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The adsorption and diffusion of hydrogen on th€0) surface of titanium nitride was studied using density-
functional theory(DFT) and the generalized gradient approximati@GA) for the exchange and correlation
energy. The adsorption site was found to be on top of the titanium atom with the chemisorption energy of
—2.88 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 ord8iyy<S;,0<S;11. Three different GGA functionals, the
Perdew-Wang 1991PW291), the Perdew-Burke-ErnzerhdPBE), and the revised PBERPBE 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.

[. INTRODUCTION been adopted as a preferred deposition technique in indus-

Titanium nitride is a metallic compound characterized bytrial applications. A typical CVD procedure would use as
high melting point, ultra-hardnegsomparable to that of dia- reactants such gas mixtures as Fi@nd NH;,® Til, and
mond, good electrical and thermal conductivity, and high NH3,*® TiCl,-NH;-H,,*? TiCl,-NH; with organic additive$,
resistance to corrosionBecause of its superior properties etc. Theoretical calculations of the binding energies and dif-
TiN is widely used in various industrial applications. The fusion barriers for various atoms, molecules, and fragments
exceptional hardness and wear resistance enable the useinVolved in the growth process could provide specific infor-
TiN as a high-performance coating material. TiN has alsanation on atomic processes on the surface that is required for
become attractive in silicon microelectronics technology duejuantitative modeling of CVD reactot$!®Related informa-
to its excellent diffusion barrier characteristics, very goodtion on surface energies and surface structures can help to
electrical conductivity, and excellent adhesion/glue layeiinterpret the growth processes.
performancé:® There is a large body of experimental work  The purpose of the present study was to investigate the
devoted to various aspects of titanium nitride film gro#th. three surfaces most commonly observed in the growth pro-
However, no atomistic studies of TiN films nor TiN surfaces cesses and to model adsorption and diffusion of atomic hy-
exist, although the performance of TiN films was found to bedrogen on the most stable clean surface of TiN. Bulk prop-
dependent on the surface structure and orientdtibn. erties of TiN such as the lattice constant, bulk modBugs

TiN belongs to a class of refractory metals where a nonpressure derivativ8’, and elastic constant tensor were cal-
metallic element(N, C, or O forms a compound with a culated as well.
transition-metal element. The unusual combination of metal Density-functional theoryDFT) and the local-density ap-
and nonmetal and interesting properties of refractory comproximation(LDA) have become a widely accepted scheme
pounds have challenged scientists to explain the nature dbr studying electronic ground state properties of solids, sur-
bonding in these materials. The studies of the properties dfaces, and moleculé$. The development of nonlocal ex-
bulk TiN are quite rare despite the great industrial interest irchange and correlation functionals has demonstrated that the
this material. The band structure calculations for TiN andbond energies of molecules, the cohesive energies of solids,
other refractory metals were presented in Ref. 1. The chargend the energy barriers of molecular reactions can be greatly
density distribution and the nature of bonding in TiN andimproved compared to the LDA results.
TiC were investigated using the linearized-augmented-plane- Recently there have been numerous suggestions for the
wave (LAPW) method and the results were found to com- functional form of the generalized gradient approximation
pare well with the data obtained with x-ray-diffraction (GGA). The most frequently used form is the Perdew-
studiest® The lattice constant and bulk modulus of TiN were Wang'’ 1991 (PW91) functional, which has been applied to
obtained theoretically by the full-potential linear muffin-tin- a variety of problems in physics and chemistry of solids and
orbital (FP LMTO) method in Ref. 11. surfaces. Perdew, Burke, and ErnzetA¢PBE) constructed

Titanium nitride films are usually produced by various a simpler functional form than the traditional PW91 func-
chemical vapor depositiofCVD) technique$®>1%13 al-  tional. The PBE functional is designed to reproduce closely
though sputterint® and ion beam processihbave been also the PW91 results, although the PBE formulation is intended
used to grow TiN films. However, the CVD approach hasto be more robust. The RPBE functiotial repre-
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sents a minor revision of the PBE form, where the difference
is only in the functional form of the exchange enhancement

140

factor. -1881.0

The RPBE functional improves significantly the accuracy \S TIN PW91
of calculated chemisorption energies of small molecules on -1881.2+
metal surfaces. The RPBE approach has been tested excl
sively on small molecules in a gas ph&sand on adsorption -1881.4-
energies of atomic and molecular species on metallic
surfacesl.g‘_22 It has become c‘ustomz%‘ST22 to apply RPBE < 141 64
to calculations of total energies based on the structure an@,
electron density obtained with the PW91 functional. This
procedure seems to be arbitrary and it is unsuitable for pre-
dictive studies of material properties. It would be preferable
to use the same exchange-correlation functional throughout —-1882.0-
providing that it describes the ground state properties with
sufficient accuracy. -1882.2

