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Density functional study of the initial stage of the anneal of a thin Co film on Si
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Plane-wave pseudopotential calculations are performed to study the initial stages of an anneal of a thin Co
film/Si couple. Preliminary calculations provide &, _, structures and formation energies that are in reason-
able agreement with experiment. The early stages of the anneal are then investigated from two viewpoints:
starting from CgSi, and working backward in time; starting from bulk Si with low concentrations of Co, and
working forward in time. The latter viewpoint indicates that the barrier to the growth g&ids the formation
of isolated Co interstitials. Once formed, they diffuse quickly and find it energetically favorable to form
clusters. These clusters then bring about a reconstruction of the lattice. The former viewpoint suggests that an
intermediate structure consisting of equal numbers of Co and Si atoms exists that can transform either into
Co,Si by the addition of Co interstitials, or into CoSi by shearing. This provides an explanation of the
simultaneous growth of CoSi and £3i.
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I. INTRODUCTION growth becomes diffusion limited.
Most of the experiments cited above do not provide infor-

CoSj, is used to form low resistivity contacts in semicon- mation at the atomic length scale. Important exceptions are
ductor devices. Its popularity is based on the following experiments treating very low coverages of Co on Si
properties: it has a very low resisitivity (14-1ZQ cm)?  (001),%1320%6 and experiments investigating the detailed
the anneal needed to bring about the phase transition froRtructure of the final CoSifilm®117"1°21However, in this
CoSi to CoSj after growth occurs at a low temperature paper we are interested in the complex processes that take
(around 620°C}; its lattice constarit(5.365 A) is very place during the early stages of the anneal of a Co/Si couple.
close to that of crystalline Si (5.43 A), allowing for defect- These do not fall into the above categories. Consequently we
free epitaxial growth; because it is a silicide, growth fromknow very little about what is happening during these stages
previously deposited Si ensures that the gate contact is propt the level of the atom. This is obviously unsatisfactory
erly aligned. from a scientific point of view, but also problematic for tech-

The usual process for making CeSilms is to deposit a nology. Microprocessors are already being manufactured for
Co film on a Si(001) surface, followed by an anneal. Co which the insulating oxide on a metal-oxide-semiconductor
reacts with Si in a series of stages, leading ultimately to &eld-effect transistor gate is only 15 A thick. This is of
CoSp, film on the Si substrate, with a very sharp interfaceorder 10 atomic layers. At this length scale individual atoms
between the two phases. are beginning to matter, so our understanding must reach

Extensive experimental work has been perforfiéd, down to the atomic level if future development is to be
from which we have learned much about the stages that thguided by knowledge rather than chance.
ColSi system passes through, and the species that diffuse, In this work, density functional theory is used to provide
during an anneal. The established series of events during thesights into what happens during the early stage of the an-
anneal for a thin Co film is as followghick layers yield a neal at the level of the atom. Three questions are addressed:
different sequendd). First, Co diffuses into the Si substrate (1) What do the geometries of key phases tell us about the
forming Cq,Si and CoSi, with the CoSi layer lying between reactions that take place during an anngajAWhat are the
the Si substrate and the &€3i layer. The CoSi layer grows energetics of key reactiong3) What processes take place at
more slowly than the G&i layer*® The growth is charac- the level of the atom during the early stages of the anneal of
terized by an energy barrier of 1.5 &VThe CgSi layer a Co/Si couple?
grows at the Cg5i/CoSi interface, while the CoSi layer  The calculated geometries of the important,Sig_,
grows at the CoSi/Si interfadeOnce all the Co has been structures are found to be in good agreement with experi-
consumed, the G&i layer transforms into CoSi. This is ment. The calculated lattice constants are always slightly
dominated by Si diffusion through the CoSi layer, possiblysmaller than the experimental ones, but the errors are less
by means of a vacancy mechanism, and is characterized ligan 1.4%. The formation energies of the relevant structures
an energy barrier of 1.9 eVFinally, the CoSi layer trans- are in reasonable agreement with experimghe silicides
forms into CoSj. It is probable that the dominant diffusing are overbound by about 0.13 eV per ajpand are found to
species is Co, though there is some uncertdihtyhis is  ensure that all observed reactions are exothermic. Thus the
initially a nucleation limited process, with CoSi/CoSi/Si calculations should yield qualitatively correct results.
triple points acting as nucleation sites. Once nucleated, the The early stages of the anneal are then investigated from
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two viewpoints. First, starting from G8i and working back- TABLE I. The unit cells of the phases appearing during the
ward in time; second, starting from bulk Si with low concen- annealing of a Co film on a Si substrate. All lengths are in A and
trations of Co, and working forward in time. The latter view- @ngles in degrees.

