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Density-functional study of adsorption of Co on S{100
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We have studied the stable sites for Co both on the surface(b®@®iand subsurface by usirgp initio
methods. We show that the most stable surface site for Co is situated in the dimer tr¢gheHew sitg. The
subsurface sites that we study are all found to be more stable than the most stable surface site. The most stable
subsurface site is the under-dimer site. The most stable site of all is, however, the dimer vacancy site formed
by removing the dimer above the cobalt in the under-dimer site.
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I. INTRODUCTION of the very early stages is important to our general under-
standing of the formation of cobalt silicides on silicon. In
The central semiconductor technology used to producearticular, we wish to know what the preferred sites for ad-
the very large scale integrated circuits that form the core oforption are on the perfect §2) buckled dimer surface,
personal computers and consumer electronics is the compland what effect the adsorption has on the surface
mentary metal-oxide semiconductailCMOS) transistor. reconstruction:®
CMOS transistors are constructed on silicon wafers by a Below we summarize some relevant experimenta| find-
combination of implantation of dopants to produce activeings. We then describe the computational methods that we
regions(source, drain, and chaniethe growth of surface ysed, and present the results that we found. We conclude

oxide (to insulate regions from_one anotheand metall_iza— with some comments about the implications of what we
tion to form contacts to, and wires between, the devices. found.

A number of materials have been used to form the metal-
lic contacts. One very popular choice is TiSHowever, as
devices have become smaller, its limitations have become
apparent. The high-resistivity phas€49) has a lower sur-
face energy, but a higher formation energy, than the low- The scanning tunneling microscopy experiments of
resistivity phase €54)." Thus theC49 phase nucleates and Scheuctet al” provide detailed structural information from
grows on the silicon surface, but transforms to@tet phase  0.01 monolayer coverage up to 30 monolayer coverage on
after a high-temperature anned% 700 °C). However, for smooth S{100) surfaces. We are interested in the results for
very small devices, for which there is a large surface area tgubmonolayer coverages. At very low coverages we find that
volume ratio, the transformation requires higher temperathe dimer rows reorder, forming ribbons running perpendicu-
tures. This makes Tigiunattractive. lar to the dimer rows, separated by missing dimer rows. The

Thus a new material has been sought, and £b&s now  ribbons are about 30 A wide, and are formed from quasi-
become popular because of its desirable properties: a veperiodic (2<n) structures withn between 6 and 9. This
low resistivity (14—17 xQ cm)? the anneal needed to bring structure can be understood in terms of elasticity th8ory,
about the phase transition from CoSi to Cp8&iter growth  though there remains the question of what exactly the role of
occurs at a low temperatur@round 620 °C): its lattice  the Co atoms is. At coverages of about 0.1 monolayers, two-
constant (5.365 A) is very close to that of silicon dimensional islands form that are one-atomic-plane high,
(5.43 A), allowing for defect free epitaxial growth; becausewhich run perpendicular to the silicon dimer rows, but whose
it is a silicide, growth from previously deposited silicon en- composition is unclear.
sures that the gate contact is properly aligned. However, The extended x-ray absorption fine structure measure-
CoSj, introduces some new problems, notably that the strucments of Meyerheinet al* show that the adsorption of Co
tures that grow are sensitive to the surface structure of thento Si depends strongly on the surface structure. (I66)
silicon substraté. surface of Si is prepared in two ways: by chemical etching

In this paper, we wish to understand how the first fractionfollowed by annealing, and by sputtering followed by an-
of a monolayer of cobalt binds to a cle&tO0) silicon sur- nealing. On the chemically etchddmoothey surface it is
face. The early stages of the reaction of Co with Si willfound that the adsorbed Co lies in the plane of an unrecon-
define the environment in which subsequent Co atoms wilktructed Si100) with about two nearest neighbor and five
interact with the Si substrate. Thus a thorough understandingecond-neighbor Si atoms. On the sputtefexighej sur-

Il. EXPERIMENTAL BACKGROUND
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TABLE I. The basis set for silicon is optimized to describe both the surface and the bulk. The variable
adjusted during optimization is the cutoff radius.), wherer. is given in Bohr radii. The bulk energy is
measured relative to the converged-plane-wave result. The valuge=@ bohrs is chosen as an optimum
value. Significant improvement on this requires the use of a triple numeric with double polariZaXib)

basis set.

