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A number of important issues raised by brazing technologies and recent wetting experiments with liquid
metals on TiC and TiN are analyzed at the microscopic level, using first-principles density-functional compu-
tational experiments. The large variations of the wetting angles for Cu and Ag on TiC and TiN from experiment
to experiment are connected of the relative contributions of different local atomic coordinations at the inter-
face. The key factors in the structure dependence of AG/N) interface energetics are identified, such as the
varying number of the metal{®) bonds and the strength of metal-Ti bonding. Interface adhesion is shown to
be improved by QN) vacancies, in agreement with observed better wettability of hypostoichiometric carbides.
Based on Al/T{C,N)(001 and Ti/Ti(C,N)(002) simulations, the effects of Ti and Al interface segregation in the
metal melt are estimated. The metaNE bonding across the Cu,Ag,AulG,N)(001) interfaces is similar to
the metal-enhanced covalent bonding previously reported for @N)(001) and Co/WC001). The system-
atics of the calculated work of separation correlates well with the noticeable variations of the charge-density
values at the interface metald®) bonds.
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. INTRODUCTION TiC and TiN'Y*3show the contact angles to be high110°.
From this one concludes that these metals do not wet sto-
Joining ceramics with metals and other ceramics is ofchiometric TiC and TiN. At the same time, Refs. 12 and 14
great interest in many different industrial applications. Onedemonstrate that stoichiometric TiC can be wetted by Cu.
of the most important joining techniques is brazina,pro- So far answers from wetting experiments are different
cess of joining materials by heating them in the presence oéven for the basic question whether Cu or Ag wet or do not
a filler (braze metal above the melting point of the filler but wet TiC. Yet, a few recent repofts**have in common the
below the melting points of the base materials. The samebservation that the wetting is more sensitive to factors of
concept lies behind such an industrially important process ashemical nature, such as changes in the local chemical com-
sintering of metal-ceramic composites, e.g., cemented caposition at the interfac®, than to long-range interactions.
bides and cermefs’ Thus, in a search for effective ways to improve wetting,
The first necessary condition for brazing is that the ceramehemical factors in the interface adhesion are the potentially
ics are wetted by the metallic braze. This condition is oftenmost important source of guiding principles.
difficult to meet with many important ceramics and conven- Unfortunately, such chemical factors at the interface are
tional Cu- and Ag-based brazes. The important practicavery difficult to measure or control directly under the condi-
question is then how to improve wetting in those metal-tions of realistic wetting experiments. This makes it chal-
ceramic systems. The traditional approach to solving thidenging to resolve any atomic scale processes at a buried
wetting problem is to add reactive elements, most frequentlpoundary between an imperfect polycrystallic (Q;N)
Ti, to the braze. This improves wetting for many relevantsample and a liquid metal. Moreover, the many different con-
metal-ceramic combinations. tributing factors mask their individual roles in the large scale
The effect of reactivity on wetting, in particular, the picture that results.
mechanism of Ti-induced wetting, has been given much at- In spite of the complexity of the observed wetting phe-
tention in recent experimental studie® and theoretical nomena, we can still expect that many or at least some of the
analyses:’® A common observation is that reactive wetting experimental wetting trends can be related to a few simple
of oxide, carbide, or nitride ceramics by Ti-containing meltsmicroscopic parameters, such as the strength of metal-Ti and
involves formation of TiO, TiC, or TiN layers, respectively, metal-GN) bonds across a metal(T,N) interface. Such
as reaction products at the interface. As a consequence, afteonnections could significantly help us understand the rela-
the reaction the wetting is essentially controlled by a newlytive importance and role of different factors in the observed
formed interface between TiO, TiC, or TiN and the Cu- orwetting behaviors. Building such simplified pictures is a key
Ag-based melt. Further, it has been observed that the wettstep towards the development of more quantitative and de-
bility between Cu-Ti alloys and many ceramic oxides is prac-ailed microscopic models of metal-ceramic wetting, and to-
tically independent of even significant variations in the na-wards the finding of new possibilities to improve wetting.
ture of those oxides. In a search for simple microscopic pictures of the wetting
The importance of metal/TO,C,N) interfaces in the Ti- processes, first-principles computational experiments can
promoted reactive wetting has motivated a number of experiprovide valuable insights.~2* First-principles density-
mental studies of wetting of titanium oxides, carbides, andunctional-theory(DFT) simulations typically give quite an
nitrides by liquid Cu, Ag, Al, and other metals and accurate and reliable description of the energetics and elec-
alloys**~1¢ Several sessile-drop wetting experiments withtronic structure for the chemical bonding between different
nonreactive metals, such as Cu and Ag, on stoichiometriatoms in different chemical environments.
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The present paper explores the correlations between the TABLE I. Equilibrium lattice constants,, bulk moduliB, and
energetics of chemical bonds in a series of simulategohesive energieE ., of Cu, Ag, Au, Al, Ti, TiC, and TiN from
Cu,Ag,Au/Ti(C,N) model interface systems and experimen-present plane-wave pseudopotentRWPH calculations.
tal wetting behaviors. A key question concerns how well the

experimental adhesion energetics can be described in terntgystal a (A) B (Mbar) Econ (V)
of the strength and relative number of metal-Ti and metaI-Cu(fCC) 3.644 1.39 351
C(N) bonds across the interface. This also gives an idea of th(fcc) 4.167 0.89 247
what extent the intrinsic metal{Ic,N) wettability is masked Au(fco) 4183 132 3.00
by various extrinsic effects. In particular, it is desirable toAI(fcc) 4'044 0'73 3'42
discriminate among the contradictory wetting experimentn(fcc) 4.096 1'05 5'19
data, to judge which of the experiments are more likely to_. ' ' '
have been affected by some extrinsic effects, such as sug!C 4.343 2.41 /.32
TiN 4.258 2.77 6.85

strate surface contamination.

Another important question in this paper is to find factors
that are responsible for the observed improved wettability of
hypostoichiometric carbides and nitrides, Jiénd TiN,, x Paxton smearint of o=0.15 during structure optimizations
<1, by Cu and Ad>*® This situation is an interesting ex- and then applying the tetrahedron method with”dBlo
ample of how different factors interplay in the wetting be- correctioné® to calculate the total energies and electronic
havior. On the one hand, the wettability can be improved bystructures. Structure relaxations are performed with a quasi-
the presence of vacancies in the interface region. The lattédewton algorithm and the analytical Hellman-Feynman
affect the strength of the metal-Ti and metdNT bonds  forces. The structures are optimized until the total energies
across the interface. On the other hand, in the experimentake converged to at least 19eV.
reporlls the better Wettablllty is attributed to increased con- To characterize the accuracy of the above Computationa|
centration of Ti in solution in the melt and to Ti segregation method, Table | presents our calculated values of the lattice
near the interface. To analyze those two possible mechgsnstant, bulk modulus, and cohesive energy for all the bulk
nisms, a simple treatment of (G,N) nonstoichiometry ef-  5terials of interest here, in particular, for Cu, Ag, Au, Ti,
fepts is included. Vacancies are . In.troduced into the A.g/and Al in the fcc structure and for TiC and TiN in their NaCl
.T'(C’N)(OOD. system, and the _I|m|t|ng_ case of Ag/T| structures. The bulk calculations are done with<l@x 10
interfaces with no C or N atoms is considered. To estimat . . .

onkhorst-Packk-point grids. The lattice constants, bulk

the effect of the interface segregation of Ti, the systems Timoduli and the bulk total energies are obtained from fits of
Ti(C,N)(001) are considered. To evaluate the role of possible ’ . . 9
segregation of Al, a common additive used to improve wet-the to_tal energ|e§i at d|fferent_ volumes_ by the Murnaghan
ting, we also study the Al/TC,N)(001) model systems. equation of statd! The c_ohe5|ve energies are given with
The paper is organized as follows. Sections -V coverresPect fo the totgl energies of spln—po!&e\mzedl atomic ground
important methodological points of our study. The results ofSta\t/Z‘T’u(;zlcilrjllafFZglén Ilaar?:-iildeg(’)(?;1$ee}nceuntilc\/visttrj1pg::%i"rzte
our computer simulations and theoretical analysis are pre- >_48 9 9 o
sented and discussed in Secs. VI and VII. Section VIII Sum_all—t_alectron results: AIthough some deviations from ex-
marizes our conclusions ' ' perimental values can be noticed, such as the tendency to
' underbinding for Ag and Au, they are almost exclusively due
to the use of the GGA. The GGA is on average better than
Il. COMPUTATIONAL METHOD the local-density approximatiaiDA) to account for experi-
Our electron-structure and total-energy calculations aremental data, and it is significantly better for Ti, TiC, and TiN.
based on the density-functional thedRefs. 25—-2Y (DFT)
with the Perdew-Wang 1991 version of the generalized gra—”(
dient approximatioff (GGA-PW9J). We use the plane-wave . .
pseudopotential metha%iimplemented in the Viennab ini- separationWs,, and interface energy for relaxed structures are
provided. The lattice mismatch values show the in-plane expansion

tio simulation packaggg (VASP) with its standard set of of the metal slabs in the interface systems used. Laf@is(c)