point indicates that the barrier to the growth of,Sois the

formation of isolated Co interstitials. Once formed, Co inter-" "3s€ a b ¢ @ & Y
stitials diffuse quickly and find it energetically favorable to cq 251 251 408 900 900 120.0
form clusters. These clusters then bring about a reconstrU@axpt. Ref. 36 251 251 4.07 900 90.0 120.0
tion of the lattice. The former viewpoint suggests that ancg si 489 7.06 369 900 900 900
intermediate structure consisting of equal numbers of Co angaxpt. Ref.3] 492 711 3.74 900 900 90.0
Si atoms exists that can transform either into,8ioby the CoSi 440 440 440 900 900 900
addition of Co interstitials, or into CoSi by shearing. This expt. Ref. 38 445 445 445 900 900  90.0
provides an gxplanatiqn for the observed simultaneou oSk, 376 376 376 600 600 600
growth of CoSi and Cs5i. (expt. Ref. 39 380 380 380 600 60.0 60.0
Si 380 380 380 600 60.0 60.0
Il. PRELIMINARY CALCULATIONS (expt. Ref. 36 384 384 384 600 60.0 60.0

As a test of the methods used in this work, the energetics
and structures of the main phag€p, Si, CoSi, CgSi, and rings of Si can be observed. This similarity has to be treated
CoSi,) that appear during the anneal of the Co/Si system areautiously since we are looking at two-dimensional projec-
studied. This also provides an opportunity to review the getions of three-dimensional structures, and indeed the posi-
ometries of these structures, which reveal some general idetisns of the Si atoms perpendicular to the plane are quite
about the anneal mechanisms. different for each structure. Despite this, the structures sug-

All the calculations are based on the Kohn-Sham formu-gest that CoSi and G8i form through the diffusion of Co
lation of the density functional theory of the electron gas. down Si(110 channels. This idea is followed up below.
Vanderbilt ultrasoft pseudopotentidisre used, with nonlin-
ear core correctiorisincluded for Co. The plane-wave basis
set is well convergeth cutoff of 340 eV is used throughqut
The gradient corrections of Perdew, Burke, and Ernzéfhof
are used for the exchange and correlation functional. Th

TABLE Il. The calculated atomic coordinates for the phases
appearing during the annealing of a Co film on a Si substrate. The
coordinates are in fractions of the primitive translation vectors.

oo . . . Atom Coordinates
primitive translation vectors and the atomic coordinates are

