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Density-functional study of bulk and surface properties of titanium nitride
using different exchange-correlation functionals
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Laboratory of Physics, Helsinki University of Technology, P.O. Box 1100 FIN-02015 HUT, Finland
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~Received 31 January 2000!

The adsorption and diffusion of hydrogen on the~100! surface of titanium nitride was studied using density-
functional theory~DFT! and the generalized gradient approximation~GGA! for the exchange and correlation
energy. The adsorption site was found to be on top of the titanium atom with the chemisorption energy of
22.88 eV. The diffusion barrier was determined as 0.73 eV along the path connecting the neighboring titanium
atoms. The surface energies and surface relaxations of the three most important surfaces of TiN were studied.
The surface energies have the following order:S100,S110,S111. Three different GGA functionals, the
Perdew-Wang 1991~PW91!, the Perdew-Burke-Ernzerhof~PBE!, and the revised PBE~RPBE! functionals,
were tested on crystals, small molecules and TiN surfaces. The RPBE functional when applied to the surface
studies of TiN was found to produce slightly lower values of surface energies and of hydrogen adsorption
energies than the PW91 functional.
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I. INTRODUCTION

Titanium nitride is a metallic compound characterized
high melting point, ultra-hardness~comparable to that of dia
mond!, good electrical and thermal conductivity, and hi
resistance to corrosion.1 Because of its superior propertie
TiN is widely used in various industrial applications. Th
exceptional hardness and wear resistance enable the u
TiN as a high-performance coating material. TiN has a
become attractive in silicon microelectronics technology d
to its excellent diffusion barrier characteristics, very go
electrical conductivity, and excellent adhesion/glue la
performance.2,3 There is a large body of experimental wo
devoted to various aspects of titanium nitride film growth.2–5

However, no atomistic studies of TiN films nor TiN surfac
exist, although the performance of TiN films was found to
dependent on the surface structure and orientation.3–8

TiN belongs to a class of refractory metals where a n
metallic element~N, C, or O! forms a compound with a
transition-metal element. The unusual combination of me
and nonmetal and interesting properties of refractory co
pounds have challenged scientists to explain the natur
bonding in these materials. The studies of the propertie
bulk TiN are quite rare despite the great industrial interes
this material. The band structure calculations for TiN a
other refractory metals were presented in Ref. 1. The cha
density distribution and the nature of bonding in TiN a
TiC were investigated using the linearized-augmented-pla
wave ~LAPW! method9 and the results were found to com
pare well with the data obtained with x-ray-diffractio
studies.10 The lattice constant and bulk modulus of TiN we
obtained theoretically by the full-potential linear muffin-tin
orbital ~FP LMTO! method in Ref. 11.

Titanium nitride films are usually produced by vario
chemical vapor deposition~CVD! techniques2,3,5,12,13 al-
though sputtering4,6 and ion beam processing7 have been also
used to grow TiN films. However, the CVD approach h
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been adopted as a preferred deposition technique in in
trial applications. A typical CVD procedure would use
reactants such gas mixtures as TiCl4 and NH3,3 TiI 4 and
NH3,13 TiCl4-NH3-H2,12 TiCl4-NH3 with organic additives,2

etc. Theoretical calculations of the binding energies and
fusion barriers for various atoms, molecules, and fragme
involved in the growth process could provide specific info
mation on atomic processes on the surface that is required
quantitative modeling of CVD reactors.14,15Related informa-
tion on surface energies and surface structures can he
interpret the growth processes.

The purpose of the present study was to investigate
three surfaces most commonly observed in the growth p
cesses and to model adsorption and diffusion of atomic
drogen on the most stable clean surface of TiN. Bulk pro
erties of TiN such as the lattice constant, bulk modulusB, its
pressure derivativeB8, and elastic constant tensor were ca
culated as well.

Density-functional theory~DFT! and the local-density ap
proximation~LDA ! have become a widely accepted sche
for studying electronic ground state properties of solids, s
faces, and molecules.16 The development of nonlocal ex
change and correlation functionals has demonstrated tha
bond energies of molecules, the cohesive energies of so
and the energy barriers of molecular reactions can be gre
improved compared to the LDA results.

Recently there have been numerous suggestions for
functional form of the generalized gradient approximati
~GGA!. The most frequently used form is the Perde
Wang17 1991 ~PW91! functional, which has been applied t
a variety of problems in physics and chemistry of solids a
surfaces. Perdew, Burke, and Ernzerhof18 ~PBE! constructed
a simpler functional form than the traditional PW91 fun
tional. The PBE functional is designed to reproduce clos
the PW91 results, although the PBE formulation is intend
to be more robust. The RPBE functional19 repre-
2899 ©2000 The American Physical Society
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2900 PRB 62M. MARLO AND V. MILMAN
sents a minor revision of the PBE form, where the differen
is only in the functional form of the exchange enhancem
factor.

