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Testing high temperature brittle film adhesion is necessary for understanding interfacial failure at
elevated temperatures. However, current brittle film adhesion measurement methods are limited to
room temperature. Experimental techniques to characterize high temperature brittle film adhesion are
lacking, and temperature effects on brittle film adhesion remain poorly understood. Here, a simple, yet
reliable method is developed to measure the adhesion of TiN films on Si substrates with native SiO2 oxide
layer from 300 �C to 500 �C, based on circular blisters induced by annealing. The circular blister size was
proven to remain the same after cooling down to room temperature, based on in situ observations.
Experimental results show that film adhesion energy gradually increases and then drops with annealing
temperature. Thermally activated dislocation glide promotes easier nucleation of dislocations in Si
substrate near the interface. This in turn increases dislocation shielding effects on the interfacial crack tip
during its dynamic propagation, resulting in the initially increased adhesion with temperature. Plastic
deformation of TiN film is not considered because the combination of the small grain size of less than
10 nm and the amorphous/nanocrystalline structure limits dislocation emission and grain sliding. Local
phase film transformation from amorphous to nanocrystalline at the TiN/SiO2 interface was demon-
strated by high resolution transmission electron microscopy, causing adhesion reduction due to inter-
facial embrittlement and contact mismatch at 500 �C. In addition, the drop in adhesion induces circular
blisters' transition from axisymmetric to non-axisymmetric.

© 2017 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
1. Introduction

Brittle coatings are used to improve underlying substrates'
mechanical and functional properties at elevated temperatures.
Examples include protection coatings to prevent high temperature
oxidation [1], diffusion barrier layer to inhibit interdiffusion be-
tween metal film and the substrate at high temperature [2], and
thermal barrier coatings to improve operating temperature of tur-
bine blades [3]. However, high temperature can induce coating
compressive stress [1,4], increase interfacial roughness [5], or
introduce chemical impurities [6], which promote interfacial
delamination [7e9] and tremendously limit brittle coating
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applications at elevated temperatures. For reliable coating/sub-
strate design, testing adhesion at elevated temperatures, alongwith
understanding the factors affecting adhesion, are not only scien-
tifically, but also practically necessary for engineering applications.

In the past decades, lots of methods have been proposed to
determine brittle film adhesion qualitatively and quantitatively.
Qualitative methods include pull off and peel tests, also known as
tap tests [10]. To measure the adhesion energy quantitatively, five
typical methods have been used, including scratch [11,12], four-
point bending [13,14], stressed overlayers [15], hydrogen induced
buckling [16,17] and nanoindentation [18,19] tests. These methods
have been successfully used to study adhesion of brittle films at
room temperature. However, measuring thin film adhesion at
elevated temperatures has been challenging due to the testing
difficulties, including sample preparation, accurate temperature
measurements, controlling environment to prevent sample oxida-
tion, and so on. As a result, only a few studies investigated the thin
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films' adhesion at elevated temperatures, but have been limited to
temperatures below 130 �C using nanoindentation methods
[20,21]. Adhesion of brittle films at elevated temperatures remains
an unexplored area.

A large amount of work dealing with film adhesion at room
temperature has suggested that many factors affect adhesion,
including residual stress [22,23], film grain size [18,20,21], film/
substrate interfacial structure and composition [24], and plastic
energy dissipation in the film and/or the substrate [11,18,25e27]. Of
particular note, all of these factors are inevitably affected by tem-
perature. For example, temperature remarkably increases
compressive stress in b-NiAl [1] and TiN [4] films on Si substrates
due to the difference in thermal expansion coefficients. At elevated
temperatures, thermally activated dislocation glide, grain boundary
diffusion creep, and dislocation-based creep are more pronounced
[28,29], contributing to an enhanced toughness, in particular near
the brittle-to-ductile transition temperature [30]. Some studies
have demonstrated that interdiffusion [31] and reactions between
the film and the substrate, or adhesion layer at elevated tempera-
ture, can lead to the formation of new phases [24]. These studies
imply that the high temperature film adhesion energy differs
substantially from the room temperature values. Therefore, a new
simple method to measure brittle film adhesion at elevated tem-
perature is required.

