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Competitive metastable phase in low-temperature epitaxy of CoSi2/Si„111…
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We analyzed the structural, elastic, and electric properties of CoSi2 films grown by stoichiometric codepo-
sition onto Si~111! substrates. Films growing epitaxially at room temperature onto an ultrathin template, and
films nucleating from the amorphous phase after a mild anneal, were considered. Both were found to crystallize
predominantly with a CsCl-derived defect structure with random occupation of the metal sites. The kinetics of
the phase transition to the stable bulk phase with the fluorite structure appears to be different for the two
growth procedures. After annealing to 600 °C, grains with the CsCl defect structure were found to be present
mainly in films grown on a template. This also explains the poorer electrical properties of these films. A
microscopic model which explains the easy formation and the persistence of the CsCl-defected phase is derived
on the basis of tight-binding molecular dynamics.@S0163-1829~97!00507-9#
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I. INTRODUCTION

In the past few years, the synthesis of CoSi2 films on
silicon has been the subject of numerous studies. The st
phase of CoSi2 has a cubic CaF2 structure witha55.36 Å, so
that its lattice mismatch with respect to silicon is small
room temperature~21.2%!. Its electrical properties, such a
a low resistivity~r300 K516mV cm andr4.2 K52.5mV cm!,
and the metallic behavior still present in films as thin as
Å,1 as well as the rather high thermal stability, make CoS2 a
promising candidate for microelectronic and optoelectro
applications in Si technology.2–5Since any imperfection may
spoil these electric properties, controlling the quality of t
films is very important, and the understanding of their m
crostructure as a function of the growth parameters is
quired.

One of the first techniques used to grow CoSi2 on Si~111!
was solid-phase epitaxy, consisting of room-temperat
deposition of cobalt followed by reactive annealing up
650 °C,6 or by molecular-beam epitaxy~MBE! carried out at
equally high substrate temperatures.7 This resulted in films
with a poor morphology, and for this reason was replaced
more elaborate techniques. In particular, smooth surfa
without pinholes can be achieved by sequential depositio
Co and Si,8,9 or by stoichiometric coevaporation onto co
substrates, followed by annealing in order to avoid long d
fusion paths.10–12Pinholes could be prevented from formin
by these methods, in contrast to dislocations. In order
grow films with a low dislocation density, Tung and Schrey13

developed a ‘‘template technique.’’ An ultrathin~typically
10 Å! CoSi2 layer, the template, is grown first, and subs
quently the silicide film can be synthesized at room tempe
ture by MBE. The template can be formed either by stoich
metric codeposition14 or by deposition of a small amount o
pure Co,13 with identical results after the annealing. It wa
also demonstrated that the defect structure in the films
pends strongly on the quality of the CoSi2 template, and tha
the remaining interfacial dislocations are associated w
550163-1829/97/55~11!/7213~9!/$10.00
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steps at the Si/silicide interface.13

One other source of electric quality deterioration m
stem from the formation of metastable phases. On Si~100!
substrates, the sporadic appearance of a highly metas
phase has been reported, when reacting Co/Ti bilayers
Si.15 It is based on a diamond Si sublattice with Co inters
tials, called theadamantanestructure. On Si~111!, another
metastable CoSi2 phase is actually formed in the previous
described ‘‘template technique,’’ rather than the bulk pha
with the CaF2 structure, as originally assumed.

16,17The crys-
tal structure of this phase may be derived from the C
structure in which the monosilicides of Fe and Co we
shown to be epitaxially stable when grown by MBE at lo
substrate temperatures.18,19 In the case of stoichiometric di
silicides, 50% of vacancies are statistically distributed on
cation sites.20,21

In this paper, we show that the defect CsCl phase
present in CoSi2 films, grown with or without the use o
templates, provided that they are grown at sufficiently lo
substrate temperatures. In the following this phase will
designated with Co0.5Si in order to distinguish it from CoSi2
with the fluorite structure. In Sec. II the details of samp
fabrication and experimental techniques are given. After
presentation of the structural characteristics~Sec. III!, the
elastic properties of this phase are shown in Sec. IV. T
thermal stability of the phase is studied by post-growth
nealing~Sec. V!, and the results of total-energy calculatio
and molecular-dynamics simulations provide a kinetic exp
nation of the experimental findings~Sec. VI!. The correlation
between the microstructure and electrical properties is fin
presented in Sec. VII.

