 6a pres-
ent a similar spread of the data for all measurement temperatures. This
suggests that most of the deviation in apparent stiffness supposedly ob-
servable in Fig. 6a actually originates from geometrical differences be-
tween the cantilevers. Particularly representative cantilevers for each
temperature are displayed opaquely in Fig. 6a and represented in
Fig. 6b in terms of stress intensity and relative deflection. For the latter
quantity, the absolute deflection at each point of the load cycle was di-
vided by the thickness of the cantilever in question, as all other dimen-
sions were chosen in relation to the thickness. This normalised set of
data further reinforces the impression that the apparent stiffness of
the cantilevers remains essentially constant across the investigated
temperature range. Contrastingly, the maximum stress intensity, as
well as the relative elastic deformation limit are both reduced notice-
ably by the heating procedure. This indicates that the energy absorbed
upon fracture of TiN is also decreased by thermally induced recovery.

The results of all toughness-related investigations further imply that
no brittle-to-ductile transition, nor any other thermally activated
change of the fracture mechanism itself, occurs up to 773 K. Further-
more, based on the results of thepresent study, the influence of the tem-
perature (over the examined range) on the bonding characteristics
appears to be rather small, barely manifesting in a measurable change
of the critical stress intensity and/or apparent stiffness. Our results
unanimously implicate recovery of point and line defects in the drop
of the fracture toughness with increasing temperatures. Thermally in-
duced recovery effects have been investigated by past studies, which re-
ported a decrease in the magnitude of micro-strains [62,63], hardness
[60,61], and dislocation density [63], as well as a significant reduction
of the electrical resistivity of TiN thin films [64,65]. Both point and line
defects, and the associated microstrains, are known to be prominent
features in PVD-produced thin films [62]. Our evidence thus suggests
that the presence of point-defect- and dislocation-inducedmicrostrains
has a positive effect on the fracture toughness of TMN thin films. Fur-
thermore, the results of the present study demonstrate that tempera-
tures up to 773 K do not have a significant adverse effect on the
fracture toughness of TiN coatings.

By depicting an overall drop of the fracture toughness with increas-
ing temperature up to 773 K, our results for TiN show a contrasting
trend to those reported by Best et al. for nanolayered coatings [31],
who found increasing KIC values with increasing temperature. The
rather complex nanolayered coatings (containing also metastable
cubic AlN) investigated in their study impedes a straightforward



Fig. 6. Load-Deflection plots of all TiN microcantilevers tested in this study (a). Particularly representative cantilevers for each temperature increment are shown opaquely in (a) and
plotted in (b) in terms of stress intensity and deflection in relation to their respective thickness.
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comparison with our results found for monolithic TiN. For pure mono-
lithic CrN, Best et al. noted a limited accuracy of the pillar splitting ap-
proach used in their study (they observed a combination of
deformation modes, including deformation of the outer pillar circum-
ference). Another potential origin of the divergent observed trends
might be the lower decomposition and melting temperature of CrN
compared to TiN [66,67]. Thus, the experiments on CrNwere effectively
conducted within a significantly higher region of the homologous tem-
perature than those on TiN of the present study. In a different study, Ga
ion embrittlement – a concept traditionally associated with metallic
materials [68] –was seen to occur in FIB-notched CrN microcantilevers
at elevated temperatures [30]. The reason for this conclusion was that
their measured fracture toughness remained unchanged by heating to
773 K anddecreased significantly upon cooling back to RT. However, de-
finitive proof was not provided. This trend does not align with that re-
corded by our experiments, since we observe a noticeable decrease of
the fracture toughness already upon heating beyond the deposition
temperature, and virtually no change as a result of cooling back to RT.
If thermally activated Ga ion diffusion were to embrittle our sample,
we would therefore expect to see a significant decrease in fracture
toughness upon cooling [30,69]. Therefore, it seems that our TiN sample
was not significantly embrittled by Ga ion diffusion. Furthermore, other
studies performing microcantilever bending tests on non-metallic ma-
terials have not provided evidence for Ga ion embrittlement. In situ in-
vestigations of Si microcantilevers at elevated temperatures, for
instance, have not shown the effect [8]. Our results match those of
Riedl, Daniel et al. [70], who cut microcantilevers into as-deposited
and annealed samples of CrN, which were then tested at RT. They dem-
onstrated that annealing above the deposition temperature leads to a
measurable reduction of the fracture toughness, for which they also
cite growth defect recovery – and the associated relaxation of compres-
sive micro residual stresses – as a likely explanation [70]. The fact that
the cantilevers of their study were cut after the samples had been
annealed eliminates Ga ion embrittlement as a possible origin of the
temperature-related decrease of the fracture toughness in CrN for
their study.