If the film has a larger thermal expansion coefficient than the
substrate, large compressive stress will arise with increasing tem-
perature [1,4], inducing some interesting buckling morphology,
including straight-sided blisters [9], circular blisters [32,33], and
telephone cord buckles [8,15,34]. These buckling patterns with
well-defined shapes have been utilized to evaluate mechanical
parameters, such as the stress level [35] and adhesion energy
[12,15,36,37] of brittle films at room temperature, by employing the
elastic buckling model proposed by Hutchinson and Suo [38].
Similarly, buckling can also be used to characterize brittle film
adhesion at high temperature and its dependence on temperature.

In this paper, we present a simple, but reliable method based on
annealing-induced circular blisters' formation to determine the
adhesion of TiN films on Si substrates with native SiO2 oxide at high
temperatures. Confocal laser scanningmicroscope (CLSM)was used
to measure the circular blister dimensions (height and diameter).
The dependence of film adhesion on temperature has been studied,
and the corresponding mechanisms have been proposed.

2. Experimental procedure

TiN films were deposited on 20 mm� 20 mm (111) Si substrates
with native SiO2 oxide using reactive RF-pulsed magnetron sput-
tering at 300 �C. The substrates weremoved in front of the titanium
target (99.99% pure) with a diameter of 76 mm. In order to weaken
the interface, all substrates were not subjected to Ar plasma
cleaning [39], thus, buckling was more likely to appear during film
annealing. In the magnetron sputtering system used for film
deposition, the base pressurewas 2� 10�3 Pa, the target powerwas
250 W, and the Ar working gas pressure was 0.3 Pa. Nitrogen gas
flow during deposition was 0.9 cm3/min, while argon flow was
30 cm3/min. The nominal film thickness was about 600 nm,
measured by CLSM (LEXTOLS4000, Olympus, Japan).

The change of the film surface topography with temperature
was observed in situ by ultra-high temperature CLSM (VL2000DX-
SVF17SP, Lasertec), which used infrared heating. The chamber was
first pumped to 10�2 Pa, and then vented with Ar (�99.99% pure)
for 30 min before heating to prevent film oxidation. Due to larger
thermal expansion coefficient of TiN film compared with the Si
substrate [4], biaxial compressive stress in the film was generated
during heating. Once the thermal stress approached the film critical
debonding stress, circular crack formed at the TiN/SiO2 interface,
because the adhesion between the native SiO2 oxide layer and Si
substrate is much stronger than between the sputtered layer and
SiO2 [18,23,40,41]. The compressive stress would load the edge of
the interface crack between the film and the substrate, causing the
blister to spread, as seen in Fig.1bed. During annealing, the blister's
diameter grew initially and then arrested, as seen in Fig. 1deg.
During cooling, the size of the blister remained the same due to the
decrease in the biaxial compressive stress, i.e. the decrease in
driving force for the blister propagation, as seen in Fig. 1gei. Un-
fortunately, the ultra-high temperature CLSM (VL2000DX-SVF17SP,
Lasertec) was unable to observe the three-dimensional topography,
i.e. the height of the blisters. According to the previous in situ ob-
servations of the straight-sided blister growth [9], the height of the
blister is related to its width, i.e. the height won't change if the
width is kept the same. Therefore, the stabilized dimensions of the
blisters at elevated temperature can be replaced by those at room
temperature, and then the film adhesion at elevated temperature
can be measured.

The original as-deposited sample was cut into smaller pieces,
about 4 mm � 4 mm in size, and randomly divided into eight sets.
Five sets of samples were placed into quartz tubes with 10�5 Pa
pressure to prevent samples oxidation. Samples were annealed at
various temperatures ranging from 300 �C to 500 �C, with a 50 �C
interval, 5 �C/min heating rate and kept for 2 min at set tempera-
ture to stabilize the blisters morphology, and then naturally cooled
in the furnace to room temperature. The blister topography of each
sample after annealing was obtained at room temperature using
CLSM (LEXTOLS4000, Olympus). More than 100 blisters were
measured for each temperature to obtain average adhesion values.

