
PHYSICAL REVIEW B 69, 155401 ~2004!
Electronic properties and bonding configuration at the TiNÕMgO„001… interface
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Growth modes of a TiN thin film, epitaxially grown on MgO~001! substrate, have been proposed on the
basis of transmission electron microscopic observation and theoretical calculations. The first-principle plane
wave pseudopotential method, based on density functional theory, is applied to calculate electronic properties
and bonding configurations at the interface. The theoretical calculations within framework of the observed
orientation relationships show that cation-anion bonding across the TiN/MgO~001! interface is favorable.
Interfacial structures for this heteroepitaxial system have been established.
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I. INTRODUCTION

Thin films of titanium nitride have attracted much atte
tion because of its superior properties such as high mel
point, ultrahardness, and good electrical and thermal con
tivity. They are also used extensively as wear-resistant c
ings in the cutting and forming tool industry and diffusio
barriers in the microelectronics industry.

TiN films have been extensively grown on MgO substr
based on consideration of the same lattice type and s
mismatch between their lattice parameters.1–5 Interfacial
structures are of importance because of their potential in
ence on various properties. Interfacial structures contain
aspects: first, an orientation relationship between film a
substrate; and second, atomistic bonding across the inter
The publications on TiN/MgO so far focused mainly on tec
nological and crystallographic issues of this heterosyst
neither experimental nor theoretical work has been done
electronic properties and bonding configurations across
interface. Recently, first-principle calculations based on
density-functional theory have been applied to several me
ceramic interface systems such as Ag/MgO,6,7,8 Cu/MgO,8

Ni/MgO,8 and Pd/MgO.9 The first principles pseudo
potential method has been proven to be able to provide
sight into the bonding nature at an atomistic level that
rather difficult to discern through current microscopic tec
niques. In the present work, we have combined a fi
principle calculation together with high-resolution electr
microscopy~HREM! and established fine structures at t
interface between TiN thin film and MgO substrate.

II. EXPERIMENTAL AND COMPUTATIONAL DETAILS

A molecular beam epitaxy system, equipped with
electron-cyclotron-resonance bucket ion source, was use
the film growth in the present work. The MgO~001! substrate
was cleaned by degreasing and then heated up to 800 °
the molecular beam epitaxy chamber just before the grow
Titanium was first vaporized by an electron beam evapora
Nitrogen gas was activated by the ion source and irradia
normal to the MgO substrate surface. Thin foils for cro
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section HREM observation were prepared by the conv
tional method: i.e., by slicing, grinding, dimpling, and final
ion milling. A JEOL 2010 high-resolution electron micro
scope operated at 200KV was used for microstructural ch
acterization.

The plane wave pseudopotential~PWPP! method was em-
ployed to study the structural properties and electronic str
ture of the bulk TiN, bulk MgO, and the TiN/MgO~001!
interface. The program for theoretical calculations in t
present work is CASTEP based on density functional the
~DFT! with a PWPP code.10

The energy cutoff is 350 eV~25.7 Ry!, which means the
degree of convergence of any computed property with
spect to the quality of the plane wave basis set11 and the
number of specialk points employed within the irreducible
wedge of the Brillouin zone using the Monkhorst-Pa
scheme.12 The total energy of the system using a planewa
basis set is minimized by means of a conjugate grad
technique.13 The ultrasoft pseudopotentials14 were taken
from the atomic configurations of magnesium, oxygen, ti
nium, and nitrogen. These pseudopotentials were optim
in order to reduce the size of the planewave basis set. In
calculations, the core radii for the magnesium, oxygen, t
nium and nitrogen pseudopotentials were 1.6, 1.5, 1.5,
1.35 Å, respectively. The Mg 1s and 2s, O 1s, Ti 1s, 2s and
2p, and N 1s electrons were treated as core electrons, a
all the others were treated as valence electrons. The gen
ized gradient approximation~GGA! was used for all the
atomic calculations and the formation of the pseudopot
tials. The most frequently used functional form of the GG
is PW91,15 which has been proven to be well working.16 The
density-mixing scheme based on the Pulay algorithm17 is
used for self-consistent field~SCF! calculation. The SCF tol-
erance is set at 131026 eV/atom.

