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Thin films are used in many applications where special
properties are needed to insure performance and reliability.
Of particular interest are thin tantalum nitride films. They are
used extensively in microelectronic applications because of
their long term stability and low thermal coefficient of
resistance. [1,2] They are sputter deposited which produces
films with a high structural defect content and high
compressive residual stresses both of which can alter the
physical and mechanical properties of microelectronic thin
films. [3,4] Although these films are strong heat generators,
they exhibit no changes in structure or composition of the
interface with aluminum oxide substrates that degrade
performance or reliability. [5] However, the use of high power
density components is driving a move to replace aluminum
oxide with aluminum nitride for greater heat transfer. [6] This
replacement substrate creates concern as residual stresses
and long-term operation could induce detrimental changes
along the thin film interface not observed in aluminum oxide
devices. As a result, we employed nanoindentation [7,8] and
continuous nanoscratch testing [9,10] to determine the
effects of the intrinsic compressive residual stresses on the
properties and fracture resistance of the thin tantalum nitride
films. These techniques sample small volumes of material
while preserving the production configuration of a free
surface. Although nanoscratch tests lack a rigorous
derivation of stress distributions and strain energy release
rates [9,10], good approximations for strain energy release
rates can be obtained using mechanics-based models for
blister formation where residual stresses dominate
interfacial fracture behavior. [11,12] When combined with
scanning and transmission electron microscopy, the results
define structure-property relationships and resistance to
fracture of these hard films.

The thin tantalum nitride films used in this study were
reactively sputtered onto smooth sapphire (single crystal
alumina) substrates and air-fired aluminum nitride
substrates. The sapphire substrates were prepared by
heating to 170°C in vacuum for two hours to drive off
moisture followed by an RF backsputter for 120 s to remove
contaminants and expose fresh material. The afuminum
nitride substrates were air fired at 850°C for one hour to
produce a surface oxide. They were then heated to 170°C in
vacuum for two hours to drive off moisture followed by an RF
backsputter for 15 s to clean the surface. With a vacuum
maintained to less than 1.3x10-5 Pa (107 torr), films were
deposited at a rate of 0.3 nm/s on both types of substrates
using a tantalum target, argon as a carrier gas, and
controfled additions of nitrogen to form TagN. The final film
thicknesses were 635 nm on the sapphire substrate, and
160, 440 and 500 nm on the aluminum nitride substrates.
[13,14]

Nanoindentation tests showed that the elastic moduli of all
films were equal to 350 GPa which closely matches the
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elastic moduli of both the sapphire and aluminum nitride
substrates. The hardness values for the films were near 35
GPa which are somewhat higher than the 26 GPa measured
for sapphire and much higher than the 16 GPa measured for
aluminum nitride. [13,14]

Cross-sectional TEM of the 635 nm thick films on sapphire
substrates revealed that the first 200 nm of the film is
amorphous. At distances greater than 200 nm from the
aluminum oxide-tantalum nitride interface the film develops a
pronounced preferred orientation with the basal plane of the
film perpendicular to the substrate and the microstructure
exhibiting a tapered columnar structure. (Figure 1a) The films
on aluminum nitride have the same relatively smooth surface
and structure as the films on the sapphire substrate. High
Resolution TEM showed that the interfaces in all films have a
three to four atom layer transition region extending from the
aluminum oxide substrate into the tantalum nitride film.
Although it appears amorphous there is a periodicity to the
interface structure indicating either a transition or periodic
array of defects. (Figure 1b) [13,14]

The sputter deposition did produce a high structural defect
content and high compressive residual stresses which can
change with time and adversely affect reliability. Following
the approach of Sun, Tisone, and Cruzan [3], the change in
lattice parameters for (0002), (1021), and (1032) x-ray
diffraction peaks from corresponding unstressed tantalum
nitride values were used to estimate in-plane residual
stresses as follows,

as—a
R (1)

where ag and a are the measured lattice parameters of the
unstressed standard and stressed film respectively, v is
Poisson's ratio taken as 0.35, and E is the measured elastic
modulus. All films exhibited a lattice parameter increase
normal to the film surfaces revealing in-plane compressive
stresses that increased with film thickness. The data are
given in Table 1.