relaxed simultaneously. All calculations are performed usingCo Co 0.333 0.667 0.250
casTerR3 Pure Co is ferromagnetic, so a spin-polarized cal- Co 0.667 0.333 0.750
culation is carried out in this case. All other calculations areco,Si Co 0.037 0.786 0.250
non-spin-polarized. All calculations are performed on a Co 0.173 0.436 0.250
Fujitsu VX vector-parallel machine which achieves very Co 0.537 0.714 0.250
high performance witttAsTER® The tolerances used to de- Co 0.673 0.064 0.250
termine when a relaxation is complete are 0.000 02 eV/atom Co 0.463 0.286 0.750
for the total energy, 0.001 A for the root mean square Co 0.327 0.936 0.750
atomic displacement, 0.05 eV/A for the root mean square Co 0.963 0.214 0.750
atomic force, and 0.1 GPa for the root mean square stress. Co 0.827 0.564 0.750
Si 0.706 0.391 0.250
A. Structures Si 0.206 0.109 0.250
The structures of Co, Si, CoSi, €9, and CoSi have all S! 0.794 0.891 0.750
been determined by experiment. Their structures A&Be i Si 0.294 0.609 0.750
A4, B20, C23, andC1, respectively. Starting from the ex- C°S! Co 0.146 0.146 0.146
perimental structures, these phases are relaxed using Co 0.854 0.646 0.354
cAsTER®* The primitive unit cells from calculation and ex- Co 0.354 0.854 0.646
periment are presented in Table |. The calculated lattice con- Co 0.646 0.354 0.854
stants are consistently smaller than the experimental ones, Si 0.344 0.656 0.156
but are still in very good agreement, with errors being below Si 0.656 0.156 0.344
1.4%. The calculated atomic coordinates are given in Table Si 0.156 0.344 0.656
[I. The lattice vectors and atomic coordinates are given in a Si 0.844 0.844 0.844
format convenient for computer calculations. CoSj Co 0.000 0.000 0.000
The structures are displayed in Fig. 1. They are signifi- Si 0.250 0.250 0.250
cantly different from each other, which suggests that com- Si 0.750 0.750 0.750
plex atomic rearrangements take place during the anneal ofsi Si 0.000 0.000 0.000
Co/Si couple. However, there are some apparent similarities Si 0.250 0.250 0.250

that can be exploited. In panela), (c), and(e), hexagonal
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b) silicides. The agreement with experiment is as good as could
be expected given the methods ug#te silicides are over-
bound by about 0.13 eV per atgnContributing factors to
the errors include the evaluation of the experimental values
at room temperature, whereas the calculated values are at the
absolute zero of temperatu¢see beloy; the approximation
used for the exchange and correlation functioteator of
order 0.1 eV; the pseudopotentials. There could also be ex-
perimental errors that we cannot quantify. If we apply a cor-
rection of 0.13 eV/atom to the formation energy of ,69
we get a revised formation energy ©f1.06 eV. From Table
Il we see that the experimental results, together with this
corrected result for C&i, show that the three silicides have
very similar formation energies.

The experimental numbers afiee energiesvaluated at
finite temperatures, whereas the calculated numbers are in-
ternal energies evaluated at the absolute zero of temperature.
If the temperature effect is large, this might change some
conclusions. To correct the calculated numbers for finite
temperature effects we first note that, since we are generally
interested in the case where there is zero applied stress, we
can use the Helmholtz free energy as this then equals the
Gibbs free energy. Further, when evaluating the free energy
we need only look at configurations in the neighborhood of

FIG. 1. The structures that appear during the anneal of a Co filnthe relaxed structures as long ranged diffusion is the origin
on a Si substrate. The light disks represent Si, and the dark disksf the reactiongwhich change the structunewe are inter-
represent Co. Panéb) is Si; panel(b) is Co; panel(c) is CoSi;  ested in. If we make a harmonic approximation, we can write
panel(d) is CoS; panel(e) is Co,Si. In panel(c) a hexagonal ring  the free energy asF~Ug+Fpam where Fpam=

a)

has been drawn over the figure to highlight a sixfold ring of Si.  — kKT Tr{exp(—H,m/kT)}, U, is the energy of the relaxed
] structure, T is the temperaturek is Boltzmann’s constant,
B. Energetics and Hparm is the Hamiltonian for the harmonic modes. To