Basis dp (A) B0 (GF’&) Ubulk (eV/atOFT) Idimer (A) Usurface (eV)
DNP (r.=7) 5.398 91.8 0.16 2.294 3.02
DNP (r.=8) 5.402 92.4 0.12 2.289 2.78
DNP (r.=9) 5.406 91.1 0.12 2.285 2.70
TNDP (r.=9) 5.389 93.4 0.03 2.270 2.70
Plane waves 5.383 94.1 0.00 2.265 2.65

face, the Co has around eight Si neighbors, characteristic @ood agreement with the FLAPW calculation, and that even

CoSp. the minimal basis set result is quite respectable. Closer in-
Cho et al® used coaxial impact collision ion scattering spection of the minimal basis set results shows, however, that

spectroscopy to study the atomic structure of Co qO®) it is not adequate to describe accurately the charge distribu-

for coverages of 0.6 ml to 1.9 ml. Their analysis caused thention in the bonds in cobalt silicides.

to conclude that the preferred adsorbtion sites are on top of a

Si dimer(our D site, see beloyand spanning the tren¢bur IV. RESULTS AND DISCUSSION

T3 site, see below
A. The clean S{100) surface

Il. METHODS We are interested in the addition of a submonolayer cov-
] erage of Co on thé100 surface of Si. Thus first we must
All the calculations are based on the Kohn-Sham formuyggk at the clean surface. We set up the clegd®) surface
lation of the density-functional theory of the electron g&s. ysing a slab geometry with one surface terminated with hy-
The basis set used is a linear combination of atomic-typgjrogen to saturate dangling bonds. The other surface was
orbltals(LCAO)l.lThe calculations were performed using the rg|axed to form a X 2 buckled dimer surface. The atoms in
programpLATO.™. We work at the level of the Iocal-de?zsny the two layers of Si neighboring the H atoms were frozen,
approximation, using the functional of Goedeclairal.”, - yjth their positions corresponding to the experimental lattice
and the relativistic pseudopotentials of Hartwigsemal.™  constant of 5.43 A. The H atoms and the remaining six lay-
Two basis sets are used: minimal and double numeric withys of Si atoms were free to relax. Each layer has eight Si
polarization(DNP).** The minimal basis set is used to carny atoms in ac (4% 4) unit cell, giving a total of 80 atoms in the
out a rapid explora_\tlon o_f potentially interesting structures,nit cell (64 silicon and 16 hydrogen atojghe cell was
and the larger basis set is used to refine the calculations @etup such that there was a separation of 11 A between the
obtain more accurate geometries and energies. Unless oth&f g ;rface and the terminating hydrogensk point mesh of
wise stated, all geometries an_d energies reported in this papgk, 4« 1 points (reduced to a total of eight points by time-
are from double numeric basis set calculations. reversal symmetjywas used. The bond length between the

To optimize the DNP basis set, we adjusted the cutofly tace dimer atoms was 2.35 A, and the tilt angle was
radius. Both surface and bulk systems need to be conS|derefI8_go_ These compare favorably with other similar calcula-
In Table | are given results of the optimization for bulk sili- tions: 2.33 A and 18.0862.34 A and 16.547

con, and a001) surface of silicon. For the bulk an eight-
atom cell was used, with 266X 6 mesh ofk points. A slab
geometry with two equivalent surfaces was used for the sur-
face calculation. A X 1 surface unit cell with eight layers of We looked at the adsorption of a single Co atom on the
silicon, and a & 8X1 k point sampling, was used. From Si(100) 2X 2 reconstructed surface to see where Co is most
Table | we see that a cutoff of =8 bohrs is optimal. To get
significantly better results we need to go to a triple numeric TABLE Il. The lattice constant and bulk modulus of CgSi
basis set. The plane wave calculations were performed usirfgund using various basis sets.
the same pseudopotentials and exchange and correlatior—
functional as for the LCAO calculations. The program Basis a (A) By (GPa
ABINIT (Ref. 14)_ was u_sed for the plane-wave calcqlaﬂons. Minimal LCAO 5 340 244
As a further indication of the accuracy of the basis sets we,

