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We investigated mechanical properties of TiN as a function of microstructure varying
from nanocrystalline to single crystal TiN films deposited on (100) silicon substrates.
By varying the substrate temperature from 25 to 700 °C during pulsed laser deposition,
the microstructure of TiN films changed from nanocrystalline (having a uniform grain
size of 8 nm) to a single crystal epitaxial film on the silicon (100) substrate. The
microstructure and epitaxial nature of these films were investigated using x-ray
diffraction and high-resolution transmission electron microscopy. Hardness
measurements were made using nanoindentation techniques. The nanocrystalline TiN
contained numerous triple junctions without any presence of amorphous regions. The
width of the grain boundary remained constant at less than 1 nm as a function of
boundary angle. Similarly the grain boundary structure did not change with grain size.
The hardness of TiN films decreased with decreasing grain size. This behavior was
modeled recently involving grain boundary sliding, which is particularly relevant in the
case of hard materials such as TiN.

I. INTRODUCTION

High-temperature ceramics constitute a very useful
class of materials due to their high melting point,
strength, and stability at elevated temperatures. For
example, TiN films are successfully applied as wear-
protection coatings for tools and mechanical com-
ponents1–5 decoration coatings,6–8 electrical contacts,
and diffusion barriers in electronic devices,9,10 because
of their excellent corrosion and erosion resistance, high
hardness, high thermal stability and desirable optical, and
electrical properties. However, there are disadvantages
associated with these materials in terms of poor tough-
ness and ductility that severely limit their applications.
Poor toughness and ductility result from the lack of dis-
locations and mobility. To alleviate some of these prob-
lems, reduction of grain size can enhance grain-boundary
sliding and grain boundary diffusion related creep phe-
nomena. In the nanoscale regime, we envisage that grain-
boundary sliding and creep phenomena may dominate
and control the mechanical properties of TiN nanocrys-
talline films.

Polycrystalline TiN films have been formed by a va-
riety of techniques such as ion beam assisted deposi-
tion,11 plasma immersion ion implantation,12 reactive

magnetron deposition,13 laser assisted chemical vapor
deposition,14 metalorganic chemical vapor deposition,15

and pulsed laser deposition (PLD).16 Compared to other
techniques, PLD offers a unique advantage in terms of
low-temperature deposition, where the grain size can be
varied from nano (nm), to micro (mm), to epitaxial single
crystal simply by changing the substrate temperature
from 25 to 700 °C. This advantage is derived prima-
rily from the fact that the average energy of laser ablated
species is about 200–1000 kT compared to kT in equi-
librium techniques. As a result, this excess kinetic energy
is utilized in the crystallization process on the substrate.
In this paper, we have investigated mechanical properties
of TiN films deposited on a (100) silicon substrate where
grain size varied from the nanocrystalline regime to a
single crystal. Another characteristic of the microstruc-
ture produced by this techniuqe was the dislocation den-
sity within the grains was quite high >1011 cm−2. In most
materials, hardness increases with decreasing grain size.
In metallic materials, which exhibit plastic deformation,
hardness that scales with yield stress increases with de-
creasing grain size (d ) according to the Hall-Petch rela-
tionship17,18 (H 4 H0 + kd −1/2) whereH0 is the lattice
frictional stress and k is a constant. Brittle ceramics,
which fail in the elastic regime, also exhibit increasing
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hardness and fracture strength with decreasing grain
size.19 In the larger grain size regime ad −1/2 dependence
is observed, which is believed to be due to the scaling of
“Griffith Crack” flaws with grain size (so-called Orowan
branch). As the grain size decreases, the hardness/
strength becomes essentially independent of grain size as
flaws larger than the grain size or surface flaws become
controlling (so-called Petch branch). These explanations
for the grain size dependence of hardness in brittle ce-
ramics are still controversial.19 At the nanoscale grain
sizes (<30 nm), in ductile metals, dislocation based de-
formation apparently ceases and deformation associated
with the grain boundaries (grain boundary sliding or
creep) is believed to occur. In some cases a softening
(“inverse Hall-Petch effect”) with decreasing grain size
is observed.20,21 Many of the experimental observations
for the inverse Hall-Petch effect are now believed to be
due to artifacts, but several experimental examples of
artifact free materials have been noted.22 The critical
grain size where softening begins has been found to be
7 nm for Cu, which is also consistent with computer
simulation results.21,23 For Zn, this critical grain size if
found to be 11 nm.24 In a hard, brittle material such as
TiN, the critical grain size for softening due to grain
boundary deformation may be larger than the above
values for metals since dislocation activity is limited
even in larger grain samples. Therefore, the primary fo-
cus of this investigation is the study of the dependence of
hardness on the grain size in a hard, brittle material,
specifically TiN.