The aim of this paper is to present a theoretical study of
the surface properties of TiN, including an investigation of  _1gg2.4 . h
the hydrogen adsorption on the surface. It appears that a 14 15 16 17 18 19 20
additional testing of GGA functionals was needed to be able Volume (A%)
to use the RPBE approach with confidence. In view of this
situation we tested three GGA functionals, namely, PW91, FIG. 1. Equation of state for TiN calculated with the PW91
PBE, and RPBE, by calculating ground state properties of &nctional.
few crystals and small molecules, as well as by applying
these functionals to the surface calculations for TiN. Thepansion and the number of specialpoints used for the
RPBE functional appears to be sufficiently accurate in thes8rillouin zone integrationsee Ref. 16 for details
tests, so we carried out the study of hydrogen adsorption on The density mixing scheme based on the Pulay algorithm
the (100) surface of TiN using this functional. We also cal- is used to find the electronic ground st&té> Thermal
culated chemisorption energies of H on TiN with the PW91smearing of one-electron statdgsT=0.1 eV) was used to
and RPBE functionals in order to get further information onconverge calculations for metallic systeffis.
the performance of the rather new function&®PBE in
comparison to other GGA functionals. B. Testing of GGA functionals

This work is organized as follows. In Sec. Il we describe
the approach used and present the results. In Sec. Il A we
briefly discuss the computational details. In Sec. IIB we We studied six different materials with three GGA func-
compare the results obtained with the three GGA functionalsiionals. The lattice constant, bulk modulus, and its pressure
PW91, PBE and RPBE, for six crystals and for three smallderivative were obtained by calculating the total energy and
molecules. The results for bulk TiN and for three TiN sur- pressure for different values of the unit cell volume and by
faces are presented in Sec. Il C, and in Sec. Il D we examinfitting the calculated data to the third-order Birch-Murnaghan
the diffusion and adsorption of atomic hydrogen on ¢h@0) equation of statéE0S:%8
surface of TiN. Preliminary results of the study of dissocia-
tive adsorption of H molecule on thg100 surface of TiN NECENAVAEL
are given in Sec. Il E. In Sec. Il we summarize the findings p(V)= EB[(V) _<V) }
of the comparative testing of GGA functionals and then dis-

~f120

=100

-1881.8+

1. Crystals

cuss the results related to the growth of titanium nitride 3 Vo| 23
films. X1+ (B =4)|| | —1|;, (2.7
4 V
whereV, is the unit-cell volume at zero pressui,s the
Il. SIMULATIONS AND RESULTS bulk modulus, and’ is the pressure derivative of the bulk

modulus at zero pressure. The energy and pressure depen-
dence of the volume for TiN calculated with PW91 is shown
DFT GGA simulations were performed using computerin Fig. 1. Errors from the numerical fitting were less than 1
programcAsTEP(Cambridge Serial Total Energy Packa@e  GPa for the bulk modulus and less than 0.2 Bir in all
CASTEP is a DFT-based pseudopotential package, where eaaterials. The error bars were significantly smaller, around
plane wave basis set is used for expanding electronic state8.1 GPa, for softer materials with small values B&f The
In order to reduce the number of plane waves requiredcalculated equilibrium lattice constants, bulk moduli, and
chemically inactive core electrons are effectively replacedheir pressure derivatives are given in Table I. In addition to
with ultrasoft pseudopotentiafé;2® which in this work were  the results obtained with three GGA functionals, we present
taken from thecAsTEP databasé® Two parameters that af- the LDA result for TiN.
fect the accuracy of calculations are the kinetic energy cut- PBE and PW91 give very similar results in all materials
off, which determines the number of plane waves in the exand for all calculated properties. In metdisl, TiN) and

A. Computational details
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TABLE |. Lattice constant and its percentage deviation from the  TABLE Il. Calculated bond lengths of small molecules obtained
experimental value, bulk modulus, and its pressure derivative caldsing different GGA functionals in comparison with experimental

culated with different exchange-correlation functionals. values.
ag (A) Error B(GPa B’ a (A Error
Al Expt. 4,08 79 4.7 co Expt. 1.128
PW91 3955 —2.3% 85 4.8 GGS PW91 1.143 +1.3%
PBE 3.954 —2.4% 86 4.7 GGS PBE 1.144 +1.4%
RPBE 3.952 —-24% 87 4.5 GGS RPBE 1.144 +1.4%
TiN Expt. 4.238 288 Cl, Expt. 1.988
LDA 4.175 —1.5% 319 4.3 GGS PWI1 1.978 —0.5%
PW91 4236 —0.0% 282 4.2 GGS PBE 1.972 —0.8%
PBE 4237 —0.0% 282 4.2 GGS RPBE 1.979 —0.4%
RPBE 4260 +0.5% 266 4.2 O, Expt. 1.217
Ge Expt. 5.68 75 GGS PW91 1.230 +1.1%
PW91 5547 —2.0% 76 4.7 GGS PBE 1.232 +1.2%
PBE 5550 —-1.9% 75 4.7 GGS RPBE 1.233 +1.3%
RPBE 5558 —-1.8% 73 4.8
C (diamond  Expt.  3.567 44 4@  ‘Reference 38.
PW91 3534 —-0.9% 450 3.2
PBE 3533 —1.0% 450 3.3 RPBE gives the largest value for the molecular bond
RPBE 3537 -0.8% 445 3.3 length, which is consistent with the overestimated lattice pa-
MgO Expt. 4.2% 1638 4d rameters in solids. The differences between the thr_egofunc-
PW91 4275 +1.5% 145 45 tionals are, however, very small, of the order of milliang-
PBE 4277 +1.6% 143 4.6 stroms. In summary, the properties of materials with little or