. . NP LCAO 5.293 197

looked at the binding energy curve for bulk Ce&nd com-
: . . Plane wavegRef. 15 5.283 200.2

pared the results with well-converged full-potential, Imear-FLAPW Ref. 15 = 202 202
ized augmented plane waELAPW) calculations, plane- (Ref. :
wave pseudopotential calculations, and experiment. Fromgxperiment(Ref. 3 5.365 171
Table 1l we see that the larger LCAO basis set is in very

B. Adsorption of one Co atom on S{100
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The D, T3, andT4 sites are important for a comparison
with the experimental work of Chet al.®

The DV site has two Si atoms fewer than the others, so to
compare energies, we need to account for the missing atoms.
If we assume that the Co-on-dimer-vacancy structure forms
by ejecting two Si atoms that then join the Si bulk elsewhere,
then the energy we require for making comparisons is
E(Co-on-dimer-vacangy=Epy + 2Eg;, whereEpy is the en-
ergy found using the unit cell for the structure with the Co
atom in the dimer-vacancy site, arfitk; is the energy per
atom in bulk silicon.

The final relaxed geometries are shown in Fig. 2, and the
relative energies are given in Table [the symmetric ped-
estal site is taken as the zero energy)sitef the seven
simple adsorption sited,P,,T73,T4H,L,D), siteL is the
most stable by 0.24 eVequivalent to about 2800 )KInter-
estingly, the thrednighestenergy sites ar®, T4, and T3,
two of which (D andT3) are important sites according to
Cho et al® This suggests either that there are large energy
barriers for escape from these sitébey are stabilized
for kinetic reasonys or there are alternative interpretations of
the experimental data. The DV and subsurface sites are
very low in energy, consistent with the results for Ni and Ti.
Hovl\ge\égr, the amount of stabilization is rather greater for

FIG. 1. Seven sites are considered for Co adsorption on theCO|'n Table Il is included a second valuim parenthesijsfor
Si(100 surface Ps,P,,T3,T4H,L,D). The eighth sitdDV) cor-  the y_ value for Co. This value was found from a well-
r(_asponds to substltutm_g a Co atom for a dimer. The remaining thregonverged plane wave calculatigthe cutoff energy for the
sites Up U, Uy) all lie beneath the surface. basis set was 340 gVThe codecasTEP (Ref. 24 was used

with the geometries of the reference structuRy)(and the
likely to reside after deposition. Eleven sites were considUp structure taken from theLATo calculationgthough with
ered: the asymmetric pedestal ditg, the symmetric pedes- slightly different geometries from those used for the final
tal site P, two trench sited'3 andT4, the high siteH, the  results herg The good agreement between the two methods
low siteL, the dimer siteD, the dimer vacancyDV) site, the  confirms the reliability of the atomic-orbital-type basis set
site under the dimebtl, the site under the high sitd,,,  for surface calculations.
and the site under the low sit¢, . These are shown in Fig. ~ We have found that two simple rules help explain the
1. For the first seven of these sites a Co atom is place@rdering of the energetics of these structures. The rules are as
directly on the Si100) surface. For Co to occupy the eighth follows:
site (DV), a Si dimer is first removed, and the Co atom then
placed at this site. The remaining three sitek, (U ,U,) (1) Co prefers sites with high coordinations, with shorter
are all subsurface sites. Note that for the relaxatiorbonds being stronger than longer ones.
calculations of Co at all these sites, the same unit cell and (2) Co bonds to surface Si dimer atoms are strengthened
k-point sampling is used as for the clean surface. The Hbecause of the reduced coordination of the Si
layer and the neighboring two Si layers are taken from the
calculation of the clean 8i00 surface, and their positions It is generally the case that short bonds are stronger than
frozen. long ones since this leads to the lowering of the energy of