Before applying PWPP method to the TiN/MgO interfac
we first employed such method to calculate lattice consta
and modulus for the bulk form of MgO and TiN. It is see
from Table I that the calculated results in the present st
agree well with experiments and calculations based on o
theories. The well agreements in the bulk forms lend co
dence to carry out calculations for the TiN/MgO~001! inter-
face.
©2004 The American Physical Society01-1
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III. RESULTS AND DISCUSSION

A. Transmission electron microscopy
of the TiNÕMgO „001… interface

Figure 1 shows a low magnification bright-field image
the TiN/MgO~001! interface obtained with the electron bea
along MgO@100# axis. Both MgO and TiN have a NaCl-typ
structure with lattice parameters ofaMgO50.421 andaTiN
50.424 nm, respectively. The epitaxial growth of TiN film
on the MgO substrate is confirmed by selected-area diff
tion patterns as well as by high-resolution electron mic
scopic images. The growth was governed by the orienta
relationships of~001!TiN//~001!MgO, ~010!TiN//~010!MgO,
and ~100!TiN//~100!MgO. Cross-sectional HREM image
obtained from the@100# direction are shown in Fig. 2. It is
clearly seen that the TiN was epitaxially grown on Mg
substrate. Misfit dislocations are not observed due to the v
small mismatch of their lattice parameters forming a coh
ent interface.

B. Interface growth modes and their corresponding
interfacial energies

Electron diffraction and high-resolution imaging ha
provided three-dimensional orientation relationships betw
TiN and MgO. However, HREM imaging, even jointly wit
image-simulation, cannot clarify atomistic bonding config
rations across the interface, which can be proposed as
growth modes as schematically illustrated in Fig. 3 for t
TiN/MgO~001! interfaces. The four possible bonding co
figurations of TiN on MgO~001! are distinguished by the
cation-anion counterpart~mode I!, the cation-cation counter
part ~mode II!, the ion-side gap site~the middle of two

TABLE I. Lattice constant and bulk modulus of MgO and Ti
according to earlier experiment and recent calculations base
various methods.

a ~Å! B0 ~GPa! Method Ref.

MgO 4.210 160 Expt. 18
4.205 180 HFa 19
4.171 154 GGAb 20
4.248 153 FP KKRc 21
4.275 145 PPd 16
4.266 149 PP, PW91 This study

TiN 4.240 288 Expt. 22
4.236 282 PPd 16
4.250 282 T. M. PPe 23
4.319 304 T. M. PPe 24
4.159 310 AEPPf 25
4.233 281 PP, PW91 This study

aPeriodic Hartree-Fock theory.
bGeneralized gradient approximation function.
cFull potential Korrinag-Kohn-Rostoker Green’s function.
dUltrasoft pseuodopotential.
eTroullier and Martins pseuodopotential.
fAll-Electron pseuodopotential.
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nearest-neighbor atoms along@010#! ~mode III!, and the ion-
center gap site~the mid of two nearest-neighbor atoms alo
@110#! ~mode IV!. Since the slab geometry associated with
undesirable complication about the free surfaces of TiN a
MgO,26 the supercell of multiplayer geometry was chos
with three-dimensional periodicity and two identical inte
faces per unit cell. The repeated supercell geometry was
noted by the notation (n1n), where n is the number of
atomic layers in the TiN or MgO geometry.

By performing an iterative process, geometry optimiz
tion allows us to refine the geometry of a structure to obt
a stable structure, in which the coordinates of the atoms
possibly the supercell parameters are adjusted so that
total energy of the structure is minimized. In general, t
process of geometry optimization typically requires the c
culation of different configurations to deduce structural p
rameters, physical properties, and energetics of the orde
process, and finally results in a model structure that clos
resembles the real structure. Its main advantage is th
allows the modelling of the local distortions or displac
ments. Our geometry optimization calculations for the fo
possible modes were performed in which all structural
rameters not constrained by the space group symmetry w
relaxed. After relaxation, the remaining forces on the ato
were less than 0.03 eV/Å, and the remaining stress was
than 0.05 GPa.

