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The effective heat of formation (pH’) concept allows heats of formation to be calculated as a 
function of concentration. In this work the effective heat of formation rule is used to 
predict first phase formation in metal-aluminum thin-film systems and to predict subsequent 
phase sequence for thin metal films on thick aluminum or thin aluminum on thick 
metal substrates. The effective concentration at the growth interface is taken to be that of the 
lowest temperature eutectic (liquidus) for the binary system. Although the effective heat 
of formation rule may predict that formation of a certain phase would lead to the largest free 
energy change, this phase does not necessarily form at the moving reaction interface if it 
has difficulty to nucleate. By excluding phases with a large number of atoms per unit cell and 
which thus have difficulty to nucleate, the effective heat of formation rule successfully 
predicts first phase aluminide formation for all 15 metal-aluminum binary systems for which 
experimental data could be found. It is also shown how the effective heat of formation 
rule can be used to predict formation and decomposition of aluminide phases in contact with 
each other or in contact with their component metals. 

1. INTRODUCTION 

There has been much interest in formulating-rules for 
predicting first phase formation and subsequent phase se- 
quence in binary metal-silicon*” and metal-meta@’ thin- 
film systems. One of the first rules’ was that of Walser and 
Be& which stated that: 

‘“The first compound nucieated in planar binary reac- 
tion couples is the most stable congruently melting com- 
pound adjacent to the low&t-temperature eutectic on the 
bulk equilibrium phase diagram. ” 

This rule was relatively successful in predicting fn-st 
phase formation in metal-silicon systems and was extended 
by Tsaur et al2 to subsequent phase formation sequence in 
metal-silicon systems using the smallest temperature dif- 
ference between the liquidus curve and the peritectic (or 
peritectiod) point as a measure of stability when the com- 
pounds between the first phase and the remaining element 
are all noncongruently melting compounds. Ben& subse- 
quently extended the Walser-Ben& rule to metal-metal 
system@ by relaxing the requirement that the first phase 
that forms needs to be congruent. Later Ronay3 proposed 
a rule for first phase nucleation taking into account the 
central eutectic, diffusing species, and interfacial free en- 
ergy. None of the above-mentioned rules did, however, 
make direct use of thermodynamic data and it was only 
after Pretorius41”7 proposed the effective heat of formation 
concept that thermodynamic data could be used directly to 
predict first phase formation and the subsequent phase se- 
quence. The effective heat of formation rule enables the 
calculation of heats of formation as a function of concen- 

“On leave from the Ion-solid Interaction Division, Van de Graaff Group, 
National Accelerator Centre, P.O. Box 72, Faure 713 1, South Africa. 

tration and has been successful in predicting silicide phase 
formation sequence’?’ and to explain how the presence of 
impurities such as oxygen or small amounts of gold can 
alter phase formation sequence during nickel and cobalt 
silicide formation, respectively.5 It has also been useful in 
explaining why CoSi formation is domiriant at low temper- 
atures while the formation of Co2Si becomes significant at 
higher temperatures during ion-beam mixing in the Co-Si 
system.’ Recently the effective heat of formation concept 
was used to predict phase formation in Al-Ni systems.’ In 
this work we test the effective heat of’ formation rule by 
comparing its predictions against experimental data for 
metal-Al systems in general. 

II. THE EFFECTIVE HEAT OF FORMATION RULE 

The driving force for a process to take place is given by 
the change in the Gibbs free energy: 

he--AZ - TAS”, (1) 
where AI? is the change in enthalpy during the reaction at 
temperature T and A.!7 the change in entropy. The change 
in enthalpy (or heat of formation) AH is, however, a good 
measure of the change in free energy AG” because the 
change in entropy As” is usually only about =!=O.OOl kJ/ 
deg per mole of atoms during solid state formation of or- 
dered compounds.’ The term TAS” at a typical reaction 
temperature of 300 “C! is thus usually negligibly small when 
compared to heats of formation m for most solid state 
reactions (see Tables I and II for aluminide m values). It 
should therefore be possible to use heats of formation to 
predict phase formation when activation or nucleation bar- 
riers do not exist, as a system would always want to go to 
its lowest possible free energy state. During solid-state in- 

3636 J. Appl. Phys. 70 (7), 1 October 1991 0021-8979/N/073636-11$03.00 0 1991 American Institute of Physics 3636 

Downloaded 11 Jan 2006 to 192.87.154.163. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



‘Heats of formation (L\H”) from Refs. 25 and 31. 

teraction, phase formation at an interface is a nonequilib- 
rium process. In the case of silicide formation, for instance, 
it is always found that only one compound phase forms at 
a particular interface, lo which is unlike equilibrium sys- 
tems where simultaneous formation of a mixture of phases 
can lead to the lowest free energy state for the system. 

Let us now, as an example, consider the solid state 
interaction between Zr and Al. According to the phase 
diagram of this binary system,*’ there are nine possible 
equilibrium compound phases that can form at the growth 
interface. In the effective heat of formation concept single 
phase formation and the available (effective) concentra- 
tions of Zr and Al at the growth interface is taken into 
account when considering the free energy change of the 
system during interaction.4’5’7 If we, for example, consider 
the formation of the compound phase ZrAla and assume 
that the effective concentration of Zr at the growth inter- 
face is 50 at. % and Al is 50 at. %, we have that: 

Heat of formation (AR’) = - 46 kJ(mo1 at.) - *; 
Compound to be formed = Zro,333A10.667( ZrAl,); 
Effective concentrations = Zro~500A10~500; 

therefore, the limiting element is Al. 
It is clear that for the conditions as defined above, all 

the Al atoms will be used up at the interface during 
ZrAla formation and the Zr atoms will be in excess. Alu- 
minum is therefore the limiting element. It should, how- 
ever, again be emphasized that phase formation ‘.at a 
growth interface is a dynamic nonequilibrium process’ and 
the “excess” atoms should be looked upon as being avail- 
able for formation of the next increment of the compound 
at the moving‘ interface. It can thus be seen that the heat 
released is dictated by the effective concentration ‘of the 
limiting element and the concentration of the limiting ele- 
ment in the compound to be formed. An effective heat of 
formation (AP) can therefore be defined4’5’7 as: 

AIT=APX 
effective cont. lim. element 

compound cont. lim. element ’ cv 

For the above-mentioned case where the relative available 
concentrations at the growth interface is 50 at. % Zr and 
50 at. % Al, the effective heat of formation for growth of 
ZrAl, is given by 

Iw,=AP(O.500/0.667) = - 34.5 kJ(mo1 at.) -I. (3) 

TABLE I. Effective heats of formation (AH’) for zirconium-aluminide compounds, calculated at two different concentrations of the reacting elements.’ 

