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Abstract

We present a novel computational scheme to predict chewdcapositions at interfaces as they emerge in a growth psodédse
scheme uses the Gibbs free energy of reaction associatedheiformation of interfaces with a specific composition sedctor
for their prevalence. It explicitly accounts for the grovetbnditions by rate-equation modeling of the depositioriremment. We
illustrate the scheme for characterizing the interfacevbet TiC and alumina.
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1. Introduction fore capable to predict chemical compositions at intedoe
cluding surfaces) as they arise in a deposition process. The
Density functional theory calculations are today rouyre®-  key elements of this scheme are the use of Gibbs free ener-
plied to characterize structural and electronic propsufecon- gies of reaction as a predictor for the chemical composéitth
densed matter systems. They serve as an important complg-modeling of the deposition conditions in terms of rate equa
ment to and extension of experimental methods [1]. Atomigjons describing deposition environment. The approactreig
(and electronic) structure and chemical composition asepn  the method ofb initio thermodynamics of deposition growth
arably interwoven. Information about chemical composit®,  for surfaces [7] to interface modeling.
for example, interfaces (including surfaces) is theretdigreat The paper is organized as follows. Section 2 motivates the
importance for reliability of such calculations. use of the Gibbs free energy of reaction as a predictor of ehem
Traditionalab initio atomistic thermodynamics methods aim ical Composition' Section 3 contains the details of our mod-

at describing and predicting compositions at oxide sudfacegling. Results are presented in Sec. 4 and Sec. 5 contains our
[2, 3]. These schemes assume that equilibrium is establishegnclusions.

between the oxide and surrounding.QOThis criterion is of-
ten justified for oxide surfaces that are in direct contadi\an ) _ o
O-rich environment. For (solid-solid) interfaces, theiation ~ 2. Predictor for as-grown chemical composition
is more complicated. Interfaces are typically exposed & th
surrounding environment only at the moment of creatidur-
thermore, oxides are seldomly grown directly from, @nd it

is not clear what gas(es) they are in (dynamic) equilibriuith w

during deposition, if at all. A generalization of ttad initio . . . I
halp . : The Gibbs free energy of reaction is defined as the gain in
atomistic thermodynamics scheme from surfaces to intesfac .. ; . .
Gibbs free energy in a chemical reaction. For a general reac-

[4] can therefore be problematic. In fact, we have shown [5]t' . . . :
that the equilibrium configuration at the interface betw&ih lon, according to chemical reaction thedBy, is related to the
fO{ward (f) and backwardl) reaction rate§’;y = k:IT;[R;]"

and alumina predicted by such a generalized scheme does ng v
describe the wear-resistance of fatimina multilayer coatings andly = kllp[Pp]" via

[6]. We have attributed this inconsistency to the fact tihat t —8G; = InT'¢ /Ty 1)
scheme does not account for the actual growth conditionis. Th

may be a serious shortcoming also for other interfaceszebli Here s is the inverse temperature in units of energy,, is
by deposition growth. forward and backward rate constant, J{P,]) is the concen-

This paper presents a computational scheme that explicithfation of ther-th (p-th) reactant R (product P), angh,, is the
accounts for deposition conditions. At the same tima padori corresponding stoichiometric ciieient?

equilibrium assumptions are introduced. The scheme igther

We use the Gibbs free energies of reactiyras a predictor
for the prevalent chemical composition at surfaces and-inte
faces realized by deposition growth. We justify the us€oés
predictor using chemical reaction theory [8, 9].

2|n this section we count stoichiometric dheients positively, opposed to
1n this study we assume that the interface is created by asitepoprocess  standard chemical nomenclature, where stoichiometrifficnts of reactants
from a gas phase. are counted negatively.
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Figure 1: lllustration of two dferent terminations at the surface of a binary
material AB. Figure 2: lllustration of chemical vapor deposition of ainmm A H,-AICl3-

CO;, gas mixture is supplied to a chamber at rRe The chamber is kept
at fixed temperatur@ and fixed total pressurp. The gases react to simulta-

To illustrate the approach, we first discuss the problem ofieously form water and alumina. Reaction products and uhresctants are
surface termination in deposition growth [7], seeking tecpet ~ SXhausted at raie.
which surface (A terminated or B terminated) will emerge whe

growing a binary material AB, see Fig. 1. We consider tWostj|l indicates which termination is most prevalent, sitioe ge-
coupled reactions andll that change the surface termination gmetric and arithmetic means [Egs. (3) and (5)] are approxi-

from A to B and vice versa, mately equal, Ref. [7].
r By analogy to the case of surface terminations, weGjsas
| : B+React=A + Prod (2a) measure to predict chemical compositions at interfaceaddr
I by deposition growth (and assumed to have retained the-struc
r} ture specified by the deposition environment). Considerig
It: A+ React i B+ Prod,. (2b)  Jated interface configurations of similar thickness buedent

compositions, the one with lowest (most negative) Gibbe fre
Here, Reagt; and Prog ;;; collectively denote the reactants energy of reaction is most likely to describe the nature ef th
and products in the two reactions. The forward and backwarthterface as it is formed by deposition growth. We note that
rates are the same as in (1) but have an additional index+o diG; will in general decrease (if the reaction is favorable) as th
ferentiate between the two reactions. Taking tHfeedénce be- number of constituents in the film describing the interface i
tween the free energies of reactiorl iandll, we find after ex- creases by any integer multiple of the bulk stoichiometryr O
ponentiation and use of the geometric mégly)qm = (xy) Y2 predictor is useful when comparing films of similar thickees