TABLE II. Calculated energetics for coherent Cu,Ag(801)/
C,N)(001)) interfaces in Fig. 1. The results for the ideal work of

Vanderbilt ultrasoft pseudopotentigfs>® o :

The Kohn-Sham equations are solved with an iterativecorresloond fo structures in Figsal-1(c), respectively.
unconstrained band-by-band matrix-diagonalization schemgyertace Lattice Weep (J/P) y (JIn?)
based on thg resdual mlnlmlz_a_tlon methi8dypdating the mismatch%) @ () (© (@ (b (©
charge density via the Pulay mixifgThe plane-wave cutoff
is taken to be 26 Ry354 e\), which provides good absolute Cu/TiC 16.1 2.68 0.32 156 0.64 299 1.76
energy convergence of within 3 meV/atom for all elementsAg/TiC 4.1 157 0.28 0.87 095 224 165
studied. The Brillouin zone is sampled with Au/TiC 3.7 1.86 0.37 1.06 0.76 2.25 1.56
Monkhorst-Pac® k-point grids with grid densities corre- Cu/TiN 14.4 1.93 0.50 0.88 1.01 2.44 2.07
sponding to at least 2010X 10 k points in the primitive  Ag/TiN 2.1 0.87 0.43 059 1.30 1.74 1.58
bulk cell. The specific grid dimensions will be given below. au/TiN 1.8 0.85 0.82 0.84 1.39 1.42 1.41

The Brillouin zone integration is done using the Methfessel
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B e middle layers are kept the same as in the unrelaxed system.
/& 7, a Most of our calculations are done for interfaces produced

! , by the (001) surfaces of fcc metals and tfi@01) surface of
M &<~ . ’ TiC or TiN, that is, for the (001)(001) orientation relation-
ﬁ ship. Below we will use notations lik®1/Ti(C,N), whereM
denotes the metal phadd,= Cu, Ag, Au, Al, and Ti. As the
original differences in lattice constants of Ag, Au, Al, Ti, and
Ti(C,N) are within 7%(see Tables Il and V]| simple coher-
ent interface structures are used, like those in Fig. 1, without
(a) (b) (© relati\_/e_rotation of t_he contact!ng faces. Ir_1 notation_s c_>f_ Ref.
19 this is the M/1Ti(C,N) rotation state, with one primitive
FIG. 1. The three NDOD/Ti(C,N)(001) interface structures con- Cell of M(001) per 1 primitive cell of TiC,N)(001). Only for
sidered M =Cu,Ag,Au,AlTi), with the M atom being over the M = Cu, which has a lattice mismatch of around 16Pable
C(N) (a), Ti (b), and bridge(c) sites. Half the elevation of the Il), we also use more complex structures in Fig. 2 with five

supercell is shown for each structure. Cu atoms per four M) atoms, i.e., a B1/4Ti(C,N) rotation
state. This decreases the lattice mismatch to 6.2% for 5Cu/
Ill. INTERFACE GEOMETRY ATiIC and 4.3% for 5Cu/4TiN (Table IIl). For the

) ] ] 1M/1Ti(C,N) rotation state three different translation states
In theoretical modeling of interface systems one of theyre includedFigs. 1a—1(c)], which correspond to the metal
key points is an adequate choice of the interface geometryy atom being over ON), Ti, and bridge sites, respectively.
Our interface geometry considerations employ the same gefor the IM/LTi(C,N) rotation state the same two high-
eral procedures as in our previous COON) work.™""Due  symmetry translation states as in Ref. 19 are considered, de-

to periodic boundary conditions imposed by the plane-wavg,gied as 5Cu/4TC,N)-1 [Fig. 2@)] and SCu/4TiC,N)-II
basis set, the interface systems are modeled by infinite pefjrig. o(p)].

odic arrays of alternating metal and ceramic slabs. A simu- T4 analyze the dependence on the interface orientation
lation supercell contains one metal slab and one ceramic Slarlélationship, we choose a metal with a low metdIZTN)
joined to give two equivalent interfaces per supercell withoutigitice mismatch €4%), in particular, Ag, and consider
any vacuum layers. _ ~ Ag(011)/Ti(C,N)(011) and Ag111)/Ti(C,N)(111) interfaces.

As a first step, the slabs are taken as ideal truncations gf,, Ag(011/Ti(C,N)(011) there are four high-symmetry
the corresponding bulk crystals and put together in accorggnsiation states displayed in FiggaB-3(d). For Ag(111)/
dance with a chosen orientation relationship and relativq—i(C’N)(lm we include two different terminations,
translation and rotation of the contacting surfagemnslation Ti(C,N)(11)-C(N) and TiC,N)(111-Ti with three high-
and rotation statgsThe lattice parameters of the ceramics symmetry translation states for each termination, as shown in
are kept like in unstrained buldable )). The in-plane lattice Fiq 4.
constant of the metal phase i; adjusted to give a commensu-"£qr the IM/LTi(C,N) interface, which is the most impor-
rate structure with the ceramic slab. The metal out-of-plangant strycture for our conclusions, only one middle layer in
lattice constant is optimized in bulk calculations to minimize g5ch slab was kept fixedrozen during atomic relaxation.

the bulk strain introduced by the in-plane lattice distortion.the yesidual forces on the atoms of those frozen layers were
The distance between the slabs is optimized to minimize thée \which is the result of the supercell symmetry. The larg-

total energy of the system. The resulting system will be rexg; residual forces in the frozen middle layers were in the

garc_igd as an _unrelaxed in_terface. As a second step, all atomig c N slabs of the A¢OLD/Ti(C,N)(011) structures, reach-
positions within a few, typically two, outermost physical lay- jng around 0.5 eV/A for some atoms. Yet, much of the inter-

ers on each side of each slab are allowed to relax in alf3ce energetics error from such residual forces should cancel
directions. The supercell size and the atomic positions in thg ;t in the adhesion strength calculation, as those forces are

similar in the interface systems and in the separated slabs.

Q‘ P o) q A TABLE lIl. Calculated values of the ideal work of separation
N /.\ 7 ; r:
=

‘ Wsep and interface energy for the more complex 5Cu/4TC,N)

..' b Ti L ! interfaces(Fig. 2) that have reduced mismatch strain. The results
0#‘/01 B for both unrelaxedUnrel) and relaxedRel) systems are presented.
(a) (b) Interface Lattice ~ StructuréWse, (I/?) 1y (I/nf)
mismatch  Fig Unrel Rel Unrel Rel
FIG. 2. The C(@001/Ti(C,N)(001) interface structures with a (%)
relative rotation of the Gi®01) and TiC,N)(001) faces to reduce
the interface lattice mismatch. The relative position of the interfacedCu/4TiGO0D-| 6.2 2a) 140 142 1.95 147
Cu layer with respect to the surface(@jN) layer whithin one su- 5Cu/4TiQ001)-II 6.2 2(b) 1.38 182 197 1.07
percell is shown. Case@) and (b) correspond to the two high- 5Cu/4TiN(O0D)-I 4.3 2(a) 1.24 0.82 1.90 1.65
symmetry translation states 5Cu/4CjN)-I and 5Cu/4TiC,N)-l, 5Cu/4TiN(OOD-1I 4.3 2(b) 1.24 0.78 190 1.68

respectively.
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FIG. 3. The different MO11)/Ti(C,N)(011) interface structures (H % é’
studied M =Ag). The atomic positions within half the elevation of e

the supercell are displayed. The difference between subfigayres

(d) is the relative translation of the metsl slab with respect to the FIG. 4. Half the elevation of the supercell for the(M1)/

Ti(C,N) one. Ti(C,N)(11)) interface structures consideredl EAg). Different

high-symmetry translation states for thé@;jN)(111)-C(N) (a)—(c)

IV. WORK OF SEPARATION AND INTERFACE ENERGY and TiC,N)(11D)-Ti (d)—(f) surface terminations are displayed.
DEFINITIONS

fact that there are tw@dentica) interfaces per supercell. To

In experimental studies of interface energetics, e.g. ,
. X . : alculateWs,, for the unrelaxed and relaxed interface struc-
sessile-drop wetting experiments, the most easily extractablé

energetics quantity is theork of adhesion(see, e Ref tWres we use the unrelaxed and relaxed valueBsgf,, re-
g q Y ' €9 - .spectively. As noted in Ref. 17, the behavior \bk,, can

17). This work is defined as the reversible free-energy”: o . ¢
change per unit area of interface for making free surfacegr'c\)/r?] cI)Eany(%ualltatwe conclusions about the behavioMjq

from interfaces. The free surfaces are then kept in equilib- For phases arown inside some medium. for instance. re-
rium with the solid and gaseous components. From experi- . P 9 : : ’ oo

PN : action products at the interface, an important quantity is the
mental values for the equilibrium wetting angteand the

- . interface energyFor example, it determines the energeticall
liquid surface energysurface tensions one can evaluate gyF P 9 Y

. : - - 17 preferred crystal faces, which in turn control the shape of the
the work of adhesioitV,q using the Young-Dufrequatior newly formed phase. The interface energy can be defined as

W= o(1+cosb). (1)  the excess free energy associated with a unit area of inter-
] ] . face. A simplified view of the interface energy is that it