Phase 

Zr43 

Zr+h 
Zr4A3 
ZrAl 
Zr2A3 
ZrA12 
Z&l, 

Effective Concentrations ~0.02~~0.980 Zr0.5ooA10.500 

Compound-. m Limiting AET Limiting AH” 
concentration kJ(molat.)-’ element kJ(mo1. at.) - ’ element kJ(mo1 at.%) -’ 

Zro.e%.375 -39 Zr - 1.25 Zr - 31.2 
Zr0.6db.4.k -41 Zr - 1.37 Zr - 34.2 
Zr0.57&0.429 - 43 Zr - 1.51 Zr - 37.7 
Zr0.5ooAl0.500 -45 Zr - 1.80 . . . - 45.0 
Zr0.400Al0.603 -47 Zr - 2.35 Al - 39.2 
Zr0.333Ab.667 - 46 Zr - 2.76 Al - 34.5 
Zr0.i50&.&0 - 41 Zr - 3.28 Al - 27.3 
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With Eq. (2) the effective heat of formation of any com- 
pound can now be calculated as a function of the concen- 
tration of the reacting species. This is illustrated in Table I 
where the effective heats of formation (m) have been 
calculated for the zirconium aluminide phases (except for 
ZrzAl and ZrsAl for which m values were not available) 
at two different concentrations. For a Zr concentration of 2 
at. %, formation of ZrAls is expected to take place as it has 
the most negative AH’ of - 3.28 kJ(mole of atoms) - t, 
while ZrAl formation will lead to the lowest free energy 
state for the system if experimental conditions are such 
that the effective concentration of Zr is 50 at. %. Such 
calculations can be represented graphically and the effec- 
tive heat of formation diagram for the Zr-Al system, to- 
gether with its phase diagram, is given in Fig. 1. It can be 
seen that for each phase the most negative AH’ and thus 
the release of the most energy from the system occurs when 
the Zr and Al concentrations match that of a particular 
compound, as AH’ = AH” [see E?q. (2)]. Effective heats of 
formation diagrams are thus very easily constructed by 
plotting the heats of formation AH“ (expressed in kJ per 
mole of atoms) of each compound in the binary system at 
its compositional concentration and completing the trian- 
gulation by connecting these points to the end points of the 
concentration axis. 

III. PREDlCTlON OF PHASE FORMATION 

A. First phase formation 

To predict phase formation using the effective heat of 
formation concept, it is necessary to know what the effec- 
tive concentrations are of the two reacting species at the 
growth interface. It should however be remembered that 
thin-film solid state interaction is a nonequilibrium process 
and the. effective concentration at the growth interface is 
independent of the relative thicknesses of the interacting 
components. Many factors such as lowest eutectic, impu- 
rities, atomic mobility, diffusing species, etc., could affect 
the actual concentrations that are available for interaction 
at the growth interface. This is the reason why the term 
effective concentration is used in the effective heat of for- 
mation concept, which is similar to the effective concen- 
tration concept used in solution chemistry, where the ef- 
fective concentration can differ greatly from the true 
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Atomic Percent Zirconium 

FIG. 1. The effective heat of formation (AH’) diagram for compound 
phase formation (top) and the phase diagram (bottom) for the Zr-Al 
system. Each triangle of the effective heat of formation diagram represents 
the energy released during the formation of a particular zirconium-alu- 
minide phase as a function of concentration. The most negative AH 
values occur when the Zr and Al concentrations match that of a partic- 
ular compound, as the ratio of effective concentration and compound 
concentration is unity [see Eq. (2)] and the effective heat of formation 
(AH’) is then equal to the heat of formation (Alf) expressed as kJ 
(mol at.) - ‘. 

concentration, the two concentrations being linked by an 
activity coefficient. It is not possible to calculate what the 
actual effective concentrations of the reactants are at the 
growth interface during solid state interaction. Brown and 
Ashby have, however, shown that for a given structure and 
bond type, the activation energy for solid state diffusion is 
directly proportional to the melting point of the solid.12 
Assuming that the pre-exponential factor in the diffusion 
coefficient is approximately the same, the activation energy 
determines mobility. The greatest mobility of the atoms 
and the most effective m ixing at a reaction interface upon 
heating is therefore expected to take place at the composi- 
tion of the lowest eutectic (or liquidus) of the binary sys- 
tem. We therefore choose the effective concentrations of 
the interacting atoms to be that of the lowest temperature 
eutectic (liquidus). This is also the criterion used in the 
Walser-Bent phase formation rule.’ From the Al-Zr phase 
diagram (see Fig. 1) it can be seen that the lowest temper- 
ature on the liquidus curve is 660 “C., which corresponds to 
the melting point of pure aluminum. The relative concen- 
trations of the reacting species at the growth interface are 

therefore expected to be very Al rich and in such a. case 
(where there is not a lowest temperature eutectic) we ar- 
bitrarily choose an effective aluminum concentration of 98 
at. % . This is indicated by the arrow labeled lowest liqui- 
dus in the effective heat of formation diagram (top, Fig. 1). 
The first column of AH’ values in Table I has been calcu- 
lated at this concentration (98 at. %  Al, 2 at. %  Zr) and it 
can be seen that formation of the most Al-rich phase 
ZrAL gives the most negative effective heat of formation of 
- 3.28 kJ (mol at.) - ’ This is also the phase that is found 

to form experimentally.6~‘3,‘4 The rule for first phase for- 
mation thus states:’ 

