CHAPTER 3. MECHANICAL AND ELECTRICAL PROPERTIES OF

NANOCRYSTALLINE AND EPITAXIAL TiN FILMSON (100) SILICON

(Published in Journal of Materials Research Vol. 16, No. 9, 2733, Sep 2001.)

3.1 Abstract

High-temperature materials such as TiN have been successfully applied as wear corrosion
protection, decorative coatings, electrical contacts and diffusion barriers in electronic
devices. However the poor toughness and ductility have limited some of these
applications. To aleviate some of these problems, reduction of grain size can enhance
grain boundary dliding and grain boundary diffusion related creep phenomena. We have
investigated mechanical and electrical 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°C to 700°C during pulsed laser
deposition, the microstructure of TiN films changed from nanocrystalline (having
uniform grain size of 8 nm) to a single crystal epitaxia film on the silicon (100)
substrate. The microstructure and epitaxial nature of these films were investigated using
X-ray diffraction (XRD) and highresolution transmission electron microscopy
(HRTEM). Hardness measurements were made using nanoindentation techniques.
Resistivity measurements were performed by van der Pauw method. The nanocrystalline
TiN contained numerous triple junctions without any presence of amorphous regions. The
width of the grain boundary remained constant 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 in nanoscale. This behavior has been
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modeled recently involving grain boundary dliding which is particuarly relevant in the
case of hard materials such as TiN. The dependence of resistivity of TiN as a function of

the substrate temperature is discussed and correlated with hardness results.

3.2 Introduction

High-temperature ceramics constitute a very useful class of materials owing 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 components >,
decoration coatings 8, electrical contacts and diffusion barriers in electronic devices *1°,
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 materias in terms of poor toughness and ductility which severely
limit their applications. Poor toughness and ductility result from the lack of dislocations
and mobility. To aleviate some of these problems, reduction of grain size can enhance
grain-boundary dliding and grain boundary diffusion related creep phenomena. In the
nanoscale regime, we envisage that grain-boundary sliding and creep phenomena may

dominate and control the mechanical properties of TiN nanocrystalline films.

Polycrystalline TiN films have been formed by variety techniques such as ion beam
assisted deposition!, plasma immersion ion implantation?, reactive magnetron
deposition'®, laser assisted CVD*, MOCVD®® and PLD*®. Compared to other techniques,

pulsed laser deposition offers a unique advantage in terms of |ow-temperature deposition,
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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°C to 700°C. This advantage
isderived primarily from the fact that the average energy of laser ablated species is about
200-1000kT compared to KT in equilibrium 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 microstructure produced by this technique, was that the dislocation
density within the grains was quite high > 10cmi?. In most materials, hardness increases
with decreasing grain size. In metallic materials, which exhibit plastic deformation,
hardness which scales with yield stress increases with decreasing grain size (d) according
to the Hall-Petch relationship 118 (H=Hy+kd¥2) where H is the lattice frictional stress
and k is a constant. Brittle ceramics, which fail in the elastic regime, also exhibit
increasing hardness and fracture strength with decreasing grain size'®. In the larger grain
size regime a d2 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 ceramics are still
controversial 1°. At the nanoscdle grain sizes (<30nm), in ductile metals, dislocation
based deformation apparently ceases and deformation associated with the grain
boundaries (grain boundary diding or creep) is believed to occur. In some cases a

softening (“inverse Hall-Petch effect”) with decreasing grain size is observed. 2>2 Many
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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.?? The critical grain size where softening begins has been found to be 7 nm for Cu,
which is also consistent with computer simulation results.>* % For Zn, this critical grain
size is found to be 11nm.?* 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 focus of thisinvestigation is the study of the dependence of hardness on the grain

sizein a hard, brittle material, specifically TiN.

On the other hand, the electrical properties of TiN films will strongly depend on the grain
size of the films. The relation between mechanical properties and electrical properties
will effect the application of TiN films in coatings, electrical contacts and diffusion
barriers. Therefore the main purpose here is to study the relation between mechanical and
electrical properties of TiN films on silicon substrate where grain size varied from the

nanocrystalline regime to asingle crystal.
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3.3 Experimental

Laser physical vapor deposition of TiN was carried out using a Pulsed KrF excimer laser
(I = 248 nm, t,= 25 ns, repetition rate 10 Hz) described elsewhere. 1°1° The target was
hot-pressed stoichiometric TiN obtained from CERAC Inc. The laser beam was focused
to obtain an energy density of ~10 Jomi? at 45° angle of incidence. The target was held
parallel to (100) slicon 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 1107 Torr with a
turbomolecular pump. The laser deposition at 10 Hz repetition rate resulted in
approximately 180nm to 500nm thick TiN flm. 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 XRD, HRTEM (cross-section, planview). Selected-area-diffraction
patterns, from large specimen areas, were used to investigate the textured and epitaxial
growth of TiN films. The hardness H and éastic modulus E of the films were measured
by using a nanoindenter method. The resistivity and Hall voltage of the TiN films were

measured by the Van der Pauw technique.
3.4 Results and Discussion

Figure 1 shows a bright-field plan-view TEM micrograph of the nanocystalline TiN film

deposited at 25°C. The average grain size was determined to be about 8 nm.