My (T g _
exp(—ﬁ’[G'r —G'rl])z o [(F' N } ) (3) 3. Modeling
b f b>* f /gm _
3.1. Materials Background

The reactions in (2) can also by described by the rate equa- We illustrate our computational scheme by studying the in-

tions, terface composition between TiC and alumina. /@lGmina
0Pa = _(Flb +1"'f')PA + (1~|f + Flbl)PB (4a) multilayers are.commc_mly used as wear-resistant. coat.ing on
| " | " cemented-carbide cutting tools [6]. They are routinelyrifab
0Pg = ([y + 't )Pa — (I + T, )Pe. (4b)  cated by chemical vapor deposition (CVD).

Figure 2 illustrates the experimental setup for CVD of alu-
mina [10]. A H-AICI3-CO, supply gas mixture is injected into
a hot chamber which is kept at a fixed temperature and a fixed
total pressure. The CVD process proceeds in two steps which,
however, take place in parallel. Water forms at an (unknown)
Py ([TH+TY)  (TLTYam - rateRy,o0 according to

Here we have introduced the probabiliy g, for observing
either an A or B terminated surface. Using the arithmetichomea
(X, Yoam = (X +Y)/2, the steady-state solution provides a ratio
between these probabilities,

Pg (L +I7) (T )am’

H, + COy ~2% H,0 + CO. 7)
In dynamic equilibrium [8, 9], being characterized G} + o ] .

G!' = 0 or equivalentlyr /Tl = I /Tl we find by combining Alumina is deposited at an (unknown) rdjg,o, according to

(3) and (5) that Raos

Pa | ) 2AICI3 + 3H,0 —— Al,03 + 6HCI. (8)

Be liyn. eq = XP(-AIG ~ G'1/2). (6)

In particular, if the reaction that creates an A-terminatad  3-2. Ab initio structure search for thin alumina films and
face has lowe6, than the reaction that creates a B-terminated ~ 1lCG/alumina interface models

surface, her&! < G!', an A-terminated surface is more likely.  In Refs. [5, 11, 12] we have (in collaboration with others)
Away from dynamic equilibrium, this relation is no longer-ex presented a computational strategy for identifying ertérghy
act. However, our comparison & for different terminations favorable geometries of thin-film alumina on a TiC substrate

2



smaller or equal tx. The corresponding number of excess Al
and O atoms i&na = N — 2nNgumina@ndAng = M — 3Ngumina

We assume that the deposition of the stoichiometric parts of
the films is described by (8). Excess O can be deposited as

CO, = O+ CO, (9a)
H20 — Ogxc + Ho, (9b)
depending on which reaction gives a lower free energy of re-

action. (Excess Al is not considered here.) The free enefrgy 0
reaction is defined accordingly,

Figure 3: Exfoliating (left panel) and wear-resistant alluan(right panel) films GAIMON _
: =

on TiC. Color coding: Ti= dark green, G light green, Al= blue, O= red. Gric/aon = Gric + Nai,0; (Burct — Zuaici; = 3uH,0)

+ Ano max[uco — Uco,» HH, — HH,0] - (10)

We have constructed alumina candidate configurations from 3.4. Approximations for evaluation of,G
pool of structural motifs as they exist in stable and metdsta  \\e make standard approximations for the free energy of
bulk alumina phases. The motifs are characterized by stgcki gjig and gaseous constituents. The free energy of the

of the O layers and by the coordination of the Alions. We haveric/ajumina systems is approximated by their DFT total ener-
considered alumina films of thicknesses up to four O Iayersgiesy that isGeoiiq ~ Esojig.3 Vibrational efects are not consid-

In addition, we allowed for fi-stoichiometric compositions of g aq [3, 7]. For gaseous constituents, we employ the idesl-g

these films. _ _ _ o approximation,
Each candidate configuration was structurally optimized by
ab initio total-energy and force calculations and subsequent re- (T, p) =6+ AiO(T) + kaT In(pi/p°). (12)