The DV andU, structures were motivated by calculations bonding orbitals. So the only point in the first rule that needs
performed for Ti adsorption on &{'® Miwa and explaining is the ability of Co to form many bonds. Co has a
Fukumotd’ found that the vacant dimer site was energeti-partially filled d shell and a low-lying empty shell into
cally highly favorable for Ti(0.6 eV more so than the ped- which valences andd electrons can be easily promoted. This
estal sit¢. Yu et al® found that the interstitial sitt)y was  provides considerable flexibility when forming bonds. The
energetically favorable, and further was an important interpreference of Co for high coordination can be seen by the
mediate structure for the ejection of a Si dimer leading to thdact that it forms eight covalent bonds in CeSThus the
formation of the Ti-in-dimer-vacancy structure. limiting factor in its ability to form bonds will be geometry,

The Pg, L, H, Up, U, andUy sites were found to be as this will determine how many Si atoms a Co atom can get
important in the reaction of Ni with Si in the absence of close to.

hydrogen termination by Higai and Ohfb.In particular, Note that the strength of the bond between atérasd |
they found that the penetration of Ni below the surface gen{U;;) is measured in this analysis by the expressidn
erally reduces the energy. =2 pHia,ipPjgia» Wherea and g are atomic orbital indi-
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FIG. 2. The relaxed geometries of the adsorbed Co atom at the seven surfacBgiteg (T3, T4, H, L, andD), in the dimer vacancy
site (DV) and in the three sites below the surfatéy(, Uy, andU).

ces,Hj, sz is the Kohn-Sham Hamiltonian matrix, apg;;, ~ site can only form two bonds to Si atoms. The individual
is the density matrix. bonds formed in this case are, however, very strong due to
The second rule is to be expected since Si atoms that forrthe fact that both the Si atoms bonded to originally had dan-
the surface dimers are undercoordinated, having charge igling bonds. When the Co bonds to this site it causes the Si
dangling bonds. Thus it is energetically favorable for these Sdimer to flatten as can be seen in FigD2,Similarly, the Co
atoms to form additional bonds, with the charge in the danatom in the two trench sitéee3 andT4 (Fig. 2, T3 andT4),
gling bonds contributing to the new bond charge. is relatively weakly bound. In this case, the Co atom forms
Given these rules it is clear why the silicon on the dimermore bondg(six) but because the local structure is open in
(D) site is the most weakly bound state: the Co atom at thishese sites the Co atom is unable to form strong bonds with

. o all its neighbors.
TABLE Ill. The relative energies(in eV) of the structures

; 4 after the adsorofi ¢ wal at The C it There are two possible Co positions on the pedestal site
ormed after fhe adsorption of a metal atom. The Lo resulls afez, 5 p_and P,), which we have labeled the symmetric
from this work. The number in parentheses was evaluated using

i . s) and asymmetric P,) pedestal sites. The symmetric
well-converged plane-wave calculation. TRgstructure is taken as destal site is f d when the Co at its in th t
the zero of energy. Note that for DV structure, the missing Si atom edestal site Is formed when the L0 atom SIts In the center

are included by using the chemical potential for bulk silicon. The etween the two dimers whilst in 'the asymmetric case the Co
results for Ni are calculated using the generalized gradient approxf-noves towards one end of the dimers. The bonding in these

mation. two sites is very similar to the Co in both sites forming six
bonds to surrounding Si atoms, four strong bonds are formed

Structure Co Ti18 Ni16 with the four dimer atoms with two weaker bonds to the
atoms in the second layer. TR site is slightly more stable

Ps 0.00 0.00 0.00 because it is able to form four almost identical bonds to the

Pa 0.14 atoms in the two surrounding dimers whereasPjesite has

T3 0.49 0.25 one bond that is appreciably weaker.