137



.
) O |

7 g } 2

Fig. 1. Bright-field plan-view TEM showing nanocrystalline TiN with average grain size

~8nm (Substrate Temperature doing deposition, Ts=25°C).
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Fig. 2. Selected-area-diffraction patterns of TiN films on Si (100) deposited at different

temperatures (a) Ts=25°C, cross-section; (b) Ts=25°C, planview; and (c) Ts=200°C,

plartview.
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The selected-area diffraction (SAD) pattern from <110> cross-section specimens
covering both of the film and the substrate, is shown in Fig. 2(a). Fig. 2(b) is the plan
view selected area diffraction pattern for the film deposited at 25°C. It is interesting to
note that these nanocrystalites with average size 8nm exhibit <100> texturing which
becomes quite prominent as the substrate deposition temperature increases to 200°C. The
average grain size in the film deposited at 200°C was found to be 35 nm. Finaly the film
becomes epitaxial single crystal above 600°C, as revealed by SAD pattern from the in
<110> cross-section Fig. 3(a). The Selected-area-diffraction pattern in Fig.3 was obtained
using a large aperture which covered over 2 um diameter area of the film with some
silicon substrate 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°C to 500°C. Fig. 4(a) and 4(b) show lowresolution
(bright field) and high-resolution plan-view TEM micrographs, respectively from the film
deposited at 200°C. From the lowresolution micrograph, the presence of high density of
dislocations within the grains is clearly resolved. The high-resolution micrograph shows a
triple boundary junction The width of the boundaries was determined to be less than
1nm, similar to conventional large-grain size materials, and this width remained constant

with grain size. None of these boundaries showed the presence of amorphous regions.
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Fig. 3. (9) Selected-area-diffraction pattern 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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Fig. 4. (&) BF planview micrograph and (b) High Resolution image (showing triple

junction in grain boundaries) in a crystalline film deposited at Ts=200°C.

142



Severa authors % have reported the variations in interplanar spacing as a function of
nanocrystalline grain size usng HRTEM imaging. These results were interpreted to result
from relaxation of the nanocrystallites, where spacing 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 8nm grain size to the single crystal phase. From the SAD pattern using the
slicon substrate as a standard, the lattice constant was found to remain constant within

the accuracy of our measurements at 0.4244+0.0016nm. These results were found to be in

good agreement with X-ray diffraction results shown in Fig.7.

A high-resolution transmission electron micrograph of TiN/ Si interface for the specimen
deposited at 700°C with <110> normal to the specimen is shown in Fig. 5. Both sets of
{111} planesin the S and TiN and the epitaxial growth relation are clearly visible. The
{111} planesin silicon with 0.3144 nm spacing are aligned with {111} TiN planes with
0.2449 nm spacing. The micrograph shows the epitaxia growth of TiN even in the

presence of an interfacial layer of oxide.
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Fig. 5. High Resolution <110> cross-section image of epitaxia TiN (Ts=700°C) on

Si(100). Magnified images from two areas indicate different dislocation orders.
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Relatively large lattice mismatch and high interfacial energy result in misfit dislocations
along the TiN/Si interface, because after several hundred atomic layers of the coherent
epilayer growth, the strain energy is sufficient to overcome the activation energy for
nucleation of dislocation at the free surface. In figure 5, misfit dislocations are clearly
visible aong the interface of TiN/Si and marked as the extra half planes of dislocation.
The short ordering of these misfit dislocations is clearly observed as 3:4 relationship,
which means that 4 atomic planes of TiN (111) align with 3 atomic planes of Si(111),
according to domain matching epitaxy. And every two set of extra half planes compose

one 90° dislocation as shown in figure 6. These 90° dislocations are orderly distributed

along the interface and burgers vector of these misfit dislocation is identified as%(llO) :
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Fig. 6. High Resolution <110> cross-section image of epitaxia TiN (Ts=700°C) on

Si(100). Arrows marked two set set of extra half planes which compose one 90°

dislocation with Burgers vector of 2(110) :
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Fig. 7. XRD pattern showing (100) peaks from TiN film (Ts=700°C) and Si (100)

substrate.

