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Mechanism and control of the metal-to-insulator transition in rocksalt tantalum nitride
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We identify the previously unknown mechanism whereby rocksalNTean be continuously tuned from
conducting to insulating through changes in stoichiometry. Experimental measurements on thin films, com-
bined with electronic structure calculations on a host of native defects, show that the tunability arises from
changes in the free electron concentration as a result of localization at Ta vacavg)esThe observed
enhanced resistivity, transition from electron to hole conductiom&d.6, and diminished mid-IR reflectance
are consistent with the dominance of tfig, defect in nitrogen-rich material.
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The metal-insulator transition occurs in doped semicona Rigaku(model DMAX-A) diffractometer. Seebeck mea-
ductors, quenched condensed metal films, metal-insulat@urements are performed on a custom system with a stage
mixtures, and inversion layers of field-effect transistofs. containing a temperature gradient and two Chromel-Alumel
The physical properties of JH in the rocksalt structure are thermocouples. The thermovoltage is measured between the
also found to span the range characteristic of this transitiontwo points, Chromel to Chromel and Alumel to Alumel, with
While the widely varying properties have been recognized tahis value applied to correct the thermocouple wire thermo-
some degree, the microscopic origin of this behavior is hithvoltage. Rutherford backscattering spectroscdRBS) is
erto unknown. TgN in the rocksalt structure is of consider- used to determine the chemical composition and film thick-
able current interest and is used in, and has potential for, aess. Optical reflectivity is measured using a Bruker infrared
wide range of technological applications. For examplgNTa spectrometer(model IFS 86 w/s High-resolution cross-
is used as a diffusion barrier in copper interconnects on Ssectional transmission electron microscohEM) is per-
chips’ and to make compact thin-film resistors. It exhibits formed on a Jeol microscogenodel JEM-4000EX operat-
superconductivity below 10 KRefs. 4 and band has been ing at 400 keV with an interpretable resolution of 0.17 nm.
shown to hold promise as a barrier material in NbN-based Density-functional-theory(DFT) calculations are per-
Josephson junction 160 GHz digital circuits when grown formed using the first-principles full-potential linearized aug-
with a resistivity near the metal-insulator transitfon. mented plane wavéFLAPW) method! within the local-

In this paper, we characterize the chemical, electrical, opdensity approximation(LDA) with the Hedin-Lundqvist
tical, structural, and thermoelectric properties of N'dilms ~ exchange-correlation functionl.We treat the core states
whose electrical properties are tuned from conducting to infully relativistically and the valence states scalar-
sulating by adjusting the stoichiometry. Theoretically, we in-relativistically, and use angular momenta uplte8 in the
vestigate the electronic structure and formation energies ahuffin-tin spheres for both the wave functions and charge
native point defects, focusing on the N-rich structures thatlensity in the self-consistent cycles. We consider high and
have dramatically increased resistivities and are used in Jdew defect concentrations by creating the defects in ideal 8-
sephson junction barrier layers. We also perform calculationand 32-atom TaN cells which model the defect systems in
for the nitrogen-rich, thermodynamically stable phasesrocksalt TaN. For the former, the energy cutoff for the
namely, rocksalt TadNs (TaggN) and orthorhombic TaNs  plane-wave expansion in the interstitial region between the
(Tap N).”° Our results point conclusively to thér, as be-  muffin-tin spheres is taken to be 25 Ry and also for the
ing predominantly responsible for the metal-insulator transi-18-atom TggN compound. For the larger “32-atom” sys-
tion in rocksalt TaN. Vacancies in other nonstoichiometric tems(which includes the TgN structure, a slightly lower
transition-metal nitrides have been previously studfedie  cutoff of 20.7 Ry was used. The atomic positions of all atoms
extended this to the TA system. are fully relaxed until the force on each atom is less than 1