The RPBE functional improves significantly the accura
of calculated chemisorption energies of small molecules
metal surfaces. The RPBE approach has been tested e
sively on small molecules in a gas phase19 and on adsorption
energies of atomic and molecular species on meta
surfaces.19–22 It has become customary20–22 to apply RPBE
to calculations of total energies based on the structure
electron density obtained with the PW91 functional. Th
procedure seems to be arbitrary and it is unsuitable for
dictive studies of material properties. It would be prefera
to use the same exchange-correlation functional through
providing that it describes the ground state properties w
sufficient accuracy.

The aim of this paper is to present a theoretical study
the surface properties of TiN, including an investigation
the hydrogen adsorption on the surface. It appears tha
additional testing of GGA functionals was needed to be a
to use the RPBE approach with confidence. In view of t
situation we tested three GGA functionals, namely, PW
PBE, and RPBE, by calculating ground state properties
few crystals and small molecules, as well as by apply
these functionals to the surface calculations for TiN. T
RPBE functional appears to be sufficiently accurate in th
tests, so we carried out the study of hydrogen adsorption
the ~100! surface of TiN using this functional. We also ca
culated chemisorption energies of H on TiN with the PW
and RPBE functionals in order to get further information
the performance of the rather new functional~RPBE! in
comparison to other GGA functionals.

This work is organized as follows. In Sec. II we descri
the approach used and present the results. In Sec. II A
briefly discuss the computational details. In Sec. II B
compare the results obtained with the three GGA function
PW91, PBE and RPBE, for six crystals and for three sm
molecules. The results for bulk TiN and for three TiN su
faces are presented in Sec. II C, and in Sec. II D we exam
the diffusion and adsorption of atomic hydrogen on the~100!
surface of TiN. Preliminary results of the study of dissoc
tive adsorption of H2 molecule on the~100! surface of TiN
are given in Sec. II E. In Sec. III we summarize the findin
of the comparative testing of GGA functionals and then d
cuss the results related to the growth of titanium nitr
films.

II. SIMULATIONS AND RESULTS

A. Computational details

DFT GGA simulations were performed using compu
programCASTEP~Cambridge Serial Total Energy Package!.23

CASTEP is a DFT-based pseudopotential package, wher
plane wave basis set is used for expanding electronic st
In order to reduce the number of plane waves requir
chemically inactive core electrons are effectively replac
with ultrasoft pseudopotentials,24,25 which in this work were
taken from theCASTEP database.23 Two parameters that af
fect the accuracy of calculations are the kinetic energy c
off, which determines the number of plane waves in the
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pansion and the number of specialk points used for the
Brillouin zone integration~see Ref. 16 for details!.

The density mixing scheme based on the Pulay algorit
is used to find the electronic ground state.23,25 Thermal
smearing of one-electron states (kBT50.1 eV! was used to
converge calculations for metallic systems.23

B. Testing of GGA functionals

1. Crystals

We studied six different materials with three GGA fun
tionals. The lattice constant, bulk modulus, and its press
derivative were obtained by calculating the total energy a
pressure for different values of the unit cell volume and
fitting the calculated data to the third-order Birch-Murnagh
equation of state~EOS!:26

p~V!5
3

2
BF S V0

V D 7/3

2S V0

V D 5/3G
3H 11

3

4
~B824!F S V0

V D 2/3

21G J , ~2.1!

whereV0 is the unit-cell volume at zero pressure,B is the
bulk modulus, andB8 is the pressure derivative of the bu
modulus at zero pressure. The energy and pressure de
dence of the volume for TiN calculated with PW91 is show
in Fig. 1. Errors from the numerical fitting were less than
GPa for the bulk modulus and less than 0.2 forB8 in all
materials. The error bars were significantly smaller, arou
0.1 GPa, for softer materials with small values ofB. The
calculated equilibrium lattice constants, bulk moduli, a
their pressure derivatives are given in Table I. In addition
the results obtained with three GGA functionals, we pres
the LDA result for TiN.

PBE and PW91 give very similar results in all materia
and for all calculated properties. In metals~Al, TiN ! and

FIG. 1. Equation of state for TiN calculated with the PW9
functional.
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PRB 62 2901DENSITY-FUNCTIONAL STUDY OF BULK AND . . .
covalent crystals~Ge, C! the RPBE functional seems to pro
duce the values for lattice constant that are similar to th
obtained using PBE and PW91 functionals, but in ionic cr
tals RPBE gives a somewhat larger lattice constant. T
rather limited study seems to suggest that a clearly io
character of bonding, such as in NaCl, results in a lar
difference between the results obtained with different GG
functionals than the moderately ionic character, as in Mg
In all materials, except in Al where the differences betwe
the results obtained with different GGA functionals are ne
ligible, the RPBE functional gives larger values for the la
tice constant and smaller values for the bulk moduli than
PBE and PW91 functionals. On the other hand, the PBE
PW91 functionals yield essentially identical results in
cases.