FIG. 1. Low magnification bright-field image of the TiN
MgO~001! interface obtained with the electron beam along t
MgO@100# axis.

FIG. 2. Cross-sectional HREM images obtained from the@100#
direction for the TiN/MgO~001! interface.
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FIG. 3. Side and top views of four growth
supercell modes for the TiN/MgO interface pro
posed according to experimental HREM image
~a! Cation-anion bonding across the interface
~100!. ~b! Cation-cation and anion-anion bondin
at ~100!. ~c! and ~d! Ion-side gap site bonding a
~100! and ~010!. ~c! and ~e! Ion-center gap site
bonding at ~100! and ~010!. ~f! Top views of
Mode III and Mode IV.
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The interfacial energy between the two constituents~ox-
ide and nitride! is the dominant energy term and is main
affected by chemical bonding at a certain lattice match
layer thickness. From each relaxed configuration, we can
tain the minimization of the total energy for different mode
which is responsible for phase stabilization. The smaller
interfacial energy, the more stable the interface structure.
interface energy (Einter) of superlattices can be expressed
the form:

Einter5
1

2S
$Etot@~TiN!n /~MgO!n#~N1,N2!2N1EMgO

bulk

2N2ETiN
bulk%, ~1!

where energyEtot@(TiN) n /(MgO)n#(N1,N2) is the total en-
ergy per periodic unit cell includingN11N2 atoms and has
two identical interfaces with areaS; the energiesEMgO

bulk and
ETiN

bulk are the bulk total energy per atom for MgO and Ti
respectively. The two bulk energies are calculated usin
supercell of the same size and in exactly the same manne
particular, with the same set ofk points.

The interface spacing range and energy obtained from
(515) superlattices calculation are given in Table II. T
energy differences among the three modes~modes I, II and
IV; mode III will be discussed in Sec. III C! suggest that the
Mg-N, Ti-O configuration~mode I! is energetically favor-
able. The optimized interface spacing between TiN and M
interface layer is in range of 2.185 Å~Mg-N!–2.301 Å
~Ti-O! because the interfacial interaction forces between
ions and anions are different after relaxation. It is theref
believed that the cations ‘‘prefer’’ to bond with the anio
across the interface due to an electrostatic reason.

Based on this growth mode, pseudopotential calculati
on the interfaces were performed using the supercel
TiN(n)/MgO(n) (n53, 5, and 7! in order to test the conver
gence of our results. The convergence of the interface e
gies with respect to the number of layers was chec
through repeating PW91 calculations. The computing for
superlattice of TiN(n)/MgO(n) (n53, 5, and 7! gives 0.283,
0.299, and 0.319 J/m2, respectively, implying the calcula
tions are converged to about 0.02 J/m2. No significant differ-
ence in interface energy was observed between 515 super-
15540
d
b-
,
e
e

a
in

e

O

t-
e

s
f

r-
d
e

lattice calculations and those made on supercells contai
three or seven layers of TiN and MgO.

C. Discussion

For mode I, II, and IV, when relaxed, the number of g
ometry steps can be reduced quickly to reach a value of t
energy for the equilibrium configurations, although the int
facial relaxation of mode I is slightly slowed. However, fo
mode III, at first, the number of energy gradient is not mu
reduced because the larger geometry steps require m
cycles for the wave function to converge. The geometry t
jectory shows that the supercell has a glide line in the@010#
direction and forms a structure positioned almost in cati
anion bonding across the TiN/MgO~001! interface. Then, the
number of geometry steps began to reduce quickly. In
later stages of the optimization, the step lengths are to m
the requirement of equilibrium structure. Finally, a new eq
librium interfacial structure is stably formed, which is catio
anion bonding.