no charge transfer are described by the RPBE functional with

RPBE  4.314 +2.5% 134 45 .
’ i approximately the same accuracy as that of PBE or PW91

NaCl Expt. 5.598 24 5.4 functionals

PWa1 5.682 +1.5% 29 4.6 '

PBE 5.686 +1.6% 24 4.6

RPBE 5828 +4.1% 20 4.5 C. Calculations on TiN and TiN surfaces
aReference 27. 9Reference 33. 1. Titanium nitride
b h . .
_Reference 28. Reference 34. The lattice constant, bulk modulus, and its pressure de-
dReference 29. J.Re;erence 35. rivative for TiN are given in Table |. We calculated these
Reference 30. Reference 36. values with three GGA functionals and using the LDA. The
eReference 31. Reference 37.

. LDA resulted in a smaller value for the lattice constant and a
Reference 32. larger bulk modulus in comparison to GGA. It appears that
the GGA describes titanium nitride properties better than the

covalent crystal$Ge, O the RPBE functional seems to pro- LDA. The PW91 and PBE results are in particularly good
duce the values for lattice constant that are similar to thos@greement with experimental values. Earlier all-electron FP-
obtained using PBE and PW91 functionals, but in ionic Crst_MTO calculations for TiN in Ref. 11 gave results that are
tals RPBE gives a somewhat |arger lattice constant. Thi¥ery similar to those quoted in Table I. The lattice constant
rather limited study seems to suggest that a clearly ioni@nd bulk modulus were reported as 4.161 A and 310 GPa
character of bonding, such as in NaCl, results in a largewithin the LDA, and 4.230 A and 270 GPa within the PW91
difference between the results obtained with different GGAGGA. In that work both lattice constants and bulk moduli
functionals than the moderately ionic character, as in Mgowere slightly smaller than ours.

In all materials, except in Al where the differences between It is worth noting that the experimental value Bf=318

the results obtained with different GGA functionals are neg-GPa, quoted in Ref. 11, seems to be less reliable than the
ligible, the RPBE functional gives larger values for the lat-value we used, 288 GPa, as taken from Ref. 31. The latter
tice constant and smaller values for the bulk moduli than thevalue comes from bulk tests and agrees well with another
PBE and PW91 functionals. On the other hand, the PBE anBulk result, 292 GPa, as given in Ref. 39. The higher value

PWO1 functionals yield essentially identical results in allquoted in Ref. 11 is taken from the experimental sfidyat
cases. derived elastic constants from the slope of the dispersion

curves of surface phonons on TiN films. Two factors suggest

that the lower value of 288 GPa is the reliable one, namely,

the difference between the bulk and thin film elastic proper-
We studied three small molecules, CO,,Gind Q with  ties and the difference between the static and dynamic bulk

spin-dependent GGA functional&GS. We have listed mo- modulus.

lecular bond lengths and corresponding experimental values The full elastic constant tensor calculated with three GGA

in Table Il. functionals (PW91, PBE, RPBE and using LDA is pre-

2. Molecules



2902 M. MARLO AND V. MILMAN PRB 62

TABLE lll. Elastic constants for titanium nitridéGP3g. Present

results are compared to the previous FP LMTO calculatiétes. N
11) and to the available experimental daBg.qs is the bulk modu- I~
lus obtained from the EOS fitting3=(C4;+2C1)/3, C'=(Cy4 10 104
Ci Cp Cu C B Beos ] N .
PW91 600 120 159 240 280 282 / L
PWOPR 610 100 168 255 270 —
PBE 598 118 159 240 278 282 2 . | =] | , ;’f
RPBE 561 116 156 223 265 266 2 N
LDA 704 125 168 290 318 319 s
LDA? 735 93 250 321 307 2
Expt” 625 165 163 230 318 8- X s
ExptS 288 ™
Exptd 292
%Reference 11. -104 -10
PReference 40.
‘Reference 31.
d
Reference 39. s | s
sented in Table Ill. Our results are in reasonable agreemen
with the values obtained from the all-electron calculatibhs. L 3 c W X 6 & @ ® B 1b

Internal consistency of the calculation is demonstrated by the
fact that the bulk modulus obtained by fitting an analytical
equation of state agrees well with the value obtained as
linear combination of elastic constanBBg,5andB, respec-
tively, in Table Ill). It appears that the experimental estimate
of the C4, constant is significantly in error, while the two
other components of the elastic tensor are much more acc
rate. The results of the PBE calculation agree very well with
the PWOL1 results, while RPBE gives a 7% smallgy con- EN.,~2S+NEyyx. (2.3
stant than the other two GGA functionals.