“Thejirst-compound phase to form during metal-metal 
interaction is the phase with the most negative, eflective heat 
of formation (AH’) at the concentration of the lowest tem- 
perature eutectic (liquidus) of the binary system. ” 

B. Phase formation sequence 

To illustrate how the effective heat of formation rule 
can be used to predict phase formation sequence, let us 
again consider the Zr-Al system. For the case of a thin Al 
film  on thick Zr (Al < Zr) a stage during interaction will 
be reached when all the Al will be consumed during first 
phase ZrA13 formation. At this stage the effective Al con- 
centration at the Zr/ZrA13 interface is expected to decrease 
moving to the right of the effective heat of formation dia- 
gram (see Fig. 1) until an effective concentration of about 
71 at. %  Al and 29 at. %  Zr is reached. At this concen- 
tration the effective heat of formation diagram shows that 
ZrA12 formation should lead to the most negative effective 
heat of formation. After transformation of all the ZrA13 to 
ZrA12 the effective concentration of the atoms at the reac- 
tion interface is expected to move further to the Zr-rich 
region until Zr,A13 becomes the most likely phase to form. 
This process continues with subsequent phases richer in Zr 
being formed until the most zirconium-rich phase is 
formed. It has to be pointed out that unlike metal-silicon 
systems noncongruent hases are usually not skipped in 
metal-metal systems. 6f1’ For thin Zr films on thick Al 
(Zr <Al) ZrA13 is again expected to be the first phase to 
form. When all the Zr is consumed the effective concen- 
tration of Al will tend to be greater than the composition of 
ZrAl, but as no further phases richer in Al exist no inter- 
action is expected to take place and ZrA& is the first and 
only phase to form. The effective heat of formation rule for 
phase formation sequence in metal-metal systems is thus 
formulated’ as follows: 

“Afterjrstphase formation in metal-metal binary sys- 
tems, the next phase to form at the interface between the 
compound phase and remaining element is the next phase 
richer in the unreacted element, which has the most negative 
eflective heat of formati&. ” 

Unfortunately experimental data for phase formation 
sequence in the Zr-Al system could not be found, but we 
find that the effective heat of formation rule generally pre- 
dicts phase sequence successfully for nicke1,7,‘5,‘6 
palladium,” platinum,” and gold” aluminides, except that 
skipping of certain phases is found for Pd, Pt, and Au. It 
would seem that phases are skipped that are difficult to 
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TABLE II. Heats of formation (Iu-p) and effective heats of formation (D) for various aluminides. The AH’ values have been calculated at the 
concentration of the lowest temperature eutectic (liquidus) of the binary system. For systems without a lowest eutectic a relative effective concentration 
of 98 at. % Al and 2 at. % metal is arbitrarily chosen, as Al has in these cases the lowest melting temperature on the liquidus curve. The phases for which 
the AH’ values are underlined are those that have been found to form first. References refer to work from which heats of formation (AZ?) were obtained. 
The number of atoms per unit cell are given in brackets behind each phase. 

Phase Composition 
AET Limiting AH, 

kJ (mol at.) - ’ element kJ (mol at.) - ’ Ref. 

Lowest eutectic = 

Au,Al(20) 
Au,% C-1 
AurAl (12) 
AUAI (8) 
AuAls (12) 

A~0.7aaAb.220 

A~O.a&0,2, 

AU0.mAb.m 

A'b.667Ab.m 

Auo.,c&o.m 

-%.mA~o.m 

- 19 Au 
-26 Al 
-30 Al 
-37 Al 
-31 Al 

- 18.5 
- 20.0 

gj 

- 10.2 

23 
23 
23 
23 
23 

Lowest eutectic = 

CoAl (2) 

'&Al, (28) 
co“q (4) 
QAI,, (loo) 
%% (22) 

C00.020‘4b.980 ( 1) 

Coo.scoAb.mo 

co0.286A10.714 

CoomAb.,,o 

co0.235‘%.765 

~o.mA10.m 

-55 co - 2.20 24 
- 42 co - 2.94 24 
- 38 co - 3.04 24 
- 32 co - 2.72 25 
-30 co - 3.29 25 

Lowest eutectic = 

CrzAl (6) 
Cr,Als (26) 
Cr,Al, (52) 
CrAb (180) 
CrrAl, r (48) 
CrsAl,s (105) 

Cr0.02oAb.980 ( 1) 

Cro.667A10.333 

%.3.&%.61~ 

Cro.3osAb.m 

%2w4b.,, 

Cro.i54Ab.s46 

%,&b.,75 

- 11 Cr - 0.33 25 
- 15 Cr - 0.78 25 
- 16 Cr - 1.04 25 
- 17 Cr - 1.70 25 
- 15 Cr - 1.95 25 
- 13 Cr -7lTR 25 

Lowest eutectic = 

Cw% C-1 %.62SA10.375 - 15 CU - 4.08 23 
CuAl (20) ~o.xoAb.m - 15 cu - 5.10 23 
CJlAlz (12) ~omAb.667 - 12 cu - 6.13 23 

Lowest eutectic = H&.o,oAlo.,so ( 1) 

Hf,AI (12) Hfa667Ab.m -41 Hf - 1.23 26 
Hfp% (20) Hfom&m -44 Hf - 1.47 26 
Hf&, (7) Hfo.mA’o.,,, -46 Hf - 1.61 26 
HfAl (8) Hfo.mA1O.m .- 46 Hf - 1.84 26 
H&AI, (4) HfomAloao -48 Hf - 2.40 26 
HfAl, (12) Hfo.mAb.667 -48 Hf -2.88 26 
HfAlr (16) Hfo.xoAb.no -42 Hf - 3.36 26 

Lowest eutectic = 

Mo,Al (8) 
MOY% ( 22) 
MoAl., (30) 
MO&~, (-) 
MOS& C-1 
MoAlr ( 12) 
MO.% C-1 
MoAl,, (26) 