Unfortunately, at present a direct theoretical calculation ofshows how much weaker the bonding is at the interface than
W,q or 6 from first principles is an unmanageable task. Athe interlayer bonding in the corresponding bulk materials.

related quantity, thédeal work of separation \{,, can be  For the model interface systems studied here, the interface
calculated, however. The ideal work of separation is the reenergy is calculated as

versible work that would be needed to cleave the interface
into two free surfaces if tr71e plastlc_ and diffusional degrees of y=(Ejni— Eé‘?i— ES?%)/ZA, 3)
freedom were suppress&dit is a direct measure of the me-

chanical strength of the interface adhesion. In a repeated-slghere () and E() are the bulk energies of the slabs, cal-

interface geometryWse, can be calculated asee, €.9., Ref.  yjated for the slab size as given. To minimize numerical
49 errors, the bulk energies are calculated with the supercells
similar to the ones used for the interface calculations.
Wsep: (EsintEsip—Eint)/2A, 2

The ideal work of separatiof2) and the interface energy
whereE;,,, is the total energy of the supercell with the inter- (3) are related via the Duprequatiort’
face systemEg; andEg), are the total energies of the same
supercell, when one of the slabs is kept and the other one is Wsep= 01+ 02— 7, (4)
replaced by vacuum, amdl is the interface area within one
supercell. The factor 2 in the denominator accounts for thevhereo , are the surface energies of the separated slabs,
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01 2= (Egi.0— E(stIJ%,Z)/ZA- (5) TABLE V. Calculated surface energy in units qf Jin% for
(001), (012), and(112) surfaces of TiC, TiN, and fcc Ti. Values for
both unrelaxedUnrel) and relaxed(Rel) structures are included.

V. CONVERGENCE TESTS The present values for T{G01) and TiGQ011) surface energies are

The quality of our computed results for interface energet_systematically by around 0.1 Jnhigher than those in Ref. 52,

ics is assessed through a series of extensive convergenf@/ch IS probably because Ref. 52 uses Ti pseudopotential with
tests. We choose one important interface structure, the one Fﬁ(pl'c't 3p semicore states.

Fig. 1(a), and consider variations of the ideal work of sepa-
ration with changing plane-wave cutoff-point sampling,

Surface TiC TiN Ti

and number of layers in each slab. The tests cover all com- unrel Rel unrel Rel  Unrel Rel

binations of metals and ceramics of interest,(001) 1.88 1.73 1.68 1.38 1.83 1.71
M/Ti(C,N)(001), M=Cu, Ag, Au, Al, Ti. With the chosen (011 4.05 3.78 3.16 2.83 2.06 2.00
plane-wave cutoff of 26 Ry, the work of separation is con-(117) 5.91 5.63 4.98 3.62 1.96 1.89

verged to within at least 0.03 Jfnfor all the systems. Our
convergence tests with respect to Kapoint meshes and slab
thicknesses show that with the chosenxi@x 2 k-point  or Ti(C,N)(111) surfaceqTable IV and Ref. 52 Hence, the
sampling and five-layer thick slabs the convergence error i§i(C,N)(001) surface should be one of the main faces of
within about 0.1 J/rh Note that since in such a sampling the Ti(C,N) powder grains. In experimental studies of wetting of
two k points along the axis are symmetry equivalent, only Ti(C,N) by metald!'* the ceramic substrate is typically
one irreduciblek point along thez axis is actually used. For made by sintering the TC,N) powder. Thus, the TC,N)
the Ag/Ti(C,N)(011) interfaces we take a 08X 2 k-point  substrate surface is likely to be built of (T,N)(001) sur-
mesh and seven-layer slabs. The A¢CTN)(111) interfaces faces of the TiC,N) powder grains. That makes metal/
are modeled with seven-layer metal and(NC+6Ti [Figs.  Ti(C,N)(00) interfaces a relevant case, when analyzing
4(a)—4(c)] or 6QN)+7Ti [Figs. 4d)—4(f)] ceramic slabs, metal-on-T{C,N) wetting experiments.

with a 12x 12X 2 k-point mesh. This is to provide accuracy  The available reports on wetting experiments with liquid

at least similar to thé//Ti(C,N)(002) case. metals on TiC,N)}1"1* give a variety of resultTable V).
According to Ramqvist! Cu does not wet stoichiometric
VI. TRENDS IN INTERFACE ENERGETICS TiC, with a contact angle being 112°.'2ihas demonstrated
_ _ that wetting of TiC by nonreactive liquid metals, Cu, Ag, and
A. Adhesion of Cu, Ag, and Au to Ti(C,N)(002) Au, is improved significantly by reducing oxygen contami-

Our main results on the energetics of the Cu,Ag,Au/nation of the substrate surface. For Cu on stoichiometric TiC,
Ti(C,N)(001) interfaces are summarized in Tables Il and III. in the argon atmosphere and in the presence of a Ti getter
For simple coherent structures in Fig. 1 only results for refurnace semitube, the reported wetting angle is 73°. Wetting
laxed interfaces are included. The contribution of the relaxangle was further reduced, to as low as 56°, by introducing a
ation effects to the interface energetics is around 0.2 fism  zirconium semitube in the system. However, in experiments
Cu,Ag,Au/TiC and up to 0.2—0.3 JArfor Cu,Ag,Au/TiN.  of Xiao and Derby;? even with very low oxygen pressure,
The relaxation effects are stronger for the more complesthe wetting angles for Cu and Ag on stoichiometric TiC and
structures in Fig. ZTable Ill), where there is some degree of TiIN are around 120°. A more recent experimental work of
interface incoherence. Frouminet al'* concludes that the wetting of TiC by Cu is

Among the coherent interface structures, the structurgontrolled by a partial dissolution of the TiC phase. When
with the metal atom over the(®) site [Fig. 1(a)] is always this dissolution process is inhibited by oxygen contamina-
energetically most favorabl@able 1l). This site preference tion, a nonwetting behavior occurs. If this oxygen effect is
is quite pronounced for all of the Cu,Ag,Au(T,N) systems, suppressed, e.g., by adding a small amount of Al in the Cu
except Ag/TiN and Au/TiN. The value of the work of sepa- melt, the wettability is improved.
ration for the structure in Fig.(&), with the metal atom over ~ The data from wetting experiments relate to our theoreti-
the bridge site, is close to an average of the corresponding@l results. In Tables Il and Ill we compare the calculated
values for the metal over the(B) and Ti sites[Figs. Xa)  Vvalues for the ideal work of separation with estimates of the
and 1b)]. The only noticeable deviation from this behavior interface adhesion workV,4 (Table V). The latter values are
is the case of Cu/TiN. For the preferred interface structure®ased on Eq(1) and the experimental values of the wetting
there is a clear trend that, for the same metal, adhesion @ngles''~**The necessary data for the surface tensicare
TiC is noticeably stronger than to TiN. In a series of Cu, Ag,taken from Ref. 50 for Ag and Cu, and Ref. 53 for Au.
and Au metals, for a given ceramic and given structure, the Although the values of the adhesion wdfk4 vary from
strongest adhesion is for Cu, and the weakest is for Ag. Thexperiment to experimertTable V), each of those values is
only exception is the case of Ag/TiN and Au/TiN in their covered by the corresponding region of calculated values of
preferred structur@Fig. 1(a)], where bonding to Ag and Au the ideal work of separatiofTable I). That is, for a given
is practically of the same strength. combination of metal and ceramic, the experimental values

At least for TiC, it is known that th€001) plane is a of W,4 from Table V are typically between the minimal and
well-defined cleavage plartéThis clean surface has signifi- maximal values ofVse,in Table II. This observation allows
cantly lower surface energy than, for instanceCTIN)(011) us, for pedagogical reasons, to repreddht as
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TABLE V. Values of the adhesion work estimated from Eifj)) and experimentally measured wetting
anglesé at different temperatureb from available reportésourcg. The estimation uses values of the liquid
metal surface tensionr at the specified temperatures extracted from the data of Ref. 50 for Ag and Cu, and
from Ref. 53 for Au. Parameter is defined by Eq(6).