The energies of the calculated relaxed structures are uset¢termine an order of magnitude for the harmonic contribu-
to determine formation energies of the silicides. The formadtion, we use an Einstein approximation for the harmonic cor-
tion energy is defined as the energy change for the reactiorections, with a vibrational frequency of ¥0s™* and a tem-

perature of 300 K. This giveE,;m~—0.1 eV per atom.
p Co+q Si—Cq,Siy, (1)  The formation energy is determined from E@). From
experiment® the temperature dependent contribution to the
where Co and Si are taken to be in their lowest energy soligormation energy of CoSi is 0.01 eV per silicide unit. Thus
state form. A negative value indicates an exothermic reacye see that there is considerable cancellation of the tempera-
tion. Note that throughout formation energies are quoted pejyre dependent terms between the reactants and the product.
formula unit. From Table Il we see that it is energetically Since the net contribution is an order of magnitude smaller
favorable for Co and Si to react to form any one of the threghan the error bars on our calculated results, temperature de-
pendent contributions to calculated formation energies will

TABLE Ill. The formation energies of the cobalt silicide phases g ignored from here on.
that appear during the anneal of a Co film on a Si substrate. The T4 gemonstrate that errors in the calculated formation en-
experimental values are Gibbs free energies evaluated at 298.15 5rgies should not lead to qualitatively wrong conclusions, we
The gxperimental value for G8i is in square braCke_tS because iF 'S can look at the energy changes associated with possible im-
_obtameql from the calculated value wlth a correction for overblnd-Portant reactions taking place during an anneal. These are
ing applied based on the other experimental values. Note that enep'resented in Table IV. We see that all the reactions are exo-
gies are per formula unit. . ’ L .

thermic, and thus are not prohibited on energy grounds. This
suggests that therdering of the formation energies is cor-

Phase Calculate(eV) Expe(grgsr:gl(e\/) rect, an_d hence results based on energies should be at least
qualitatively correct.

Co 0.00 0.00 From the experimental results in Table IMvhich in-

Co,Si —1.45 [—1.06] cludes two corrected calculated respitse see that reactions

CoSi -1.29 —1.04 fall into two categories: reactions in which there are as many

CoSh, —1.47 -1.07 silicide units after the reaction as befdsaich as Ce CoSi

Si 0.00 0.00 — C0,Si); reactions in which an extra silicide unit is created

(such as CoSi Co—2CoSi). The first type of reaction has
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TABLE IV. Energies for reactions that are important during the a)
annealing of Co on Si. The experimental values are Gibbs free
energies evaluated at 298.15 K. The experimental values in square
brackets are obtained using the estimated formation energy of

Co,Si, and are thus not true experimental values. Note that energies

are per formula unit.

Reaction Calculate¢eV) Experimental(eV)

(Ref. 40 FIG. 2. Panela) is a proposed intermediate structure that can be

transformed into C45i by the addition of Co interstitial chains, or

Co+Si—CoSi -1.29 —-1.04 can be distorted by shearing into the CoSi ground state. Ranel
Co+CoSi—Co,Si —-0.16 [—0.02 shows the structure of pan@) after a shear. It is not yet the CoSi
Co,Si+ Si—2CoSi -1.13 [—1.02] structure, but lies between the structure of paf@eland that of
CoSi+ Si— CoSj, -0.18 -0.03 CoSi. A hexagonal ring has been drawn on both figures to highlight
CoSp+ Co—2CoSi —1.11 —-1.01 the nature of the shear.

If the structure is perturbed by moving some of the Si

a tiny energy associated with(of order 0.01 eV, while the ~ atoms in Fig. 2a) horizontally and in the plane of the paper,
latter is highly exothermidenergy of order 1.0 eV Thus the structure shown in Fig.(B) is obtained after relaxation. _
energetics favors the formation of many silicide units, butAS can be seen from the superposed hexagons, the new Si
not the type of silicide. The order in which the silicides ap- Sublattice is obtained from the old by a shear. The Co atoms
pear must thus be a result of kinetics. This makes the formgn0ve away from the Si atoms into positions that look more
tion of CoSj from CoSi and Si hard to understand. Onelike interstitial sites. The structure is becoming more like
possible explanation is the reduction of the interface energ§roSi[see Fig. Lc)], and has an energy that is only 0.05 eV
between Si and the silicide, as CoSk nearly lattice Per CoSi unit higher than CoSi. .
matched with Si. This is possible given that the growth of Thus Fig. 2a) appears to be a stable structure that is