Moo.ozdib.gso ( 1) 

M”0.7S&10.2S0 

Moo.mA1o.m 

Moo.zod1o.m 

Moo.19&0.810 

MOO.ISSA~.~I~ 

MOo.167A1om 

Moo.mAb.as7 

M00.077‘%,923 

-50 MO - 1.33 27 
-49 MO - 3.60 27 
- 37 MO - 3.70 27 
- 36 MO - 3.79 27 
-35 MO -- 3.78 27 
-32 MO - 3.83 27 
-27 MO - 3.78 27 
- 15 MO - 3.90 27 

Lowest eutectic = ~0.02cAb.9*0 (1) 

Nb,AI (8) Nbs&b.25o - 19 Nb -0.51 28 
NbAI (30) &mAb.w -25 Nb - 0.75 28 
NW (8) N’Jo.,,&b.,,o - 33 Nb - 2.64 28 

Lowest eutectic = 

N&Al (4) Nio.750A10.250 -41 Ni - 1.91 2s 
NiAl (2) Nbdb.~~ - 59 Ni - 4.13 25 
N&Al3 (5) Nb.4cdb.m - 57 Ni - 4.99 25 
NW (16) ~&2x&.7,0 -38 Ni - 5.32 25 

Lowest eutectic = 

PdrAl (12) 

Pdo.oso&xo 

Pdo.a+b.,,, 85 Pd - 10.19 25 
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TABLE II. (Continued.) 

Phase Composition 
AFT 

kJ (mol at.) - ’ 
Limiting 
element 

w 
kJ (mol at.) - ’ Ref. 

PdAl (26) 
I’d,& (5) 
PdA13 L-1 

Pd914 (90) 

Pdo.sc&b.sw 

Lowest eutectic = 

Pt,Al (16) Pb.,,r+b.,so 
Pt,Al (24) Pb.667Ab.333 
PW, (16) %dom 
PM (8) PbsooAbsw 
pt,AI, (5) %c&b.m 
PtAl, (12) PbmA1o.m 
Pt&, (116) Pb.mAb.724 
PtAl, (9O)P pb.zc&o.soO 
PtSAlzl (416) Pb.db.so8 

Lowest eutectic = 

TasAl(30) 
-413 (8) 

Ta0.66,Ab.m 
='aozoAb.7~o 

Lowest eutectic = '%020&9,0 (1) 

TilAl (8) 
T&Al (-) 
Tii (4) 
TM, (8) 

Lowest eutectic = 

VzAls (52) 
VA& 18) 
v4M23 (54) 
VAl, (104) 
VAI,, (176) 

Vo.mAbm 
v0.25w4~0.7s0 

Vo.143Ab.m 
V0.12SA10.87S 

Vo.o,,Ab.9o9 

Lowest eutectic = Wo.oxAb.9so (1) 

WA4 (30) 
WA15 (12) 
Wh2 (26) 

Tv0.2C&0.8, 

Wo.,67~.833 
Wo.onAb.923 

Lowest eutectic = zro.oMAb.980 (1) 
Zr& (16) 
Zr3A12 (20 
Zr4Al3 (7) 
ZrAl (8) 
Zr&l3 (40) 
ZrAl, (12) 
ZrAl, (16) 

=omAb.m 
zr,xc.Ab.m 
Zro.~7db.429 
Zro.d%~ 
~0.4ooA10.6W 

zr0.333A10.667 

-92 
- 83 
- 52 
-40 

Pd 
Pd 
Pd 
Pd 

- 14.72 25 
- 16.60 25 

-- 25 
: 29 

- 70 
- 88 
- 88 
-- 100 
- 95 
- 84 
.- 72 
- 57 
- 57 

-- 37 
- 30 

- 25 
- 50 
- 38 
- 37 

- 35 
-24 
-- 14 
-- 12 
-8 

Pt 
Pt 
Pt 
Pt 
Pt 
Pt 
Pt 
Pt 
Pt 

Ta 
Ta 

Ti 
Ti 
Ti 
Ti 

V 
V 
V 
V 
V 

.~. 

- 1.87 
- 2.64 
- 2.82 
- 4.00 
- 4.75 

-5;05 
- 5.14 
- 5.70 

=--5X 

- 1.11 23 
- 2.40 23 

- 0.67 25 
- 1.49 23 
- 1.52 25 
- 2.96 25 

- 1.82 23 
- 1.92 23 

x 23 
-. 1.92 23 
- 1.98 23 

30 
30 
30 
30 
30 
30 
30 
30 
30 

- 10.4 
- 9.0 
- 4.0 

W 
W 
W 

- 1.04 23 
- 1.07 23 
- 1.03 23 

- 39 zr - 1.25 31 
-41 Zr - 1.37 31 
- 43 Zr - 1.51 25 
-45 Zr - 1.80 31 
- 47 Zr - 2.35 31 
- 46 Zr - 2.76 31 

Zro.2db.750 - 41 Zr - 3.28 31 

“Metastable phase. 

nucleate which is usually indicated by a large number of 
atoms per unit cell or by noncongruency. 

C. Au-AI system 

Due to its importance in semiconductor device metal- 
lurgy, the Au-Al system has been the subject of consider- 
able attention. The Au-Al phase diagram shows five sto- 
ichiometric compounds namely Au&l, Au5A12, Au2Al, 
AuAl, and AuAlz (see Fig. 2). Thin-film studies using 
Rutherford backscattering spectrometry and x-ray diffrac- 
tion have been used to determine growth kinetics and 

phase formation sequence’9-22 in this system. There is 
much uncertainty regarding first phase formation as cer- 
tain measurements show that AuSA12 and Au2Al start to 
grow simultaneously20 while others have found only 
AusA12 to be the first phase to form.‘9S2’*22 

Using the effective heat of formation concept to predict 
first phase formation we see that there is from a thermo- 
dynamic point of view hardly. any difference between 
Au5A12 and Au2A1 formation (see effective heat of forma- 
tion diagram in Fig. 2). At the composition of the lowest 
eutectic (78 at. % Au, 22 at. % Al) the AH’ value for 
Au5A12 is - 20.0 kJ(mo1 at.) - * and - 19.8 
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TABLE III. Crystallographic and thermodynamic data for equilibrium 
Pt-aluminide phases. The effective heats of formation (AR) have been 
calculated at a concentration of 2 at. % Pt and 98 at. % Al. 

