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Growth and physical properties of epitaxial metastable cubic TaN „001…
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We report the growth of epitaxial metastable B1 NaCl structure TaN~001! layers. The films were
grown on MgO~001! at 600 °C by ultrahigh vacuum reactive magnetron sputter deposition in mixed
Ar/N2 discharges maintained at 20 mTorr~2.67 Pa!. X-ray diffraction and transmission electron
microscopy results establish the epitaxial relationship as cube-on-cube, (001)TaNi(001)MgO with
@100#TaNi@100#MgO, while Rutherford backscattering spectroscopy shows that the layers are
overstoichiometric with N/Ta51.2260.02. The room-temperature resistivity is 225mV cm with a
small negative temperature dependence between 20 and 400 K. The hardness and elastic modulus,
as determined by nanoindentation measurements, are 30.860.9 and 457616 GPa, respectively.
© 1999 American Institute of Physics.@S0003-6951~99!04450-2#
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Polycrystalline TaNx thin films are presently used in
variety of applications including hard wear-resistant coatin
on tools, diffusion barriers in integrated circuits, resisto
and mask layers for x-ray lithography. Unlike the more co
mon hard-coating material, the IVB–VA compound TiN
little is known about the fundamental properties of cub
TaN, a metastable VB–VA compound. While the Ti–
equilibrium phase diagram is relatively simple with the on
compounds being tetragonal Ti2N and NaCl-structure TiN,
the Ta–N system is extremely rich.1,2 In addition to the equi-
librium phases bcc Ta, solid-solutiona-Ta~N!, hcp-g-Ta2N,
and hexagonale-TaN, a variety of metastable phases ha
been reported. These include tetragonalb-Ta, bccb-Ta~N!,
hexagonal WC structureu-TaN, cubic B1 NaCl structure
d-TaN, hexagonal Ta5N6, tetragonal Ta4N5, and tetragonal
Ta3N5.

1,2 This complexity makes it challenging to gro
phase-pure TaNx compounds and, hence, little is know
about fundamental properties of these materials. There ar
reports on single-crystal TaNx layers.

We expect that cubic TaN, like TiN3 and NbN4 which
have the same NaCl crystal structure, will have a w
single-phase field and can support large vacancies conce
tions on both cation and anion sublattices. In the case of T
N/Ti can vary from 0.6 to.1.2 ~Ref. 3!.

In this letter, we present evidence for the growth of e
itaxial single-crystal TaN thin films on MgO~001!. X-ray dif-
fraction~XRD! and transmission electron microscopy~TEM!
indicate that the alloys are single-phase B1 NaCl struc
TaN with a room-temperature resistivity of 225mV cm.
Nanoindentation measurements show that the elastic m
lus of the TaN films is comparable to that of TiN while th
hardness is more than 50% higher.

All TaNx films, 0.5 mm thick, were grown in a load-
locked multichamber ultrahigh vacuum~UHV! stainless-
steel dc magnetron sputter deposition system describe
detail in Ref. 5. The target was a 99.97% pure Ta disk a

a!Electronic mail: greene@mrlxp2.mrl.uiuc.edu
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sputtering was carried out in 20 mTorr~2.67 Pa! mixed
Ar~99.9999%!/N2~99.999%! discharges with N2 fractionsf N2

between 0.05 and 1. Pressure was measured by a capac
manometer and maintained constant with an automatic m
flow controller.

Sputtering was done at a constant power of 150 W i
magnetically unbalanced mode, achieved using an exte
pair of Helmholtz coils.5 These conditions resulted in a film
deposition rate of 2.34mm h21 with f N2

50.20. A combina-

tion of probe,5 growth rate, and film composition measur
ments showed that the ion-to-Ta ratio incident at the s
strate was 11 with an ion energy of 8 eV. Ion irradiation w
essentially monoenergetic since the charge-exchange m
free path6 was more than a factor of two larger than th
substrate sheath width. From previous glow discharge m
spectroscopy measurements,7 the primary ion flux constitu-
ents are Ar1 ~94%! and N2

1 ~4%!.
The substrates were polished 13130.05 cm3 MgO~001!

wafers which were cleaned as described in Ref. 8. They w
then mounted on resistively heated Ta platens and inse
into the sample introduction chamber for transport into
deposition chamber. Final cleaning consisted of thermal
gassing at 800 °C for 1 h, a procedure shown to resul
sharp MgO~001!131 reflection high-energy electron diffrac
tion patterns.8 The target was sputter etched for 5 min, wi
a shutter shielding the substrate, prior to initiating depo
tion. Film growth temperature, 600 °C including the cont
bution due to plasma heating, was measured using a pyr
eter calibrated by a thermocouple bonded to a TaN-coa
MgO substrate.