X-ray diffraction (XRD) experiments were carried out in the
10�e90� 2q range with Cu Ka radiation (TTRIII, Rigaku). The inter-
facial structure between the film and the substrate was observed in
cross-section with high resolution transmission electron micro-
scopy (HRTEM, Tecnai G2 F20 FEI). Young's modulus and hardness
of the films weremeasured by nanoindentation using Berkovich tip
with an effective radius of 150 nm (TI900, Hysitron). The fracture
toughness of annealed TiN films was measured by the indentation
method [42], using a Vickers hardness tester (HV-1000, ALEC), with
a load of 0.98 N.

3. Experimental results

3.1. Microstructure of TiN films at elevated temperature

Fig. 2 shows XRD patterns of TiN films on Si substrates in the as-
deposited and annealed states obtained under the same XRD
measurement conditions. An obvious increase in XRD intensity is
observed in the film annealed at 500 �C compared to the as-
deposited state, indicating higher degree of film crystallization
with annealing [43,44]. Another observation is that no detectable
film oxidation occurred during annealing, since only TiN diffraction
reflections are present in the XRD patterns.

Fig. 3 shows interfacial HRTEM and the corresponding selected
area electron diffraction (SAED) patterns. Fig. 3a reveals that the as-
deposited TiN film consists of a purely amorphous layer, about
15 nm thick, followed by a layer with amorphous/nanocrystalline
structure. The presence of thin amorphous layer near the interface
is also observed in other sputter-deposited brittle films [45,46],
which is attributed to rapid quenching of atoms as they arrive onto
the substrate [47,48]. However, sputter deposition will heat the
substrate, resulting in increased surface mobility of the film con-
stituents, which favors the film growth with higher degree of
crystallization further away from the interface [46,48]. No obvious
crystallization of the amorphous layer is observed after 300 �C



Fig. 1. The in situ observation of blister nucleation and propagation during annealing: (a)e(d) Heat to 350 �C at 30 �C/min rate; (d)e(g) Hold at 350 �C for 60 s; (g)e(i) Cool to room
temperature at 30 �C/min rate. The white bars across the blisters in all images have the same length for illustration purposes. All figures have the same scale.

Fig. 2. XRD results of as-deposited and annealed TiN films.
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annealing, according to the interfacial HRTEM and the corre-
sponding fast Fourier transform (FFT) of the inset in Fig. 3b. With
further increase of annealing temperature to 400 �C (higher than
the 300 �C deposition temperature), crystallization appears in the
amorphous layer, while the film near the interface remains amor-
phous, as clearly seen in Fig. 3c. Of particular interest, as the
annealing temperature increases to 500 �C, TiN nanocrystals form
at the TiN/SiO2 interface, as seen in Fig. 3d. A higher degree of film
crystallization at 500 �C than in the as-deposited state is also
observed, by comparing the SAED patterns in Fig. 3a and d, which is
consistent with the enhancement of diffraction reflections intensity
in XRD patterns in Fig. 2. Fig. 3e shows that the 500 �C annealed
film contains nanocrystals with grain size of less than 10 nm
embedded in the amorphous matrix. Similar structure is also
observed in as-deposited and other annealed TiN films (not shown
in the paper). In addition, no interdiffusion between the film and
the substrate is observed. This agrees with previous studies of the
thermal stability of TiN film on Si substrates [49]. This result also
suggests that the diffusivity of Si through dense TiN is extremely
limited, even after annealing for 20 h at 700 �C.

3.2. Blister propagation with temperature

As mentioned in the experimental section, circular blisters tend
to form and propagate at elevated temperature, as seen in Fig. 4a
and b. Higher annealing temperature induces larger compressive
stress in the film, so the blisters in Fig. 4c either keep propagating or
spall off from the substrate due to cracks kinking out of the