Interface T(°C) 6 (°) o (IIn?) W,4 (J/nP) a Source
Cu/TiC 1100 112 1.32 0.83 0.8 Ramqvigtef. 1]
1100 73 1.32 1.71 0.4 LiRef. 12
1100 56 1.32 2.06 0.3 LiRef. 12
1150 126 1.30 0.54 0.9 Xiao and Derliyef. 13
1150 89 1.30 1.32 0.6 Froumit al. (Ref. 14
AgQ/TIiC 1100 78 0.89 1.08 0.4 LiRef. 12
1050 153 0.90 0.10 =1 Xiao and Derby(Ref. 13
Au/TiC 1100 105 1.14 0.85 0.7 LiRef. 12
Cu/TiN 1150 110 1.30 0.86 0.8 Xiao and Derfiyef. 13
Ag/TiN 1050 143 0.90 0.18 =1 Xiao and Derby(Ref. 13

0<a<l, (6) factors, such as the initial state of the substrate surface, local
structural and compositional changes in the substrate due to
whereW( andW(2, are the values oW, in columns(a) its interaction with the melt, local correlations between the
and(b) of Table I, respectively. The values af the weight motion of different atoms of the liquid metal, and the relation
factor, for each experimental value \0f, 4 are listed in Table between interatomic distances in the melt and in the sub-
V, numbers that we will return to. strate. In our analysis all these factors are accounted for by
In two cases of Table V values oW,y are small, one parametesr. The value of this parameter indicates what
0.10 J/nd for Ag/TiC and 0.18 J/rh for Ag/TiN, even  atomic coordinations are likely to dominate, and, hence,
smaller thanW(2,,. This is likely to reflect the higher sensi- what chemical interactions control the interface adhesion in a
tivity to the details and errors of the experiment and calcugiven metal-ceramic system.
lations for so small values &l,q andWs,,. For example, it An interesting systematics is observed in the experimental
is known that in a system with poor wetting there is typically nonwetting behavior for Cu and Ag on stoichiometric TiC
an increase of the wetting angle due to roughness of thgnq TiN23 The values ofu (Table V) are all close to unity.
substrate surfactln this situation it is sufficient thalVaq IS This is due to the fact that the calculated values of the work

Wag=(1— )W+ aW)

sep’

i (b) .
of(;)he same order of magnitude e, and also that  of separatiorW(), (Table 1)) approach the small values of
Wsep>Wsep, 10 assume that is close to unity. W,4 from experiment only for the metal-over-Ti configura-

Equation(6) allows a simple physical interpretation. The (i, [Fig. 1(b)]. A somewhat similar situation is with Cu on

atomic structure of an interface between the liquid metal-l-iC (Ref. 13 and Au on TiC'2 One more important trend is

drop and the ceramic substrate is viewed as being a mixturﬁ1 - :
; . e stronger adhesion to TiN than to T{Ref. 13 observed
of metal—oyer—[Cl ) .[F'g' @] and metal—over-T[Flg. b)) . _for a given metal(see Table V. In our calculated results,
local atomic coordinations. The measured adhesion work is & (b) . . . .
ly the W, values are consistent with that behavior. This

weighted average of the work of adhesion/separation for th@™M , . o X .
two elementary structures. The weight factoshows what indicates that a typical atomic coordination at the interface is

fraction of local atomic coordinations is represented by thdikely to be with the metal atom over the Ti site. Thus, in this
metal-over-Ti configurations. We use this simplified picturecase the interface adhesion should be controlled by inter-
to rationalize the correlations between the experimental obatomic metal-Ti interactions across the interface.
servations and different sets of our theoretical results. In a situation of good wetting, as for Cu/TiC and Ag/TiC
An example of a situation with a mixture of different in the experiments of Ref. 12, parametebecomes less than
atomic configurations is provided by the 5Cu/T,N) inter- 0.5 (Table V). This indicates that there is a significant con-
faces(Fig. 2 and Table 1. With an unrelaxed geometry, tribution of the metal-over-@) atomic coordination$Fig.
four out of five Cu atoms in the interface layer of the super-1(a)] to the interface adhesion. That is, there is a sufficiently
cell (see Fig. 2 are about as close to the Ti sites as to thelarge number of the liquid metal atoms located at tH&l)C
C(N) sites of the TiC,N)(001) surface. In agreement with the sites of the substrate surface. On the boundary between wet-
above simple picture, the unrelaxed work of separationting and nonwetting, represented by the results of Ref. 14,
Wiy, for those structures is close to an averagéf,and  parametew is slightly larger than 0.5. This corresponds to a
WL, i.e., Wee~0.5W) +0.5W(,. The change ofWs., relatively balanced mixture of the metal-over-Ti and metal-
during structure relaxation can be viewed as a shift in theover-QN) local atomic configurations at the interface.
balance between different local configurations. From the above analysis we conclude that wetting or non-
In experimental systems the relative weights of the differ-wetting behavior in the considered metal-ceramic systems
ent atomic configurations are determined by many differentan be connected to the relative role of metal-over-Ti and
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metal-over-CN) atomic coordinations at the interface under cleavage experiment does not allow an unambiguous split of
given experimental conditions. the total cleavage energy into the surface energies of the two
terminations. For simplicity, without any implications for our
wetting analysis, here we consider only the average of the
surface energies of the (G,N)(111-Ti and Ti(C,N)(111)-

In an experimental study of the reactive wetting procesc(N) terminations. In other words, we assume that the two
of Ag-Cu-Ti on SiC(Ref. 6 the growth of the TiC nanopar- different terminations have the same surface enerdJiasle
ticles, the reaction product, was observed to be accompanigy). Then we calculate the interface energy, using Eds.
by a change of particle shapes from round to polyhedral. Ongnd (5). Typically the TiQ111) surface occurs when a TiC
determining factor for the particle shape is the relation befjim is grown. In such growth experiments a free T001)
tween interface energies of different metal/TiC interface ori-surface in vacuum is always Ti-terminat®das discussed in
entations. To understand it, we analyze the orientational deref. 55.
pendence of the interface energetics, for simplicity, that of The results for the orientational dependence of the ideal
Ag/Ti(C,N), with its relatively low lattice mismatckiTable \york of separationWs,, and interface energy are pre-

). sented in Figs. 5 and 6. As illustrated by the above discussion
To get an insight into the orientational dependence of theyf the Cu,Ag,A001)/Ti(C,N)(001) adhesion, our under-
Ag/Ti(C,N) interface energetics, values of the ideal work of standing of the experimental wetting behaviors can benefit
separation and interface energy are calculated fo0BD/  from a consideration of different atomic coordinations, not
Ti(C,N)(00D,  Ag(01D/Ti(C,N)(01D, and Ad1ll/  only the energetically most favorable one. Due to this, Figs.
Ti(C,N)(11D (Figs. 5 and & In addition, the situations of 5 and 6 include the results for all the interface structures in

this metal-ceramic interface, Ag(G,N), and of a metal- Figs. 1, 3, and 4.
metal one, Ag/Ti, are compared. For the energetically favorable structures of AGCTN)

There is an amblgwty in the definition of the Ag/ interfaceiFigs_ ].(a), 3(a), 4(0), and 4f)], there is a notice-
TiI(C,N)(11)) interface energy or TC,N)(11]) surface en- aple increase both oM., and y in the series of
ergy. This is_due to the presence of two different t_erminationS(()Ol)H(o()l), (011)(011), and (111)(111) (Figs. 5 and &
of the TICN)(11]) surface, TiC,N(11D-Ti and  sych a behavior ofy implies that, at least for structurally
Ti(C,N)(11D-C(N). When a bulk TiC,N) is cleaved to pro- \yell-ordered Ag/TiC,N) interfaces, the (004}001) orienta-
duce two T(C,N)(111) surfaces or Ag/TIC,N)(111), the two tjon relationship gives the lowest interface energy. It is inter-
different terminations are created simultaneously. Such Rsting to note that for interfaces between fcc metal and fcc

oxides the (001001) orientation relationshig‘cube-on-

B. Dependence on relative orientation

5 ' ' ' ' ' ' cube”) is the one that is most frequently observed in
4 AgTiC 1 experiments®
3F & -, P In a wetting experiment with a liquid metal on a(TiN)
o l\‘_if’ T ] substrate different atomic configurations can occur, due to a
‘ h ~
1F S e --. g E 5 T T T T T T
1 \." 1 1 1 1 ». ,"‘\
. 3 Y AgTiC 1
(‘4 - Ag/TiN 1 of " el f
£t - . T
- ’ BN ~ ,” 1 F @ 3
\-é- 2 3 // \’/ E 0 1 1 1 1 1 1
R - S (I : , ,
N I e S ° U
4t iN
5 T T T T T T = 3 AP | 9
. F ~ - -1 3
4 b AgTi £ o f w---woTTRTS T el i
3t '*:\ > . 3 - 1F .’—/.--__. v o 3
2 b L I Seee E
\'“‘-_' 0 1 1 1 1 1 1
1F E 4 T . T T T T
0 1 1 1 1 1 1 3 X A /Ti K
@ ® @© O @ 0 9
Structure 2 F I E
1} e . 3
FIG. 5. Structure dependence of the ideal work of separation ok ‘://,f e o7 TTea ]
Wsep for AgITIC, Ag/TiN, and Ag/Ti interfaces. Circles, squares, ) . . . . .
and diamonds represent (0§@Q01), (011)(011), and -1 b d |
) . . : : : @ ® @@ @ @ 0
(111)|(111) interface orientation relationships, respectively. Labels Structure

(a)—(f) refer to the labels of the subfigures of Figs. 1, 3, and 4.

Those labels distinguish different interface translation states for a FIG. 6. Structure dependence of the interface enerdgr the
given orientation relationship. The plotted values are for relaxedAg/TiC, Ag/TiN, and Ag/Ti systems. Structures and notations are
structures. the same as in Fig. 5.