T4 1.07 0.52 TheH andL sites(Fig. 2,H andL) are both very stable as

H 0.11 0.31 they allow the Co atom to move into a relatively closed

L -0.24 0.17 packed environment and form six bonds to surrounding Si

D 1.51 0.28 atoms, one of which is an undercoordinated dimer atom. The

DV -1.86 -0.82 high site is the higher-energy site because the Co atom forms

Up —1.58 (—1.66) —0.09 -0.19 a weaker bond with the dimer atom than is the case in the

Uy ~057 ~0.40 low site. This is due to the Co-Si bond distance being greater.

U, —059 0.19 The Co-Si bond in the high site also weakens the dimer

bond, stretching it from 2.35 A to 2.39 A.
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The Uy site (Fig. 2,Uy), andU, site (Fig. 2,U,), sites  benefits more from being surrounded by Si than do either Ti
are very close in energy. In these sites the Co atom forms ar Ni. Thus the energies for Co with few Si neighbors are
large number of relatively weak bonds with surrounding Sihigher than the corresponding values for the other metals
atoms. Thus both of these sites are more stable than any ($ee, for example, th€4 site), while those for Co with more
the surface sites for Co. The under-dimer $k&. 2,Up) is  Si neighbors are lowefsee, for example, the site).
more stable again due to the fact that as well as sitting in a
close-packed environment the Co atom also forms strong
bonds as it is able to bond to the undercoordinated surzf?ce Si V. CONCLUSIONS
atoms. This is consistent with the findings of B‘?”"ﬂta'- . In the present work, possible bonding sites for a Co atom
who found that at low coverages Co preferentially occupies

. . ) . on a S{100 surface have been studied. It has been shown
sites directly under threefold coordinated surface Si atoms %fhat the Co atom likes to sit in a high coordination site pref-
the S{111) surfa(_:e. . : . erably bonding to undercoordinated Si atoms. This means
The Co atom in the dimer vacancy site also sits in a close; o .

) ; . that the most stable surface site is the low sltg. (In this
packed environment. In this case fo.ur of the S.' atoms bondéite the Co atom forms six bonds to surrounding Si atoms
Ing to }he Co atom are undercoordllnated, Wh'C.h allows th%ne of which is an undercoordinated dimer atom. Due to thé
foc;g?tffgoorf tig[)rr]r?aiggdtﬁigestitvi e(rennolrtea:tgbtlr:a et:;r?i%rgsljn-gzaesire of the Co atom to sit in a site with a high coordination,

: N ; . : “[he subsurface sites are all more stable, as these sites allow
dimer site is that in the under-dimer case the dimer bond i e Co atoms to sit in a close-packed environment. The
substantially weakened by the Co atom. This introduces an b )

ener enalty for Co forming bonds to its Si neighbors under-dimer site is the most stable of these due to the ability
gy penaity Ing . | nelg - . of the Co atom to bond to the undercoordinated Si atoms that
The stability of the DV site is consistent with the experi-

mental findinas of Meverheirat al® They observe that for form the dimers. The dimer vacancy is the most stable site of
9 y : y .~ all as it achieves the best compromise between coordination
the wet chemical etche@mooth surface the Co atoms lie in

the surface of the Si, with four Si neighbors in the plane, anoand bonding to Si atorT‘S that are _undercoordmated. Finally
. X . - _we note that the most important difference between Co and
two closer neighbors in the plane below. This is the DV site

For the argon sputtered surface they observe the formation c—)l}'I or Niis that .Co b_eneflts considerably more from forming
any bonds with Si.

CoSk. Presumably the surface has been partially amorphizeg]

by the sputtering. This has two consequences: there will be a

higher concentration of undercoordinated Si atoms with ACKNOWLEDGMENTS
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