3.4. Apparent system fracture toughness of TiN on Si at elevated
temperatures

In the previous section, we explored the intrinsic fracture toughness
of TiN without the influence of residual stresses. As long as a TiN film is
supported by a substrate, however, which is the reality inmost applica-
tions of the material, residual stresses affect its mechanical properties.
In this section, we therefore aim to provide a methodological example
of how the intrinsic fracture toughness values may be combined with
the temperature-dependent residual stress state of TiN on a given sub-
strate to extract the system fracture toughness of a TiN film on that
given substrate at different temperatures. In Fig. 7a we present the
residual stress state of a 2.8 μmTiN film on a Si (100)wafer as a function
of temperature. As outlined in the section covering the experimental
methodology, we measured the curvature of the wafer and converted
the readings into residual stress data via Stoney's Eq. [53]. According
to these results, the untreated, as deposited, TiN film possesses roughly
−1.1 GPa of compressive residual stresses. We conducted the experi-
ments for two different heating rates of 0.1 and 0.5 K/s. In each instance,
the peak temperature was set to 773 K.

For each heating rate, the temperature increase causes an intensifi-
cation of the compressive residual stresses, as the Si (100) substrate im-
pedes the thermal expansion of the TiN films. The peak temperature
was kept constant for 2 h in each case, and Fig. 7b and c show that the
curvature changes logarithmically over that period. This serves as an ad-
ditional piece of evidence of growth defect recovery, as the logarithmic
time-dependence at a constant temperature suggests the occurrence of
a thermally activated, diffusive process. The lower heating rate of 0.1 K/s
is also capable of resolving the onset of this process below the peak tem-
perature. During cool-down, the thermal stresses of the heating proce-
dure are relieved, leading to the characteristic hysteresis depicted in
Fig. 7a. The observation that defect recovery causes relaxation of com-
pressive residual stresses in the film aligns with the reduction in d-
spacing recorded by XRD (Fig. 3). A less compressive residual stress
state allows for an elongation of the interplanar spacings parallel to
the substrate-film interface, which is compensated by a shortening of
the d-spacings normal to the interface (measured by XRD). Combining
these residual stressmeasurements (Fig. 7) with the TEM investigations
(Fig. 4) therefore suggests that growth defect recovery lowers the in-
trinsic fracture toughness of TiN by causing the formation of pores at
the grain boundaries, and reducing the microstrains in the film.

In theory, grain growth would cause a similar curvature-
temperature profile, however, in the past it has been shown that grain
growth in TiN-based materials becomes significant at temperatures
considerably higher than those studied in the present investigations
[60,71,72]. For CrN, Daniel et al. [73] have reported grain growth to
occur at a significant rate at 1173 K. Mayrhofer et al. [67] have detected
the onset of recrystallisation-related grain growth in CrN at about
1073 K. Moreover, our morphological investigations did not indicate
any significant changes of size and shape of the columnar grains, and
TiN is considered to possess a higher thermal stability than CrN, which
has been demonstrated to release nitrogen and decompose into Cr2N
at about 1273 K [60,67,74]. Therefore, grain growth and/or
recrystallisation does not seem to be a relevant factor in our study.

Using the weight function approach outlined in the methodology
section, we combine the temperature-dependent intrinsic fracture
toughness of TiN captured by the microcantilever bending tests
with residual stress measurements of TiN on Si at each temperature
(analogous to Fig. 7) to estimate the impact of elevated temperatures
on the overall system fracture toughness of our TiN film on Si (100).
The residual stress of each data point wasmeasured by heating to the



Fig. 7. Plot of the residual stress state as function of temperature for two different heating rates (a). The 2 h holding period of the peak temperature of 773 K shows a logarithmic change of
the residual stresses over time (b and c).
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respective peak temperature at a rate of 0.5 K/s, and holding this
temperature for 2 h to allow for any potential recovery effects to
progress sufficiently.