Fig. 3. Representative HRTEM images of the interface in the as-deposited and annealed states: (a) As-deposited; (b) Annealed at 300 �C; (c) Annealed at 400 �C; and (d) Annealed at
500 �C. Figures insets in the upper right corner of (a)e(d) are SAED patterns of the film near the interface with a diameter about 150 nm (the smallest area that the TEM can probe).
Figures insets in the bottom right corner of (a)e(d) are the FFT images of the film near the interface marked by the yellow dashed squares on the HRTEM image. The selected area a
in (d) near the interface is comprised of the amorphous and nanocrystal TiN. (e) Representative HRTEM image of the film annealed at 500 �C. Native amorphous SiO2 oxide layer on
the single crystal Si is about 1.6 nm thick. TiN nanocrystals are circled by the white dashed lines. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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interface into the film [38,50]. The blisters remain circular in shape
until a critical size is reached, where they start to lose their circular
symmetry, forming non-symmetric perturbations, as marked by
the blue arrows in Fig. 4d. Similar phenomenon was also observed
in the mica/aluminum system [33], attributed to the increasing
value of the film residual stress to critical buckling stress ratio, sr/sc,
during blister propagation. As the annealing temperature ap-
proaches 500 �C, all large blisters lose their circular symmetry, and
some small blisters exhibit non-axisymmetric propagation, marked
by blue arrows in Fig. 4e. Only these blisters with much smaller
diameters remain circular, as marked by green dashed arrows in
Fig. 4e.

3.3. Temperature-dependent adhesion of TiN films

Most of the mechanical tests measure film adhesion at room
temperature by delaminating thin films from the substrates [19].
During debonding from the substrate, the thin film and/or the
substrate usually experience plastic deformation, giving an
apparent work of adhesion, often termed as the practical work of



Fig. 4. Representative optical microscopy images of TiN films after annealing at: (a) 300 �C; (b) 350 �C; (c) 400 �C; (d) 450 �C; and (e) 500 �C. The white zones are substrates where
film spalled off. Images (a)e(e) have the same scale. Figures insets are two-dimensional CLSM images of the selected blisters marked by the red dashed squares. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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adhesion. It can be defined as thework of interfacial separation plus
the energy dissipation in the film and the substrate [19]. In the
elastic buckling model proposed by Hutchinson and Suo [38] for
adhesion energy, the blister is treated as a clamped circular elastic
plate. The plate has a radius a, height d, and film thickness h, as
shown schematically in Fig. 5. In Fig. 5 the unbuckled film is sub-
jected to biaxial compressive in-plane stress and h is much smaller
than a. The adhesion energy can be calculated using the critical
buckling stress, sc, and the residual stress, or the driving stress, sr
[38]:

sc ¼ 1:2235
E

1� n2

�
h
a

�2

(1)

sr ¼ sc
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�
d
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where c1 ¼ 0:2473ð1þ nÞ þ 0:2231ð1� n2Þ [38], and E and n are the
film elastic modulus and Poisson's ratio, respectively. The asymp-
totic result for the adhesion energy (Ga) is [38]:
Fig. 5. Cross-sectional schematic of a circular blister.
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where c2 ¼ ½1þ 0:9021ð1� nÞ��1 [38], and G0 is the strain energy
release rate per unit area stored in the unbuckled film [38]:

G0 ¼ ð1� nÞhs2r
.
E (4)

By inserting Eqs. (1), (2) and (4) into Eq. (3) and using n ¼ 0.25
[51], the adhesion energy can be obtained as:
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Eq. (5) is only valid for stress ratios (sr/sc) of less than 2 [38], i.e.
the height of the blisters should be less than 0.83 mm, according to
Eq. (2), with a film thickness of 0.6 mm in our case. When sr/sc is
larger than 2, numerical analysis results must be used to calculate
the film adhesion energy (Gn):

Gn ¼ cG0 (6)

The parameter c can be obtained from Fig. 64a in Ref. [38],
which presents the Gn/G0 variation with sr/sc, based on the nu-
merical analysis results.

As indicated in Eq. (5), the calculated adhesion energy is affected
by the elastic modulus, which increases with annealing tempera-
ture, as shown in Table 1. Examples include amorphous Ni-P [52]
and Cr2O3 [53] coatings, whose elastic modulus increases with
temperature because crystalline materials have higher elastic
modulus than their amorphous counterparts. However, to the best
of our knowledge, there is no experimental data of the elastic
modulus for polycrystalline TiN films at elevated temperatures.
Previous experimental studies of polycrystalline ceramics' elastic
modulus dependence on temperature [54e56], including ZrB2,



Table 1
Mechanical properties of TiN films annealed at different temperatures.

