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Consideration of Deformation of TiN Thin
Films with Preferred Orientation Prepared
by Ion-Beam-Assisted Deposition*

Toshiyuki HAY ASHI**, Akihito MATSUMURO***
Tomohiko WATANABE****, Toshihiko MORIJ****
Yutaka TAKAHASHI***** and Katsumi YAMAGUCHI****

Plastic deformation of TiN thin films with (111) and (200) preferred orientation
was determined based on their hardness anisotropy. Hardness was measured by means
of the nano-indentation technique. Plastic deformation of TiN films was caused by the
indentation of the trigonal diamond tip, and evidence of this phenomenon was provided
by cross-sectional scanning electron microscopy (SEM) observation and transmission
electron diffraction (TED) analysis. The influence of the differences in residual stress
and grain size on hardness anisotropy was restrictive, and hardness anisotropy can be
explained by the anisotropy of yield stress as calculated using Schmid’s law. This
relationship suggests the existence of a {100}<110> slip system in the TiN crystal.
Transmission electron microscopy (TEM) observation of brittle cracks in TiN films
confirmed that these cracks are caused not by cleavage fractures but by intergranular
fractures.
Key Words : Plasticity, Anisotropy, Hardness, Titanium Nitride, Slip System,
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Coating

to investigate the mechanical, physical and chemical
properties of TiN films in terms of their crystallogra-
phical properties such as microstructure. However,

1. Introduction

TiN is an NaCl-type crystal that has widely been

used as a wear- and corrosion-resistant film on
mechanical components such as tool materials and
biocompatible materials due to its excellent mechani-
cal and chemical properties such as high hardness, low
wear coefficient and chemical stability. In recent
years, much interest has been focused on the use of
TiN films as diffusion barrier layers between Al wires
and VLSI Si devices™. It has thus become necessary
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the slip system of TiN crystals, which affects their
mechanical properties, has not yet been clarified while
those of some NaCl-type crystals, e.g., MgO, have
already been revealed®. One of the reasons for this is
that a bulk single crystal of TiN is extremely difficult
to obtain.

Recently, attempts have been made to synthesize
preferentially oriented TiN thin films owing to the
increasing number of applications of TiN®-®, Conse-
quently, elastic anisotropy® and other types of
anisotropy have gradually been investigated. How-
ever, no analysis of the slip system of TiN crystals
based on the hardness anisotropy of preferentially
oriented TiN thin films has been performed to date.

We previously reported the formation of strongly
(111)- and (200)-oriented TiN thin films by ion-beam-
assisted deposition (IBAD) with a suitable N/Ti
transport ratio, N ion incidence angle and substrate
temperature!”. We also reported the hardness anisot-
ropy of TiN by nano-indentation analysis of these
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Table 1 Experimental conditions for TiN thin films
with preferred orientation

Preferred orientation TiN (200) l TiN (111)
Deposition source Ti
Ion species N, +N*
N ion acceleration energy (keV 1
N ion beam flux (uA/cm?) 37
Film thickness (nm) 1000
Deposition temperature (°C) 500 <100 (r.t.)
Deposition rate (nm/s) 0.2 1.2
Rotation speed of substrate 3
(rpm)

preferentially oriented TiN thin films®.

In this study, the slip system of TiN crystals is
investigated by comparing qualitatively experimental
hardness anisotropy with calculated crystallographi-
cal anisotropy using Schmid’s law®.

2. Experimental Details

2.1 Film preparation
(111)- and (200)-oriented TiN thin films were
prepared on Si (100) substrate by IBAD®. Experimen-
tal conditions for film formation are listed in Table 1.
In what follows, (111)- and (200) -oriented TiN films
are referred to as TiN (111) and TiN (200), respec-
tively.
2.2 Film characterization
The hardness of TiN thin films was analyzed by
means of the nano-indentation method (CSIRO UMIS-
2000) using a trigonal diamond indenter (Berkovich
type). The relationship between hardness and indenta-
tion depth was investigated based on changes in the
maximum indentation load in the range of 2 to 50 mN.
The hardness measured at shallower indentation
depths is important due to the reduction in the effect
of substrate hardness. In this study, the hardness of
the obtained film was determined by extrapolation of
the hardness-depth curve toward the film surface®.
The composition of TiN films was analyzed by
Auger electron spectroscopy (AES). The grain size
was determined by approximation of the grain shape
to a sphere after the grain shape was observed by
atomic force microscopy (AFM). The residual stress
was estimated by deflection measurements!®. The
effects of these parameters are discussed during the
consideration of hardness anisotropy.
2.3 Microstructure of TiN films
Evidence of plastic deformation was provided by
cross-sectional scanning electron microscopy (SEM)
observation of the indented depression of TiN thin
film with a 30 KV electron beam. This depression was
cut into sections by a focused ion beam (FIB) with 30
keV Gat ions. Crystal rotation at the center of the
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Table 2 Mechanical and structural properties of TiN
thin films with preferred orientation®

Preferred orientation TiN (200) | TiN (111)
Hardness (GPa) 15 9
Residual compressive stress
(MPa) 220 80
Composition N/Ti 1.1 1.0
Grain size (nm) 32 24

imprint caused by plastic deformation was observed
by transmission electron diffraction (TED) with a 300
kV electron beam.

