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Stable and metastable structures of the multiphase tantalum nitride system
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Despite its growing technological importance and potential, the tantalum nitride system is suprisingly still
relatively unexplored. Using density functional theory and the all-electron total energy full-potential linearized
augmented plane-wave method, we investigate the relative stability of a host of structural phases and their
associated electronic properties. Through consideration of the effect of the environment via the individual atom
chemical potentials, a phase diagram is obtained. Our calculations indicate that there astatiiegghases
TasNg, TaN, and TaNs—the rest being metastable. The close energies of many structures explains the
complexity of this nitride materials system and why the observed structural phases depend very sensitively
upon experimental synthesis and growth conditions.
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While the tantalum nitride system is attracting much in-found that on heating the thin films of Iy in vacuum, the
terest recently due to its potential for technological applicaphase transformations Jds— TayN5— TagNg— e-TaN
tions, it remains largely unexplored both experimentally and—TaN resulted as the N content decreased. Using
theoretically. It exhibits a remarkable richness with regard taultrahigh-vacuum reactive magnetron sputtering of Ta as a
the array of equilibrium and metastable phases that cafunction of the N pressure over Mg@01) and oxidized
forml2and is used, for example, in coatings for cutting toolsSi(001), a series of lower nitride§TaN, 5, TayN, TaN) was
and wear-resistant layers, as well as for thin-film resistor@bserved by Shiret al! for low pressures; for higher N
and diffusion barriers in integrated circutdlore recently, it ~Pressures and temperatures of 566-6348£3-923 K, a
has been the subject of growing investigations regarding it§Vixture of rocksalt Taland body-centered-tetragonal TaN
potential as an electronic material, particularly as a barrieptructures were observed. .
layer in Josephson junctions, which consist of t can be noted from these experiments that TaN com-

superconductor/normal-conductor/superconductor(SNS pgzgdsseﬂzi\;ﬁ/;}”dg? t\éaer)gggesrmgm;?l F;E)%pe%rltjlfesé ‘g:écgodn%'i_
interfaces—devices that are of great interest in connectioﬁ y P P

with hiah- d diital electronidsAn optimum perfor- ons. While this flexibility and control thereof raises the
mancegof StﬁieSNngL?ncﬁoerf l\(l)bN T aNIt())IEI h;s bep:n Ore- possibility of new, diverse applications, it is first necessary to

S ain a deeper understanding into the energetics and physical
ported when TalN has a resistivity close to the metal- g P 9 9 Py

! o ; properties of these materials.
insulator(M-1) transition; there it was demonstrated that the’ |, the present paper, through density functional theory

resistivity can betunedby the growth conditions—namely, ang the concept of the atom chemical potential, we investi-

by the nitrogen pressure and the temperatut@he experi-  gate the relative stability and associated properties of a host
ments indicated that at the M-I transition, the material has &f Ta-N structures—namely, tetragonal ,Ng,2! ortho-