II. EXPERIMENTAL

Laser physical vapor deposition of TiN was carried out
using a Pulsed KrF excimer laser (l 4 248 nm,
tp 4 25 ns, repetition rate 10 Hz) described else-
where.10,16 The target was hot-pressed stoichiometric
TiN obtained from CERAC Inc., Milwaukee, WI. The
laser beam was focused to obtain an energy density of
approximately 10 Jcm−2 at 45° angle of incidence. The
target was held parallel to (100) silicon substrate and
4.5 cm away from it, which was cleaned ultrasonically
5 min in acetone and 1 min in methanol, followed by
1 min dip in 20% HF. All TiN films were deposited at a
base pressure of about 1 × 10−7 torr with a turbomolecu-
lar pump. The laser deposition at 10 Hz repetition rate
resulted in approximately 180-nm to 500-nm-thick TiN
film. By varying the substrate temperature from room
temperature to 700 °C, the structure of TiN films
changed from polycrystalline to single crystal film while
keeping the film thickness constant. All the films
were characterized by x-ray diffraction (XRD), high-
resolution transmission electron microscopy (HRTEM)
(cross-section, plan-view). Selected-area-diffraction pat-
terns, from large specimen areas, were used to investigate

the textured and epitaxial growth of TiN films. The hard-
nessH and elastic modulusE of the films were measured
by using a nanoindenter method.

III. RESULTS AND DISCUSSION

Figure 1 shows a bright-field (BF) plan-view transmis-
sion electron microscopy (TEM) micrograph of the
nanocrystalline TiN film deposited at 25 °C. The average
grain size was determined to be about 8 nm. The
selected-area diffraction (SAD) pattern from〈110〉 cross-
section specimens covering both of the film and the sub-
strate, is shown in Fig. 2(a). Figure 2(b) is the plan-view
selected area diffraction pattern for the film depoisted at
25 °C. It is interesting to note that these nanocrystallites
with average size 8 nm exhibit〈100〉 texturing and the
texturing becomes quite prominent as the substrate depo-
sition temperature increases to 200 °C shown in cross-
section selected-area-diffraction pattern Fig. 2(c). Finally
the film becomes epitaxial single crystal above 600 °C,
as revealed by SAD pattern from the〈110〉 cross-section
Fig. 3(a). The selected-area-diffraction pattern in Fig. 3
was obtained using a large aperture that covered over
2 mm diameter area of the film with some silicon sub-
strate contribution. The pattern in Fig. 3(a) contains both
silicon and TiN diffraction spots corresponding to〈011〉
orientation. The simulated pattern in Fig. 3(b) clearly
shows that TiN has grown epitaxially cube-on-cube via
domain epitaxy where four lattice constants of TiN
match with three of silicon. The SAD patterns from other
areas were identical to this one, indicating TiN has grown
epitaxially on silicon over a large area.

We have investigated the nature of the grain boundary
as a function of deposition temperature from 25 to
500 °C. Figure 4(a) and 4(b) show low-resolution (bright

FIG. 1. BF plan-view TEM showing nanocrystalline TiN with average
grain size approximately 8 nm (Substrate temperature of deposition,
TS 4 25 °C).
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field) and high-resolution plan-view TEM micrographs,
respectively, from the film deposited at 200 °C. The av-
erage grain size in the film deposited at 200 °C was
found to be 35 nm. From the low-resolution micrograph,
the presence of high density of dislocations within the
grains is clearly resolved. The high-resolution micro-
graph shows a triple boundary junction. The width of the

boundaries was determined to be less than 1 nm, similar
to conventional large-grain size materials, and this width
remained constant with grain size. None of these bound-
aries showed the presence of amorphous regions.

Several authors25 have reported the variations in inter-
planar spacing as a function of nanocrystalline grain size
using HRTEM imaging. These results were interpreted to
result from relaxation of the nanocrystallites, where spac-
ing increases with decreasing grain size. To investigate
this effect, we have utilized diffraction information to
extract planar spacings, which are more reliable than
images due to deformation and information transfer.
With this background, we determined the lattice constant
of TiN from specimens with the 8 nm grain size to the
single crystal phase. From the SAD pattern using
the silicon substrate as a standard, the lattice constant
was found to remain constant within the accuracy of our
measurements at 0.4244 ± 0.0016 nm. These results were
found to be in good agreement with XRD results shown
in Fig. 5.

HRTEM of TiN/Si interface for the specimen depos-
ited at 700 °C with〈110〉 normal to the specimen is
shown in Fig. 6. Both sets of {111} planes in the Si and
TiN and the epitaxial growth relation are clearly visible.
The {111} planes in silicon with 0.3144 nm spacing are
aligned with {111} TiN planes with 0.2449 nm spacing.
The micrograph shows the epitaxial growth of TiN even
in the presence of an interfacial layer of oxide.

Figure 5 shows a XRD of TiN film (TS 4 700 °C) on
the (100) silicon substrate. The pattern contains (200)
and (400) TiN along with (400) silicon diffraction show-
ing that TiN film is textured with [100] of TiN aligned
with [100] of silicon. The measuredd-space for TiN
(200) is 0.2128 nm. The lattice constant of TiN film was
determined to be 0.4256 nm, which is very near to the
value calculated by the selected-area-diffraction pattern
result mentioned above.