Moreover, the fracture mechanism during inden-
tation was examined by transmission electron micro-
scopy (TEM) observation of brittle cracks at the
periphery of the depressions.

3.. Results and Discussion

3.1 Hardness anisotropy

Table 2 lists the hardnesses of TiN (200) and TiN
(111) thin films®. In this table, the composition,
residual stress and grain size are also described to
discuss the effects of these parameters on hardness
anisotropy. This table revealed the obvious anisot-
ropy of hardness. On the other hand, the effects of
composition and residual compressive stress on the
hardness of TiN films were reported as 1GPa for
composition? and 0.2 GPa for residual stress'®. The
relationship between grain size and yield stress corre-
sponding to hardness is well known as the Hall-Petch
relation. Based on the above results, the hardness
anisotropy of TiN films was considered to be caused
by the crystallographical anisotropy of TiN
crystals®.

3.2 Microstructure

Figures 1 and 2 show cross-sectional SEM images
of indented depressions of TiN (111) and TiN (200),
respectively. The depression of TiN (111) shown in
Fig.1 was indented with a load of 50 mN for the
clarification of a prominent difference in yield stress,
while that of TiN (200) shown in Fig. 2 was indented
with a load of 500 mN. To calculate the average of
indentation stresses, the projected areas of depres-
sions were evaluated from these figures and were then
divided by the indentation loads. Table 3 lists the
calculated average of indentation stresses and the
anisotropy. The anisotropy of the average of indenta-
tion stress qualitatively corresponded to that of ana-
lyzed hardnesses listed in Table2. Therefore, the
relevance of the analyzed hardness anisotropy was
also supported by SEM observation.

The crystal structure of TiN, i.e., NaCl type, is
typically ionic with directional bonds. On the other
hand, slip deformation generally occurs in metals with
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Table 3 Average of the indentation stress applied to
the projection of the indenter

Preferred orientation TiN (200) | TiN (111)
Average of indentation stress
(GPa) 11.2 6.2

(a)

(b)

Fig. 1 Cross-sectional SEM image of TiN (111) thin film
after indentation with a load of 50 mN.(b) is a
magnified view of (a)

non-directional bonds. Therefore, a discussion of the
occurrence of slip deformation in TiN films is indis-
pensable.

The TiN (111) film became thin at the center of
the imprint during indentation with a load of 50 mN as
shown in Fig. 1, while plastic deformation was hardly
observed at the Si substrate. Delamination at the
interface between TiN thin film and Si substrate was
observed at the periphery of the imprint. These
results confirmed that the plastic flow of TiN film at
the center of the imprint was caused by an indenta-
tion, and that only the quantity of flowed TiN corre-
sponded to the indentation volume. The interface was
delaminated by the compressive stress and the bend-
ing moment in TiN film at the periphery of the
imprint owing to this plastic flow. On the other hand,
no delamination occurred at the center of imprint,
which was due to elastic recovery during unloading.

The TiN (200) film became only slightly thin and
was projected during the application of an indentation
load of 500 mN, as shown in Fig. 2, while obvious
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(b)

Fig. 2 Cross-sectional SEM image of TiN (200) thin film
after indentation with a load of 500 mN.(b) is a
magnified view of (a)

plastic deformation of the Si substrate was observed
due to an indentation load ten times higher than that
in Fig. 1. This phenomenon was a result of the hard-
ness and yield stress of TiN (200) thin films which
were higher than those of the Si substrate. Because
the projected deformation on the macroscopic scale
should be reflected in the crystal rotation on the
microscopic scale, TED observation of TiN (200) was
performed to confirm the existence of crystal rotation.
Figure 3 shows a plane view of the TED patterns of
TiN (200). This sample was prepared by etching with
KOH solution to remove the substrate. Figure3(a)
shows the TED pattern measured at the periphery of
the imprint. In this figure, diffraction rings corre-
sponding to TiN (200) and (220) and arising from a
(200) - oriented cubic crystal were observed clearly.
Figure 3(b) shows the TED pattern measured at the
center of the imprint. In this figure, diffraction rings
corresponding to TiN (111) and (311) were also
observed. These results show that although TiN
(200) thin film was only projected during indentation,
crystal rotation due to plastic deformation was still
observed.