Experimentally, Ta\ is synthesized in a high-vacuum mRy/a.u. Further calculation details can be found in Ref. 13.
sputtering system equipped with a dc magnetron sputter gun Density functional calculations performed using the “8-
(model Torus 2C, Kurt Lesker Cocontaining a 99.5%-pure atom” cell (high-concentration defect structurefor the
5.1-cm-diam Ta target. Two types of substrates are used: N-vacancy ¥\), Ta-vacancy Y+, N-antisite (N,), and
cn? (0001 sapphire and 10.2-cm-diarfl00 Si wafers  N-interstitial (N) induce a change in the equilibrium volume
coated with a 140-nm thermal SjQayer. The sheet resis- of —0.85%, —2.55%, —1.52%, and+3.15%, respectively,
tance is measured with a four-point probe. Hall measurewhen compared to stoichiometric defect-free TaN. Low-
ments are made in the Van der Pauw configuration with a 1-Toncentration “32-atom” defect systems are calculated using
magnet. X-ray diffraction measurements are performed usinthe theoretical stoichiometric TaN lattice constant of 0.437
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FIG. 1. Formation energies for native point defects in TaN; solid # 6]
and dashed lines correspond to high and low defect concentrations 2 4]
respectively, for the N-antisite @), the N-vacancy {y), and the 1] %m 5] N M 1&/
Ta-vacancy Y+.). The dot-dashed curve is tMara formation energy . T /J\“\MM"/ o] o Ta
(per vacancyfor the Tg gN compound found in nature. 20 45 10 5 0 2 -5 10 5 0
E(eV) E (eV)
. . _9 .
nm (the experimental value is 0.4385 nM® The six FIG. 2. (a) Density of statesDOS) for bulk TaN, (b) the low-

nearest-neighbor atoms to tMg,, Vy, and Ny sites relax  concentrationVy, (calculated in the “32-atom” ce)| (c) the high-

inwards by 3%, 7%—10%, and 8%—10%, respectively, in theoncentrationVy, (calculated in the “8-atom” ce)l (d) an even

fully relaxed geometry. The equilibrium volume of the ther- higher-concentratiok', (calculated in a cell containing 10 N atoms

modynamically stable structure, Jig\, is calculated to be and 6 Ta atomsand(e) the Ta N and(f) Tay N compounds which

1.81% smaller than the corresponding theoretical stoichioform in nature. Total DOSupper curves total N and Ta partial

metric TaN volume and is 1.2% smaller than the experimenP©S (lower curves, as indicated by the labels.”Nand N corre-

tal value. We also fully relaxed the internal coordinates angPond to the partial DOS at the N atom away from and neighboring

. . N the Ta vacancy, respectively.

find very good agreement with experimént.For the larger

and more complex TaN structure, we only optimized the

equilibrium volume where it is 0.1% smaller than experi- The calculations indicate thaty, andVy have by far the

ment. lowest formation energies for N- and Ta-rich conditions, re-
We calculate the formation energy Bs= Edefect- nE?OL{'k spectively. The dominance of vacancies in nonstoichiometric

+ Npatrat Ny, WhereESS®tand ERUK are t;;)(ta total ener- T&N is consistent with the conclusions of a recent x-ray
gmission study? Later in this paper, we will show that the

gies of the defect calculated using the supercell and a buIelectrical optical, and thermoelectric properties of nitrogen-
TaN unit, respectively, and is the number of Taand N rich TaN can be attributed to the dominance of ttig, de-

atoms in the ideal supercdile., without a defegt ny, and . : .
fect. The N is energetically very unfavorabi@ot shown in
Ny are the number of Ta and N atoms, ga¢, anduy are "1,y ales range from-14.9 to 12.4 eV for Ta- and

the corresponding chemical potentials, which account for at-N_riCh conditions, respectivelyand the next most unfavor-

oms that are added to, or taken frqm, the ideal supercell 9y g the antisitdor substitutional defect N,. The Vy
create the defect under consideration. We assume both SP@imation energy is lower for the higher concentration, and
cies are in thermal equilibrium with bulk TaN; thugira  for the Vo, it is the opposite. Th/r, in the ordered rocksalt

+ fin= pran WheEre ur,y is the chemical potential of TaN. 14, N compound has the lowest energy, consistent with the
We also have the boundary conditiong<1/2uy, andura  fact that it forms in nature.