II. EXPERIMENT

The silicide films were grown by electron beam evapo
tion of Si and Co in a commercial MBE system on 3-i
Si~111! substrates~n doped, 25–50V cm!. Film thicknesses
ranged between;30 and 1000 Å. The substrate preparati
procedure is described in detail in Ref. 14. All depositio
7213 © 1997 The American Physical Society
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7214 55S. GONCALVES-CONTOet al.
started on clean 737-reconstructed Si~111! surfaces with
parallel monolayer steps due to unintentional wafer mis
entation of less than 0.10°. The films were grown in tw
ways.

~i! At first a 10-Å-thick CoSi2 template was formed by
stoichiometric codeposition of Co and Si onto the substr
kept at room temperature~RT!. The template was then an
nealed at 420 °C for 5 min, and cooled down to RT. Thick
films were grown onto this template by MBE with typic
deposition rates of 1 Å/s, and finally capped with a 40-
thick amorphous Si layer.

~ii ! For the sake of comparison, some films were gro
both with and without the template on the same substrate
masking half of the substrate during template formati
They were then crystallized also in the template-free reg
by annealing to 200–210 °C for a few minutes, and ag
capped witha-Si.

Before capping, the films were characterizedin situ by
reflection high-energy electron diffraction~RHEED!. Ex situ
characterizations were carried out by x-ray diffracti
~XRD! on a computer-controlled diffractometer usin
Cu-Ka I radiation, by high-resolution transmission electr
microscopy~HRTEM!, and by Brillouin spectroscopy mea
surements~BS!. Electric transport measurements were c
ried out in a liquid-helium cryostat, on specimens pattern
in the form of a standard five-leg bridge, prepared by pho
lithography and wet chemical etching. The electrical resis
ities were measured between 4.2 and 300 K, and the
effect at 4.2 K in magnetic fields up to 5 T.

III. STRUCTURAL CHARACTERIZATION

A. TEM measurements

Figure 1 shows high-resolution images and the co

FIG. 1. High-resolution images and the corresponding diffr
tion pattern of two Co0.5Si films of 60 Å grown on the same sub
strate with template~a! and ~c! and without template~b! and ~e!.
The diffraction spots of the silicides are indexed with respect to
cubic Si unit cell.~d! Diffraction pattern of~CaF2!CoSi2.
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sponding diffraction patterns of a 60-Å-thick Co0.5Si film
grown onto a 10-Å-thick template with the CaF2 structure
@Figs. 1~a! and 1~c!#, and without a template@Figs. 1~b! and
1~e!#, and annealed at 210 °C. Similar findings have be
found in both cases:

~i! The orientation of the epitaxial film is of typeB, i.e.,
rotated by 180° around the substrate normal.

~ii ! When the diffraction spots are indexed according to
cubic cell with the lattice parameteraSi of Si, all (hkl) re-
flections with odd indices are very weak. The arrow points
the position of the nearly missing~1̄11! spot @Figs. 1~c! and
1~e!#. This is consistent with the CsCl structure and a latt
parametera0 of the film close toaSi/2.

18 By contrast, these
spots are much stronger in the CaF2 structure@Fig. 1~d!#.

On the HRTEM images, only faint indications of the pre
ence of a CsCl structure can be recognized. By comp
simulations of the image contrast it could be shown that
typical CsCl-image contrast only appears if more than 8
of the Co atoms are disordered. If more than 20% of the
has fluorite structure, the image contrast is already indis
guishable from that of pure fluorite. For the simulations
continuous change from CaF2 to CsCl structure, and a statis
tical distribution of the two phases, were assumed. The
tails of these simulations will be published elsewhere.

According to the simulations, the observation of a flu
ritelike HRTEM image contrast is not in contradiction wit
the diffraction patterns, indicating the dominating presen
of Co0.5Si with CsCl structure. From the image contrast a
the corresponding computer simulations, the presence o
adamantanestructure can clearly be excluded. The unit ce
of CoSi2 with a CaF2 structure, and with a CsCl-defect stru
ture with random vacancies in the cation sublattice,
shown for comparison in Fig. 2.