CoSi, occurs at the CoSi/Si interface, and occurs in a layer/€lated to both CoSi and G8i. It might thus be a short-lived
by-layer mannef- structure during the reaction of Co with Si, which can trans-

form into CoSi or CgSi depending on how much Co is
present. Further, its open structure would facilitate diffusion.
Ill. REACTION CALCULATIONS It will be referred to as théntermediatestructure from here

) . on. Below we see how this structure might be formed.
As suggested above, we can think of the formation of

CoSi and CgSi as resulting from the diffusion of Co through
the (110) channels of Si. This is a natural place to begin for
this must be how the reactions start. Given the complexity of We first look at the hexagonal and tetrahedral Co intersti-
the atomic rearrangements that take place, we look at thisals in Si. For these calculations a 32-atom cell of Si is used
from two directions: starting from G&i and removing Co;  with sides corresponding to the directidiisl0], [ 110], and
starting from pure Si and adding Co. [001]. This is almost certainly not converged with respect to
cell size if what is needed is the energy and structure of an
isolatedCo interstitial. However, in the situation we are in-
terested in, the density of Co atoms will be rather high. Thus
From Fig. Xe), we see that in C&i there are two types of there is no reason to believe that the results would relate
Co atom: those lying along lines perpendicular to the pagsignificantly better to experiment if we used a larger cell.
which are also occupied by Si atoms, and those lying alondhe unit cell dimensions are kept fixed at the experimental
interstitial lines, also running perpendicular to the page, convalues for Si.
taining only Co. If the interstitial Co lines are removed, the  The hexagonal and tetrahedral interstitials have formation
structure shown in Fig.(2) is obtained. It has the same ratio energies of+ 1.65 and+1.69 eV, respectively; thus energy
of Co to Si as CoSi. After relaxation the structure is stablejs required to form the interstitials. They both relax by a
its unit cell has dimensions 4.40 A3.63 Ax6.73 A, and small outward breathing of the Si atoms neighboring the Co
it has a formation energy of 0.58 eV per CoSi unit. Its atom. For the hexagonal interstitial, before relaxation there
structure is clearly different from that of CoSi, and its energyare six Co-Si bonds of length 2.25 A, and after relaxation
is higher by 0.71 eV per CoSi unit. The Co atoms are eacliour of the bonds have length 2.31 A and two have length
fivefold coordinated, forming bonds only with Si atoms. 2.27 A. For the tetrahedral interstitial, the four Co-Si bonds
Each Si atom is sevenfold coordinated, with five bonds beingxpand from 2.35 A before relaxation to 2.40 A after
to Co atoms and two to Si atoms. The Co-Si bonds and Si-Sielaxation.
bonds are about 2.2 A and 2.4 A long, respectivéRor The positive formation energies for the Co interstitials
reference, in bulk Si, the Si-Si bond length is 2.35 A, and incorrespond to the amount of work needed to remove an atom
CoSi the Co-Si bond length is 2.41 AThe unusual coor- from bulk Co and place it in the Si matrix. The close corre-
dination is presumably the origin of the high energy. spondence between the calculated formation energies of

B. Starting from Si

A. Starting from Co,Si
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FIG. 4. A comparison of the structures obtained by relaxing Si
with the number density of Co interstitials equal to the number
density of Si atoms, and the €& lattice with the lines of Co
interstitials removed. Panelg) and (c) correspond to twg110)
views of Si with Co interstitials, and panels) and(d) are corre-

FIG. 3. The relaxed geometry for two Co interstitials in a 32- sponding views for the G&i lattice with the lines of Co interstitials
atom unit cell of Si. removed.