< MTa(bulk)» where,uN2 and ura(puik are the chemical poten- Figures 2a), 2(b), and Zc) show total and partial density
tials of (two) N atoms in the nitrogen molecule and of a Ta ©f States for .StO'Ch'Omft“C TaN“, the low-concentratiép,
atom in bulk Ta, respectively. For nitrogen-rich conditions, (c@lculated in the “32-atom c“e)l ancj the  high-
we setuy=1/2uy, and for tantalum-rich conditions, we set concentratiorV, (calculated in the “8-atom” cejl respec-

MTa= MTa(bulk) - With these constraints, the range of the nitro-tlvely‘ Alsp shown in Fig. &) is an even h|gher.-
. T 0 concentration Vq, system corresponding to a defective
gen chemical potential is-AH{<pn—1/2uy,<0, where

) . 0 rocksalt structure (TgN) as calculated in a cell containing
the heat of formation iSAH{= prapuiyt 1/2un,~ #1an- 10 N atoms and 6 Ta atoms. TRg and the N, (not shown
Calculations of bulk Ta and TaN and the Nimer are also have a relative DOS & similar to, or higher than, stoicho-
required and details of these are reported in Ref. 13 in whiclmetric TaN, i.e., similar to a conventional metal. These de-
the calculated heat of formation is2.48 eV. The calcu- fects act “donorlike” in that they add free electrons to the
lated formation energies as a function of the nitrogen chemieonduction band. In contrast, the Ta-vacancy structures have
cal potential are shown in Fig. 1. areducedDOS atEg as compared to bulk TaN. In particular,
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FIG. 3. Band structure of bulk rocksalt TaN as calculated in an
8-atom cell(left) and, right, that of the Ta-vacancy structlo®r-
responding to the DOS in Fig(®]. Also shown is the correspond-
ing Brillouin zone and high-symmetry lines and points.

it can be seen that with increasingr, concentration, the
DOS atEf diminishes monotonically, with a corresponding §
reduction in the free carrier concentratioviy, is therefore
“acceptorlike” in that it spatially localizes free carriers in the
conduction band. FoW,, an increase in the number of
states in the regior- 1 to —4 eV belowEr can also be seen
[Fig. 2(c)]. For the “low-concentration” case, only a sharp
feature around-4 eV belowEg occurs[Fig. 2b)]. Inspec-
tion of the band structure shows that the latter features are
defect-related states. Also, the-Bke state of the neighbor-
ing N atom is at a higher energy than in stoichiometric TaN, &% ;
as would be expected from charge transfer to an accept oo i % M@ {;»‘;fﬁ’ :
site. iR R e
Figure 3 (right) shows the band structure for thér,,

corresponding to Fig. (), where the Brillouin zone and  FIG. 4. X-ray diffraction data ofa) near-stoichiometric antb)
high-symmetry lines and points are illustrated. For COmpari_nltrogen-rlch TaN, respectively. The near-stoichiometric film has a

son, the ideal stoichiometric TaN bulk band structure scOmMPposition of Ta, N and was grown at 600 °C in 1.4 mT nitrogen
partial pressure. The nitrogen-rich film has a composition ggdw

shown (left), as calculated also using the “8-atom” cell. q 450°C in 4.2 mT ni il
From Fig. 3(right), it can be seen that a defect-related statef"d Was grown at in 4.2 mT nitrogen partial pressige.