300 �C 350 �C 400 �C 450 �C 500 �C

Hardness H (GPa) 19.5 ± 0.5 20.3 ± 0.4 21.9 ± 0.8 22.9 ± 1.2 24.4 ± 1.1
Elastic modulus ERT (GPa) 251.2 ± 3.2 255.8 ± 4.3 267.8 ± 3.9 273.4 ± 4.5 281.2 ± 5.6
Fracture toughness KIC (MPa$m1/2) 0.68 ± 0.02 0.66 ± 0.04 0.58 ± 0.07 0.54 ± 0.02 0.49 ± 0.03
Elastic modulus at elevated temperatures estimated from MD

simulations, E(T) (GPa) [58]
0.96 ERT
241.2

0.952 ERT
243.5

0.944 ERT
252.8

0.937 ERT
256.2

0.93 ERT
261.5

ERT: Film elastic modulus after annealing, measured at room temperature.
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Al2O3, MgO, SiN, PbTe, etc., suggest that the elastic modulus of
brittle polycrystalline materials decreases gradually at first, and
then drops more rapidly at much higher temperatures. The initial
decrease can be described by a linear relationship [57]:

EðTÞ ¼ ERT½1� bðT � TRÞ� (7)

where ERT is the room temperature elastic modulus, b is a fitting
parameter and TR is room temperature. The subsequent drop is
attributed to grain boundary softening and sliding [57]. However, as
seen in Fig. 3e, the film in the present study has an amorphous/
nanocrystalline structure without any grain boundaries. As a
consequence, the elastic modulus of TiN films at elevated temper-
atures can be obtained by Eq. (7), by using the fitting parameter b
from molecular dynamics simulations of the polycrystalline TiN
elastic constants dependence on temperature [58], as listed in
Table 1.

As assumed in the Hutchinson and Suomodel [38], the approach
of using Eqs. (5) and (6) is only valid if the blister has a symmetric
cross-section and deforms elastically. In the present study, plastic
processes in TiN films are ignored, due to the combination of small
grain size and amorphous/nanocrystalline structure, which will be
discussed in section 4.1. Fig. 6 is an example showing representative
Fig. 6. The CLSM images of TiN film annealed at 450 �C: (a) Three-dimensional topography;
the white dashed line, showing the blister circular symmetry.
CLSM images of an axisymmetric circular blister of TiN film
annealed at 450 �C. The profile along the radial direction is
measured to obtain the height (d) and diameter of the blister (a), as
indicated in Fig. 6b and c. These non-axisymmetric blisters have
been ignored in adhesion measurements reported in this paper.
According to Eqs. (5) and (6), the high temperature TiN film
adhesion energy is obtained, which increases gradually with
annealing temperature, and then drops, as seen in Fig. 7. The
reduction of adhesion can be used to understand the non-
axisymmetric propagation of smaller blisters in Fig. 4e. As
mentioned before, the increasing value of the film residual stress to
critical buckling stress ratio, sr/sc (i.e. the increasing blister size
according to Eq. (2)), induces non-axisymmetric blister propaga-
tion [33]. In addition, the buckling process is also affected by the
film/substrate interfacial adhesion. For the same film thickness, the
weaker the interfacial adhesion, the lower the critical buckling
stress [59,60]. As a consequence, as the adhesion drops, a smaller
blister size is needed to obtain the critical stress ratio for the cir-
cular blister starting to propagate non-symmetrically, compared to
the film with better adhesion. Under the critical size, the blisters
still remain circular symmetric, as marked by the green dashed
arrows in Fig. 4e.
(b) Two-dimensional morphology and (c) The profile of the selected blister in (b) along



Fig. 7. Measured adhesion at elevated temperatures according to Eqs. (5) and (6). The
error bars indicate the standard deviations from more than 100 circular blisters
measured on each sample set.
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4. Discussion