Al AEirIiC Percent Gold 

3 106&OI 

FIG. 2. Effective heat of formation diagram and phase diagram for the 
AI-Au system. This system is very interesting as it is one of the few cases 
where the lowest eutectic (liquidus) is not Al rich. 

kJ(mo1 at.) - * for Au,Al (see Table II). This diffei-ence is 
negligibly small and differences in experimental conditions 
could thus favor formation of one or the other. This is 
confirmed by experimental results.‘9-22 The formation of 
both Au5A12 and Au2Al as found by Campisano et aL2’ is 
probably due to small variations in the effective concentra- 
tions laterally along the growth interface due to for in- 
stance impurities. If conditions are exactly identical along 
the entire growth interface, formation of only one phase 
would be expected. 

The Ben6 rule6 states that the first phase nucleated in 
metal-metal thin-film reactions is the phase immediately 
adjacent to the low-temperature eutectic in the binary 
phase diagram. If we look at the Au-Al binary phase dia- 
gram (bottom, Fig. 2) we see that the predicted first phase 
according to this rule is Au4A1. As discussed above, the 
effective heat of formation rule correctly predicts either 
Au5A12 or Au2Al (top, Fig. 2). 
D. Pt-AI system 

The Pt-Al system is very complicated with many equi- 
librium phases. l1 In Table III some crystallographic and 
thermodynamic data are given for these phases with the 
high-temperature phases of Pt,Al, Pt,Al, and PtAl being 
omitted as thin-film interaction studies are usually carried 
out at temperatures below 800 “C. From Table III and Fig. 
3 it can be seen that the phase PtSA12, has the most nega- 
tive effective heat of formation, namely - 5.94 

Lattice Atoms 
Crystal constants per A.H” Ax 

Phase system bm) unit cell kJ (molat.)-’ kJ (molat.)-’ 

PtSAlaab tetrag. 0.5459 16 - 70 - 1.87 
0.7806 

Pt,Al’ orthor. 1.6306 24 - 88 - 2.64 
0.3919 
0.5433 

PtSA13 orthor. 0.541 16 - 88 - 2.82 
1.070 
0.395 

PtAlaVb cubic 0.4866. 8 - 100 - 4.00 
Pt2AlSb hexag. 0.4209 5 -95. -4.75 

1.035 
PtAlzb _ cubic 0.5910 12 - 84 - 5.05 
PtsAl,, tetrag. 1.297 116 -71 - 5.14 

1.065 
Pt+% cubic ... 416 - 57 - 5.94 

“Also has a high-temperature phase. 
bPhases definitely observed in thin-film studies. 

kJ(mo1 at.) - ‘, Its formation would thus be expected to 
lead to the largest change in free energy. Most thin-film 
studies do, however, show that Pt,Al, is the first phase to 
form. 18132*33 This is very interesting since, in most cases, the 

Al Atomic Percent Platinum Pt 

FIG. 3. The effective heat of formation and phase diagrams for the Pt-AI 
system. The compound PM, is not an equilibrium phase and has only 
been observed after heating of thin-film structures. 
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formation of the most A&rich phase (Pt5A12i in this case) 
is usually the norm for Al transition metal reaction, as can 
be seen from the excellent review article and thesis on 
aluminides by Colgan.34 Table III does, however, show 
that the PtSAlzl phase has 416 atoms per unit ,cell, it would 
thus have great difficulty in nucleating, especially in a non- 
equilibrium situation, such as in thin-film,systems;- where 
growth has to take place at a moving interface. The Pt&i 
phase would also be difficult to nucleate as it has 116 atoms 
per unit (see Table III). Taking nucleation into consider- 
ation, the effective heat of formation rule would thus pre- 
dict first phase formation of either PtAl, (12 atoms per 
unit cell) or Pt,Al, (5 atoms per unit cell). Their m 
values are - 5.05 and - 4.75 kJ(mo1 at.) - ‘, respectively, 
and if it is kept in mind that thermodynamic quantities are 
seldom known with accuracies better than 10% it is clear 
that there is not much to choose between PtAl, and Pt+lj 
formation from a thermodynamic point of view. It is nev- 
ertheless interesting that Pt2A13 is usually found to form 
first instead’ of PtA1i:.‘8y32”3 

It has to be emphasized that the effective he@ of for- 
mation rule predicts that if it were not for nucleation bar- 
riers, formation of the most Al-rich phase PtSA12, (see 
Table. III) would lead to the largest change in free energy. 
In this context it is interesting that Howard et al. l3 found 
that. PtAI,, metastable phase with composition very close 
to that of Pt,Al,,, is the llrst phase to form and that it 
grows parabolically with time between 250 “C and 350-C. 
Colgan, is although finding Pt2A13 first phase formation in 
thin-film systems, also observes subsequent PtA14 forma- 
tion at higher temperatures when he-has an overall Al-rich 
stoichiometry. The PtAb phase, which is simpler than the 
Pt,AI,, phase (90 vs 416 atoms per unit cell) did not form 
until 450 “C. It appears that higher temperatures are 
needed to nucleate PtAl, than Pt2A13 which starts to form 
at 225 oC.‘8 This is understandable as higher temperatures 
lead to greater mobility and easier nucleation of phases, 
especially those with many .atoms per unit cell. Because 
PtAl, is a metastable phase it is difficult to determine its 
heat of formation. However, since PtAl, has a composition 
very close to that of Pt,Ali, it can be expected, according 
to Miedema (see Ref. 23 ) , that PtAl, should have a heat of 
formation very close to that of Pt,Al,i, namely - 57 
kJ(mo1 at.) - ’ (see Table III). It is clear that the effective 
heat of formation rule is very successful in interpreting 
experimental observations in Pt-Al thin-film 
systems. 13,18,32,33,35 