2. Molecules

We studied three small molecules, CO, Cl2, and O2 with
spin-dependent GGA functionals~GGS!. We have listed mo-
lecular bond lengths and corresponding experimental va
in Table II.

TABLE I. Lattice constant and its percentage deviation from
experimental value, bulk modulus, and its pressure derivative
culated with different exchange-correlation functionals.

a0 ~Å! Error B ~GPa! B8

Al Expt. 4.05a 79b 4.2c

PW91 3.955 22.3% 85 4.8
PBE 3.954 22.4% 86 4.7
RPBE 3.952 22.4% 87 4.5

TiN Expt. 4.238d 288e

LDA 4.175 21.5% 319 4.3
PW91 4.236 20.0% 282 4.2
PBE 4.237 20.0% 282 4.2
RPBE 4.260 10.5% 266 4.2

Ge Expt. 5.66a 75f

PW91 5.547 22.0% 76 4.7
PBE 5.550 21.9% 75 4.7
RPBE 5.558 21.8% 73 4.8

C ~diamond! Expt. 3.567g 442g 4.0g

PW91 3.534 20.9% 450 3.2
PBE 3.533 21.0% 450 3.3
RPBE 3.537 20.8% 445 3.3

MgO Expt. 4.21a 163h 4.0h

PW91 4.275 11.5% 145 4.5
PBE 4.277 11.6% 143 4.6
RPBE 4.314 12.5% 134 4.5

NaCl Expt. 5.598i 24j 5.4k

PW91 5.682 11.5% 29 4.6
PBE 5.686 11.6% 24 4.6
RPBE 5.828 14.1% 20 4.5

aReference 27.
bReference 28.
cReference 29.
dReference 30.
eReference 31.
fReference 32.

gReference 33.
hReference 34.
iReference 35.
jReference 36.
kReference 37.
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RPBE gives the largest value for the molecular bo
length, which is consistent with the overestimated lattice
rameters in solids. The differences between the three fu
tionals are, however, very small, of the order of milliån
stroms. In summary, the properties of materials with little
no charge transfer are described by the RPBE functional w
approximately the same accuracy as that of PBE or PW
functionals.

C. Calculations on TiN and TiN surfaces

1. Titanium nitride

The lattice constant, bulk modulus, and its pressure
rivative for TiN are given in Table I. We calculated thes
values with three GGA functionals and using the LDA. T
LDA resulted in a smaller value for the lattice constant an
larger bulk modulus in comparison to GGA. It appears th
the GGA describes titanium nitride properties better than
LDA. The PW91 and PBE results are in particularly go
agreement with experimental values. Earlier all-electron F
LMTO calculations for TiN in Ref. 11 gave results that a
very similar to those quoted in Table I. The lattice consta
and bulk modulus were reported as 4.161 Å and 310 G
within the LDA, and 4.230 Å and 270 GPa within the PW9
GGA. In that work both lattice constants and bulk mod
were slightly smaller than ours.

It is worth noting that the experimental value ofB5318
GPa, quoted in Ref. 11, seems to be less reliable than
value we used, 288 GPa, as taken from Ref. 31. The la
value comes from bulk tests and agrees well with anot
bulk result, 292 GPa, as given in Ref. 39. The higher va
quoted in Ref. 11 is taken from the experimental study40 that
derived elastic constants from the slope of the dispers
curves of surface phonons on TiN films. Two factors sugg
that the lower value of 288 GPa is the reliable one, nam
the difference between the bulk and thin film elastic prop
ties and the difference between the static and dynamic b
modulus.

The full elastic constant tensor calculated with three GG
functionals ~PW91, PBE, RPBE! and using LDA is pre-

l-
TABLE II. Calculated bond lengths of small molecules obtain

using different GGA functionals in comparison with experimen
values.

a ~Å! Error

CO Expt. 1.128a

GGS PW91 1.143 11.3%
GGS PBE 1.144 11.4%
GGS RPBE 1.144 11.4%

Cl2 Expt. 1.988a

GGS PW91 1.978 20.5%
GGS PBE 1.972 20.8%
GGS RPBE 1.979 20.4%

O2 Expt. 1.217a

GGS PW91 1.230 11.1%
GGS PBE 1.232 11.2%
GGS RPBE 1.233 11.3%

aReference 38.
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2902 PRB 62M. MARLO AND V. MILMAN
sented in Table III. Our results are in reasonable agreem
with the values obtained from the all-electron calculations11

Internal consistency of the calculation is demonstrated by
fact that the bulk modulus obtained by fitting an analytic
equation of state agrees well with the value obtained a
linear combination of elastic constants (BEOS andB, respec-
tively, in Table III!. It appears that the experimental estima
of the C12 constant is significantly in error, while the tw
other components of the elastic tensor are much more a
rate. The results of the PBE calculation agree very well w
the PW91 results, while RPBE gives a 7% smallerC11 con-
stant than the other two GGA functionals.