The band structure and density of states obtained usin@ne can fit a straight line to thef),, as a function oN and
RPBE is shown in Fig. 2. The results obtained with variousextract the effective bulk energy from the slope. The surface
GGA functionals cannot be distinguished on the scale usednergy is then obtained by replacing the bulk energy with
here. These plots are qualitatively the same as in Refs. 1 artat slope at Eq(2.2).

11. The lowest states in the valence band are due tsN 2 We studied three surfaces of Til,00), (110), and(111),
electrons. The next fully occupied set of bands is composednd calculated slab energies with three different thicknesses.
of hybridized Ti 3 and N 2o states. Metallic properties of For the (100) and (110 surfaces we calculated slab total
titanium nitride are determined by Tid3states that dominate energies for three, five, and seven layers. Since TiN occurs in
atEg. the NaCl structure, th€11l) surface has a single species
termination, i.e., the surface is either Ti or N terminated. The
2. Surface energies odd number of layers in the slab supercell for {ti&1) ori-

We studied TiN surfaces by constructing a supercell con&ntation would result in an excess of titanium or nitrogen

taining a few layers of TiN and a sufficiently large vacuum atoms depending on which species occupies the surface.

space. The standard method for extracting the surface ener ghen the stoichiometry is broken we cannot define the cor-

from slab calculations is to subtract the bulk energy from the rsizngg]r?ng?%rgIzgllfuoliggéj\?\/lz i?riLgr%ng?ezutr:]?sce r%r;;;lem
total energy of a slab when the number of layers approache%.g L : P
y considering an even number of layers, so that the super-

FIG. 2. Calculated band structure and density of states of TiN.

Bulk energy*! Fiorentini and Methfessel suggested a rapidly

converging method for calculating surface energies that does

not require a separate energy evaluation for the fi¥hen

N becomes large and convergence is approached, the slab
nergy is a linear function dfi:

infinity: cell contains one surface terminated by titanium and one
1 surface terminated by nitrogen. This calculation gives the
S= |lim 5(E5N|ab_ NEpui), (2.2)  surface energy averaged between the two different termina-
N—s o0 tions of the(111) surface. In this case we used slabs contain-
ing four, six, and eight atomic layers.
whereEY,, is the total energy of the slab witk atoms and We used the smallest possible surface cell and 12 A

Epuik is the bulk total energy per atom. In practice the limit is vacuum width in all slab calculations. The kinetic energy
approximated by th&lth term. The factor 1/2 is due to the cutoff was set to 350 eV for all surfaces and slab thicknesses.
presence of two surfaces in the slab. The problem with sucfihe symmetrized-point sets with Monkhorst-Pack param-
calculations is that the surface energy is very sensitive to theters of 4<4X 1, 3X4X 1 and 4x4X2 were used for the
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TABLE IV. Calculated TiN surface energig€d/m?) for relaxed
and unrelaxed geometries.

Relaxed Static
RPBE PBE PW91 RPBE PBE PW91

S100 1.06  1.28  1.30 153 175  1.76
Si10 259 2585 286 287 313 314
Si 459 492 495 508 542 545

(100, (110, and (111) surfaces, respectively. The surface
energies were calculated by either keeping atoms in their
ideal bulk positiong“static” energy) or by allowing all at-
oms to relax with the exception of the central lajer two
central layers in thg111) casq (“relaxed” energy. The
lattice constant was always fixed at the equilibrium bulk
value obtained with the relevant GGA functional as given in
Table |. The bulk energies were obtained by fitting a straight
line to the E(N) dependence. The averages of the surface
energies obtained from the five- and seven-layer calculations
for the (100 and (110 surfaces and from the six- and eight-
layer calculations for th€l11) surface are given in Table IV
for both static and relaxed configurations. We have checked
the convergence of the surface energies with respect to the
number of layers by repeating the RPBE calculation for the
(100 surface using nine layers. The results for five, seven,
and nine layers give 1.067, 1.057, and 1.077 2Jtaspec-
tively, which means that the calculations are converged to
about 0.01 J/th

It is clear from Table IV that the PW91 calculations al-
ways gave the highest surface energy and RPBE the lowest.
The differences were small between PW91 and PBE, while
RPBE gave noticeably smaller, by about 0.2—0.3%)/val-
ues than PW91 and PBE. This trend persisted both in static
and relaxed calculations for all three surface orientations.
The greatest differences between the GGA functionals were
observed for th€111) surface. (b)