As far as phase sequence is concerned, the effective 
heat of formation rule predicts that after first phase 
Pt2A13 formation, this phase will continue growing until 
either all the Al or all the Pt is consumed. For thin Al on 
thick Pt (Pt > Al), all the Al is consumed and the effective 
concentration of Al is expected to decrease, the relative 
concentrations of the reactants moving to the right of the 
effective heat of formation diagram (see Fig.’ 3) to a con- 
centration region where PtAlformation ‘leads to the big- 
gest change in free energy. After transformation of all the 
Pt2A13 to PtAl the effective concentration of the atoms 
moves further to the Pt-rich region and Pt5A13 formation is 

most likely to fo-rm at the Pt/PtAl interface, followed by 
Pt2Al, and finally PtsAl, as this is the most Pt-rich phase. 
Experimental measurement shows that this is indeed the 
sequence of phase formation in the Pt-Al system, although 
there is some uncertainty as to the formation of PtSA13 and 
Pt2Al.i8 For structures with thin Pf in- contact with thick 
Al (Al > Pt), Pt2A13 is again predicted to form flrst until 
all the Pt is used up, followed by formation of PtAl, and 
PtA14. The phases PtgA&i and Pt&i are not expected to 
form because of their difficulty to nucleate, as discussed 
above. Rutherford backscattering spectrometry and x-ray 
diffraction measurements do show that Pt2A13 forms first, 
but that PtA12 is then skipped, with PtAl, formation taking 
place as the final phase.” It is, however, interesting to note 
that PtA12, PtsA12t, and Pt5A12i are also all noncongruent 
phases and that in metal-silicon systems it is generally 
found that noncongruent phases are skipped.‘,” 

E. Other binary metal-Al systems 

In Table II the heats of formation ( AiY’) and effective 
heats of formation (AZ) are given for metal-Al binary 
systems, for which heats of formation and experimental 
data regarding first phase formation could be found. It 
should be pointed out that the absolute values of AZ are 
of no importance and that the effective heats of formation 
should only be compared for a particular binary system. 
The phases for which the AH’ values are underlined are 
those that have been found experimentally to have formed 
first. In Table IV these results are summarized. The pre- 
dicted phases are those with the most negative effective 
heat of formation. More than one phase is predicted in 
those cases where other phases have m values within 5% 
of the most negative effective heat ~ of formation. Phases 
with a large- number of atoms per unit cell (such as 
Pt#& and PtSA12i) arenot expected to be the first phase 
to form, even though they may have the most negative AH’ 
values. This is because they are difficult to nucleate. In the 
case of the Pt-Al system, therefore, PtA12 is taken ‘& the 
phase with the most negative effective heat of formation. 

From Table IV it is clear that mevery’case, the effec- 
tive heat of formation rule correctly predicts the observed 
first phase formation. It is also interesting to note that in 
the, case of the Au-Al system, where both Au+l, and 
Au,A.l are predicted and where the difference between 
their W values are very small, both phase have been 
found to form first or simultaneously.‘9-22 The same ap- 
plies to the Pd system. The MO-Al system is also very 
interesting as there is a very small difference from a ther- 
modynamic point of view, between, five different phases 
ranging from MO&~,, to MoAli2. Although MoAl12 has 
been found to be the first phase to form,40S50 the system is 
expected to be very sensitive to factors such as impurities 
which can affect the effective concentrations of the reac- 
tants and thus swing the first phase formation to one of the 
other phases. 

From the second row of Table IV it .can be seen that 
with the exception of the Au-Al system. all the metal-Al 
binary. systems have a lowest temperature eutectic (or li- 
quidus) which is overwhelmingly Al rich. The effective 
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TABLE IV. Comparison of observed first phase formation and predicted iirst phase in metal-aluminum systems using the effective heat of formation 
(AH’) rule. The effective heat of formation is calculated at the concentra_tion of the lowest temperature eutectic (liquidus) of the binary phase diagram. 
The predicted phases are those with effective heats of formation,(bH’) within 5% of the most negative AH’ (see Table II). 

System 
Lowest eutectic -:I .Pr;edicf& 7 -Atoms ier m ~-Observed . . .- . 

(at. % Al) I*. phases -. unit cell k.J(mol at.) - ’ phases References 

Au 22 

co 

Cr 

. 
98(l), 

98(l) 

cn -* 83 

I-If 98(l) 

MO 98(l) 

Nb’. 98(l) 

Ni 96.5 

Pd 92.0 ‘I- 

Pt _ 98(l) 

Ta 98(l) 

Ti 98(l) 

V 98(l) ’ 
._ 

W 980) 

Zr 98(l) 

Au& I 
Au*Al 

..; 
12 

-.J 

Co,Al, 22 

Cr241 , 
Cr2-443” _ _~ 

48 .:. - 
105 

..i _/h 

CuA12 

Hf& , 

M04Aln 
MO&Z 
MoA15 
MoA& 
MO&, 

hiAl, 

-.NiAl, 

12 

16 

ii . . . 

12 
. . . 

- 26 

8.- 

16 
~. 

PdzG 5 
PM’3 

. . . 
PdA14 *- 90 

= : -7.:; is.* 

Pt,AI, 5 
PtAl, 12 

Pt8& 116 
PtAl,b - 90 
Pb‘G 416 

TaA13 8 

TiAl, 1: 8 

vA13 . 8 - 
v4A123 54 

VM7 104 
VAl,o 176 _a 

wA1, 30 
WAl, 12 
W&i 26 r-l? ..4 
ZrAl, 16 

- 20.0 
- 19.8 

- 3.29 

- 1.95 
- 2.08 

- 6.13 

-3.36 

- 3.79 
- 3.78 
- 3.83 
- 3.78 
- 3.90 

-a 2.64 

- 5.32 

/_. - 16.6 
- 16.Pam 
- 16.0 ii- : _=.. 