FIG. 2. Selected-area-diffraction patterns of TiN films on Si(100) deposited at different temperatures (a) TS 4 25 °C, cross-section; (b)
TS 4 25 °C, plan-view; and (c) TS 4 200 °C, plan-view.

FIG. 3. (a) Selected-area-diffraction patern of TiN film on Si(100)
deposited at 700 °C, cross-section, TiN〈110〉//Si〈110〉; (b) simulated
diffraction pattern showing cube-on-cube TiN epitaxial growth on
Si(100).
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The variation of hardness of nanocrystalline TiN films
on Si (100) with grain size is shown in Fig. 7(a). By
decreasing the deposition temperature, the average grain
size of TiN nanocrystalline films decreases from 55 nm
(TS 4 600 °C) to 8 nm (TS 4 25 °C), and the hardness
decreased from 31.9 to 25.5 GPa, which clearly shows
an apparent softening. The apparent softening seems to

have two regions, a rapid decrease up to grain size of
35 nm, followed by a slow decrease in hardness from 35
to 8 nm. This softening behavior represents and example
of the inverse Hall-Petch effect observed in some
nanocrystalline metals, but in this case at much larger
grain sizes. While TiN is a hard brittle material, the plas-
tic deformation under the nanoindenter is likely to in-
volve grain boundary deformation, as opposed to
conventional dislocation motion. For TiN, the critical
size for softening is estimated to be more than 55 nm,
which is much larger than Zn (11 nm) and Cu (7 nm),
due to the lack of dislocation activity in a hard material
like TiN. The decrease in hardness followedd n behavior
where n was found to be −0.4 and −1.2 shown in
Fig. 7(b). The typical softening process of nanocrystal-
line TiN films can be reasoned as the low angle grain
boundary sliding and triple junction activity, which are
proved by the high resolution plan-view micrograph
shown in Fig. 4(b). This behavior has been modeled by
Conrad and Narayan20 and Narayan.21 When the grain

FIG. 4. (a) BF plan-view micrograh and (b) high-resolution image
(showing triple junction in grain boundaries) in a crystalline film de-
posited at TS 4 200 °C.

FIG. 5. XRD pattern showing (100) peaks from TiN film (TS 4
700 °C) and Si(100) substrate.

FIG. 6. High resolution〈110〉 cross-section image of epitaxial TiN
(TS 4 700 °C) on Si(100).
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size decreased, the ratio of atoms in the grain boundary to
those in the grains became larger and the diffusion in-
volving grain boundary sliding became easier. Addition-
ally, relaxation of low angle grain boundaries and triple
junctions also assume an important role in the softening
process. It should be noted that dislocation density within
TiN grains is quite high even at large-grain sizes, which
is related to processing characteristics. Thus, during sub-
sequent deformation it may not be possible to increase
the number density of dislocations in the intragrain re-
gions. We envisage intergtain deformation via grain
boundary sliding to be a primary source for deformation/
softening. The Coble creep involving diffusion along the
grain boundaries is not considered to be a primary source
of ductility or softening for two reasons: first, TiN is a
well-known diffusion barrier implying low diffusivity
(high activation energy for diffusion) in TiN. The acti-
vation energy for diffusion along grain boundaries in
ceramic materials is close to half of the bulk value.26

Thus, at room temperature significant mass transport
along grain boundaries, which seems to have normal dis-
location structure, is not possible. Second, the grain

boundary sliding, which involves dislocation motion
along the boundaries, can lead to a mass transport at
much lower temperatures. The dislocation motion (glide)
involves cooperative kink and jog motion along the dis-
locations where mass transport via atomic diffusion proc-
ess is slow primarily due to the high activation energies
involved. Because the hardness is related to the resis-
tance of deformation, any hindrance to dislocation mo-
tion can lead to enhanced hardness. The dislocation
content/density in large grains, single crystal films, or
bulk materials, may account for some variations in hard-
ness values. Thus, processing methods particularly in
TiN lead to slightly different hardness values.27 The
hardness for TiN single-crystal film deposited at 700 °C
was found to be 29 GPa, which is slightly smaller than
the value for the textured film deposited at 600 °C
(31.9 GPa). We envisage this drop to be related to the
decrease in overall dislocation density in these single-
crystal films. Similarly, higher hardness of superlattices
(TiN/VN and TiN/VNbN) in the range of 31–41 GPa is
envisaged to be related to the interfacial resistance to
dislocation motion.28

IV. SUMMARY

Using pulsed laser deposition, the grain size of TiN
was varied from 8 nm to an epitaxial single crystal by
changing the substrate temperature from 25 to 700 °C.
The boundary angles are noncoincidence site lattice
(CSL) indicating the nonequilibrium nature of the dislo-
cation arrangement. However, the grain boundary width
remained the same at less than 1 nm. The hardness of
the TiN film was found to decrease with grain size of the
crystal film. The decrease in hardness followedd n be-
havior wheren was found to by −0.4 and −1.2. This
decrease in hardness with decreasing grain size is inter-
preted due to intergrain deformation or grain boundary
sliding as proposed by Narayan and Conrad.20,21
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