- Cross-sectional TEM image and selected-area diffraction pattern
?C(ﬂjf a\r/ozmd— L e\t/, Ias vlve” as "; ttrf;\i (aRn?rgy ra%gﬂ (inseh of a nitrogen-rich TgeN film grown at 450°C in 4.2 mT
0 . ev{seen most clearly aroun N _reglo g nitrogen partial pressure. The material has & nm subgrain mo-
Figures 2e) and Zf) show the total and partial density of

. . saic structure with misorientations on the orderZ06° (as most
states for two phases that form in nature; 8, an ordered easily seen in the diffraction pattgrnThe predominant in-plane

defect configuration in the rocksalt structure, angdh8 an  gpitaxial  orientations are  TaN(11B1,0; (001) and
orthorho_m_blc structure. For Ja\, t_he _DOS QEF exhibits a TaN(1110)|Al,O5 (1100).

sharp minimum, in contrast to stoichiometric TaN. New fea-

tures at around-3 to —5 eV belowEg also occur. There is since there are 40 valence electrons<@ from Ta plus 5

an upward shift in the N-level, as seen for other tantalum- X5 from N) and thes andp bands of the five nitrogen atoms
vacancy systems. In contrast to the very small, but finitecan accommodate exactly<®B=40 electrons.

DOS atEg for rocksalt Ta N [Fig. 2(d)], the orthorhombic X-ray diffraction and TEM measurements indicate that
Tag g\ structure exhibits a 1.5 eV band gfipig. 2f)]. The  films synthesized in this study are comprised of rocksalt
insulating nature can be understood from electron countingaN oriented in the{111) growth direction. Metallic TgN

X
TR

s
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FIG. 5. (a) Resistivity of TgN thin films grown on sapphire as
a function of substrate temperature and nitrogen partial pressure
used during growth. The inset shows the conductivity at 200 K as a
function of stoichiometry(squares A carrier mobility of 0.1
cn?/(V s) is assumed to infer the free electron density given on the

0.8+

$0.6- e y axis on right. The solid line assumé&s, dominates in N-rich
é material. (b) Mid-IR reflectance data of TAl grown on a
g SiO,-coated Si wafer. The free electron density for each sample
= . . . .
B4 42 mT N, Tag N, [al;o plotted as trlgngles ita), insel was determined fronj th_e
n=L.0x102cm™ optical data assuming the same mobility as for the solid line in a.
(c) Seebeck coefficient determinations of Nlagrown on sapphire.
7mTN,, Ta, N,
n=2.4x102cm-3
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films produced at reduced nitrogen pressured @ mTorr  plotted as a function of stoichiometry in the inset. The con-
nitrogen partial pressuyrare crystalline with a near-bulk lat- ductivity follows a monotonic drop from a large metallic
tice constant of 0.439 nm, as evidenced by the dominance ofalue for stoichiometric TaN, to a minimum value near
the (111) x-ray diffraction Bragg peak at 35.5° with a full TaygN. The trend line was derived assuming a constant elec-
width at half maximum(FWHM) of 0.5° [Fig. 4@]. For  tron mobility [0.1 cnf/(Vs)] and a free electron density
films with a N:Ta ratio greater than 1.5, a much wider Braggresulting from the contribution of two electrons per occupied
peak at~34.6° with a FWHM of 2.6° is foundFig. 4(b)]. TaN pair in conjunction with a reduction of five free elec-
The extended lattice constant-0.450 nm) and wide dif- trons per pentavalent,, acceptor. Note that the experimen-
fraction peaks are typical of oriented nanocrystalline materiatal values fall near this trend line. The observed minimum at
as a result of the significant fraction of material in the graina Ta:N ratio of 0.6 is strong evidence for the dominance of
boundary regions under tensile stré33his conclusion is the pentavalen¥/r, acceptor in the nitrogen-rich material.
consistent with TEM results. Figurga} illustrates a cross- Hall measurements are only able to give an upper bound of
sectional TEM image of a nitrogen-rich film grown under the 0.1 cnf/(V's) at room temperature due to the limited reso-
same deposition conditions used to produce barrier layers ilution possible when measuring low-mobility samples with a
Josephson junctions exhibiting large characteristic voltagelow-field magnet, but are consistent with the value derived
(>2 mV). The material has a-5-nm subgrain mosaic from the trend line.