* - 4.75 
- 5.05 
- 5.14 
- 5.70 
- 5.94 

- 2.40 

- 2.96 .. 

- 1.92 
- 1.95 
- 1.92 
- 1.98 

- 1x4 
- 1.07 
- : 1.03 

- 3.28 

-. 

_ 

AuSA12 
Au2Al 

Co2A19 

19-22 
20 

13,35,40 

Cr2Al13- 

Cd2 
I - 

HfAI3 

13,36,37,40 

6 

13,38,39 

MoAl12 

mAI3 

NiA13 

Pd2A13 

x+413 
PdAl4 

Pt,Al, 

40,50 

40,51,52 
-. 

16,35,41,42 

17,42 
13 

33,35 

18,32,33,35,53,54 

ptA& 13 

TaAl, ..--~ 13,35,40,43 

Tiil, 13,14,35,38,40,44,46 

VAI, 44,47,48 

VAIIO 47.48 

ww2 

ZrAl, 

40,45,49 

13,14,39 

“This phase is identical to CrAl, which is the phase refkred to in older Refs. (34 and 40). 
bMeta&able phase. .jl-_.I 

i. .,-- 

heat of formation rule for first phase f&m&on @$zx- 
plains in a quantitative way why the Al-rich pWe’ is usu- ..- .~ -I.- 
ally always favored. .: .- 

F. Decomposition 
*- 

. IL 
Colgan 34 has measured formation and decomposition 

of several aluminide phases in contact with each other or in 
contact with their component metals.’ In Table V his ex- 
perimental results are compared with effective heat of for- 
mation first phase predictions; To illustrate the use of the 

3643 J. Appl. Phys., Vol. 70, No. 7, 1 October 1991 

effective heat of formation rule in such structures we will 
discuss the Ni-A1 system. 

The effective heat of formation diagram for the Ni-Al 
binary system is given in Fig. 4, with the composition of 
the different structures that have been investigated repre- 
sented schematically above. During heating of the 
Al/Ni3Al structure, mixing at the interface is again, as was 
the case fdr Ni/Al samples,’ expected to take place (see 
Fig. dj”‘at, the concentratipn .,of the lowest eutectic (3.5 
at. % Ni, 96.5 at. % Al). At this effective concentration 
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TABLE V. Decomposition of aluminide phases in contact with each other 
or in contact with their component metals. The predicted phase was 
obtained using the effective heat of formation rule in conjunction with the 
concentration of the lowest melting point eutectic of the binary system. 

System Sample Predicted phases Observed phase’ 

Ni 

Pd 

Pt 

Ti 

Al/NisAI NiAI, NiAI, 
Nii,/Ni NirAls NisAls 

NiAls/Ni,Al Ni& NixAl 
Al/NiAl/Ni NiA& Niils 

Al/Pd*Al Pd,Al,, PdAI,, PdAIJ Pd&, 
Al/I’dAl/Pd Pd+ls, PdAl,, PdAI, PdsAls 
Pd,Al,/Pd PdAl PdAl 

Al/Pt2AI PtA.&, Pt2A13 Pt,AI, 
PM@ PM,, Pt,AI, pt2Al3 

Al/Pt+l,,/Pt PtA12, Pt,AI, ptaf% 
Pt,Al,/Pt PtAl PtAl 

Al/Xii Tii, TiA13 

V Aw4dv VAl, VAI, 

%eferences:Ni(16), Pd(171, Pt(18),TiandVfromE. G. Colgan, Ph.D. 
thesis, Cornell University, 1987. 

NiAls is expected to be the first phase to form as was the 
case for the Ni/Al system. For the NiAls/Ni structure the 
effective concentration at the reaction interface is again 
controlled by the lowest eutectic, and will be on the Al-rich 
side within the NiAls to Ni concentration range. The ef- 

All 
NiAl 

INi 
NiA131 NisAI 
NiAl31 INi 

All 1 Ni,AI 
All -7 INi 

0 20 LO 60 80 
Al Atomic % Ni Ni 

FIG. 4. The Ni-AI effective heat of formation diagram. Various structures 
for which phase formation and decomposition have been studied are 
shown at the top. The first phase formed in each case is indicated by the 
dot on the concentration axis. 

fective heat of formation diagram in Fig. 4, therefore, pre- 
dicts that N&Al3 should form. The situation is similar to 
that for thin Al on thick Ni, after all the aluminum has 
been consumed during first phase NiAls formation. The 
effective heat of formation rule for phase sequence states 
that the phase formed will be the next phase richer in the 
unreacted element (Ni), which has the most negative ef- 
fective heat of formation. For the NiAls/N&Al structure 
the effective concentration is again controlled by the lowest 
eutectic, which is on the Al side of the phase diagram. 
N&Al3 is again expected to form as it is the most Al-rich 
phase between the compositions of the two initial phases 
(see Fig. 4). When an Al/NiAl/Ni structure is heated, the 
lowest eutectic of the Al/Ni system being at 96.5 at. % Al 
will again cause an Al-rich effective concentration at the 
AVNiAl interface leading to NiAl3 formation. At the 
NiAl/Ni interface the only phase that can form is N&Al; 
however, its reaction rate is expected to be much slower, as 
the interface composition is further away from the lowest 
eutectic and less mobility of the atoms can thus be ex- 
pected. In summary, whatever the configuration of a spe- 
cific sample, mixing at the interface(s) will always be con- 
trolled by the lowest temperature eutectic of the system 
and the effective concentrations will be expected to be as 
close as possible to that of the lowest eutectic within the 
concentration range of the two interacting phases. This will 
be so even if the eutectic composition does not lie between 
the compositions of the interacting phases. Phases will re- 
act with each other to form the most Al-rich phase (with 
the exception of the Au-Al system where the lowest eutec- 
tic is on the Au-rich side of the phase diagram) with a 
composition lying between that of the interacting phases. 
Reaction to form a phase outside this composition range 
can only lead to an increase in free energy, as it leads to less 
bond formation. 