The band structure and density of states obtained u
RPBE is shown in Fig. 2. The results obtained with vario
GGA functionals cannot be distinguished on the scale u
here. These plots are qualitatively the same as in Refs. 1
11. The lowest states in the valence band are due to Ns
electrons. The next fully occupied set of bands is compo
of hybridized Ti 3d and N 2p states. Metallic properties o
titanium nitride are determined by Ti 3d states that dominate
at EF .

2. Surface energies

We studied TiN surfaces by constructing a supercell c
taining a few layers of TiN and a sufficiently large vacuu
space. The standard method for extracting the surface en
from slab calculations is to subtract the bulk energy from
total energy of a slab when the number of layers approac
infinity:

S5 lim
N→`

1

2
~Eslab

N 2NEbulk!, ~2.2!

whereEslab
N is the total energy of the slab withN atoms and

Ebulk is the bulk total energy per atom. In practice the limit
approximated by theNth term. The factor 1/2 is due to th
presence of two surfaces in the slab. The problem with s
calculations is that the surface energy is very sensitive to

TABLE III. Elastic constants for titanium nitride~GPa!. Present
results are compared to the previous FP LMTO calculations~Ref.
11! and to the available experimental data.BEOS is the bulk modu-
lus obtained from the EOS fitting,B5(C1112C12)/3, C85(C11

2C12)/2.

C11 C12 C44 C8 B BEOS

PW91 600 120 159 240 280 282
PW91a 610 100 168 255 270
PBE 598 118 159 240 278 282
RPBE 561 116 156 223 265 266
LDA 704 125 168 290 318 319
LDAa 735 93 250 321 307
Expt.b 625 165 163 230 318
Expt.c 288
Expt.d 292

aReference 11.
bReference 40.
cReference 31.
dReference 39.
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bulk energy.41 Fiorentini and Methfessel suggested a rapid
converging method for calculating surface energies that d
not require a separate energy evaluation for the bulk.42 When
N becomes large and convergence is approached, the
energy is a linear function ofN:

Eslab
N '2S1NEbulk . ~2.3!

One can fit a straight line to theEslab
N as a function ofN and

extract the effective bulk energy from the slope. The surfa
energy is then obtained by replacing the bulk energy w
that slope at Eq.~2.2!.

We studied three surfaces of TiN,~100!, ~110!, and~111!,
and calculated slab energies with three different thicknes
For the ~100! and ~110! surfaces we calculated slab tot
energies for three, five, and seven layers. Since TiN occur
the NaCl structure, the~111! surface has a single specie
termination, i.e., the surface is either Ti or N terminated. T
odd number of layers in the slab supercell for the~111! ori-
entation would result in an excess of titanium or nitrog
atoms depending on which species occupies the surf
When the stoichiometry is broken we cannot define the c
responding chemical potential~bulk energy!, and surface en-
ergies cannot be calculated. We circumvented this prob
by considering an even number of layers, so that the su
cell contains one surface terminated by titanium and o
surface terminated by nitrogen. This calculation gives
surface energy averaged between the two different term
tions of the~111! surface. In this case we used slabs conta
ing four, six, and eight atomic layers.

We used the smallest possible surface cell and 12
vacuum width in all slab calculations. The kinetic ener
cutoff was set to 350 eV for all surfaces and slab thicknes
The symmetrizedk-point sets with Monkhorst-Pack param
eters of 43431, 33431 and 43432 were used for the

FIG. 2. Calculated band structure and density of states of T
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~100!, ~110!, and ~111! surfaces, respectively. The surfa
energies were calculated by either keeping atoms in t
ideal bulk positions~‘‘static’’ energy! or by allowing all at-
oms to relax with the exception of the central layer@or two
central layers in the~111! case# ~‘‘relaxed’’ energy!. The
lattice constant was always fixed at the equilibrium bu
value obtained with the relevant GGA functional as given
Table I. The bulk energies were obtained by fitting a strai
line to the E(N) dependence. The averages of the surf
energies obtained from the five- and seven-layer calculat
for the ~100! and~110! surfaces and from the six- and eigh
layer calculations for the~111! surface are given in Table IV
for both static and relaxed configurations. We have chec
the convergence of the surface energies with respect to
number of layers by repeating the RPBE calculation for
~100! surface using nine layers. The results for five, sev
and nine layers give 1.067, 1.057, and 1.077 J/m2 respec-
tively, which means that the calculations are converged
about 0.01 J/m2

It is clear from Table IV that the PW91 calculations a
ways gave the highest surface energy and RPBE the low
The differences were small between PW91 and PBE, w
RPBE gave noticeably smaller, by about 0.2–0.3 J/m2, val-
ues than PW91 and PBE. This trend persisted both in s
and relaxed calculations for all three surface orientatio
The greatest differences between the GGA functionals w
observed for the~111! surface.