The microchemistry of the TaN layers was examined
Rutherford backscattering spectrometry~RBS! using 2 MeV
He1 ions and the spectra analyzed using theRUMP simulation
program.9 No impurities were detected. Film microstructu
was investigated using a combination of XRD, plan-vie
TEM, and cross-sectional TEM~XTEM!. XRD measure-
ments were carried out in powder and high-resolution Phi
MRD diffractometers, both with CuKa sources.
8 © 1999 American Institute of Physics
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Temperature-dependent resistivity measurements w
performed using a four-point probe with evaporated Al co
tacts in the van der Pauw geometry. The nanoindenta
responses of TaN films were determined using a Nano
dentor II instrument. Epitaxial TiN~001! layers, also grown
on MgO~001! and having the same thickness as the T
samples, served as references for calibration purposes.10 The
maximum load was varied from 0.2 to 20 mN and a mi
mum of ten indent sequences was used for each maxim
load. The triangular Berkovich diamond tip was calibrat
following the procedure described in Ref. 11.

Preliminary XRD, TEM, XTEM, and RBS analyses o
the microstructure and composition of as-deposited Tax

layers were carried out as a function off N2
. As shown be-

low, films grown withf N2
50.20 are single-crystal cubic TaN

with a N/Ta ratio of 1.22. Decreasingf N2
leads to polycrys-

talline layers while the use off N2
above 0.20 results in a

rapid increase in resistivity leading to the appearance
N-rich second phases. We focus here on the growth of
taxial cubic TaN.

Only one set of TaN XRD peaks was detected over
2u range between 20° and 80° for films grown withf N2

50.20. The peaks, centered at 41.57° and 41.67° and
dexed as B1 NaCl structure TaN 002Ka1 and Ka2 , are
shown in Fig. 1~a!. The 42.92° and 43.03° peaks are due
MgO 002 Ka1 and Ka2 . XRD scans along the azimutha
direction f obtained in the parallel-beam mode withv and
2u angles optimized for the 220 peaks of MgO and TaN a
tilt angle of 45° with respect to the surface normal exhi
four 90°-rotated 220 peaks at the samef angle for both MgO
and TaN@Fig. 1~b!#. These results show that the film is ep
taxial with a cube-on-cube relationship, (001)TaNi(001)MgO

and @100#TaNi@100#MgO.
The TaN lattice constant in the out-of-plane and in-pla

directions determined from symmetric 002 and asymme
113 scans area'50.4341 andai50.4332 nm. Using a Pois
son ratio of 0.25~Ref. 12!, we calculate that.97% of the
misfit strain is relaxed during growth and obtain a relax
lattice constanta050.4335 nm. Previous reports for poly
crystalline cubic TaN films deposited by reactive sputter
give a0 values ranging from 0.436 to 0.442 nm~Refs. 2 and

FIG. 1. XRD scans from a cubic 0.5-mm-thick TaN~001! layer grown on
MgO~001! at Ts5600 °C: ~a! v-2u scan,~b! 220f scan, and~c! v-rocking
curve at 2u541.565°.
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13! while the lattice constant for bulk cubic TaN prepared
plasma jet heating of hexagonal TaN is 0.433 nm.14

The full width at half maximum intensityG2u of the TaN
Ka1 peak is 0.10° compared to 0.04° for the MgO substra
Figure 1~c! shows anv-rocking curve, withGv50.6°, from
the TaN~001! sample corresponding to Fig. 1~a!. In-plane
and perpendicular x-ray coherence lengthsj i andj' can be
obtained from the widths of the diffracted intensity distrib
tions perpendicularDg' and parallelDgi , respectively, to
the diffraction vector g using the relationships8 j i

52p/uDg'u5l/@2Gv sinu# and j'52p/uDgiu5l/
@G2u cosu# wherel is the x-ray wavelength. From the da
presented in Fig. 1,j i andj' are 21 and 104 nm. The onl
other reported results for transition-metal nitrides were
tained for epitaxial ScN~001!, j i515 nm andj'557 nm.15

The present TaN layers exhibit higher crystalline qual
with lower mosaicity.