Although different GGA functionals resulted in slightly
different values for surface energies, the energy differences FIG. 3. Structural relaxations on th@) (100 and (b) (111)
between different surface orientations calculated within theésurfaces of TiN(light and dark spheres represent titanium and ni-
same GGA formulation were consistent. TH®0) surface trogen atoms, respective}lyT is the plane width and is the dis-
has clearly the lowest surface energy with ari.6 J/nf  tance between the atomic planes.

difference with respect to th€l10 surface. Thg110 sur- . . . . .
face was more stable in comparison (tl1) by approxi- three orientations. In fact, surface relaxations contribute sig-
mately 2.0 J/rR. nificantly to the error of the bond-breaking estimate. The

Previous estimates of the surface energies for TiN werstatic surface energies presented in Table IV exhibit the ra-

based on empirical arguments of bond breaking. MetallidioS that are closer to the empirical estimates, namely
bonding in TiN does not lend itself easily to such a mecha-11-87:3.32.
nistic approach, as is illustrated by the following compari-

son. The estimates based on the sublimation energy have

given 4.94, 6.99, and 8.53 Jfnfor S;p, Sy10, and Syq1, In order to study the details of the surface relaxation we
respectively? A similar estimate based on a slightly different allowed five atomic layers to relax and kept two layers at the
bond-counting scheme gave 2.3, 2.6, and 4.0°Jion the  bottom of the surface fixed. The width of the vacuum layer
same surfacebinterestingly, the second of these data sets isvas again fixed to 12 A. The relative surface relaxations
qualitatively similar to the relaxed RPBE values for th&0  were found to be almost identical independent of the GGA
and (111 surfacegTable IV). However, both of these esti- functional used. We report RPBE distances that are slightly
mates fail to reproduce the actual ratios of surface energietarger than the corresponding PW91 and PBE distances due
We obtained S;p:S110:S111=1:2.44:4.33, i.e., the(100)  to the larger lattice constant. We found that when a plane
surface is significantly more stable. Empirical estimates giveeontains two atomic species, then in addition to the inward
either 1:1.41:1.73(Ref.8 or 1:1.13:1.73(Ref.4), in both  relaxation of the whole plane, the titanium atoms go further
cases giving much less pronounced difference between thaside the surface than the nitrogen atdiigy. 3@)]. In the

3. Surface relaxations
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TABLE V. Relaxations of thg100), (110, and(111) surfaces D. Adsorption and diffusion of atomic hydrogen
of TiN. All values are in A. on the TiN(100) surface
(100 (110 11D-Ti  (110-N Titanium nitride CVD growth techniques as outlined in
T D T D D D the Introduction involve the use of Ti-containing molecules,

e.g., Til, or TiCl,, and ammonia (NE), sometimes in the
0.179 2.086 0.146 1.355 1.106 0.754 presence of other reaction constituents. A number of funda-
0.028 2.128 0.068 1.558 1.238 1.555 mental values pertinent to the gas-phase reactivity as well as
0.029 2.139 0.025 1.526 1.269 1.125 to the molecule-surface interactions are necessary to model
0.006 2130 0.029 1.518 1.282 1187 this process. The basic data required include adsorption en-
Buk 0.0 2130 0.0 1506  1.229 1229 ergies and diffusion barriers and pathways for the reagents
and reaction products. Atomic hydrogen is released during
some of the reactions, and we start the study of fragments on
case of thé€111) orientation the N-terminated surface relaxesthe (100) surface of TiN by investigating adsorption and dif-
inwards more strongly than the Ti-terminated surface. fusion of hydrogen. Thé€100) surface of TiN has the lowest

The structure of corrugated00) and (110 surfaces can surface energy and plays the most important role in the CVD
be described using two parameters. The plane widtir the  growth process, even for a polycrystalline fifm.
planes that contain both Ti and N atoms is defined as a dis- The first set of results was obtained as follows. The hy-
tance between the subplanes occupied by Ti and N atomdrogen atom was placed on top of the TIN0) surface and
This parameter goes to zero in the bulk and describes thiéne energy minimum was searched for by letting hydrogen
degree of rumpling that occurs on the surface. The seconshove on the rigid TiN surface. The surface was modeled
parameteD represents the distance between the average povith four layers where the lowest lying plane described the
sitions of TiN planes parallel to the surface. We definedbulk and the three uppermost layers were fixed in the struc-
these positions simply as a mean value of the height of Tiure obtained from the seven-layer surface energy calcula-
and N subplanes. In the case of ti41) surface the distance tions. The (2<2) surface cell was used in order to minimize
D is the actual, not the averaged, subplane distance, since tlige interactions between hydrogens in the neighboring super-
surface planes are occupied only with either titanium or nicells. The distance between hydrogens in the neighboring
trogen atoms and the relaxations in the plane do not occucells was 6.025 A in the RPBE calculations, which is suffi-
The relaxation parameters for thE00), (110), Ti-terminated cient to achieve convergence with respect to the lateral size
(111, and N-terminated111) surfaces are given in Table V. of the unit cell. Two Monkhorst-Padkpoints and the kinetic