4.1. Amorphous/nanocrystalline structure effect on TiN film
plasticity

In the present study, TiN films have a structure comprising of
nanocrystals with less than 10 nm size embedded in amorphous
matrix, as seen in Fig. 3. A number of research reports [61e65]
focused on super-hard coatings, have suggested that nanocrystal-
line grains (several nanometers) imbedded in an amorphousmatrix
in the two-phase nanocomposite films enhance the film hardness
or strength. It has been demonstrated that the nanocrystals with
less than 10 nm size cannot accommodate any dislocation multi-
plication sources, leading to nanocrystals being free of dislocations
[64,65]. Even if some dislocations may be emitted within these
nanocrystals due to the increased applied stress or experimental
temperature, they could not slip through the amorphous phase,
because randomly oriented nanocrystals inserted within the
amorphous matrix provide a better coherence at the interface than
purely polycrystalline materials [64]. The high cohesive strength
between the nanocrystals and the amorphous matrix also hinders
grain sliding [64], which contributes to the plastic deformation in
polycrystals [28]. As a consequence, the plastic energy dissipation
in the present TiN films is extremely limited, then the deformation
of films can be regarded as elastic, even at elevated temperatures.
This embrittlement phenomenonwould be more pronounced with
better film crystallization as annealing temperature rises [52,53]. A
similar phenomenon of KIC decrease is also observed in the present
study, as seen in Table 1.
Fig. 8. (a) Cross-sectional schematic of the circular blister debonding from the sub-
strate. (b) The geometry of dislocation, crack and film-substrate interface. Edge dis-
locations pile up along the slip plane in the substrate region near the interfacial crack
tip.
4.2. Temperature effects on brittle film adhesion

Previous explanations [18,20,21,23,66] for the enhancement in
the measured adhesion energy at room temperature due to the
increasing plastic energy dissipation both in the film and the sub-
strate, are mainly based on the dislocation free zone (DFZ) model,
proposed by Gerberich et al. [20]. In the model, the yield strength
(determined by the grain size) both of the film and the substrate is
the key factor that contributes to the plastic energy dissipation.
However, this model is unsuitable for the present study, due to the
extremely limited plastic energy dissipation in the TiN films and
single crystal Si substrate. As seen in Fig. 4, film buckling and
interface cracking are both involved in the propagation of blisters
with temperature. At a given applied compressive stress, the
buckling behavior of the film is determined by the elastic modulus
[67], which does not change significantly in the present experi-
mental temperature range. The interfacial cracking behavior is
controlled by the plastic deformation (both in the film and the
substrate) in front of the crack tip [68]. Here, we attribute the in-
crease in adhesion with temperature to the increasing plastic en-
ergy dissipation in the substrate in front of the dynamic interfacial
crack during propagation with rising temperature, known as the
dislocation shielding effect [68e72].

Dislocations can be emitted near the indentation or crack tip in
single crystal Si under external stress at room temperature [73e75].
The emission of dislocations near the crack tip can be described by
the Rice and Thomsonmodel [76]. The force, ti on the ith dislocation
of per unit length is given as [76]:

Fi ¼
Kapp

r1=2i

f qð Þ � Gb
4pri

� tfb� Gb
2p

XN
i¼1
j¼1

ffiffiffiffiffiffiffiffiffiffi
ri
�
rj

q
ri � rj

(8)

where Kapp is the applied stress intensity factor, ri is the distance to
the dislocation from the tip of the crack, q is the angle between the
slip plane and the crack plane, G is the shear modulus, tf is lattice
friction for dislocation to move, b is the Burgers vector, and N is the
number of dislocations in front of the crack tip. In the present study,
Kapp is related to the tensile stress near the crack tip imposed by the
film during heating, due to the difference in thermal expansion
coefficients, s ¼ ðaf � asÞðTr � T0ÞEf=ð1� nf Þ, where a is the ther-
mal expansion coefficient of film and substrate, respectively. In Eq.
(8), the first term is related to the crack-tip stress field, and the
second term is the image force induced by the crack on the dislo-
cation at a distance ri. The third term is the frictional force for the
dislocation to move, and the fourth term describes the image force
of all other dislocations on the one dislocation, i sj. Dislocations
will be produced at the dislocation source if the total force is pos-
itive, and move away along the slip plane to form a one-
dimensional array on a single slip plane, as shown schematically
in Fig. 8. The existence of the amorphous thin native SiO2 layer can
inhibit dislocations escaping from the Si substrate. Then they will
pile up near the SiO2/Si interface, which results in two competing
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effects. One is producing a back stress to hinder further dislocation
emission from dislocation sources in Si, according to Eq. (8). The
other is blunting of the interfacial crack, leading to the reduced
stress intensity at the crack tip [68,70]:

KtipðtÞ ¼ KappðtÞ � KdisðtÞ ¼ _Kappt � Gb
2pð1� nÞ

XNðtÞ
i¼1

riðtÞ�1=2

(9)

Here, _Kapp is the applied stress intensity factor rate, G is the
shear modulus, b is the Burgers vector, ri(t) is the distance of each
dislocation to the crack tip, andN(t) is the number of dislocations in
front of the crack tip.