A series of ten nanoscratch tests were run on each film to
determine resistance to fracture. In all tests, the point of
fracture was characterized by an abrupt increase in
tangential load. This is shown for the as-deposited film on a
sapphire substrate in Figure 2a. Beyond the initial point of
fracture, the indenter penetrated the aluminum nitride
substrate. The fractures were always characterized by well-
defined spalls along the fiim and substrate interface. (Figure
2b) Fracture of the films on aluminum nitride substrate
occurred at lower loads and was accompanied by smaller
spalls than in films on sapphire as shown in Figure 3.
Compositional scans across the fracture surfaces showed
no evidence of tantalum from the film suggesting that
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fracture occurred along either the interface or just within the
sapphire or aluminum nitride substrates.

The energy stored in each film at fracture was estimated as
follows,

. (1=vo2h (1-v)ith (1-vagh

G=—p A+Z Lt E 2
where G" is the stored elastic strain energy available for
fracture, h is the film thickness, E is the elastic modulus and
p is the shear modulus of the film, oy is the residual stress in
the film, and 7 jj and G jj are the average applied elastic shear
and normal sgresses in the film at fracture. [10,13] The
energies expended for fracture and phase angles of loading
were determined using the circular blister analysis of
Hutchinson and Suo. [12,13] The stored energies and
energies expended on fracture are comprised of mode 1 and
mode Il contributions. Treating interfacial fracture as a mode
| failure [15], the mode | contributions to fracture were
estimated using the following relationship [12],

I} = TL1/(1+tan?y) &)

where T'|.j| is the measured fracture energy, v is the phase
angle of loading, and I'j is the projected mode { fracture
energy.

The results for the tantalum nitride films on aluminum nitride
substrates in this study are given in Table I. This table
shows the loads at fracture and fracture areas differed with
substrate and with film thickness as did the applied
energies. Furthermore, it is shown that a reduction in
residual stress combined with a decrease in film thickness
markedly reduced the residual stored energy in the thinnest
film tested. In all cases the mode | fracture energies ranged
from 1.3 to 3.9 J/m2 which are typically associated with
chemical or metallic bonding. However, the values for
fracture on sapphire substrates were nearly a factor of two
higher than for fracture on aluminum nitride substrates even
though the aluminum nitride surface forming the interface
with the films was covered by a layer of aluminum oxide. This
suggests that strain energy release rates may differ
between substrates due to differences in plastic energy
dissipation and should not be ignored. This highlights the
need for continued advances in testing techniques and
efforts in model development to provide physically accurate
and quantitatively correct descriptions of the fracture
process in thin tantalum nitride films.
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Table 1. The applied, residual stress, and total stored strain energies at fracture, Gapplied. Gresidual: and Gotal, and the
energies expended on fracture, I'|.||, the phase angles of loading, v, and projected mode | fracture energies, T, along with
areas of spallation, A, and the critical normal and tangential loads for fracture, Pcr and Lgy, from scratch tests on as-
deposited thin tantalum nitride films.

Film/Thickness A Per Lcr Ores Greﬁ GapE| Gtotal F|-B vy Ty
mmd)  (mN) (M) (GPa) (md) (/m?) (Im2) (Im) (W/m2)
TapN/AloO3 . '
635 nm 210 98 . 60 5.4 34.7 0.4 351 15.5 -60 3.9
TagN/AIN
§00 nm 107 102 53 -4.5 18.8 0.6 19.4 43 -51 1.6
440 nm - 82 87 47 -4.7 17.1 0.3 17.4 6.4  -56 1.8
160 nm 9 26 17 -3.8 4.3 179 222 9.8 -61 1.3
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(a) (b)
Fig. 1. The microstructure of as-depositéd films (a) consists of a 200-nm-thick amorphous region near the interface followed

by columnar grains extending to the film surface. The interface between the film and substrate (b) is characterized by a three-
to-four atom-layer transition from an amorphous to crystalline structure.
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Fig. 2. Scratch test fractures in the as-deposited film on sapphire (a) occurred consistently near 100 mN and were
characterized by an abrupt increase in tangential load. (b) The fractures propagated along the film-substrate interfaces
producing well-defined spalls ahead of the indenter.
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Fig. 8. Scratch test fractures in the as-deposited films on aluminum nitride (a) were also characterized by abrupt increases

in tangential load and indenter depths producing (b) well-defined spalls ahead of the indenter. This figure is from fracture in
the 440-nm-thick as-deposited film.
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