N-rich stoichiometry and that the rocksalt structure is essenthombic TaNg,>2 hexagonal TaNg,2 hexagonaly-TaN,2
tially maintained. In order to shed light on the underlying hexagonak-TaN?2 and cubic rocksals-TaN ! as well as an
mechanism responsible for the transition, we investigdeed array of rocksalt structures containing native defects. From
fective N-rich rocksalt TaN structurés!® Our results sug- the calculated energies, we construct a phase diagram which
gested that Ta vacancies are directly related to the abovgeveals the formation of stable and metastable phases, thus
mentioned M-I transition. providing new understanding into the general behavior of
Other experiments have also been performed on this mahis interesting nitride system.
terials system: Using dc magnetron sputtering on silicon The density functional theoryDFT) calculations were
(00D substrates, where the ratio of Ta to N atoms in theperformed using the first-principles full-potential linearized
plasma could be controlled, Let al® observed the formation augmented plane-wau&LAPW) method®*with the local
of pure Ta,y-TaN, &TaN, and TgNg phases which have density approximatiot (LDA) for the exchange-correlation
increasing N content; concominantly, the resistivity waspotential. We treat the core states fully relativistically and the
found to increase. In these experiments, the working pressuselence states scalar relativistically and use angular momenta
was 2.5<10°2 Torr(~3.3x10%atm) and an annealing up tol=8 in the muffin-tin spheres for both the wave func-
temperature of 600 °C873 K) was used. In the early work tions and charge density in the self-consistent cycles. The
of Terao? many phases were reported which were formed byenergy cutoff for the plane-wave expansion in the interstitial
nitriding evaporated Ta films in an atmosphere of ammoniaegion between the muffin-tin spheres is taken to be 20.25
and nitrogen. Temperatures in the range of 600-1100 °®y, and the muffin-tin radii employed af&,=1.4 Bohr for
(873-1375 K were employed to achieve the Taps, TaN, N and Rr,=2.47 Bohr for Ta, except for the N interstitials
5-TaN, eTaN, TaNg TasNs, and TaNs phases. It was and the TgNs phase where, due to the smaller N-Ta dis-
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TABLE I. The heat of formation per atont'(u%,, ) =[Ege ~nufa~mug]/ (m+n) whereEge' is the
total energy of the particular T, structure calculated using the supercell, anghdm are the number of
Ta and N atoms in the supercell, respectivelﬁ, and ,u$a are the N- and Ta-atom chemical potentials,

corresponding to the free nitrogen molecule and bulk bcc Ta, respectively. The units are eV.

rs-TayN3 rs-TaNy rs-TaN,
(one Nvach TayN5 TaNs (one Tavag. rs-TaN (two N vac) eTaN hex-TaN TagNg

—1.297 —1.503 —1.478 —-1.421 —1.305 —1.051 —-1.117 -1.086 —1.658

tances, we usefR;,=2.10 bohr andR;,=2.2 bohr, respec- states(DOS) [Fig. 1(b)] which shows clearly that TaN is
tively. In the calculation ofnergy differencesve took care  metallic. The calculated equilibrium volume is 1.0% smaller
to use exactly the same plane-wave cutoff and muffin-tirthan experiment. The b5 phase, depicted in Figs(d and
radii and, as close as possiblepoint samplings. 1(d), also has the rocksalt structure, but contains an ordered
To compare the relative stabilities of the various struc-arrangement of Ta vacanci€sThere are 18 atoms in the unit
tures(see Table), we define the free energy of formation cell. The calculated equilibrium volume of Jdg is 1.2%
" otal smaller than the experimental value. The corresponding DOS
E'(iramn) = [Ege = nura—muyJ((m+n), (1) [Fig. Le)] exhibits a noticeable dip aEr, suggesting a
greater stability as compared to TaN. The electronic structure
of these phases was presented and discussed in more detail in

whereE®? is the total energy of the Ta-N system calculated

using the supercell andandm are the number of Ta and N i blicatior(Ref. 10
atoms in the supercell, respectively. Heug, and ut, are the ou[rﬁaru?[r pl: Ica Ifoth el 29 h tritantal tani
N- and Ta-atom chemical potentials, respectively. The tem- id e sdrucluredo_ Fef s p a:jse(brl aEn ahur_:] pentani-
perature enters through the dependence of the nitrogetﬁI €) is disp ayed in gs. @ and 2b). Each Ta atom is

chemical potential as given in E¢@). The ~sign indicates surrounded by six N atoms, and the N atoms are threefold

that we ignore the entropic differences between the differen nd fourfold_ Ta cooordlnate%?. The Op“”."zed volume is
structures. According to Eq), a given structure will be- ound to be just 0.1% smaller than experiment. There are 32

comeunstablefor combinations ofut, and uy which give atoms in the unit cell. The corresponding DOEg. Ac)]
Ef(ura un) =0; that is, the structure becomeadothermic