Plastic deformation in single crystal Si will be much more
remarkable at elevated temperatures [30,77,78], which is mainly
controlled by thermally activated dislocation glide [30]. The kinetic
process of dislocation motion obeys an empirical relation of the
dislocation velocity [79]:

v ¼ v0

�
t

t0

�m

exp
�
�Em
kT

�
(10)

where v0 is the material specific reference dislocation velocity, t0 is
the reference shear stress, and m is the stress exponent. t is the
shear stress on the dislocation, Em is the activation energy for
dislocation glide, k is the Boltzmann constant, and T is the absolute
temperature. It has been established that the number of disloca-
tions near the crack tip depends on dislocations' mobility, i.e. how
easily the emitted dislocations move away from the crack tip [30].
As indicated by Eq. (10), increasing temperature allows faster
mobility of dislocations, leading to easier nucleation of dislocations,
because of the reduction in back stress [77,80]. With more dislo-
cations emitted in the substrate near the crack tip, the dislocation
shielding effect at a given Kapp is promoted, leading to the reduction
of Ktip, then the fracture of interface is delayed. If the interface
cracking is restricted, the film bucklingwill be promoted to respond
to the thermal compressive stress, resulting in the increased
measured adhesion energy with temperature ranging from 300 �C
to 450 �C.

The cracking of the interface is mainly controlled by the inter-
facial structure and components, i.e. local mechanical properties of
the film and the substrate near the interface [24,81]. As seen in
Fig. 3d, the phase transformation from amorphous to nano-
crystalline in the film at the TiN/SiO2 interface has two synergistic
effects on adhesion. One is that the formation of amorphous/
nanocrystalline structure in a local area at the interface, such as
highlighted area a, significantly contributes to the interface
embrittlement. The other one is that the crystallization of film in-
creases the misfit of interface compared with the previous amor-
phous state. Similar behavior is also observed in the Ti/PI system,
where the interfacial adhesion reduces drastically from 4.7 J/m2 to
1.4 J/m2 due to the interfacial phase transformation from amor-
phous to nanocrystalline after annealing [81]. The combination of
these two effects decreases the adhesion, and the decrease couldn't
be compensated by the increasing plastic energy dissipation in the
Si substrate, leading to the drop in the measured interfacial adhe-
sion energy as the temperature rises to 500 �C.
5. Conclusions

High temperature adhesion energy of TiN films on Si substrates
was successfully determined from the circular blisters induced by
annealing. TiN films have a structure comprising of nanocrystals
with less than 10 nm size embedded in amorphous matrix and
about 15 nm thick amorphous layer near the film-substrate inter-
face. The combination of small grain size and amorphous/nano-
crystalline structure can not only inhibit dislocations emission from
small nanocrystals, but also prevent emitted dislocations to pass
through amorphous/nanocrystalline interface, which limits the
plastic energy dissipation in TiN films. A higher degree of film
crystallization is observed, with the temperature rise, leading to
higher hardness and elastic modulus, but lower fracture toughness
of the films after annealing.

Measured adhesion energy gradually increased with annealing
temperature, and then dropped at 500 �C. Increasing plastic energy
dissipation in the Si substrate induced by thermally activated
dislocation glide is argued to be responsible for the enhancement in
measured adhesion energywith temperature. The drop in adhesion
energy at 500 �C is attributed to local phase transformation from
amorphous to nanocrystalline at the interface. Local interfacial
crystallization is detrimental for adhesion and has two effects that
are acting in cooperation. One is the formation of amorphous/
nanocrystalline structure, which contributes to the embrittlement
of the interface. The other is that the film crystallization increases
the contact misfit of the interface compared with the previous
amorphous state. At last, the drop in adhesion also induces circular
blisters propagation from axisymmetric to non-axisymmetric.
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