Before relaxation, the interface energy of mode III
2.411 J/m2 by a single-point energy calculation, which can
obtained according to Eq.~1!. In this case, the interface spa
ing is a setting value 3.280 Å~see Table II!: After geometry
optimization, mode III can be changed into the structure l
mode I whose interface energy is 0.452 J/m2 and interface
spacing is in range of 2.187 Å~Mg-N!–2.297 Å~Ti-O! ~al-
most equal to that of mode I! ~see Table II!. Although the
value 0.452 J/m2 is of same order of magnitude as the mo
I interface energy, it is about 1.5 times more than that
mode I. This led us find that the relaxed mode III structu
positions are not exactly in same~010! plane; there are po

TABLE II. Interface spacing range and energy for differe
modes of the 515 supperlattice.

Configuration
Equilibrium TiN-MgO

spacing range~Å!
Interface energy

~J/m2! Relaxation

Mode I 2.185;2.301 0.299 Yes
Mode II 3.711;3.934 2.232 Yes
Mode IV 3.258;3.467 2.065 Yes
Mode III 3.280~setting value! 2.411 No

2.187;2.297 0.452 Yes
1-3
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sition undulations~<0.51%! along the@010# direction which
worked a larger interface energy than mode I.

These results explain that mode II and IV interfacial stru
tures are equilibrium but unfavorable. Mode I is not only
equilibrium but also stable; nevertheless, mode III is u
stable, and disequilibrated, and would be changed tow
mode I. Geometry optimization indicates that, in mode
there is an interface stress determined by electrostatic in
action. Interface relaxation can strongly reduce the interf
stress.

On the basis of mode I, we further calculated layer sp
ings within the 515 supercell. Layers are numbered acco
ing to the order of its distance from the interface. For the T
part, the mean spacing between the first and second laye
2.062(d1), and the spacing between the second and th
layers is 2.114(d2). As for the MgO part, the layer mea
spacing between the first and second layers is 2.166,
between the second and third layers is 2.155. The data s
the picture of the oscillating contraction and expansion
interface sublayers. IfDd represents the difference betwe
d2 and the half of calculated lattice constantd ~Table I! for
bulk TiN ~MgO!, Dd/d is only 0.002~0.011!. X-ray diffrac-
tion and cross-sectional high-resolution electron microsc
confirmed a relative change in planar distance,Dd/d, of ap-
proximately 0.007 between TiN and MgO.2 The calculated
Dd/d between the second and the third layer in the 515
superlattice is apparently in agreement with theDd/d ob-
tained by experiment. These indicate that the planar dista
far from the interface would approach the measured value
noninterfaces as the number of layers increases. In addi
the charges in the central layer~layer 3! have nearly reached
the noninterface equilibrium values~Ti: 0.79; N:20.79; Mg:
1.26; O: 21.26! for the 515 superlattice. This meansn
55 is large enough for the central layer of the superlattice
exhibit noninterface properties~bulklike regions!. Thus, the
interface layer in the 515 unit cell can represent the re
interface layer.

D. Electronic structure

At interface, the downward~upward! shift of the density
of states~DOS! is an effect of the attractive~repulsive! elec-
trostatic potential between atoms. The lowest band ene
corresponds to the preference of an interface configurat
The total DOS of the TiN/MgO(n55) supercells, with re-
spect to the Fermi level, for the three different modes~mode
I, II, and IV!, is compared in Fig. 4~a!. It is seen that mode
gives the most downward shift, which means such an in
face configuration is the most preferred one across the T
MgO~001! interface. Such a configuration should increa
the chemisorption potential energy of TiN on MgO~001!, and
therefore decrease the reactivity of the interface. For
mode I configuration we see a pseudogap of about217.0 eV,
which results from the PDOS~projected density of states!
shifts in the interface layers. Figure 4~b! shows a PDOS shif
of the first MgO layer in the three grow modes. In Fig. 4~c!
it is seen that PDOS of the first TiN layer in mode I
slightly shifted towards lower energy compared with oth
modes. Therefore, the mode I configuration is believed to
15540
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favorable not only because of the electrostatic contribut
but also due to the band structure component.

On the basis of mode I, the projected partial DOSs w
calculated for layers 1 and 3 of TiN in the 515 superlattice,
as shown in Fig. 5~a!. The electron states, with their energ
close toEF , are mainly composed of Np-like electrons and
Ti d-like electrons. It is seen that the electron states at
interface (L1) are almost same with that of noninterface ar
(L3). No states occur in the main band gap, however, th
are low-energy states at the bottom of DOS in the TiN int
face layer. They are the tails of Tis- and p-like electron
states at the energy range from220 to 216 eV belowEF .