125421-7



S. V. DUDIY AND B. I. LUNDQVIST PHYSICAL REVIEW B 69, 125421 (2004

disordered interface structure. In Fig. 6 there is some overlaface than at Ag/TiC,N)(001). However, this relative differ-

between the regions of values covered by different struc- ence is less noticeable in thi,, values per unit areérig.

tures of a given orientation relationship. This means thatp).

under some experimental conditions, there is a possibility for In the orientational dependence of the interface adhesion,

a coexistence of different faces of the@jN) particles in a  another important factor is the strength of the Ag-Ti bonding,

Ag melt. A change in the experimental conditions can changavhich is controlled by the number of the nearegiNEneigh-

the relation between the interface energies of different orien0rs around the interface Ti atoms. This number equals 5, 4,

tations, modifying the TC,N) particle shapes. and 3 at the TiC,N)(001), TI(CI,N)(Oll), and T|-term|na_ted _
As can be understood with the help of relatigh, a si- _T|(C,N)(111) surfaces, respt_ecnvely, to be compared Wlth SiX

multaneous growth ofWse, and y from Ag(001)/ in bulk TIC(N). When there is a large number of\) neigh-

TI(C,N)(00D to AgOL/TI(C,N)(01) and Ag111/ %Orfhae“/’f“_‘#ﬁg‘;ﬁ:facfa at:”}i_"l\kﬁ)fo.'(t‘mf\‘)(om). (F‘g-b
Ti(C,N)(11)) is connected to the larger change of theCTN) » (N€ AQ g at the Ag/{L, ) Interfaces 1S sub-

. . . . stantially weaker than at the Ag/Ti interface, as rationalized
surface energy from one orientation relationship to anothe{n Sec. VIl A. This is most clearly seen from the calculated
than for the work of separation. ' '

. . values ofW,,, (Fig. 5 for the metal-over-Ti structurgFig.
For the metal-metal Ag/Ti interface the relative changes; ;| which are much smaller for AGITTC.N) than forAg/?i.
of the work of separation with the orientation are quite small;, {he metal-over-QN) structure of Ag/TiC,N) [Fig. 1(a)]

(Fig. 5. The Ag/Ti interface energy is much smaller than anype weakening of the four Ag-Ti bonds is not compensated
of the Cu,Ag,Au/T{C,N) interface energy value§ables I, by the creation of one Ag<Gl) bond, andWs,, is smaller
Ill, and Fig. §. The increase of the interface energy by than for the similar metal-over-interstitial structure of Ag/Ti.
around 0.3 J/rh from Ag(001/Ti(001) to Ag(01D/Ti(011) A case with only three (N) neighbors around the interface
and Ag11))/Ti(111) gives a large relative change and alter- Tj atom is represented by the Ti-terminatedQN)(111) sur-
nates the interface energy sign. face [Figs. 4d)—4(f)]. Figure 5 demonstrates th¥fe,, for
The key difference between different structures in Figs. 1Ag on Ti(C,N)(111)-Ti behaves very similar to the case of
3, and 4 lies in the number of bonds between Ag and Ti and\g/Ti(111). Thus, the fewer Q\N) neighbors per Ti atom, the
C(N) atoms, respectively, at the interface. When counting thestronger the Ag-Ti bonding.
number of Ag-Ti and Ag-QN) bonds it is important that
there is a drastic difference in the characteristic lengths of
those bonds. Throughout all the interface structures studied,
the relaxed Ag-Ti bonds are never shorter than about 2.8 A, As reported in experimental studigs3wettability of TiC
while typical Ag-QN) bond lengths are around 2.0 A. As a or TiN by Cu or Ag is quite sensitive to the (T,N) stoichi-
consequence, when the interface Ag atom is placed over themetry. TiC and TiN can exist in a broad range of hyposto-
Ti site, such as in Figs.(Ih), 3(d), and 4e), the Ag and @N)  ichiometric compositions, TiCand TiN,, x<1, retaining
atoms are too far apart for any noticeable AANCbonding.  the fcc structure of the Ti sublattice. A decrease in this)C
For the case of Ag atoms near théNJ sites, like in Figs. content introduces vacancies in théNg sites of T{C,N).
1(a), 3(a), and 3b), the Ag atoms still participate in a num- The wettability of TiG by Cu or Ag and TiN by Cu im-
ber of Ag-Ti bonds. This bond-counting picture agrees wellproves with decreasing, showing a nonwetting to wetting
with the structural dependence of interface adhesion energetransition arounck=0.5-0.81**3
ics for Ag on T(C,N)(001), Ti(C,N)(001), and Ti-terminated In an ab initio study’’ of a metal-oxide Ag/M¢01) in-
TiC(11)). In particular, Fig. 5 shows that the energetically terface, vacancies and other charged effects are shown to
most favorable structures for those interfa¢€sys. 1a), contribute significantly to the interface adhesion. This con-
3(a), and 4f)] are the ones that have maximal total numberclusion is not directly transferable to metal-carbide or metal-
of Ag-C(N) and Ag-Ti bonds per Ag atom. nitride interfaces, as the nature of the interface bonding is
When connecting the orientation dependenceWy,,  essentially different®° For an Fe/VN interface with vacan-
with the number and strength of the interface ANCand  cies, first-principles calculatiorfShave shown that introduc-
Ag-Ti bonds, one should also consider the number of Agtion of a bulk concentration of N vacancies leads to a con-
atoms per unit area of the interface, or, equivalently, the insiderable increase of the interface energy However,
terface area per one Ag atom. The values of the interface ara@cancies also change the ceramic bulk energy if&and
per Ag atom are approximately @4 0.70%?, and 0.433° surface energy in Eq4). Thus, the increase of does not
for (001)|(001), (011)(011), and (111)(111) orientation carry any information about the change of the interface
relationships of Ag/TiC,N), respectively. Hera is the lattice  bonding strength oW, ,, which is relevant for wetting.
parameter of TiC or TiN. To get an insight into the effect of vacancies on metal/
The difference in the interface area per atom is important]i(C,N) adhesion, calculations diVs., are performed for
e.g., when comparing the Ag(G,N)(001)) and Ag/ Ag(001/Ti(C,N)(00)) interfaces with vacancies. The inter-
Ti(C,N)(011) systems. The work of separation per Ag atom isface structures with the Ag atoms over theNC[Fig. 1(a)]
a little more than twice as large for the Ag(TiN)(011) and Ti[Fig. 4(b)] sites are simulated in supercells ok4
structure in Fig. 8) than for the Ag/TiC,N)(00)) structure lateral size, with five-layer thick Ag and seven-layer thick
in Fig. 1(a), which correlates with the fact that there are Ti(C,N) slabs. One (N) vacancy is introduced on each side
twice as many Ag-QN) bonds at that Ag/TiIC,N)(01]) inter-  of the Ti(C,N) slab with the vacancy position varied from the

C. Contribution of vacancies
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TABLE VI. Ideal work of separatiotWse, in units of Jin% for TABLE VII. Calculated values of the work of separatidi,
coherent AGO0D)/Ti(C,N)(001) interfaces with @\) vacancies in and interface energyy for coherent Ti001)/Ti(C,N)(001) and
the 1st, 2nd, 3rd, and 4th layers from the interface, compared to tha&l (001)/Ti(C,N)(001) interfaces(Fig. 1). Labels(a)—(c) correspond
no-vacancy(none case. Columbsa) and (b) correspond to struc- to Figs. Xa)—1(c), respectively. The values given are for relaxed
tures with the Ag atoms over the(l®) [Fig. 1(a)] and Ti[Fig. 1(b)] geometries.
sites. All values are for relaxed structures.

Interface Lattice Woep (J/NT) v (JIn?)
Vacancy Ag/TiC Ag/TIN mismatch(%) (@ (b) (¢ (@ (b) (0
position (a (b) (a (b) —
Ti/TiC 5.7 3.81 0.70 257 -0.38 2.73 0.85
First (interface layer 1.75 0.49 1.23 0.55 Ti/TiN 3.8 3.56 0.43 1.66 —0.48 2.65 1.42
Second layer 1.58 0.38 1.01 0.55 AITIC 6.9 256 051 1.63 0.21 226 1.14
Third layer 1.52 0.26 0.86 0.42  AITIN 5.0 147 076 0.80 0.94 1.65 1.61
Fourth layer 1.55 0.28 0.87 0.41
None 1.59 0.29 0.87 0.41

in the melt. Those elements can be added to the melt directly,
or they can be a result of substrate dissolution during the
interface layer to the second and third layer. A situation withwetting process. Formation of a reaction product at the inter-
one vacancy in the middl€ourth) layer of the T{(C,N) is face is not the only possible mechanism of how metal addi-
also considered. The positions of all atoms in the supercelive can affect wetting. Another important effect is the seg-
are allowed to relax, except the atoms of the middle layer ofegation of those additional elements near the interface. For
the Ag slab. wetting by Cu and Ag, two commonly used additives are Ti
The resulting values AN, (Table VI) show that mainly ~ and Al. In the case of Ti, even after the formation of the TiC
vacancies of the first two TC,N)(001) surface layers have a or TiN reaction product at the interface, Ti can still be
noticeable effect on the Ag/TC,N) interface adhesion. In the present in the melt, and its segregation at the interface can
Ag/TiC case there are also some oscillationsaf,, with  further affect wetting.
vacancy position in the third and fourth layers from the in- Interface segregation of Ti in Cu,Ag{G,N) systems is
terface. The addition of vacancies tends to incredge,, analyzed in wetting experiment3,where electron micro-
which is consistent with tha/s , for Ag/Ti is larger than for ~ probe scans of the liquid metal drops are done. Due to dis-
Ag/Ti(C,N) (Fig. 5, and with the experimental fact of better solution of T(C,N) into Cu or Ag melt, Ti is present in the
wettability of hypostoichiometric TC,N). metal drop even in the case of originally pure Cu or Ag
A Ag/Ti(C,N) system with vacancies can be considered aslrops. There is even higher concentration of dissolved Ti in
an intermediate step between a no-vacancy A@/N) case the case of Cu-20%Ti/TiN® The microprobe scans clearly
and a metal-metal Ag/Ti interface. We can make a simpleshow that the Ti concentration rapidly increases towards the
linear extrapolation of the change W, with addition of interface. Unfortunately, the spatial resolution of the scans is