Although different GGA functionals resulted in slightl
different values for surface energies, the energy differen
between different surface orientations calculated within
same GGA formulation were consistent. The~100! surface
has clearly the lowest surface energy with an;1.6 J/m2

difference with respect to the~110! surface. The~110! sur-
face was more stable in comparison to~111! by approxi-
mately 2.0 J/m2.

Previous estimates of the surface energies for TiN w
based on empirical arguments of bond breaking. Meta
bonding in TiN does not lend itself easily to such a mec
nistic approach, as is illustrated by the following compa
son. The estimates based on the sublimation energy h
given 4.94, 6.99, and 8.53 J/m2 for S100, S110, and S111,
respectively.8 A similar estimate based on a slightly differe
bond-counting scheme gave 2.3, 2.6, and 4.0 J/m2 for the
same surfaces.4 Interestingly, the second of these data set
qualitatively similar to the relaxed RPBE values for the~110!
and ~111! surfaces~Table IV!. However, both of these est
mates fail to reproduce the actual ratios of surface energ
We obtainedS100:S110:S11151:2.44:4.33, i.e., the~100!
surface is significantly more stable. Empirical estimates g
either 1:1.41:1.73~Ref.8! or 1:1.13:1.73~Ref.4!, in both
cases giving much less pronounced difference between

TABLE IV. Calculated TiN surface energies~J/m2) for relaxed
and unrelaxed geometries.

Relaxed Static
RPBE PBE PW91 RPBE PBE PW91

S100 1.06 1.28 1.30 1.53 1.75 1.76
S110 2.59 2.85 2.86 2.87 3.13 3.14
S111 4.59 4.92 4.95 5.08 5.42 5.45
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three orientations. In fact, surface relaxations contribute
nificantly to the error of the bond-breaking estimate. T
static surface energies presented in Table IV exhibit the
tios that are closer to the empirical estimates, nam
1:1.87:3.32.

3. Surface relaxations

In order to study the details of the surface relaxation
allowed five atomic layers to relax and kept two layers at
bottom of the surface fixed. The width of the vacuum lay
was again fixed to 12 Å. The relative surface relaxatio
were found to be almost identical independent of the GG
functional used. We report RPBE distances that are slig
larger than the corresponding PW91 and PBE distances
to the larger lattice constant. We found that when a pla
contains two atomic species, then in addition to the inw
relaxation of the whole plane, the titanium atoms go furth
inside the surface than the nitrogen atoms@Fig. 3~a!#. In the

FIG. 3. Structural relaxations on the~a! ~100! and ~b! ~111!
surfaces of TiN~light and dark spheres represent titanium and
trogen atoms, respectively!. T is the plane width andD is the dis-
tance between the atomic planes.
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2904 PRB 62M. MARLO AND V. MILMAN
case of the~111! orientation the N-terminated surface relax
inwards more strongly than the Ti-terminated surface.

The structure of corrugated~100! and ~110! surfaces can
be described using two parameters. The plane widthT for the
planes that contain both Ti and N atoms is defined as a
tance between the subplanes occupied by Ti and N ato
This parameter goes to zero in the bulk and describes
degree of rumpling that occurs on the surface. The sec
parameterD represents the distance between the average
sitions of TiN planes parallel to the surface. We defin
these positions simply as a mean value of the height o
and N subplanes. In the case of the~111! surface the distance
D is the actual, not the averaged, subplane distance, sinc
surface planes are occupied only with either titanium or
trogen atoms and the relaxations in the plane do not oc
The relaxation parameters for the~100!, ~110!, Ti-terminated
~111!, and N-terminated~111! surfaces are given in Table V

The values ofD in the first row of Table V refer to the
distance between the outermost and the second surface l
The values ofT in the first row of the table show the plan
width at the outermost layer. The second value ofD mea-
sures the distance between the second and the third
from the surface andT is the plane width of the second laye
and so on.

As the number of layers increases, the parameterD far
from the surface should approach the bulk value, i.e.T
should go to zero andD to the corresponding distance
bulk. The convergence was reached for the~100! surface
since the value ofT was almost zero for the fourth layer, an
the averaged distance between the planes was already
to the bulk distance. The~110! surface showed a simila
trend, but it was not as well converged. For the~111! surface
it would have been necessary to study more layers to ach
a complete convergence, but the number of layers was
ficient to draw quantitative conclusions about the surface
laxations.

The data presented in Table V show the picture of
oscillating expansion and contractions of subsurface lay
The ~100! surface shows the smallest oscillations: the
layer is contracted by 2.1%, and expansion~i.e., theD value
is greater than the bulk value! observed in the third layer is
only 20.4%. Such small values are typical for close-pack
metallic surfaces.43 The ~110! surface is more open, whic
explains a large inward relaxation of the top plane, by 10
and a bigger amplitude of oscillation: the second layer
relaxed upwards by 3.5%. The highest relaxations were
served on the N-terminated~111! surface, where the chang
in interatomic distances between the surface and subsu
atomic planes was found to be239%.

TABLE V. Relaxations of the~100!, ~110!, and ~111! surfaces
of TiN. All values are in Å.