B. XRD measurements

The crystal structure, the lattice constant, and the strai
the films were determined by XRD measurements. If ela
strains are present in an epitaxial layer, the lattice constana0

-

e

FIG. 2. Sketch of the unit cell of CoSi2 with the CaF2 structure
~a!, and the stoichiometric Co0.5Si with the CsCl structure~b!.
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55 7215COMPETITIVE METASTABLE PHASE IN LOW- . . .
of the relaxed structure cannot be measured directly.
elastic distortion leads to a symmetry lowing from cubic
trigonal due to the Poisson effect. The resulting planar st
is given by

« i5
~ai2a0!

a0
, ~1!

and the associated perpendicular strain is

«'5
~a'2a0!

a0
. ~2!

Here ai and a' are the in-plane and perpendicular latti
parameters of the trigonal structure, respectively. For ela
cally isotropic materials the trigonal strain« t5« i2«' de-
pends on«i in the following way:22

« t5
~ai2a'!

a0
5S 11y

12y D « i , ~3!

wherey is the Poisson ratio. In Sec. IV it will be shown th
the assumption of isotropy is indeed justified for the Co0.5Si
phase.

Because XRD Bragg peaks of thin layers are both w
and broad, as predicted by dynamical diffraction theory,23 no
detectable symmetrical diffractions were found. Theoreti
calculations24 of peak intensities show that asymmetrical r
flections are about ten times as large as symmetrical re
tions. For this reason only the asymmetrical$440%, $422%, and
$331% reflections were measured. The former two are su
cient to determinea' andai independently.

24 In agreement
with the TEM measurements, diffraction peaks with odd
der indices were found to be absent for annealing temp
tures below;210 °C, i.e., the films crystallize predom
nantly with the CsCl structure. Films grown onto an ultrath
CoSi2 template with the CaF2 structure formed an exceptio
in that the $331% diffraction peaks were nevertheless o
served. The absolute intensity of this reflection was, ho
ever, independent of the film thickness, and must hence
attributed to diffraction from the template.

According to Eqs.~1! and ~3!, the lattice constanta0 and
the Poisson rationy of the ~CsCl!Co0.5Si phase can be ob
tained by plotting the difference (ai2a') as a function of
ai . The result obtained for films grown with and without
template, and thicknesses ranging from 29 to 96 Å, is sho
in Fig. 3. The extrapolation to ai2a'50 yields
a05~2.6960.01! Å, and the slope yieldsy50.33. This is in
good agreement with the lattice parameter of 2.68 Å repo
by Pirri et al.16 Table I shows the lattice constants of th
different iron and cobalt silicides with the CsCl structur
and the corresponding Poisson ratios, determined by X
measurements.19–21 For comparison results for CoSi2 with
the fluorite structure are also given. For both the iron a
cobalt silicides, the lattice constant increases with the m
content. The same Poisson ratios were obtained for all
cides, probably due to the same local bonding of the m
atom inside a cubic Si cage.

Due to the negative misfitf5~2a02aSi!/aSi520.9%, the
Co0.5Si layers are under a tensile strain as long as the in
faces remain coherent, i.e., 2ai5aSi and «t.0. The XRD
results show that the films can be grown coherently
e
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Si~111! at RT up to thicknesses'100 Å, and the resulting
trigonal strain is found to be«t52.2060.15%. Figure 4
shows the trigonal distortion as a function of the thickne
for films of Co0.5Si ~filled circles! grown at RT, and CoSi2
annealed to 600 °C~open circles!.25 For both structures, the
films were grown onto a preformed template, and on
Si~111! substrate with the same misorientation. For thic
nesses above 100 Å, the Co0.5Si films slightly relax the strain
by introducing misfit dislocations, without a change of cry
tal structure.26 For CoSi2 biaxial strain relaxation sets in at
thickness ofhc'45 Å.25 The thick layers are completel
relaxed at the growth temperature, and the measured stra
induced by the different thermal expansion of Si and CoS2,
with «t~thermal!50.74%.25 Finally, all Co0.5Si films formed
without a template exhibited a smaller tensile strain th
equally thick ones grown onto a template. In all cases,
found that « t(T)51.2« t , where « t(T) and «t denote the
trigonal strain for the films grown with and without a tem
plate, respectively. This is consistent with the smaller dis
cation density observed by TEM in films grown on
template.13

IV. ELASTIC PROPERTIES

In order to determine the whole set of elastic constants
films with both structures, Brillouin spectroscopy on surfa
acoustic waves~SAW’s! was used.27 A surface acoustic
wave is a superposition of waves propagating along the
face. The amplitudeu0 along the surface normal is expone
tially damped, whereby the wave intrudes only a few m
crometers.