structure with misorientations on the order a6°. Figure Mott* proposed that the metal-insulatévi-1) transition
5(a) shows that there is a clear trend between the increase iccurs at a resistivity oKha/q? whereK is a constant be-

N content in the films, enhancement in resistivity, and  tween~3 and 6,h is Planck’s constanty is the electron
reduction in resistivity ratiop(300 K)/p(20 K). The con- charge, andx is a characteristic length corresponding to a
ductivity at 200 K in the same samples as in Figa)5s  value on the order of the Bohr radius for Mott insulators and
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the mean free path for Anderson insulators. From the meanant thermovoltage occurs at a stoichiometry of, i,
sured upper bound of mobility in our samples, a mean freguhich is slightly lower than expectdde., Ta, ¢N). For these
path of 0.05 nm is inferred. Although this corresponds to anjjms, the inhomogeneous nature of the material, as well as
unphysically small value, we expect thatwill fall between  the jarge number of defects present, will influence the num-
this value and the bond distan@®22 nm, resultingina M-I pa and type of free carriers in the films. Anderson localiza-
transition between-0.4 and 4 nf) cm from Mott's analysis. 5, would also be expected to drive the material insulating
In Fig. S(b) we show the mid-infraredMIR) reflectance 5 oer nitrogen content than for ordered material, as is

of TaN. The decreased reflectance in films with INCréasing,,served experimentally. It is clear that the observed proper-

'rl]'gricr)ﬁ:rn tﬁgr;izt;r?itgrlt::l:)tr?geﬁ[rtgt?oze?rgﬁl?aeo;frt?falcgg'zzrsgies are strong evidence for the dominance of Whgdefect
; > 0P ' and are inconsistent with the dominance of the other
mean least-squares fit was performed assuming the same mo: . . .
- . Lo : nitrogen-rich defects, including the{Ndefect.
bility used to determine the trendline in Figiah inset, and In summary, the electrical properties of rocksalfNaan
standard equations for the dielectric function and the reflec; Y prop

tance of a Drude free electron gas in the presence of a singltg.-)-e finely tuned from highly conductive to insulating through

phonon modet® It is clear that the free carrier densities de- adjustment of stoichiometry. The dominance of thg under

termined from the electrical and optical data are simiIar\',\lvi'trrllct?]g%?(d'gﬁ%se'ri;)"r egﬁeeg\,?;g{eegﬁ s:lgll %nciiézlczzz's{}g:f
when a common value for mobility is uséd. P y » optical,

In Fig. 5(c), the Seebeck coefficient of sputtered,Na mal properties.
thin films is illustrated. Films with Ta:N ratios less than  Support of the Office of Naval Resear¢Gontract No.
~0.66 have predominantly holep{type) conduction. The NO00014-01-1-004)7at ASU and the National Science Foun-
drop in the Seebeck coefficient forlaN is not unexpected dation (through the NU Materials Research Centand the
since this sample also exhibits a decreased electrical resisticomputing resources provided by the Artic Region Super-
ity [not shown in Fig. &)], presumably as a result of en- computing Center(ARSC) is gratefully acknowledged.
hanced hole doping. We note that from thermoelectric datd.M.R. acknowledges the support of ASU and NU. We thank
alone, it is difficult to give a quantitative estimate of the T. van Duzer and D. van Vechton for enlightening discus-
number of charge carriers since the Seebeck coefficient is sions, A. Shailos and J. Bird for preliminary low-temperature
strong function of electron conductivity, density of states,Hall measurements, and B. Wilkens for performing RBS
and carrier type. This transition from hole to electron domi-measurements.
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