~100! ~110! ~111!-Ti ~111!-N
T D T D D D

1 0.179 2.086 0.146 1.355 1.106 0.754
2 0.028 2.128 0.068 1.558 1.238 1.555
3 0.029 2.139 0.025 1.526 1.269 1.125
4 0.006 2.130 0.029 1.518 1.282 1.187
Bulk 0.0 2.130 0.0 1.506 1.229 1.229
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D. Adsorption and diffusion of atomic hydrogen
on the TiN„100… surface

Titanium nitride CVD growth techniques as outlined
the Introduction involve the use of Ti-containing molecule
e.g., TiI4 or TiCl4, and ammonia (NH3), sometimes in the
presence of other reaction constituents. A number of fun
mental values pertinent to the gas-phase reactivity as we
to the molecule-surface interactions are necessary to m
this process. The basic data required include adsorption
ergies and diffusion barriers and pathways for the reage
and reaction products. Atomic hydrogen is released dur
some of the reactions, and we start the study of fragment
the ~100! surface of TiN by investigating adsorption and d
fusion of hydrogen. The~100! surface of TiN has the lowes
surface energy and plays the most important role in the C
growth process, even for a polycrystalline film.3

The first set of results was obtained as follows. The h
drogen atom was placed on top of the TiN~100! surface and
the energy minimum was searched for by letting hydrog
move on the rigid TiN surface. The surface was mode
with four layers where the lowest lying plane described
bulk and the three uppermost layers were fixed in the str
ture obtained from the seven-layer surface energy calc
tions. The (232) surface cell was used in order to minimiz
the interactions between hydrogens in the neighboring su
cells. The distance between hydrogens in the neighbo
cells was 6.025 Å in the RPBE calculations, which is su
cient to achieve convergence with respect to the lateral
of the unit cell. Two Monkhorst-Packk points and the kinetic
energy cutoff of 380 eV were used in all adsorption studi
The global minimum of the total energy was always fou
on top of the titanium atom with the Ti-H distance of 1.82
and 1.81 Å for RPBE and PW91, respectively.

The chemisorption energy of an adsorbate on the sur
is calculated as the energy difference:

Echem5EAM2EM2EA , ~2.4!

where EAM is the total energy of the combined system
adsorbate and metal surface,EM andEA are the energies o
isolated surface and adsorbate, respectively. These cal
tions give the chemisorption energies of the hydrogen a
on the TiN~100! surface as22.50 eV and22.55 eV for
RPBE and PW91 functionals, respectively. Although RP
has been reported to give significantly improved chemiso
tion energies in the study of Ref. 19, the difference betwe
PW91 and RPBE results is not significant in the pres
study.

The energy surface for H on a rigid TiN~100! surface was
mapped out by calculating the energy of the system for
ferent (x,y) positions of the hydrogen atom while lettin
hydrogen relax in thez direction. The calculations were pe
formed in the irreducible surface area on the 21-point eq
distant mesh with the 0.3 Å distance between the m
points. The energy surface revealed a very simple struct
There is a second local minimum on a nitrogen atom tha
about 0.2 eV higher in energy than the binding site on ti
nium, i.e., the binding energy was22.31 eV. The bond
length on this site was significantly shorter in comparison
the binding site on titanium with the 1.04 Å distance betwe
nitrogen and hydrogen atoms.
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The lowest-energy diffusion path connects the neighb
ing titanium atoms. It is a straight line across the saddle p
located midway between the Ti atoms, and it has a diffus
barrier of 0.73 eV. Another low-energy path goes strai
from the global minimum on titanium to the local minimu
on nitrogen, and it has a comparable barrier of 0.76 eV. T
barriers are close in energy, but the height of hydrogen
the surface changes strongly along the Ti-N-Ti path. On
Ti-Ti path the height changes by only 0.1 Å during the d
fusion, but when the hydrogen diffuses from titanium to
trogen the height changes by 0.7 Å as a consequence o
drastically different N-H and Ti-H bond lengths. This resu
suggests that the Ti-Ti path with an energy barrier of 0.73
represents the main diffusion mechanism for both thermo
namic and kinetic reasons.

The approximation of a rigid surface causes forces on
surface atoms when the hydrogen atom is allowed to re
We performed further calculations by allowing both the fi
layer of the surface and the hydrogen to relax to
minimum-energy configuration. The chemisorption ene
was slightly lowered and the titanium atom bonded to hyd
gen raised towards hydrogen, shortening the bond length
0.05 Å to 1.77 Å. The net result of the surface modificati
was to make the surface corrugations smaller. This m
indicate that the surface relaxations vanish when the sur
is covered by adsorbates. Although hydrogen adatom ca
forces on the surface atoms, it is questionable whether he
surface atoms have time to relax when hydrogen diffuses
the surface. It is likely that the rigid-surface calculatio
paint a more realistic picture of the energy surface for
drogen than the fully relaxed calculations.