For uy=1/ 2E‘,§’;a' (half the total energy of an Nmoleculs, { TaN & (b)
we call this the “nitrogen-rich” condition and choose it as the £y

zero reference statgyy) of uy (cf., Fig. 4 below. Similarly, 2 L) SN At

for ur,=E4 . (the total energy of bulk, bcc Tawe call § J/\ N /A/MNW

this the “tantalum-rich” condition, and we choose it to be the ° Ta ff\mw .

zero reference stal(m?a) of ur, That is, in Fig. 4(below), 20 45 40 8 o0

the values of the chemical potentials are given with respect E@V)

to (u,ul,). The tantalum-rich state will be approached
when there are excessive Ta atoms in the system compared"
nitrogen molecules and the nitrogen-rich state when there ar:
excessive BN molecules in the system as compared to Ta ©
atoms.

The N chemical potential is dependent on thegds pres-
sure and temperature through

1 N :—2\ | Ta,Ng M‘
pn(Topny) = 5| BT+ En(T,p) + ke T In (—oﬂ @ © 2] . \\
P % L \_/
as obtained by manipulation of the ideal gas equatiéns. §—
Here py, is the nitrogen pressurg@? corresponds to atmo- — S \M -

spheric pressure, ang is the Boltzmann constant. The tem- 2 A5 d0 5 0
perature dependence @ (T,p° in the standard statél EeY)
atm), which describes the contribution from rotations and FIG. 1. (Color onling (a) Perspective view of the structure of

vibrations of the molecule, as well as the ideal-gas entropy, i, cksait TaN.(b) Corresponding totalupper curvi and partial(Ta
taken from tabulated thermodynamic data. and N density of state¢DOS). Structure of TgNs: (c) view of the

We first consider the electronic properties of the phasegyo1) plane andd) perspective view. The large pale and small dark
which form in nature, noting that although they have beemalis represent Ta and N atoms, respectively. The unit cell is indi-
identified experimentally, they may not necessarilystable  cated by the lineste) Corresponding total DOSupper curvé and
(equilibrium) structures. The atomic geometry of rocksalt partial(Ta and N DOS as indicated; the vertical line at zero energy
TaN is shown in Fig. (@), along with the electron density of indicates the Fermi level.
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FIG. 2. (Color onling Structure of TgNs: (&) view of the(001) E (eV)
plane where the unit cell is indicated afio) view of the (100
plane.(c) Total density of state€DOS) and partialTa and N DOS. FIG. 3. (Color onling Structure of hexagonatTaN: (a) view of

Atomic geometry of the TalNg structure:(d) view of the (000D the (0003) plane andb) perspective view. The unit cell is indicated
p_Iane _W|th the unit cell |r1d|cated by the dot-dashed lines, @d by the dot-dashed linegc) Total and partial(Ta and N DOS.

S|de_ view.(f) Corresponding total DOS of Tl (upper curvgéand  giructure of hexagonal Fi: (d) view of the (0001 plane ande)
partial (Ta and N DOS. The large pale and small dark balls repre- harspective view. The unit cell is indicated by the dot-dashed lines.
sent Ta and N atoms, respectively. The vertical line in the DOS aEf) Total and partialTa and N DOS of TaN. The large pale and
zero energy marks the Fermi level. small dark balls represent Ta and N atoms, respectively. The vertical

(Ref. 10 shows that the material iasulating—i.e., a semi- line in the DOS at zero energy indicates the Fermi level.