vacancies to the case of Ag/ g‘eep‘, as, in the micrometer range, not allowing a determination of the
Ti concentration in the first few metal layers at the interface.
W= W(s%)p+ 4(Awgt)p+ AW(SZe)p), (7)  Yet, an upper limit on the effect of dissolved Ti on the inter-

face adhesion can be estimated by considering a situation
where W9 is Wy, for Ag/Ti(C,N) without vacancies, and where Ti concentration approaches 100 at. % within a few
Awggf) are the changes iWse, With introducing a 1/4 near-interface atomic layers. We simulate this situation by
monolayer of vacancies in the first and second layers fronficc Ti(001)/TiC(001) and Ti001)/TiN(001) model interface
the interface, respectively. With the data in Table VI, Efj.  Systems.

gives values of 1.45 and 1.53 J/ror the Ag-over-Ti struc- The concentration of Ti dissolved in the melt can be much
tures of Ag/TiC and Ag/TiN, respectively. This is quite close larger for hypostoichiometric TC,N) substrates than for sto-
to the value of 1.64 J/ffor the corresponding Ag/Ti struc- ichiometric ones® Thus, the issue of Ti segregation can be
ture. For the Ag-over-QN) structures, thaVTi: estimate is ~ @n important factor for the metal(TZ,N) wetting depen-
2.19 and 2.87 Jifafor Ag/TiC and Ag/TiN cases, respec- dence on TiC,N) hypostoichiometry. _ o

tively. The value for the Ag/TiN case compares quite well ~The effect of Al additions on wetting of TiC by liquid Cu
with the Wy, value of 2.73 Jirhfor Ag/Ti. An extrapolation ~has been addressed in experimental stddyis concluded
from the Ag/TiC case shows a more noticeable deviatiorihat an Al-induced improvement of wetting is mainly due to
from the Ag/Ti situation. An overall conclusion from this an enhanced transfer of Ti into the Al-containing melt in the

analysis is that the magnitude of the vacancy contribution t@rocess of the TiC substrate dissolution. The Al segregation
Wiepis quite consistent with thel,,, difference between the 2t CUAG/T(C,N) interface has not been measured. To get an
Ag/Ti(C,N) and Ag/Ti cases. insight into a possible contribution of those effects, here we

consider A{001)/TiC(001) and A001)/TiN(001) systems.

- ' In the calculated energetics of Ti@01)/Ti(C,N)(001)
D. TUTI(C,N) and AIfTi(C.N) (Table VII) the most drastic difference from the Cu,Ag,Au/

In wetting of ceramics by liquid metals, an important is- Ti(C,N)(001) caseqTable ll) is observed for the Ti/TC,N)

sue concerns the roles of different metallic elements preseiterface systems with metal atoms over th@Esites[Fig.
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1(a)]. The W, values are here noticeably larger, and the
values are lower, than for any of the Cu,Ag,AUjN)(001)

or Ag/Ti(001) systems. This shows a possibility that the in-
terface segregation of Ti can have a noticeable effect on the
interface adhesion in a metal(@,N)(001) system.

The values oW, and y for the AI(001)/Ti(C,N)(001)
interfaces are in about the same range as for Cu,Ag,Au/
Ti(C,N)(001). The behavior ol is somewhat similar to
the Cu/T{(C,N)(001) case. Thus, effects of Al segregation
should not be of much significance for metaljN)(002)
adhesion.

VII. NATURE OF BONDING

The key distinction of noble metals, such as Cu, Ag, and Electron Density (el./A’)

Au, from free-electron and transition metals is in that they

have filled valencel shells. Hence, they are less chemically Bl Avove 200
active than transition metals with partially filled shells. Bl 141-200
This difference in the chemical activity correlates well with B 1.00-1.41
the experimentally measured wetting properties. As noted in, B o71-1.00
e.g., Ref. 11, transition metals wet metallic carbides much 0 050-0.71
better than noble metals. This conclusion is also in line with .| 035-050
theoretical results. In particular, the calculated values for the . 025-0.35
work of separation for Cu,Ag,Au/TC,N)(001) (Tables I | o.18-025
and lll) are typically lower than for similar structures of | Below 0.18

Co/Ti(C,N) in Refs. 18 and 19. This difference W, is
very pronounced for structures with the metal atoms over the
C(N) sites[Fig. 1(a)], for which W, for Co/Ti(C,N) is as

large as 3.7-4.2 Jfn : . . .
) . Ag(001)/TiC(001) (b), and AUO0D/TIC(00]) (c) interfaces in the
At Co/Ti(C,N)(001), Co/WQ00D), and TiQ100/F&(110 metal-over-C structure in Fig.(d), including atomic structure re-

interfaces studied in Refs. 18-21, 52 the bonding is domiT . )
. . axation. The (010 cuts are shown. The consecutive contours

g?)te;nc?ya?\l)p Zr[g(r:rlljfrTlﬁgds’fe‘h%?hcg;l?flween?n?grr;gzebgt(\;v\g:en cr;ange by a factor of2 and the color bars are in units of electrons/

bonds correlates with a very pronounced charge-density ac- -

cumulation along those bonds. Here we analyze how thoskonds at Cu/Ti@001), and the lowest is at the Ag/TiR01).

electronic structure features are modified when going from Figures 10 and 11 present electronic local density of states

Co/Ti(C,N)(001) to Cu,Ag,Au/Ti(C,N)(00]). For simplicity, (LDOS) at Cu,Ag,Au/TiG001 and Cu,Ag,Au/TiINOOD) in-

we consider only interfaces with metal-ovefNJ structure terfaces, respectively. The LDOS is projected onto atomic

[Fig. 1(@)]. orbitals of the interface atoms. A comparison with the LDOS

Figures 7 and 8 show the distribution of the valence elecof the same atoms in bulk materialsig. 12 shows that
tron density at the Cu,Ag,Au/Ti001) and Cu,Ag,Au/ there is a noticeable hybridization between Cu, Ag ordAu
TiN(00Y) interfaces, respectively. One can clearly distinguishorbitals and @N) p orbitals. This is particularly clear for
metal-GN) bonds with a charge-density pattern similar to Ag/TiC [Fig. 10b)], where there is a pronounced Ag-
that at Co/T{C,N)(001) and Co/WQ00)) in Refs. 18—21. LDOS peak in the same area as thepQeak. This Agd
The same density pattern is also seen at Ti0@Q) in Fig.  peak occupies the energy region between abdiand 0 eV,
9(a). This type of density distribution is associated withd in which there is no significant-band LDOS in bulk Ag
hybridization between transition methlorbitals and @\) p  [Fig. 12a)]. A related situation is at the Cu/TiN interface
orbitals. This density pattern is not observed at, e.g., Al{Fig. 11(a)], where hybridization with the N states notice-
TiC(00)) in Fig. 9b), where there are metal(®) bonds ably modifies the bottom part of the Guband. At Cu/TiC
with a free-electron metal. and Au/TiC[Figs. 10da) and 1Qc)] the C-Cu,Aup-d hybrid-

Like for Co/TiC(001), the charge density along the inter- ization is reflected in that the §-LDOS become more uni-
face metal-QN) bonds at Cu,Ag,Au/TiI®M0D and Cu/ formly distributed over the energy regions of the Cu ordu
TiN(00D) is higher than along the bulk Ti{®) bonds. The bands. Thus, the behaviors of the electron density and pro-
charge-density values at the interface met@HChonds jected LDOS show that the nature of the metéNhonding
show noticeable variations from system to system. Thosecross Cu,Ag,Au/TC,N)(001) interfaces is similar to that at
variations correlate well with the systematics W, in Co/Ti(C,N)(001), Co/W(Q001), or TiC(100/Fe(110) in Refs.
Table Il, in particular, with the differences between the Cu,18-21 and 52.