The final calculation was performed in the fully relaxe
geometry. The cell contained seven TiN layers, and the
bottom layers were fixed to the bulk positions. This is t
same layout as was used in the Sec. II C 3, but with
32) surface unit cell. The use of a bigger unit cell~57 at-
oms! and the need for full geometry optimization make the
calculations more expensive than the ones described ab
We have not attempted the full-potential energy surface
culation in this approach, but just obtained the binding en
gies for the two adsorption sites using RPBE and PW
functionals.

The relaxation of the surface, as expected, increases
binding energy on both sites. The global minimum on
now has the energy of22.88 eV, and the minimum on th
N-site has the energy of22.77 eV. The difference betwee
these two sites becomes smaller as a result of the sur
relaxation, i.e., 0.11 eV instead of the 0.19 eV on the ri
surface. The bond length Ti-H is 1.76 Å, very close to t
result obtained with just one relaxed layer in a smaller
percell. The N-H bond length of 1.04 Å is not affected by t
relaxation of the surface. This bond length is close to
value of 1.033 Å, the average distance between H and hig
coordinated N in crystalline organic compounds.38 The typi-
cal N-H bond length in the gas phase averaged over a n
ber of small molecules38 is 1.02 Å, and the calculated N-H
bond length on the surface of TiN is expected to be lon
than that.

The adsorbate-induced relaxation of the surface w
found to be large and long-ranging. The Ti-site adsorpt
changed the sign of the plane width~see Table V! in the third
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layer, and changed the interplanar distances up to the
layer. Adsorption on the N site is characterized by increa
surface corrugation, with the Ti-N height difference bei
nearly doubled. These findings are in contrast with the c
culations for H on Pd and Re surfaces43 where very little
relaxation was found. The energetics of the hydrogen ads
tion is, however, very similar. The values of22.66 eV for
the Pd~111! and 22.82 eV for the Re~0001! surfaces43 are
very close to the22.88 eV reported here for the bindin
energy at the TiN~100! surface.

Finally, the same calculations were performed using
PW91 functional. We found the same two binding sites
with the RPBE functional. The global minimum on Ti ato
is characterized by the adsorption energy of22.99 eV, and
the N site has the binding energy of22.88 eV. The effect of
using RPBE instead of the PW91 functional is thus sm
not more than 0.1 eV in the chemisorption energy. The sa
magnitude of energy differences between PW91 and RP
results was found in the study of H2 dissociation on TiN.
Even the effect of the form of the GGA functional on th
surface energy alone was found to be higher than that.
parently the competing effects of a larger cell parameter
of a different description of the exchange-correlation effe
cancel to a great degree in the PW91 and RPBE calculat
described above. If this is the case, the large effects s
previously for the RPBE calculations compared to the PW
ones19,22 could be an artifact of using inconsistent lattice p
rameters.

E. Adsorption and diffusion of molecular hydrogen
on TiN„100… surface

In this section we report preliminary results of the stu
of H2 adsorption on the~100! surface of titanium nitride. Our
main interest in this case is to compare the results of RP
and PW91 calculations rather than to give a complete st
of the adsorption process.

The hydrogen molecule is known to dissociate on meta
surfaces, and there is a large body ofab initio studies of this
dissociative adsorption. It has been shown that there
small or no barrier for dissociation on Cu~100! ~Ref. 44!,
W~100! ~Ref. 45!, Pd~100! ~Ref. 46! or Rh~100! ~Ref. 47!
surfaces, while Ag~100! surface has a barrier for the H2
dissociation.47 This difference in the dissociation process c
be explained by the higher chemical activity of the transiti
metals compared to the noble metal silver. One would exp
then that the dissociation on the TiN surface should proc
without a barrier since it has even higher chemical activi

We carried out only a very limited study of the interactio
between H2 and the ~100! surface of TiN using two
exchange-correlation functionals, PW91 and RPBE.
have attempted to optimize the geometry of the H2 molecule
that was placed on top of Ti and N atoms at approximat
the same height as was found for the adsorption sites
atomic hydrogen. This procedure gives less informat
about the dissociation process than the calculation of
potential energy surface,44–47 but it is a useful step in the
search for molecular precursor states on the surface.

We found that the Ti site is likely to have a barrier for th
H2 dissociation since the geometry optimization proced
resulted in the molecule being removed from the surface
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tact. The bond length of the product is 0.755 Å at the hei
of roughly 2.4 Å, which is consistent with the description
a free H2 molecule above the transition metal surface.44–47

The result was independent of the GGA functional used.
An interesting process was observed when the mole

was placed horizontally on top of the nitrogen atom. T
configuration was found to be hugely unfavorable in terms
energetics, and geometry optimization resulted in the form
tion of the N vacancy on the surface and of the free N2
molecule. The geometry of the created NH2 fragment is
characterized by the N-H bond length of 1.033 Å and
H-N-H angle of 100.6 °, very similar to the experiment
data of 1.024 Å and 103.3 °.38 The relative energies of th
created configurations are very similar in the PW91 a
RPBE calculations. RPBE results always describe2
1TiN(100) complexes as slightly more unstable than
PW91 calculations, but the magnitude of the difference
small, less than 0.1 eV. This conclusion is consistent with
results for atomic hydrogen, and further calculations for b
ger molecular fragments are needed to clarify the issue of
relative merits of PW91 and RPBE functionals in the stud
of surface processes.