From Table V it can be seen that in every case the 
effective heat of formation rule (AH’) correctly predicts 
the initial phase formation. This is in contrast to the efforts 
by Colgan’6-‘8z34 who was unsuccessful when trying to use 
equilibrium thermodynamics and without taking concen- 
tration into account to predict phase formation and decom- 
position in these structures. 

IV. SUMMARY AND CQNCLUSlON 

The effective heat of formation concept makes it pos- 
sible to calculate heats of formation as a function of the 
relative concentrations of the reactant-atomic species. As 
phase formation during solid state interaction is a dynamic 
nonequilibrium process, an effective concentration at the 
growth interface is defined that differs from the true phys- 
ical concentrations at the growth interface. This is similar 
to the effective concentration concept in solution chemistry 
where the effective concentration is linked to the true con- 
centration by an activity coefficient. Although the effective 
concentrations could be influenced by many factors such as 
impurities, diffusing species, diffusivity, kinetics, tempera- 
ture, etc., the overriding factor apparently affecting con- 
centrations at a growth interface is the lowest temperature 
eutectic (or liquidus when the lowest eutectic temperature 
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is not the lowest on the liquidus curve). We therefore 
choose the concentration at the lowest eutectic (liquidus) 
as the effective concentration at the growth interface, as 
mixing and interdiffusion is most likely to occur at such a 
concentration during heating. This criterion is also used by 
Walser and Be& in their rules for prediction of phase 
formation.“6 Because the entropy change during solid state 
interaction is usually very small, the heat of formation is a 
good measure of the free energy change for the system. 
Although the effective heat of formation rule for first phase 
formation may predict that formation of a particular phase 
would lead to the largest free energy change, the phase may 
not be able to form due to a nucleation barrier. This is for 
instance the case for the Pt-Al binary system where the 
effective heat of formation rule predicts that Pt5A12t and 
Pt@& have the most negative effective heats of formation 
(see Table III). These phases do, however, have 416 and 
116 atoms per unit cell, respectively, and would thus have 
great difficulty to nucleate at a moving interface. If such 
phases are excluded, the effective heat of formation rule 
predicts first phase formation correctly for all 15 metal- 
aluminum binary systems for which experimental data 
could be obtained (see Table IV). In nearly all the cases 
the most Al-rich phase is formed first (see Table II), due 
to the fact that the lowest eutectic (liquidus) is always at a 
composition that is very aluminum-rich (with the excep- 
tion of Au), namely between 83 and 100 at. % Al. Excep- 
tions are V, Pd, and Pt as their most Al-rich phases are 
difficult to nucleate because of the large number of atoms 
per unit cell. The Au-Al system is very interesting as it is 
the only one that has a lowest eutectic (liquidus) that is 
not Al rich (22 at. % Al, 78 at. % Au). The effective heat 
of formation rule predicts that there is from a thermody- 
namic point of view little to choose between the formation 
of Au5Alz and Au2A1 and this is supported by experimen- 
tal results where the formation of Au5A12 (Refs. 19, 21, 
and 22) and AuzAl (Ref. 20) has been found. The same 
applies to the Pd-Al system where PdpAls, PdA13, and 
PdA& are predicted and have been found to form (see 
Table IV) as first phases.13,‘7@,33 

Unlike the Walser and BenC rules,iq6 which are rather 
empirical, the effective heat of formation rule makes direct 
use of thermodynamic data. It in effect gives a quantitative 
reason for the relatively large margin of success of the 
Walser and Ben& rules.“6 The more accurate predictions 
achievable with the effective heat of formation rule is 
clearly illustrated by the Au-Al system. 

The phase formation sequence in binary metal-alumi- 
num thin-film systems depends on the overall composition 
of the structure. For thin Al films on thick metal (M > Al) 
the first phase to form is the one predicted by the effective 
heat of formation rule, which is usually Al rich. After all 
the Al is used up during first phase formation the effective 
concentration of Al at the growth interface decreases and 
the next phase to form is the next phase richer in the 
unreacted metal, which has the most negative effective heat 
of formation. This continues until all of the first phase is 
used up during formation of the second phase. This process 
continues with subsequent phases richer in the unreacted 

metal being formed until the most metal rich (lowest Al 
content) is formed. For thin metal films on thick Al 
(M <Al), the same first phase formation takes place but 
now Al is the remaining element and the effective concen- 
tration tends to be more Al rich leading to formation of the 
adjacent phase which is more Al rich, the process ending 
when the most Al-rich phase has formed. However, since 
the most Al-rich phase is usually the 8rst phase to form no 
subsequent phase formation takes place. Phase skipping 
does not take place in cases such as Ni, but for Pd, Pt, and 
Au, skipping is found to occur for phases that are difficult 
to nucleate, which is usually indicated by a large number of 
atoms per unit cell or by noncongruency. 

The effective heat of formation concept has also been 
found to be very successful in predicting phase formation 
or stability of aluminide phases in contact with each other 
or with their component metals. It is found that whatever 
the configuration of a specific sample, phase formation is 
controlled by the lowest eutectic (liquidus) and the effec- 
tive concentrations at the growth interface is expected to be 
as close as possible to that of the lowest temperature eu- 
tectic (liquidus) within the concentration range of the two 
interacting phases. Phases will thus react with each other 
to form a phase with a composition between that of the 
interacting phases and closest to that of the lowest eutectic 
(liquidus) composition. 

To summarize, the effective heat of formation concept 
enables the calculation of heats of formation as a function 
of concentration. By using the composition of the lowest 
eutectic (liquidus) of the binary system as a measure of the 
relative effective concentrations of the reactants, rules can 
be formulated to predict first phase formation and phase 
formation sequence. The effective heat of formation rule 
used in conjunction with ease of nucleation (complex 
phases with large numbers of atoms per unit cell have 
problems nucleating, especially at a moving interface) suc- 
cessfully predicts first phase formation, phase formation 
sequence, and decomposition of phases for all 15 metal- 
aluminum binary systems for which experimental dam 
could be found. 
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