All measurements were performed in exact backscatte
geometry at room temperature with a wavelength of the A1

laser ofl5514.5 nm. Films with a thicknessh of 100, 270,
and 1000 Å were examined. The in-plane componentq of
the wave vectork0 of the laser beam was pointing alon
@110#. The SAW also propagates along this direction.
velocity depends on the thicknessh of the film and
q52k0sinu, whereu is the angle between the incident bea
and the surface normal.

With Brillouin spectroscopy the frequency shiftDv be-

FIG. 3. Difference between the parallel and perpendicular
rameters of the Co0.5Si films as a function of the parallel param
eters. The extrapolation of the curve at zero and the slope y
a05~2.6960.01! Å and y50.33, respectively.
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TABLE I. Lattice constants and Poisson ratios determined by XRD measurements of iron and
silicides with the CsCl sructure, and for CoSi2 with the fluorite structure~Ref. 30!.

Co0.5Si CoSi Fe0.5Si FeSi ~CaF2!CoSi2

a0 ~Å! 2.6960.01 2.7460.02 2.7060.02 2.7760.01 5.365
y 0.33 0.32 0.33 0.33 0.38
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tween incident and scattered photons is measured. Using
conservation of energy and momentum, the sound velo
nSAW of the SAW can be calculated fromDv.

In a bulk materialnSAW depends only on the elastic con
stantsCi j and the mass densityrm .

28 For a thin film on a
substratenSAW is a function ofCi j andrm of both the film
and the underlying substrate, and furthermore of the prod
qh. Therefore, by varying the angleu, and in turnq, theqh
dispersion can be measured.29 In Fig. 5 the measured veloci
ties of all samples are plotted againstqh. nSAW are accurate
to within 62%. Obviously, the thinner the film the larger th
influence of the substrate on the velocity of the SAW. F
qh⇒0, nSAW converges to the value for pure Si~4546 m/s!.

In each material an independent set of three exponent
decreasing and increasing waves can be determined from
equation of motion. In the substrate the wave has to
strictly damped, whereas in the film the superposition
waves with both decreasing and increasing amplitudes
allowed. To obtain a unique solution of this nin
dimensional problem several boundary conditions have to
fulfilled. Hence at thefree surface, all stress componen
must vanish. Moreover, at the film/substrate interface
continuity of wave amplitude and stress is required. Sin
the two thicker films were capped with 40 Å of Si, the
model was extended to a substrate with two thin films on
This increases the complexity from nine dimensions up
15. As a further boundary condition the interface betwe
the silicide film and the protecting Si had to be considere

This elastic continuum model was used to fit the m
surednSAW with C11, C12, andC44 of the silicide as param

FIG. 4. Trigonal distortion of~CaF2!CoSi2 films ~open circles!
and~CsCl!Co0.5Si films grown at RT~filled circles! as a function of
the film thickness. Up to'100 Å, the Co0.5Si films are coherent,
and, for thicker thicknesses, the strain starts to release continuo
For the CoSi2 films the critical thickness for biaxial strain relaxatio
is '45 Å.
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eter. The elastic constants of the Si substrate and the pro
ing Si layer were kept constant together with the densit
The fits are shown in Fig. 5, and the elastic constants res
ing from the fit procedure are given in Table II. The curv
are not drawn in a continuous fashion because the Si ca
absent on the 100-Å sample. The fit was, however, p
formed for the complete set of measured velocities for b
crystal structures.

For the CaF2 structureC11 andC12 agree with previously
published values,30–32 while for C44 the difference is quite
large. This can be explained by the weak dependence of
model function onC44 in the ~111! plane, lowering the ac-
curacy of this fitting parameter. For the CsCl defect struct
no elastic measurements were published before, to
knowledge.

ly.