conductor with a band gap of 1.5 eV. We note that in reality
the band gap will be larger due to the well-known underespacked N layers follow the stacking sequeAd@ACwith Ta
timation of the LDA. A more accurate description of the atoms and tantalum vacancies in the octahedral holes. The
band gap could be obtained by performing quasiparticle calealculated equilibrium volume is 2.6% smaller than experi-
culations using the GW approximation to the self enéfgy, ment. There are 22 atoms in the unit cell. The DOS shows
screened-exchangéSX) LDA,'° self-interaction corrected that the material is metallic and that there is a strong hybrid-
(SIC),?° or exact-exchandé calculations. ization between N and Ta atoms in the valence band region.
We turn now to the hexagonal phases. The atomic geomFhe stoichiometric hexagonatTaN phase is shown in Figs.
etry of TaNg is depicted in Figs. @) and 4e). The close- 3(a) and 3b). There are six atoms in the unit cell. The cal-
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culated equilibrium volume is 0.7% less than the experimen S
tal value. From the DO$Fig. 3(c)] it can be seen that there 0.0 B
is also strong hybridization between N and Ta atoms in the
valence band region. Finally, the atomic geometry of hexago
nal TaN is presented in Figs.(8) and 3e). There are just
three atoms in the unit cell. The equilibrium volume is cal-
culated to be 0.6% smaller than experiment. The DOS show
clearly that this material is metallic; it can furthermore be
seen from the partial DOS that the states abexeeV are
largely Ta derived.

In addition to these phases which have been observed |
nature, we performed calculations for many defective rock:
salt structures: namely, different concentrations of Ta and P
vacancies, N interstitials, and N antisites. In general, we (©) TaN
found that material with lower Ta concentrations had a rela: Ta—N structures L
tively lower DOS at the Fermi level, which implies an in- unstable
creased resistivity. The results were reported in Ref. 10. I
the present work, we considébelow) only the lowest en-
ergy of these defects, which are the N and Ta vacancies.

Having discussed the atomic and electronic properties @
the various Ta-N structures, we now consider thelative
stability. In Fig. 4(a), the free energy of formatiofcf. Eq.
(1)] is shown as a function ofyy (keeping fixedur,= ,u?a
=EX4 0, and in Fig. 4b), the analogous result is presented, DN
but as a function ofur, (keeping fixequN:Mﬁ,:1/2EK,’;a'). It -3 -2 -1 0
can be seen clearly that the ;Ng phase is the most stable Uy (V)
for a wide range of the chemical potentials. For strongly
N-poor conditions(more negative values qfy), the TaN

|
=4
n

Free energy (eV)
L
=3

-1.5

phase becomes stable, while for strongly Ta-poor condition (d)
(more negative values ofit,) the insulating TgNs phase Unstable
becomes stable. Thus, even though many structures ar Ta-N structures

phases have been identified experimentally, the calculatior
indicate that only three are stable and the restagtastable
Furthermore, it is quite remarkable that for the full range of
chemical potentials shown in Fig(a}, all nine Ta-N struc-
tures lie within just 0.5 eV of each other—and af=
—-1.5 eV, seven lie within less than 0.13 eV of one another
This suggests that the behavior of the system, the actual
structures observedvill depend very sensitively on the ex-
perimental procedures and the conditions or “environment

in which the material is held. For example, if there is insuf- Uy (V)
ficient atomic rearrangement possible due to diffusion barri: 0% 10% 102 10° 1
ers, then structures with a higher energy may be realized; i.e ¢y, , : , | , p (atm.)

the formation of energetically more favorable phases may b
kinetically hinderedunder certain conditions. These results
are indeed in line with the various experimental results anu
help explain why a large array of different phases have been
observed. We note, as mentioned above, the present results

are based on ground-state electronic structure calculations FIG- 4. The free energy of formation per atofa} as a function

and do not take into account entropy effects of the bulk sys2f #n for fixed f7a= 17,=ETa 2, and (b) as a function ofur, for

— 0_ total : .
tems. Such effects could somewhat affect the relative enefX€d un=un=1/2Ey". The lines represent the following struc-

gies of the structures when such small differences are inres: thick black, TéNe (labeled; thick black, hex-TaN (labeled;

volved. thick black, TaNs (labeled; thin black, TaNs; thick dot-dashed,

. . . . -TaN; thick dasheds-TaN; thick dotted, rs-TaN, (two N vacan-
Each of the lines in Figs.(4) and 4b) becomes a plane in rs e 2
(un, mTo) Space. Considering the planes corresponding to thg'e? :\T'Ck gra%’ rs-TaNs (oTnhe N va_caln:?y and t.g'CkhdaShedf graﬁ'
structures with thdowestenergy for a giveruy,uts), we s &% (or_ne a vacanay The vertical lines gui e the eye for the
obtain the phase diagram shown in Figc)4TheN,ur:sP,1aded stability region of the stable phasés) The phase diagram showing