The projected partial DOSs of layers 1 and 3 of MgO
mode I of the 515 superlattice is shown in Fig. 5~b!. In the
PDOS of MgO layer 1~interface layer!, the electron states
with energy close toEF are primarily from Mgs-like and O
p-like electrons. The noninterface O atoms remain insulati
because of the lack of electron states at the Fermi level.
PDOS of O at interface is evidently different from that of
at the noninterface area, i.e., the structure of the 2p band of
interface oxygen is somewhat perturbed. The interfacial
bridization with Ti results in some additional narrower wid
peaks and the extended tail fromp electron states crossin
EF . The Mg PDOS is much smaller compared with that
the O atoms for the occupied states. Combining this with
fact that N p state lies well belowEF(210– 0 eV), the
Mg-N interaction~mainly composed byp states between Mg
and N atoms, there is nearly nos states interaction betwee
Mg and N atoms! at interface should be much weaker th

FIG. 4. Density of state calculated according to the three gro
modes:~a! total density of states,~b! projected density of state
~PDOS! of layer 1 of MgO, and~c! PDOS of layer 1 of TiN in the
515 superlattice.
1-4
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FIG. 5. ~a! Projected density of states calcu
lated for the layers 1 and 3 of TiN in the 515
superlattice on the basis of mode I.~b! Projected
density of states calculated for the layers 1 and
of MgO in the 515 superlattice on the basis o
mode I.
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the Ti-O interaction. It reflects the covalent bond betwe
Mg-N at interface is less than that between Ti-N. Howev
the calculated ionicity difference between Mg-N~2.46! at the
interface is larger than that between Ti-O~1.66!. As we
know, the chemical interaction is composed of ionic and
valent bond. The result, optimized interface spacing betw
Mg-N ~2.185 Å! less than that between Ti-O~2.301 Å! ~see
Table II!, explains that the interfacial interaction force b
tween Mg-N is larger than that between Ti-O, and reve
that the ionic contribution of the chemical interaction at
terface plays a dominant role.

The electron densities with the energy range from 0.0
to 7.001 eV are plotted in Fig. 6. The contour plots in Fig
6~a!–6~c! correspond to electron densities of mode I, II, a
IV, respectively. It is again seen that the interfacial spaci
are remarkably variant with growth modes. Figure 6~a!
shows that mode I gives chemical bonding across the in
face. On the contrary, no chemical bondings are formed
the interface with modes II and IV.

IV. CONCLUDING REMARKS

On the basis of high-resolution electron microscopy
gether with first-principle calculations, we have establish

FIG. 6. The energy-sliced electron density distribution for~a!
mode I at~010!, ~b! mode II at~010!, and~c! mode IV at~110!. Two
contour lines were plotted at 0.25 eV~solid line! and 0.52 eV
~dashed line!.
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interfacial fine structures at the interface of TiN/MgO~001!.
The following results are obtained.

~1! TiN thin film, grown on a MgO~001! substrate by
molecular beam epitaxy, keeps parallel orientation relati
ships with MgO. The growth is epitaxial and the interface
coherent, as confirmed by electron diffraction and hig
resolution images.

~2! Theoretical calculations based on the first-princip
plane wave pseudopotential method have shown that ca
anion bonding ~say, Ti-O and Mg-N! across the TiN/
MgO~001! interface is favorable. The shortest interatom
spacing across the interface is found to be 2.185 Å for s
configurations. The calculations have also shown that in
facial energy does not remarkably change with the thickn
of TiN/MgO~001! supperlatice.

~3! Geometry optimization indicates that there is an int
face stress determined by electrostatic interaction in m
III. Such an interface structure is unstable and disequ
brated, and would be changed toward mode I.

~4! The characteristic PDOS~projected densities of states!
near the interface confirm that the cation-anion bonding c
figuration is preferred not only because of the electrost
contribution but also due to the band structure compone
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