The values oD in the first row of Table V refer to the energy cutoff of 380 eV were used in all adsorption studies.
distance between the outermost and the second surface lay&he global minimum of the total energy was always found
The values ofT in the first row of the table show the plane on top of the titanium atom with the Ti-H distance of 1.82 A
width at the outermost layer. The second valueDofmea- and 1.81 A for RPBE and PW91, respectively.
sures the distance between the second and the third layer The chemisorption energy of an adsorbate on the surface
from the surface andl is the plane width of the second layer, is calculated as the energy difference:
and so on.

As the number of layers increases, the paramBtdar Echen=Eam—Em—Ea, (2.9
from the surface should approach the bulk value, iTe.,
should go to zero an® to the corresponding distance in whereE,y, is the total energy of the combined system of
bulk. The convergence was reached for i€0 surface adsorbate and metal surfadg, andE, are the energies of
since the value of was almost zero for the fourth layer, and isolated surface and adsorbate, respectively. These calcula-
the averaged distance between the planes was already eqtiahs give the chemisorption energies of the hydrogen atom
to the bulk distance. Th¢110 surface showed a similar on the TiN100) surface as—2.50 eV and—2.55 eV for
trend, but it was not as well converged. For thhé1) surface  RPBE and PW91 functionals, respectively. Although RPBE
it would have been necessary to study more layers to achieveas been reported to give significantly improved chemisorp-
a complete convergence, but the number of layers was sufion energies in the study of Ref. 19, the difference between
ficient to draw quantitative conclusions about the surface rePW91 and RPBE results is not significant in the present
laxations. study.

The data presented in Table V show the picture of the The energy surface for H on a rigid T(&0O) surface was
oscillating expansion and contractions of subsurface layersnapped out by calculating the energy of the system for dif-
The (100 surface shows the smallest oscillations: the topferent (x,y) positions of the hydrogen atom while letting
layer is contracted by 2.1%, and expansipe., theD value  hydrogen relax in the direction. The calculations were per-
is greater than the bulk valuebserved in the third layer is formed in the irreducible surface area on the 21-point equi-
only —0.4%. Such small values are typical for close-packedistant mesh with the 0.3 A distance between the mesh
metallic surface$® The (110 surface is more open, which points. The energy surface revealed a very simple structure.
explains a large inward relaxation of the top plane, by 10%;There is a second local minimum on a nitrogen atom that is
and a bigger amplitude of oscillation: the second layer isabout 0.2 eV higher in energy than the binding site on tita-
relaxed upwards by 3.5%. The highest relaxations were obrium, i.e., the binding energy was 2.31 eV. The bond
served on the N-terminatgd11) surface, where the change length on this site was significantly shorter in comparison to
in interatomic distances between the surface and subsurfatiee binding site on titanium with the 1.04 A distance between
atomic planes was found to be39%. nitrogen and hydrogen atoms.

A WN PR
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The lowest-energy diffusion path connects the neighborfayer, and changed the interplanar distances up to the fifth
ing titanium atoms. It is a straight line across the saddle pointayer. Adsorption on the N site is characterized by increased
located midway between the Ti atoms, and it has a diffusiorsurface corrugation, with the Ti-N height difference being
barrier of 0.73 eV. Another low-energy path goes straighthearly doubled. These findings are in contrast with the cal-
from the global minimum on titanium to the local minimum culations for H on Pd and Re surfatésvhere very little
on nitrogen, and it has a comparable barrier of 0.76 eV. Théelaxation was found. The energetics of the hydrogen adsorp-
barriers are close in energy, but the height of hydrogen o#fon is, however, very similar. The values &f2.66 eV for
the surface changes strongly along the Ti-N-Ti path. On thdhe Pd111) and —2.82 eV for the Re000)) surface§’ are
Ti-Ti path the height changes by only 0.1 A during the dif- V€Y close to the—2.88 eV reported here for the binding
fusion, but when the hydrogen diffuses from titanium to ni-€nergy at the TiKLOO) surface. .
trogen the height changes by 0.7 A as a consequence of the Finally, the same calculations were performed using the
drastically different N-H and Ti-H bond lengths. This result PW91 functional. We found the same two binding sites as

suggests that the Ti-Ti path with an energy barrier of 0.73 eWith the RPBE functional. The global minimum on Ti atom
represents the main diffusion mechanism for both thermody!S characterized by the adsorption energy-d.99 eV, and
namic and kinetic reasons. the N site has the binding energy ©f2.88 eV. The effect of