III. DISCUSSION

A. GGA functionals

In summarizing the results of the GGA testing we c
conclude that all three functionals describe the structu
properties of crystals and molecules accurately. The fu
tionals were generally in good agreement with each oth
but RPBE systematically resulted in slightly greater int
atomic distances than PBE or PW91. The difference betw
RPBE and other functionals was found to be larger in io
crystals.

In titanium nitride all GGA functionals described stru
tural parameters better than LDA. The results obtained w
the PW91 and PBE functionals were in excellent agreem
with the experimental values. Both LDA and PW91 resu
were in very good agreement with the earlier all-electr
theoretical calculations.11

The trends previously reported19 for the RPBE functional
as compared to PW91 were confirmed in the study of surf
energies and hydrogen chemisorption energy on TiN. B
the surface energy for all orientations studied and the hyd
gen chemisorption energy on the~100! surface were smalle
in the RPBE calculations than in the PW91 calculatio
However, the difference was not as significant as in Refs
and 22, which could be due to the fact that we used con
tent lattice parameters. In this study the difference betw
PW91 and RPBE in chemisorption energies was 0.1
while in Refs. 19 and 22 it was of the order of 0.5 eV for
CO, N2, and NO, on Rh, Ni, Pt, and Pd surfaces. Furth
calculations for bigger molecules adsorbed on TiN
planned to elucidate the role of the adsorbate in the ma
tude of the RPBE correction.

B. Properties of titanium nitride

We presented the first atomistic study of the surface st
ture and energetics of three TiN surfaces. Our results sup
the experimental conclusion that the~100! surface has the
t
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lowest and the~111! surface the highest surface energy. W
showed that simple estimates of the surface energy base
the counting of broken bonds on the surface can at best
the right order of magnitude and the correct order of
surface energies. Such empirical predictions fail to reprod
the ratio of surface energies, primarily due to the compl
neglect of complex structural relaxations on the surfaces

The accurate estimates of surface energies should he
understanding of competing mechanisms of the growth
thin films with a preferred growth orientation. The actu
film orientation is determined by an interplay between t
surface energy and the surface strain contribution. The st
effects are well understood in terms of the film-substrate
tice mismatch, while the energy effects until now had
quantitative description.

The surfaces of TiN were found to exhibit complex rela
ations. The magnitude of the interplanar relaxations appe
to agree with the results of similar studies for transiti
metal surfaces. The corrugations that we found on the~100!
and ~110! surfaces should be typical for the surfaces of
nary compounds, although we are not aware of any relev
experimental studies on TiN. These corrugations might h
important consequences for such processes as adsorptio
diffusion, since kinetic characteristics of various pathwa
might depend on the height of surface atoms interacting w
adsorbates. It is important to note that the effects of surf
relaxations are long ranging~see Table V!. It appears that
five relaxed layers are sufficient to describe the structure
energetics of the~100! surface. One might, however, con
sider using thicker slabs for the modeling of the surface p
cesses on the~110! and especially on the~111! surface of
TiN.

Finally, we presented the results of the first study of t
hydrogen atom adsorption and diffusion on the~100! surface
of TiN. We found two possible adsorption sites with th
adsorption energies of22.88 eV on top of a titanium atom
and22.77 eV on top of a nitrogen atom. These results o
tained with the RPBE functional give a slightly~by about 0.1
eV! weaker binding of the hydrogen adatom to the surfa
than the calculations carried out with the PW91 functiona

The accurate description of the energetics of the hydro
adsorption is much more sensitive to the effect of surfa
relaxation than to the particular choice of the exchan
correlation functional. The relaxations caused by the ada
contributed approximately 0.4 eV to the calculated adso
tion energy, which is a significant amount especially taki
into account the fact that hydrogen is the smallest poss
adsorbed species. We expect that the relaxation effects
terms of both energetics and structural changes, will be m
pronounced for other adsorbates. The diffusion barrier e
mate of 0.73 eV was obtained from the rigid surface cal
lations and it appears to be accurate to within 0.1 eV si
the relative energies of the energy minima are much l
sensitive to the adsorbate-induced relaxation than the a
lute values.

We believe that the present study opens the way toab
initio modeling of fundamental processes relevant to
CVD growth of TiN thin films. There appears to be no re
son for not using the new RPBE exchange-correlation fu
tionals in a self-consistent manner, although further stud
of bigger adsorbates are needed to make a systematic
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clusion on the effect of the form of the GGA functional o
the calculated chemisorption energy.
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