As an example for the effect of residual stresses within the realistic
configuration of a thin film attached to a semi-infinite substrate, we
present the system fracture toughness values gained by the analytical
model for an initial crack with an a/t ratio of 0.2, where a refers to the
initial crack length and t to the film thickness (2.8 μm). Fig. 8 depicts
the results of this continuummechanics (CM)-based model in compar-
ison with the experimentally recorded intrinsic fracture toughness
readings of Fig. 5a, where the macrostresses are fully relaxed. The re-
sults therein show that the compressive residual stresses imposed by
the substrate, which intensify upon heating, elevate the expected criti-
cal stress intensity of the TiN-Si system as the temperature is increased.
A decrease of KIC is only noticeable upon heating from 673 K to 773 K.
Still, the system fracture toughness of TiN-Si at 773 K (5.2 MPa√m)
Fig. 8. Critical stress intensity of TiN attached to a Si (100) substrate as a function of
temperature based on the continuum mechanics (CM) model. The experimental values
of the intrinsic (residual-stress-free) fracture toughness of Fig. 5a are added to act as
comparison.
exceeds that of as-deposited TiN-Si (4.6 MPa√m). Upon cooling back
to RT, the recovery-related decrease in toughness becomes apparent
also in the TiN-Si system. In relative terms, the system KIC is reduced
by 14% from 4.6 MPa√m (pre-HT) to 4.0 MPa√m (post-HT) as a result
of the heating procedure and its associated events. This relative de-
crease of the system fracture toughness is effectively identical to that
of the intrinsic fracture toughness from 2.9MPa√m to 2.5MPa√m.Over-
all, our analytical estimations demonstrate that the residual stress state
presents a vital contribution to the TiN-Si system fracture toughness. For
other TiN films attached to different substrates, this model would yield
noticeably different results. Thus, for temperatures up to 773 K our in-
vestigations show that the fracture behaviour of TiN on any given sub-
strate, just like at RT, is primarily governed by the film-substrate
relationship, as well as the thermal and processing history of the
material.
4. Summary & conclusions

We have examined the fracture-related properties of TiN thin films
from an experimental and computational viewpoint. Providing the the-
oretical foundation for this study, we usedmolecular dynamics to calcu-
late the (100), (110), and (111) surface energies of TiN and show that
they only decrease marginally as the temperature is increased from 0
to 1000 K. In the experimentally relevant temperature range from
298 K (25 °C) to 773 K (500 °C), the change is particularly insignificant.
We also calculated the (100) surface energies via DFT to verify the
trends observed in our MD simulations. By combining our results for
the surface energies with existing data for the elastic constants of TiN
at elevated temperatures, we predicted a relatively constant develop-
ment of the critical stress intensity KIC across both the theoretical and
experimental temperature span.

The results of our micromechanical single-cantilever bending tests
conducted in situ at the elevated temperatures mentioned above re-
corded no significant direct influence of the temperature on KIC up to
773 K (500 °C), thereby mirroring the observed theoretical trends. A
noteworthy change occurred only once the deposition temperature of
the TiN film had been surpassed, which led to a decrease of the fracture
toughness from 2.9 ± 0.1 to 2.5 ± 0.1 MPa√m. As this was unrecover-
able upon cooling the TiN film back down to room temperature, we
identified thermally induced solid state reactions, i.e. recovery of
growth defects above the deposition temperature as the main driving
force behind this drop. The occurrence of recovery is further evidenced
by a drop in hardness from 31.9 ± 0.7 (before the heating sequence) to
27.3 ± 0.6 GPa (after the heating sequence), as well as structural
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changes uncovered by TEMmicrographs and XRDpatterns recorded be-
fore and after the heating cycle.

The recorded load-deflection curves further demonstrate the benefi-
cial effect of growth-induced defects (such as dislocations and point de-
fects) on the toughness-related properties of TiN, as the critical stress
intensity is reduced virtually in unison with the relative deformability
of the TiN cantilevers.

Lastly, we performedwafer curvature measurements of TiN films on
Si (100) substrates at temperature ranging from RT to 773 K, which we
used to calculate the temperature-dependent residual stress state of the
TiN films. Holding the peak temperature for 2 h revealed the occurrence
of a time-dependent diffusive process above the deposition tempera-
ture, thus also hinting at growth defect recovery. Using an analytical
method, we combine the residual stress state of TiN with the intrinsic
– residual stress free – fracture toughness of TiN at every available tem-
perature to estimate the effective system fracture toughness of TiN at-
tached to a Si (100) substrate at each temperature. These calculations
reveal that residual stresses govern the fracture properties of TiN at el-
evated temperatures, while the change in inherent fracture toughness
is comparably small.
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