The approximation of a rigid surface causes forces on th&Sing RPBE instead of the PW91 functional is thus small,
surface atoms when the hydrogen atom is allowed to relax?ot more than 0.1 eV in the chemisorption energy. The same
We performed further calculations by allowing both the first™agnitude of energy differences between PW91 and RPBE
layer of the surface and the hydrogen to relax to thgesults was found in the study of2I-d|SSOC|at|o_n on TiN.
minimum-energy configuration. The chemisorption energyEve” the effect of the form of the GGA_ functional on the
was slightly lowered and the titanium atom bonded to hydro-Surface energy alone was found to be higher than that. Ap-
gen raised towards hydrogen, shortening the bond length bgarently the competing effects of a larger cell parameter and
0.05 A to 1.77 A. The net result of the surface modification©f @ different description of the exchange-correlation effects
was to make the surface corrugations smaller. This migh@ncel to a great degree in the PW91 and RPBE calculations
indicate that the surface relaxations vanish when the surfacéescribed above. If this is the case, the large effects seen
is covered by adsorbates. Although hydrogen adatom caus@éev'ggfly for the RPBE calculations compared to the PW91
forces on the surface atoms, it is questionable whether headn€s" > could be an artifact of using inconsistent lattice pa-
surface atoms have time to relax when hydrogen diffuses offRMeters.
the surface. It is likely that the rigid-surface calculations
paint a more realistic picture of the energy surface for hy-
drogen than the fully relaxed calculations.

The final calculation was performed in the fully relaxed
geometry. The cell contained seven TiN layers, and the two In this section we report preliminary results of the study
bottom layers were fixed to the bulk positions. This is theof H, adsorption on th€100) surface of titanium nitride. Our
same layout as was used in the Sec. Il C 3, but with (2main interest in this case is to compare the results of RPBE
X 2) surface unit cell. The use of a bigger unit c@lF at- and PW91 calculations rather than to give a complete study
oms and the need for full geometry optimization make theseof the adsorption process.
calculations more expensive than the ones described above. The hydrogen molecule is known to dissociate on metallic
We have not attempted the full-potential energy surface calsurfaces, and there is a large bodyatfinitio studies of this
culation in this approach, but just obtained the binding enerdissociative adsorption. It has been shown that there is a
gies for the two adsorption sites using RPBE and PW9Xmall or no barrier for dissociation on Q00 (Ref. 49,
functionals. W(100) (Ref. 45, PA100) (Ref. 46 or Rh(100 (Ref. 47

The relaxation of the surface, as expected, increases theirfaces, while AgL00) surface has a barrier for the,H
binding energy on both sites. The global minimum on Tidissociatiorf’ This difference in the dissociation process can
now has the energy of 2.88 eV, and the minimum on the be explained by the higher chemical activity of the transition
N-site has the energy of 2.77 eV. The difference between metals compared to the noble metal silver. One would expect
these two sites becomes smaller as a result of the surfa¢ken that the dissociation on the TiN surface should proceed
relaxation, i.e., 0.11 eV instead of the 0.19 eV on the rigidwithout a barrier since it has even higher chemical activity.
surface. The bond length Ti-H is 1.76 A, very close to the We carried out only a very limited study of the interaction
result obtained with just one relaxed layer in a smaller subetween H and the (100 surface of TiN using two
percell. The N-H bond length of 1.04 A is not affected by theexchange-correlation functionals, PW91 and RPBE. We
relaxation of the surface. This bond length is close to thehave attempted to optimize the geometry of theniblecule
value of 1.033 A, the average distance between H and highlthat was placed on top of Ti and N atoms at approximately
coordinated N in crystalline organic compouridghe typi-  the same height as was found for the adsorption sites for
cal N-H bond length in the gas phase averaged over a nunatomic hydrogen. This procedure gives less information
ber of small moleculé§ is 1.02 A, and the calculated N-H about the dissociation process than the calculation of the
bond length on the surface of TiN is expected to be longepotential energy surfacé;*" but it is a useful step in the
than that. search for molecular precursor states on the surface.

The adsorbate-induced relaxation of the surface was We found that the Ti site is likely to have a barrier for the
found to be large and long-ranging. The Ti-site adsorptiorH, dissociation since the geometry optimization procedure
changed the sign of the plane widgee Table Yin the third  resulted in the molecule being removed from the surface in-

E. Adsorption and diffusion of molecular hydrogen
on TiN(100) surface
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tact. The bond length of the product is 0.755 A at the heightowest and thg111) surface the highest surface energy. We
of roughly 2.4 A, which is consistent with the description of showed that simple estimates of the surface energy based on
a free H, molecule above the transition metal surf4&&&’  the counting of broken bonds on the surface can at best give
The result was independent of the GGA functional used. the right order of magnitude and the correct order of the
An interesting process was observed when the moleculgurface energies. Such empirical predictions fail to reproduce
was placed horizontally on top of the nitrogen atom. Thisthe ratio of surface energies, primarily due to the complete
configuration was found to be hugely unfavorable in terms ofyeglect of complex structural relaxations on the surfaces.
energetics, and geometry optimization resulted in the forma- The accurate estimates of surface energies should help in
tion of the N vacancy on the surface and of the free;NH ngerstanding of competing mechanisms of the growth of
molecule. The geometry of the created Nffagment iS  hin films with a preferred growth orientation. The actual
characterized by the NQ'H bond length of 1.033 A and thefji, orientation is determined by an interplay between the
H-N-H angle of 100.6°, very similar to the experimental g, itace energy and the surface strain contribution. The strain
data of 1.024 A and 103.3%.The relative energies of the effects are well understood in terms of the film-substrate lat-

created configurations are very similar in the PW9L andjce mismatch, while the energy effects until now had no
RPBE calculations. RPBE results always describg Hquantitative description.