laxation (using standard quasi-Newton and conjugate gradi
algorithms). For a given thickness and stoichiometric cosip ~ Heree is the DFT total energy [14] of the gas phase species
tion, the optimal geometry was identified as the one with twe (molecule), and is the Boltzmann constant{(T) is the tem-
total energy after structural relaxations. perature depe_ndencemfat a f_ixed pressurp?, and available
Figure 3 details the atomic structure of two optimized alu-for p° = 1 atm in thermochemical tables [15].
mina films with a thickness of four O layers andfdrent sto- . o .
ichiometric compositions. These films are referred to asexf 3->- Rate-equation description of CVD of alumina
liating (left) and wear-resistant (right) films. These terde- The evaluation of the individual chemical potentials of the
scribe the nature of adhesion properties in the two filmsofexf ~ different gaseous constituents in the CVD chamber requires the
ating= no or very weak adhesion, wear-resistastrong adhe- ~ specification of the associated partial pressures. In theabc
sion). Details concerning adhesion properties of thessfiiti ~ fabrication process, these are, however, not directlyrodet;
be given elsewhere [13]. For other thicknesses, the films po®nly the temperature and the total pressure are controlable
sess similar structural (and adhesion) characteristiesu$ing We describe the CVD process in terms of rate equations for
on the films explicitly shown in Fig. 3 does not imply a restric the individual (ideal gas) pressures,
tion of generality in our present discussion of the /El@mina pi O ALO
interface. 0P < GiRs — —Re + v ""Ru,0 + v R0, (12)
The results of our (total-energy) structure search (foheac P
class of AjyOy films) can be combined with the equilibrium Here,p; = pi(t) is the pressure of chemical species timet
thermodynamics of Refs. [2, 3, 4]). We find that this approactinside the reaction chambes, = p(t) = >; pi(t) is the corre-
erroneously identifies the exfoliating film as thermodynami sponding total pressure, is the concentration of the chemical
cally stable [5]. This incrorrect prediction results frohetold  species in the supply gas, amz’420 andviAI203 are the stoichio-
equilibrium theory accross a wide range of temperatures anghetric codficients of the the chemical specié reaction (7)
0O, pressures and the theory is in conflict with wear-resistancand (8), respectively The rate at which the gas is suppliéeikto
of TiC/alumina multilayer coatings [6]. Below we show that hausted from) the chamberRs (Rg) and the reaction rates for
a more physical account of alumina growth emerges with ouwater production and alumina deposition &go andRa),o,.
new nonequilibrium thermodynamics theory.

3In fact, we correct the total energies of the films by subinacthe strain

3.3. Formation of excess atoms and free energies of reaction energy of the stoichiometric part of the filum — Efim —Nai,05Astrain Where
Astrain IS the is diference between the strained (due to the expansion to the TiC
The films shown in Fig. 3 can be divided into a stoichiometriclattice in the interface plane) and the unstrained bulk alarper stoichiometric
; unit.
part a.nd .an exgess Par.t' Fora g_engraj @d". film, the ””mper “Here we use the standard conventions that stoichiometefficients are
of stoichiometric units in the stoichiometric part of thexfils  counted negative if a species is consumed and positive iéeispis produced

Naumina = MIN([M/2],[N/3]), where K] is the largest integer in areaction.
3



-5 7 liating overlayers. This qualitative result is independent of the

— — exfoliating 7 / ghoice ofRa,0,, anq (unIik(_e for the gnalysis_ bqsed on equilib-
wear-resistari rium therquynam|cs [5]) itis consistent with industrizbge

of TiC/alumina as wear-resistant coating.
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5. Summary & Conclusions

AR
[6]]

We have presented a novel computational scheme to pre-
dict chemical compositions at interfaces as they emerge in a
growth process. The scheme uses the Gibbs free energy of re-
action associated with the formation of interfaces with a-sp
cific composition as predictor for their prevalence. We &xpl
] itly account for the growth conditions by rate-equation reled
N ing of the deposition environment. An earlier study [5] docu
] mented that the composition at this interface is in conflichw
1 the wear-resistance of multilayered Talumina when using
| . | . . T an equilibrium-thermodynamics scheme [2, 3, 4]. Our result
-9 -6 -3 demonstrate that a careful account of deposition condition

Iog r interface modeling is crucial for understanding the adieat
10 "H,0 CVD TiC/alumina.
We expect that a similar analysis will be necessary also for
Fliﬁlr‘:]fii :5fil?rib(bssege':ei e”;)f%:gsf ﬂgﬁgi‘%f?geefg;ﬁzn?ezgtc,im \g’?raf'resﬁfzm other buried interfaces that form during a deposition psece
Sertical line Iimiterzg.to the right and corresponds to dynamic :éai'librium in m an enVIronmen_t that Stro”Q'Y fiers from ambient condi-
(7). For simplicity, we assumBa;,0, = Ri,0/3. tions. We emphasize the predictive power of the here-pteden
method, adding to the DFT-based toolbox for accelerating in
novation [16]. In principle, it allows for the determinatiof

We use the resulting steady-state pressures deposition conditions required to experimentally createri
faces with a predetermined compositions. We argue that com-
bining the structure search method of Ref. [5] and the abw
initio thermodynamics with, for example, a genetic algorithm
[17, 18] presents a valuable tool for characterization ofese
as input for the evaluation of the individual chemical peten and interface growth.
tials (11). In (13) we have introduced the scaled reactitesra

r'i,0 = Ru,0/Rs andra,o, = Ral,0,/Rs.

N
(=}

G, [eVicell]
T T T rr o rrrr

-25

H,O AlL0O.
C + erO‘/i 2+ rA|Zo3Vi 23

pi=p , (13)

1+ F'AlL,04
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