Figure 7 shows X-ray diffraction pattern of TiN film (Ts<=700°C) on the (100) silicon
substrate. The pattern contains (200) and (400) TiN along with (400) silicon diffraction
showing that TiN film is textured with [100] of TiN aligned with [100] of silicon. The
measured dspace 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 patternresult mentioned above.
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Fig. 8. Hardness vs grain size plot of nanocrystalline TiN films deposited at different

temperatures (from RT to 600°C);

The variation of hardness of nanocrystalline TiN films on Si (100) with grain size is
shown in figure 8 By decreasing the deposition temperature, the average grain size of
TiN nanocrystalline films decreases from 55nm (Ts=600°C) to 8nm (Ts=25°C) and the
hardness decreased from 31.9 GPa to 25.5 GPa, which clearly shows an apparent

softening. The apparent softening seems to have two regions, a rapid decrease up to grain
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size of 35nm, followed by a slow decrease in hardness from 35nm to 8nm. This softening
behavior represents an 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 plastic deformation under the nanoindenter is likely to involve grain
boundary deformation, as opposed to conventional dislocation motion. For TiN, the
critical size for softening is estimated to be more than 55nm which is much larger than Zn
(11nm) and Cu (7nm), due to the lack of didlocation activity in a hard material like TiN.
The decrease in hardness followed d' behavior where n was found to be - 0.4 and —1.2.
The typical softening process of nanocrystalline TiN films can be reasoned as the low
angle grain boundary sliding and triple junction activity which are proved by the high
resolution plantview micrograph shown in figure 4(b). This behavior has been modeled
by Conrad and Narayarf® and Narayarf*. When the grain size decreased, the ratio of
atoms in the grain boundary to those in the grains became larger and the diffusion
involving grain boundary dliding became easier. Additionally, relaxation of low angle
grain boundaries and triple junctions also assume 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 subsequent
deformation it may not be possible to increase the number density of dislocations in the
intragrain regions. We envisage intergrain deformation via grain boundary sliding to be a
primary source for deformation/softening. The Coble creep involving diffusion along the
grain boundariesis 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 activation energy for diffusion along grain
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boundaries in ceramic materials is close to the half of the bulk value?®. Thus, at room
temperature significant mass transport along grain boundaries, which seems to have
normal dislocation structure, is not possible. Second, the grain boundary dsliding, which
involves dislocation motion along the boundaries, can lead to a mass transport a much
lower temperatures. The dislocation motion (glide) involves cooperative kink and jog
motion along the didocations, where mass transport via atomic diffusion process is slow
primarily due to the high activation energies involved. The hardness for TiN single
crystal film deposited at 700°C was found to be 29 GPawhich is dightly 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.
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Fig. 9. Resigtivity vs. inverse of grain size plot of nanocrystalline TiN films deposited at

different temperatures (from RT to 600°C)
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Figure 9 shows the variation of resistivity of nanocrystalline TiN films on Si (100) with
inverse of grain size (1/d). As the deposition temperature varied from room temperature
to 600°C, the grain size increased from 8nm to 55nm and the resistivity dropped from
156.75mN cm to 45.56mN cm. As the grain size decreases in nanocrystalline regime, the
volume fraction of atoms on the grain boundary increases which can be simply expressed

as the equation:

Where, W is the volume fraction of atoms on the grain boundaries, d is the width of grain
boundary which is constant, and d is grain size. As the volume fraction of atoms on the
grain boundary increases, the grain boundary scattering increases, and the resistivity
increases. For single crystalline TiN films deposited at 700°C, the resigtivity is

determined to be 15 MV cm.

Correlated with the hardness results, we found that, as the grain size increased in
nanocrystalline regime, the hardness increases and resistivity decrease. For single
crystalline TiN films, the hardness reaches 29GPa and resistivity reaches the minimum
value. The combined mechanical and electrical properties of TiN films suggest the TiN as
promising metallization materials. Further more, single crystal TiN films can be used as
template to grow other materials on silicon, especially for those materias, which are very
difficult to be grown on S directly but having the similar lattice parameter as TiN.

Recently we have grown epitaxia cubic TaN on TiN/S to redlize the integration of TaN
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on Si. By this method, we are able to grow high quality diffusion barrier for Cu

interconnection. 2’

3.5 Conclusion

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°C to 700°C. The boundary
angles are non CSL (coincidence site lattice) indicating the nonequilibrium nature of the
dislocation arrangement. However, the grain boundary width remained the same at less
than 1nm. The hardness of the TiN film was found to decrease with grain size of the
crystal film. The decrease in hardness followed d" behavior where n was found to be -0.4
and —1.2. This decrease in hardness with decreasing grain size is interpretted due to
intergrain deformation or grain boundary sliding as proposed by Narayan and Conrad. %
The resistivity results show the increasing resistivity as the grain size decreased. This can
be reasoned as increasing grain boundary scattering. The combined mechanical and
electrical properties of TiN films suggest the TiN as promising metallization materials

and templates.
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