It follows from the above discussion that the
hardness anisotropy of preferentially oriented TiN
thin films could be clarified using a Si substrate whose
hardness lies between those of TiN (200) and (111). It
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Fig. 3 Diffraction patterns of TiN (200) thin film.(a) is
the pattern measured at the periphery of the
imprint.(b) is the pattern measured at the center
of the imprint

was confirmed that plastic deformation in TiN thin
films occurred irrespective of the preferred orienta-
tion.
3.3 Slip system

Our next consideration was the slip system of
TiN crystals. Generally, a plastic slip of NaCl-type
crystals occurs along the <110> direction®. On the
other hand, the slip plane of these crystals differed as
follows: PbS and PbTe slipped on the {100} plane,
while LiF, MgO, and NaCl slipped on the {110} plane'®.
The dominant slip plane of TiN crystals is probably
one of {100}, {110} or {111} because of their cubic
structure. In this study, the relative strength ovlk,
which was the ratio of the yield strength oy to the
critically resolved shear stress %k, was calculated using
Schmid’s law for the following hypothetical slip sys-
tems, i.e., {100} <110, {110} <110> and {111} <110>, and
was compared to actual hardness anisotropy. Assum-
ing the above discussion to be the case, the initiation
and termination of slip deformation were thought to
follow Schmid’s law. The relative strength ov/k was
geometrically determined from the two angles of ¢
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Fig. 4 Equally stressed systems upon pulling along [001]
and [111]®
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<110> direction

and A from Fig. 49, and is shown in Table 4. Here, ¢
is defined as the angle between the normal of the slip
plane and the tensile direction, and 4 is defined as that
between the slip direction and the tensile direction.
The ratio of yield strengths of [001] and [111] direc-
tions Ovpon : Oviuy is also listed in Table 4.

The assumed yield stress 6y under consideration
in relation to Schmid’s law is uniaxial, while the
compressive stress during nano-indentation is
multiaxial. However, dominant stress, which affects
yield strength during the deformation process of the
nano-indentation technique, acts along the indenta-
tion direction*®. Therefore, qualitative comparison
between uniaxial yield stress or and experimentally
measured hardness is appropriate. On the other hand,
Schmid’s law is reliable for the antecedent of a single
crystal, while actual TiN is a polycrystal. However,
the relative strength ov/k under consideration using
Schmid’s law is constant throughout normal axial
rotation. In this study, the TiN film was revealed by
XRD analysis to be a normal-axis symmetrical poly-
crystal with preferred orientation. Therefore, the
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Table 4 Relative strength ov/k determined using Schmid’s
law for three different slip systems®

SIS o o 1o Hoos o ey 11 o
{111}<110>% % J6 % % %0.67:1
{110}<110>—j§ % 210 —% o |1:
{100}<110> 0 % © —}3— % % ©:1

application of Schmid’s law to preferentially oriented
TiN films was valid.

The calculated ovion: Oyumn values differed
among the three hypothetical slip systems, as listed in
Table 4. In some cases, relative strength ov/k became
infinity when cos ¢ value was 0, because slip deforma-
tion could not occur in a hypothetical tensile direction.
On the other hand, the ratio of experimentally mea-
sured hardness Heooy: Haiy was 1.67: 1, as shown in
Table 2. These results suggested that the slip system
without contradiction was only {100} <110> on the
assumption that the ratio of theoretical yield stress
Orwon : Ovny was reflected in the ratio of measured
hardness Heoo): Hay. However, the deformation
process during indentation was affected not only by
dominant yield stress which acted along an indenta-
tion direction but also by other kinds of stress.
Therefore, the ratio of experimental Heoo: Haw
became a finite value. ’

It follows from the above discussion that the
dominant slip system of TiN crystals is {100} <110>.

3.4 Fracture mechanism

Brittle cracks were produced around the indented
In this study, the
fracture mechanism of TiN thin film during nano-
indentation was considered by detailed TEM observa-
tion of these cracks.

Figure 5 shows TEM images of brittle cracks in
TiN (200) thin film on the Si substrate. This film was
indented with load of 500 mN. In this figure, the frac-
ture surface that showed obvious roughness corre-
sponded to the grain boundary, and no cleavage was
observed. This suggested that the brittle fracture
mechanism of TiN films was not a cleavage fracture
but an intergranular fracture.

depression, as shown in Fig. 2.

4. Conclusions

In the present study, (111)- and (200)-oriented
TiN thin films prepared by IBAD were indented using
a nano-indentation technique. Plastic deformation
and brittle fracture of these films were examined
based on the results of indentation.
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< crack

Fig. 5 TEM images of the intergranular fracture in TiN
(200) thin film.(a ) shows a TEM image, and (b)
shows a high-resolution TEM image

(1) Plastic deformation of TiN films occurred
during indentation. The deformation of TiN (111)
was more obvious than that of TiN (200).

(2) The hardness anisotropy of TiN films was
explained by crystallographical anisotropy. The domi-
nant slip system of TiN crystal was suggested to be
{100} <110>.

(3) The brittle fracture mechanism of TiN films
during nano-indentation was assumed to be not a
cleavage fracture but an intergranular fracture.
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