) the stable structures as a function of the atom chemical potentials.
region corresponds to that where there are no stable or met?d) Resulting phase diagram when omitting the most stabiNga

stable structures; i.e., all are unstable. As suggested by Figgycture. For Figs. @) and 4d), the pressure range corresponding
4(a) and 4b), the TaNe phase dominates the phase diagramyq ,, [cf. Eq. (2)] is shown for two selected temperatures.

107 107 107° 107 1 100 10" (atm.)
1000 K | | | | I I |
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with only two other phases being stable: namely,N'dor =~ Ta,Ng is favored, while at 1000 K, depending on the pres-
low values ofuy and high values ofur,, and TaNg for the  sure, either Ta\s, rs-TaN3, or even TaN may be favored.
opposite extremes. Thus, through variation of the temperature and pressure, dif-
It is interesting to consider the phase diagram that resultéerent structures become energetically favored, and in gen-
if we exclude the TeNg phase(e.g., if it is prevented from eral, structures with higher N contents are predicted for
forming due to particular experimental condition¥he re-  higher N, pressures, while for a given pressure, higher tem-
sult is shown in Fig. &l). In this case, in addition to the peratures are predicted to give rise to more N-deficient struc-
TaN and TaNs phases, which are now favorable over atures. This is in qualitative agreement with the experimental
larger region, the TaNs structure appears in a relatively results>®
wide range of uy,ut2) phase space and, in addition, a struc-  In summary, through highly precise total energy FLAPW
ture containing N vacancies in a rocksalt lattice is seercalculations we studied the relative stability and associated
(rs-TaNy). It can be noticed that when sweeping from right electronic properties of stable and metastable structures of
to left in the phase diagram and going from hjgfy, low ur,  the Ta-N system. In all cases, the calculated equilibrium vol-
to more low uy, high wr, conditions, the Ta to N ratio in- ume is in excellent agreement with experiment. We find that
creases; namely, it changes from QT&;Ns) to 0.8(TayN5)  there are three stable phases—namelyNTalaNg, and
to 1.33(rs-TaN3) to 2.0 (Ta,N); that is, the phases change T&Ns; the rest are metastable. The electronic properties
from so-called “higher nitrides” to “lower nitrides.” This is range from strongly metallic(Ta,N) to more resistive
similar to the trend found in Ref. 2 when heating thgNa  (TasNg) and finally to insulating(TagNs). The very close
phase under UHV as described in the Introduction, whichenergies calculated for the various structures investigated for
causes desorption and loss of N atoms as mdsulting in  certain regions of the phase diagram suggest that kinetic ef-
progressively more Ta-rich materials. fects (due, e.g., to diffusion barriers for atomic rearrange-
In Figs. 4c) and 4d), the scale of the N chemical poten- ment or epitaxial stabilization effegtwill play an important
tial is correlated with the Npressure for two selected tem- role for this complex system and that the chemical and phase
peraturegcf. Eq.(2)]. At 600 K, it can be seen from Fig(é)  compositions of deposited films will depend critically on the
that for pressure ranges used in industry and laboratories-growth conditions. This is in accordance with, and helps ex-
i.e., from ultrahigh vacuum to 100 atfi0"*>-100 atm or  plain, the wide range of different structures observed experi-
0.65x 10712-0.65x 10° Torr), which correspond tg in the ~ mentally.
range of~-0.4 to ~-1.4 eV, the TgNg phase is the most
stable. This is also the case at 1000 K even though the cor- ACKNOWLEDGMENTS
responding range qfy is shifted and considerably extended  This work was supported by DARP&rant No. NOO014-
(~-0.8 to ~-2.4 e\). Considering Fig. @), however, 02-1-0598 and computing resources provided at the Artic
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