Ag, and Au cases, as well as between the metal/TiC and The difference in the strengths of the interface met@hC
metal/TiN systems. The highest charge density is at the Cu-Gonds between metal/TiC and metal/TiN interfaces can be

FIG. 7. Valence electron density for @01)/TiC(001) (a),
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Electron Density (el./A’%)

Above 2.00
1.41 -2.00
1.00 - 1.41
0.71-1.00
0.50 - 0.71
0.35-0.50
0.25-0.35

JEENNNE

FIG. 8. Valence electron density for @01)/TiIN(00D (a),
Ag(00D/TIN(00D (b), and AUOOD/TIN(00D) (c) interfaces with
the structure in Fig. (), with structure relaxation. The010) cuts
are shown. The consecutive contours differ by a factox®fand
the color bars are in units of electrons/A

given a simple electron-structure explanation. When moving
from bulk TiC to TiN, the extra electron of N goes to the
Ti-C(N) antibonding orbitals, which are mainly located
around the Ti atom(see Fig. 12 The N electrons in the
Ti-C(N) bonding states become more tightly bound to the N
nucleus, as the N nucleus has a higher positive charge than
the C nucleus. As a consequence, the more tightly bound
electrons of N in TiN create weakgrd bonds across the
interface than the @ electrons in TiC. This effect should be
of more significance than the relative shift of theNg-2p in
energy with respect to the metdlband, pointed out in Ref.
19 to explain the difference between Co/T001) and Co/
TiN(001). For example, at Ag/TiK001) [Fig. 11(b)] the Np
LDOS has a larger overlap with the energy region of the Ag
d band than the @» LDOS at Ag/TiN(00)) [Fig. 1Qb)],
while the bonding is stronger at Ag/Ti@01) than at Ag/
TiIN(00D).

The situation of Ag can be distinguished from that of Cu
and Au by that the valence charge density tends to be less

Projected LDOS (states/atom/eV)

PHYSICAL REVIEW B 69, 125421 (2004

Above 2.00
1.41-2.00
1.00 - 1.41
0.71-1.00
0.50 - 0.71
0.35-0.50
0.25-0.35
0.18-0.25
0.12-0.18

Below 0.12

CENNN

Above 2.00
1.41-2.00
1.00 - 1.41
0.71-1.00
0.50 - 0.71
0.35-0.50
0.25-0.35
0.18 -0.25
0.12-0.18

[ | Below 0.12

FIG. 9. The (010 cut of the valence electron density for
Ti(001)/TiC(001) (a) and A001)/TiC(001) (b) with the structure in
0.18-0.25 Fig. 1(a), with structure relaxation. The consecutive contours differ
Below 0.18 by a factor ofy2 and the color bar is in units of electrons/A

o—20 —1IS -10 "—5 0 5 10
E-E. (eV)

spread out around the Ag atoms than around Cu or Au. This F|G. 10. The electronic local density of statésDOS) at

is seen in the metal bulk layers in Figs. 7 andI8 addition,  cy00/TiC(00) (a), Ag(001)/TiC(001) (b), and AU001/

the Agd band lies deeper in energy than tthdands of Cu  TiC(001) (c) interfaces in the metal-over-C structure in Fig. 1, with
and Au[Fig. 12a)]. In particular, in Fig. 18a) there is only  structure relaxation. The main components of the LDOS projected
negligible Agd DOS down to—3 eV from the Fermi level, onto atomic orbitals of the interface atoms are plotted.
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Projected LDOS (states/eV/atom)
Projected LDOS (states/eV/atom)

000 15 0 - 10
E-E, (eV)

FIG. 11. The electronic LDOS projected onto atomic orbitals of
the interface atoms at @01)/TiN(001) (a), Ag(00D/TiN(00D (b),

. : : R : FIG. 12. The electronic LDOS projected onto atomic orbitals in
and AU001)/TIN(002) (c) interfaces with structure in Fig. 1, includ- . : .
ing structure relaxation. bulk Cu, Ag, and Au(a), as well as in bulk TiQb) and TiN (c).

while there is significant Cd- and Aud DOS already A. Qualitative analysis of the trends in the metal-Ti bonding

—1.5 eV below the Fermi level. Those features indicate that e discussion in the previous sections demonstrates that
the d-band states in Ag are more tightly bound than in Cugp important role in metal/TC,N) wetting behaviors should
and Au. This explains why the interface metdNT p-d  pe played by the metal-Ti bonds. The most pronounced effect
bonding to T(C,N)(001) is weaker for Ag than for Cu or Au. s the ‘dependence of the metal-Ti bonding strength on the
Figure 13 presents the distribution of the electron density, mper of C or N neighbors around each interface Ti atom.
along the Ag-QN) bonds for the energetically preferred This s the key to understanding of the C,N-vacancy contri-
structures of A¢D01)/Ti(C,N)Ag(001) [Fig. 1(a)], Ag(00D/  pytion and orientation dependence for AgON) bonding.
Ti(C,N)Ag(00D) [Fig. 3@], and AJOOD/TiI(C,N)AG(00D) |t should also explain why Ag-Ti bonding at Ag/TiC inter-
[Fig. 4(c)]. For Ag/TiC, the density curves for the three dif-
ferent orientation relationships are practically identical. For

4 . . :

Ag/TiN, only the (111)(111) case is somewhat different (a) — Ag/TIC(001)
from (001)|(001) and (011)(011). The overall conclusion T o - :gg:gg’}};_c
from Fig. 13 is that variation of the interface orientation g 2¢
should not introduce any qualitative changes in the nature of s 1k N
the interface metal-@) bonds. Using a similar procedure, 3 - N
the same conclusion is drawn about the orientation depen- 5 2 . . .
dence of the interface Ag-Ti bonds. @ (b) — AgrTiN(OO1) N

Figures 14a) and 14b) show the valence electron density g 37/ \— AgmiN(E11) W
around @N) vacancies at the Ag/TT,N)(001) interfaces. In € ot — AgTINAT1)-N // S\ \
the vacancy region the electron density distribution at Ag/ 5 v ‘\_‘ \
Ti(C,N)(001) becomes closer to that at Ag(TD1) [Fig. % T //’/ i\

14(c)]. The projected LDOS for Ag/TC,N)(001) with C(N) o0 5 0-5 1'0 ——

vacancieqFig. 15 shows a slight vacancy-induced modifi- 2025 30

1.5

. ; : d (A)
cation of the Agd and Tid components towards the situa-
tion of Ag/Ti(001) interface [Fig. 15c)]. Thus, like the FIG. 13. Valence electron density along the interface ABHC
trends in the interface energetics, the electronic structure bgonds at Ag/TiC(a) and Ag/TiN (b), for Ag(001)/Ti(C,N)(001)
haviors are consistent with that the AgTIN)(00D) inter-  (solid), Ag(011)/Ti(C,N)(011) (dotted lineé and Ag111)/
faces with vacancies can be viewed as an intermediate situi(C,N)(111) (long-dashed linginterfaces with structures in Figs.
ation between stoichiometric AgiTG,N)(001) and metal- 1(a), 3(a), and 4c), respectively. The structures are relaxed. The
metal Ag/Ti(001) systems. distanced is counted from the Ag atom.
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L) L) 4 . T T T
P Wl o o 200
j [ Bl 141-200 st () ]
\ ( B 1.00-1.41 -2 —— Ag—4d
B o71-100 £ ‘I ——Tad E
P o050-0.71 ..g 1k
[  035-050 S
[] o025-035 ) 0 : +
| o18-025 @ d T
0.12-0.18 = 3t (b) E
[ | Below 0.12 w
~ o — Ag-4d E
wn — — Ti-3d
O .t 3
Bl Aoove 200 9 1
Bl 140-200 S0 M .
B 100-140 Q4 — T
Bl o71-1.00 $ b (€) 1
P  o050-0.71 )
[ 035-050 a ot - ]
[ o025-035
0.18-0.25 1F ]
[ ] o012-018 0 , )
[ | Below 0.12 20 -15 -10 10
E-E; (eV)
| Avove 2.00 FIG. 15. The electronic LDOS projected onto atomic orbitals of
| 1.41-2.00 the interface Ag and Ti atoms at AgP1)/TiC(001) (a) and Ag001)/
B 1.00 - 1.41 TiN(001) (b) with interface @QN) vacancies, compared to those at-
B o71-1.00 oms at Ag001)/Ti(001) (c). The interface structures are like in Fig.
. 0'50 ) 0'71 1. All the structures are relaxed.
0.35-0.50 _ .
C T 025-035 tibonding states below and above the unperturbed energy
|| o018-025 levels, respectively. The electrons of the original Ie\Efs
| 012-0.18 and Ef now occupy the newly formed bonding and anti-
— | Below 0.12 bonding states. If both the bonding and antibonding states

are filled, then the interaction has repulsive character, as the

FIG. 14. Valence electron density at the Ag/T@01) (a) and antibpnding combination goes up in energy more than the
Ag/TiIN(00D) (b) interfaces in the metal-overé8) structure[Fig. ~ Ponding goes dowr? If the bonding state is filled and the
1(a)] with a QN vacancy in the interface layer, in comparison with antibonding state is empty, then the interaction is attractive,
that at the metal-metal A§01)/Ti(001) interface(c). The(010 cuts ~ and its contribution to the tota-B interaction energy is
are shown. The consecutive contours differ by a factox®fand
the color bars are in units of electrons/AThe structures are re- [H;i;|? A B
laxed. AEZM' Hij<|Ef' —Ej. (8
face is weaker than at Ag/TiN one and why it is stronger at aHere|Hij| is the coupling matrix element, which is governed
metal-metal Ag/Ti interface than at Ag(G,N). by the overlap of th&/* andE? electronic orbitals.