about 1.65 eV and the experimental activation eneafyl.5  x5.43 A). The formation energy per CoSi unit is
eV for the formation of CgSi suggest that it is this work that —0.33 eV. Thus it is energetically favorable for very high
provides the reaction barrier. concentrations of Co interstitials to occur. However, this

The tiny difference in formation energi€8.04 e\} be-  structure is less stable than the intermediate structure by 0.25
tween the hexagonal and tetrahedral interstials sites sugge&¥. From Fig. 4, in which the two structures are compared,
that the energy surface for Co diffusion doy&iL0) channels we see that there are great similarities between the Si sublat-
is very flat(on the reasonable assumption that the diffusiortices, and that the Co sublattices are related by a rotation
path passes alternately between hexagonal and tetrahededdout the(110) axis. The simplicity of the transformation,
siteg. Thus bulk diffusion of Co should be very rapid even attogether with the energy gain from making the transforma-
room temperature. This is consistent with the experimentation, suggest that the proposed intermediate structure is ac-
observations of Lee and Benrigtivho find that bulk diffu-  cessible from Si with a high concentration of Co interstitials.
sion of Co is much faster than surface diffusion.

We next look at two Co interstitials in the same 32-atom
Si cell. The relaxed geometry is shown in Fig. 3. This struc-
ture has a formation energy af2.24 eV. The binding en- The results found from the above plane-wave pseudopo-
ergy for the two interstitials is defined as the difference be+tential calculations suggest that the following sequence of
tween the formation energy for the system with two events take place during the reaction of Co with Si. First, Co
interstitials and twice the formation energy of the systematoms break free from the Co film, and become interstitials
with one interstitial. Using the hexagonal interstitial for the in the Si lattice. This is a process that requires the input of
single interstitial, we get a formation energy 6f1.06 eV. energy(about 1.6 eV, and so acts as a barrier to any reaction
Thus there is a large binding energy between Co interstitialgaking place. Once inside the Si lattice, Co interstitials mi-
The Co dimer will, presumably, be much less mobile than agrate quickly through thé110 channels because of the flat
single Co interstitial. Further, it will have a long lifetime for energy landscape. Because there is a high density of Co in-
decaying into two Co interstitials on account of its largeterstitials, there is a high probablility of collisions between
binding energy. Thus once two Co interstitials combine theyCo atoms. When two Co interstitials collide, they bind to-
will form a stable immobile object. gether with an energy of about 1.06 eV. At this point they

We now look at the case where th&10 channels of Si  become immobile, and other Co atoms quickly combine to
are fully populated with Cdone Co for each Si, each ini- form a larger cluster. As the cluster grows, #i0 chan-
tially on a tetrahedral interstitial siteA cell containing four  nels fill up and there is an expansion of the crystal perpen-
Si and four Co atoms is used. For these calculations wélicular to the plane of the Si substrate. The formation energy
assume that the cell size is constrained by the surrounding $f the high density of Co interstitials is about0.33 eV per
substrate. Thus cell relaxation is allowed only in the direc-CoSi unit. This structure can lower its energy by 0.25 eV per
tion perpendicular to the plane of the silicides. After relax-CoSi unit by reconstructing to form what we have called the
ation, the dimensions of the computational cell are 3.84 Aintermediate structure. This is an open structure that can ei-
x3.84 Ax5.94 A (for bulk Sithey are 3.84 A3.84 A  ther shear to form CoSi, or accept more Co atoms to form

IV. CONCLUSIONS
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Co,Si. Experiment suggests that this structure initially ac-

PHYSICAL REVIEW B63 235303

route taken by the system. However, it is an energetically

cepts Co atoms, allowing further growth of this structure intopossible route that does explain much of the experimental

the Si substrate and the formation of Sb further away data.
from the interface. Once there is no more Co metal at the
surface, the intermediate structure at the silicide/Si interface
collapses into CoSi.

Because of the complexity of the processes taking place, Many useful conversations with Yu Min of Peking Uni-
it cannot be said that the transformation from a high densityersity and Steven Kenny of Oxford University are grate-
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