XTEM images reveal uniform layers with abrupt film
substrate interfaces. Plan-view TEM and XTEM selecte
area electron diffraction patterns are composed of symme
single-crystal reflections whose positions are consistent w
the XRD results showing cube-on-cube epitaxy.

TaN layers grown withf N2
50.20 were found by RBS

analyses to be overstoichiometric with a N/Ta ratio of 1.
60.02. This is analogous to the case for epitaxial TiN lay
where N/Ti ratios of up to.1.2 have been reported fo
growth under similar conditions, relatively low homologou
temperatures in the presence of ion irradiation.3 Stoichio-
metric TaN~N/Ta51.0! was obtained withf N2

50.125; how-

ever the films, while primarily epitaxial, contained localize
areas of polycrystalline growth. The stoichiometric laye
had a slightly larger 001 lattice constant,a'50.4356 nm, in
agreement with results for TiN and NbN in whicha0 de-
creases with increasing vacancy concentration on the ca
sublattice. The lower strain energy associated with
growth of overstoichiometric TaN appears to stabili
pseudomorphic epitaxial growth. Further increases in N/
however, result in the appearance of N-rich second phas

The room-temperature resistivityr of cubic TaN layers
is 22565 mV cm, independent of N/Ta ratio between 0.9
and 1.22. Previously reported values for polycrystalline
bic TaN range from 200 to.470 mV cm.2,13,16,17Figure 2
showsr(T) for TaN~001! at temperatures from 20 to 400 K
dr/dT is relatively small and negative, withr varying from

FIG. 2. Resistivityr of cubic TaN~001! as a function of temperatureT.
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345 mV cm at 20 K to 207mV cm at 400 K. In contrast to
IVB–VA nitrides TiN3,18 and ZrN18 which show metallic
behavior with positivedr/dT, VB–VA and VIB–VA alloys
such as NbN0.97

18 and CrN19 exhibit nonmetallic resistivity
with negativedr/dT.

We attribute the negative temperature coefficient of
sistance for epitaxial cubic TaN1.22 to a weak localization of
the conduction electrons, which is caused by a perturba
of the periodic crystal potential due to cation vacancies,
sulting in Anderson localization.20 A similar temperature de
pendence of the resistivity has been observed for TiO1.23,21

a compound which has the same crystal structure, numbe
d electrons, and cation vacancy concentration as TaN1.22.

The hardness and elastic moduli of our TaN~001! layers
were determined from nanoindentation measurements
lowing the technique developed in Ref. 10. Figure 3 is
typical load-displacement curve, with 3 mN maximum loa
The initial loading segment contains an elastic-plastic d
placement. In order to minimize the effects of tim
dependent plasticity on the measured hardness, the hold
at maximum load was 10 s for all loads. Thermal drift w
calculated from a hold segment of 100 s at 95% unload
and used to automatically correct the load-displacement
through the instrument software.

The measured hardness H value for TaN~001! was found
to be 30.860.9 GPa and constant as a function of load
maximum displacements up to.80 nm, above which H de
creases continuously with increasing load. This behavio
expected when the plastic zone associated with the inde
tion measurement penetrates through a significant fractio
the film thickness resulting in an apparent decrease in H
hard films on softer substrates, the case here where H
MgO~001! is only 9.060.3 GPa.10 Using an estimated valu

FIG. 3. Typical load-displacement curves, using maximum loads of 2 an
mN, obtained during nanoindentation measurements of a 0.5-mm-thick cu-
bic TaN~001! layer grown on MgO~001! at Ts5600 °C. Hold segments are
labeled and the arrows indicate the load/unload directions.
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of 0.25 for the Poisson rationTaN,12 we obtain an elastic
modulusE of 457616 GPa. The uncertainty inE introduced
by nTaN is only 13 GPa~3%!. The hardness of the metastab
B1 NaCl structure TaN~001! is 54% higher than that o
TiN~001! while E is nearly identical.

In conclusion, we have demonstrated the growth of e
taxial single-crystal B1 NaCl structure TaN~001!. The layers
have a room-temperature resistivity of 225mV cm with a
small negative temperature dependence between 20 and
K. The hardness and elastic modulus, as determined
nanoindentation measurements, are 30.860.9 and 457616
GPa, respectively.
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