These behaviors can be given a simple electronic structure In our qualitative analysis of Ag-Ti bonding in Ag/
interpretation based on a qualitative analysis of the LDOS offi(C,N) systems, we take as unperturbed energy levels the
free slabs of Ag, Ti, TiC, and TiNFig. 16 within an ap-  Ag-d and Tid bands of the surface atoms of @§1) and
proximate perturbation-theory picture of the orbital Ti(C,N)(001) of Ti(001) free slabgsee Fig. 1§ As pointed

interactionég‘_61 _ . out in, e.g., Ref. 49, unrelaxed systems are typically a more
The analysis naturally starts from two noninteracting syssuitable choice for the analysis of the nature of bonding.
tems, like atoms or molecules, labeledfaandB, with each When estimating the positions of the diband center for

of them described by a set of unperturbed energy IeEéIs TiC and TiN, we neglect the LDOS peaks from the CpTdl

and E}3. If systemsA and B are brought together, so that bonding states, as we can expect that those states are local-
there is an overlap between their electronic orbitals, then tized along the TiC bonds and won't have significant overlap
second order with respect to the orbital overlap, the interacwith the Ag states at an Ag/TC,N) interface.

tions between the two systems are pairwise additive over the The positions and behaviors of the Aigand Tid LDOS

pairs of those electronic states or orbitals. Each pair interacre not drastically modified when Ag{T,N) or Ag/Ti inter-

tion can be described through formation of bonding and anfaces are formedFig. 17), so the above perturbation theory
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FIG. 16. The electronic LDOS projected onto atomic orbitals of
the surface Ag and Ti atoms &g) Ag(001) and TiQO01) separated the interface Ag and Ti atoms for metal-over{Hig. 1(b)] struc-

slabs;(b) Ag(001) and TINO0D) separated slabsc) AG(00D) and o of AGOOD/TIC(00D) (a), AG(O0D/TIN(00D) (b), and AGOOLY
fcc Ti(001 separated slabs. The slabs are taken as truncated bu”‘ﬁ(OOD (). The Ag, TiC, TiN, and Ti slabs are kept as truncated

(_unrelaxe()l. '!'he dot-dashed vertical lines show the estimated pOSibulk (unrelaxed structuresThe arrows point at the LDOS features
t'Qn Of the T'd er!ergy-band centers..Note that Ag slabsdh-(c) that are expected to correspond to Ag-Ti antibonding states.
differ in their strain, as they match different substrates.

FIG. 17. The electronic LDOS projected onto atomic orbitals of

L o (Fig. 16. This implies the decreasing value of the denomi-
description should be a reasonable approximation. As the Agator in expressiof8), and hence the increasing energy gain
d states are practically fully below the Fermi level and thes g from the Ag-Ti bonding.
partially occupied Tid states are mainly above the Fermi  \yhen the number of @) neighbors of the Ti atoms is
level, we can expect that Ag-Ti bonding states should b‘?’educed, for example at (IT,N)(011) or Ti(C,N)(111) sur-
below the Fermi level, while the antibonding states will {30e5 or by introducing @!) vacancies(Fig. 15, the Tid

mostly appear above the Fermi level. _band becomes closer in energy to thedNgand, which leads
A comparison of the LDOS features for metal-over-Ti 4 sironger Ag-Ti bonds.

structures of Ag/TiC,N) or Ag/Ti interfacegFig. 17) and the
corresponding separated sla@#sg. 16 reveals the LDOS
peaks near the top of T-band that are likely to correspond
to the Ag-Ti antibonding state@narked with arrows in Fig. In conclusion, a number of important aspects of wetting
17). The interface induced modifications of the Ad-DOS  of TiC and TiN by liquid metals have been analyzed at the
mainly affect the energy interval near the bottom of the Ag-microscopic level, using first-principles density-functional
d band, which can be attributed to the formation of the bondcomputational experiments in the framework of the general-
ing states. For example, the AP-LDOS peak around ized gradient approximation. The analysis is based on total-
—5.5 eV for the Ag/Ti interfac¢Fig. 17(c)] can be expected energy and electronic structure calculations with the plane-
to be from the Ag-Ti bonding states. wave pseudopotential method applied to an extensive set of
The described perturbation-theory interaction picture almodel interface system.
lows us to understand the trends in the Ag-Ti bonding when The large variations of the wetting angles for Cu and Ag
going from Ag/TiC to Ag/TiN and to Ag/Ti. As an indicator on TiC and TiN from experiment to experiment are rational-
of the Ag-Ti bonding strength we take the value of the idealized in terms of the relative contributions of the metal-
work of separationWs,,, for unrelaxed Ag-over-Ti struc- over-Ti and metal-over-®) local atomic coordinations at
tures[Fig. 1(b)]. The correspondinyVs., values are 0.30, the interface. In particular, when poor wetting is observed,
0.69, and 1.68 J/fnfor Ag/TiC, Ag/TiN, and Ag/Ti systems, the experimental trends correlate well with the adhesion at
respectively. That is, the Ag-Ti bonding strength should bemetal-over-Ti type model interfaces. This implies a sup-
increasing from Ag/TiC to Ag/TiN and Ag/Ti. To explain this pressed contribution of the metal-ove(M} configurations,
trend let us notice that in the series of Ag/TiC, Ag/TiN, and which can be caused by the substrate surface contamination
Ag/Ti the Tid band moves closer in energy to the Adpand  or other experimental factors. The situation of wetting, or

VIIl. CONCLUSIONS
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near the nonwetting to wetting transition, corresponds to a The role of Ti and Al additives in the metal melt is ana-
balanced mixture of metal-over-Ti and metal-ovéNClocal  lyzed. The calculated energetics of TifTiN)(001) model
configurations. systems indicate that the interface segregation of Ti in the

Based on our results for Ag02)/Ti(C,N)(001), Ag(011/ melt can have a noticeable positive effect on the metal/
Ti(C,N)(011), and Ag111D)/Ti(C,N)(111), we analyze the de- Ti(C,N)(002) interface adhesion. This agrees with known ex-
pendence of the interface energetics on the interface orient@erimental facts. The results for Al{G,N)(001) interfaces
tion relationship. According to the calculations, there areshow that the effects of Al segregation should not be of much
overlaps between the regions of interface energy values faignificance.
different orientation relationships. This suggests a possibility The behaviors of the electron density and local density of
for a coexistence of different faces of théTjN) particles in  states indicate that the nature of the metd#Cbonding
an Ag melt. This is consistent with the experimental obseracross the Cu,Ag,Au/TC,N)(00]) interfaces is similar to
vation that T{C,N) particles can be changing their shapes. what was previously reported for Co(T,N)(001) and Co/

The key factor in the structural and orientational depen\WC(001). The analysis of the electron density distribution
dence of the interface energetics is the number of meid)}-C  suggests that a change in the interface orientation should not
and metal-Ti bonds per interface area. An important contriintroduce any qualitative changes in the nature of the inter-
bution to the orientation dependence of the interface adhdace metal-CN) bonds.
sion is also the strength of the Ag-Ti bonding, which is con- The systematics of the calculated work of separation, in
trolled by the number of the nearestNJ neighbors around particular, the differences between bonding to Cu, Ag, and
the interface Ti atoms. The lesqND neighbors a Ti atom Au, as well as between the metal/TiC and metal/TiN adhe-
has, the stronger the Ag-Ti bonding is. This is in line with thesion, correlates well with the noticeable variations of the
noticeably higher strength of the Ag-Ti bonds at Ag/Ti thancharge-density values at the interface met@honds. For
at Ag/Ti(C,N). the same metal, metal¢®) bonding at the metal/TiC inter-

For the energetically favorable structures of A¢O,N) faces is noticeably stronger than at metal/TiN ones. This is
interfaces, there is a noticeable increase both of work oflue to the fact that the more tightly bound electrons of N in
separation and interface energy in the series of ({@D11), TiN create weaker metal{®) p-d bonds across the interface
(011)(011), and (111)(111). For a given interface orien- than the Cp electrons in TiC. A similar effect is that the
tation, the most energetically favorable structures are thenore tightly boundd-band states in Ag lead to weaker adhe-
ones that have maximal total number of AgNJ and Ag-Ti  sion at the Ag/TiC,N)(00)) interfaces, as compared to the
bonds per interface Ag atom. Cu/Ti(C,N)(001) or Au/Ti(C,N)(001) ones.

In agreement with the experimental fact of better wetta-
bility of hypostoichiometric TiC,N), our calculations for an
Ag/Ti(C,N) model system show that([¥) vacancies tend to
strengthen the interface adhesion. It is mainly vacancies of This work was partially supported by the Swedish Foun-
the first two T(C,N)(001) surface layers that have any no- dation for Strategic Researd®SH via the Materials Con-
ticeable effect on the Ag/TC,N) interface adhesion. The sortia No. 9 and ATOMICS. Allocation of computer time at
magnitude of the vacancy contribution to the ideal work ofthe UNICC facilities at Chalmers University of Technology
separation is consistent with the difference between the worknd at the National Supercomputer Center at Lpikg Uni-
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