+TiN(100) complexes as slightly more unstable than the ' The surfaces of TiN were found to exhibit complex relax-

PWO1 calculations, but the magnitude of the difference isyions, The magnitude of the interplanar relaxations appears
small, less than 0.1 eV. This conclusion is consistent with thgy agree with the results of similar studies for transition
results for atomic hydrogen, and further calculations for big-meta| surfaces. The corrugations that we found on(108)

ger molecular fragments are needed to clarify the issue of thgnq (110) surfaces should be typical for the surfaces of bi-

relative merits of PW91 and RPBE functionals in the studiesnary compounds, although we are not aware of any relevant

of surface processes. experimental studies on TiN. These corrugations might have
important consequences for such processes as adsorption and

ll. DISCUSSION diffusion, since kinetic characteristics of various pathways

_ might depend on the height of surface atoms interacting with

A. GGA functionals adsorbates. It is important to note that the effects of surface

In summarizing the results of the GGA testing we canrelaxations are long rangingee Table V. It appears that
conclude that all three functionals describe the structurafive relaxed layers are sufficient to describe the structure and
properties of crystals and molecules accurately. The funcenergetics of thé100 surface. One might, however, con-
tionals were generally in good agreement with each othersider using thicker slabs for the modeling of the surface pro-
but RPBE systematically resulted in slightly greater inter-cesses on thél10) and especially on thélll) surface of
atomic distances than PBE or PW91. The difference betweehiN.

RPBE and other functionals was found to be larger in ionic ~Finally, we presented the results of the first study of the
crystals. hydrogen atom adsorption and diffusion on the0 surface

In titanium nitride all GGA functionals described struc- of TiN. We found two possible adsorption sites with the
tural parameters better than LDA. The results obtained witfadsorption energies of 2.88 eV on top of a titanium atom
the PW91 and PBE functionals were in excellent agreemerand —2.77 eV on top of a nitrogen atom. These results ob-
with the experimental values. Both LDA and PW91 resultstained with the RPBE functional give a slighilyy about 0.1
were in very good agreement with the earlier all-electroneV) weaker binding of the hydrogen adatom to the surface
theoretical calculations: than the calculations carried out with the PW91 functional.

The trends previously reportetfor the RPBE functional The accurate description of the energetics of the hydrogen
as compared to PW91 were confirmed in the study of surfacgdsorption is much more sensitive to the effect of surface
energies and hydrogen chemisorption energy on TiN. Botlielaxation than to the particular choice of the exchange-
the surface energy for all orientations studied and the hydrocorrelation functional. The relaxations caused by the adatom
gen chemisorption energy on th&00) surface were smaller contributed approximately 0.4 eV to the calculated adsorp-
in the RPBE calculations than in the PW91 calculationstion energy, which is a significant amount especially taking
However, the difference was not as significant as in Refs. 191to account the fact that hydrogen is the smallest possible
and 22, which could be due to the fact that we used consigadsorbed species. We expect that the relaxation effects, in
tent lattice parameters. In this study the difference betweeterms of both energetics and structural changes, will be more
PW91 and RPBE in chemisorption energies was 0.1 e\pronounced for other adsorbates. The diffusion barrier esti-
while in Refs. 19 and 22 it was of the order of 0.5 eV for O, mate of 0.73 eV was obtained from the rigid surface calcu-
CO, N,, and NO, on Rh, Ni, Pt, and Pd surfaces. Furthedations and it appears to be accurate to within 0.1 eV since
calculations for bigger molecules adsorbed on TiN arethe relative energies of the energy minima are much less
planned to elucidate the role of the adsorbate in the magnBensitive to the adsorbate-induced relaxation than the abso-
tude of the RPBE correction. lute values.

We believe that the present study opens the waphio
initio modeling of fundamental processes relevant to the
CVD growth of TiN thin films. There appears to be no rea-

We presented the first atomistic study of the surface strucson for not using the new RPBE exchange-correlation func-
ture and energetics of three TiN surfaces. Our results suppotibnals in a self-consistent manner, although further studies
the experimental conclusion that tli@00 surface has the of bigger adsorbates are needed to make a systematic con-

B. Properties of titanium nitride
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