FIG. 5. qh dispersion of the surface acoustic wave measured
CoSi2 with the CaF2 ~upper graph! and CsCl~lower graph! struc-
tures on Si~111!. The thicknesses of the film are 100, 270, and 10
Å ~corresponding toqh of 0.18–0.24, 0.50–0.65, and 1.87–2.40!.
The direction of propagation is@11̄0#. The error bars of the veloci-
ties are 2%. The horizontal error bars are due to the uncertaint
the film thickness of about 10%. The continuous curve segments
calculated from the fitted elastic constants~Table II!. They are seg-
mented because of a 40-Å-thick protecting Si film which is lacki
on the thinnest sample.
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TABLE II. Elastic constants of both structures of CoSi2 obtained by Brillouin spectroscopy, literature, and calculations~see also text!. rm
is the mass density,B the bulk modulus,y the Poisson’s ratio, andh the anisotropy.

Structure
of CoSi2

C11
~GPa!

C12
~GPa!

C44
~GPa!

rm
~kg m23!

B
~GPa! y h Reference

CaF2 227610 145610 112620 4941 172610 0.3960.04 2.7561.15 this work
CaF2 228 140 83 169 0.38 1.89 28
CaF2 240 161 74 187 0.40 1.87 29
CaF2 222 140 68 167 0.39 1.66 30
CsCl 260610 128610 64620 4773 172610 0.3360.04 0.9660.45 this work
CsCl
~Voigt’s
average!

258626 129618 64628 172620 0.3360.08 0.9960.77 this work
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In order to obtain a better picture of the differences in
elastic behavior of the two structures, several elastic pro
ties were calculated from the elastic constants. The b
modulus, defined by

B5 1
3 @C1112C12#, ~4!

is the same for both structures according to Table II.
The Poisson ratio is the negative of the perpendicu

strain over the longitudinal one, when uniaxial stress is
plied. If the longitudinal axis corresponds to one of the m
crystallographic directions@~100!, ~010!, or ~001!#, it can be
written as

y5
C12

C111C12
. ~5!

It is usually located in the range 0.20–0.40, and fory50.5
the volume would be exactly preserved, a situation that ne
occurs in real materials. However from Table II we see t
fluorite CoSi2 appears to be more deformable than the
fected structure.

The anisotropy shows the largest difference. For an
tropic material the transverse velocity of an acoustic wa
propagating along thê110& direction, does not depend on i
polarization~i.e., the sound velocitynT15AC44/rm for dis-
placement along@001# is equal tonT25A(C112C12)/2rm for
displacement along@11̄0#!. The anisotropyh is defined by
the squared ratio of both transverse mode velocities:

h5S nT1
nT2

D 25 2C44

C112C12
. ~6!

According to Table II the anisotropy of the CaF2 structure
exceeds unity, whereas the CsCl structure behaves isot
cally. The isotropy of the CsCl phase is confirmed from m
surements of the angular dispersion28 in the ~111! plane
~variation ofnSAW as a function of the in-plane azimuth!. The
anisotropy parameters are probably so different because
two structures differ in the location of the Co atoms, a fe
ture which affects the directional dependence of the ela
constants. In the CaF2 structure, Co atoms are placed reg
larly, whereas in the defect CsCl structure they are loca
randomly over the whole lattice. The latter can be conside
as an average of the first one. This can be checked by ap
ing Voigt’s average to the elastic constants of single
crystalline ~CaF2!CoSi2, where upon those of the polycrys
e
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-
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talline material are obtained. A polycrystalline phase alwa
behaves isotropically, since all crystallographic directio
are equivalent. For the averaging, our inaccurate value
C44 of 112 GPa was replaced by an average literature va
of 80 GPa. Then the calculated values of the CsCl struc
fit the measured ones very nicely.

V. THERMAL STABILITY

By annealing the Co0.5Si films, one can induce a phas
transition to the stable fluorite phase of CoSi2, which re-
quires ordering of the Co atoms. In order to determine
amount of transformed material, we analyzed the ratio of
integrated intensities for two asymmetrical x-ray reflectio
We have measured (I 440/I 331) as a function of the annealin
temperature for two films of different thickness grown o
a 10-Å-thick CoSi2 template. Figure 6 shows the experime
tal ratios for h545 Å ~filled circles! and h580 Å ~open
circles!. The corresponding theoretical ratio24 for the CaF2
structure of CoSi2 yields 1.5.

The result shows the same behavior for both films, wit
gradual transition to the stable CoSi2 phase:~i! Up to 200 °C,
the films have almost entirely a CsCl structure.~ii ! Around
250 °C, approximately half of the films are transformed.~iii !

FIG. 6. Experimental ratio of the integrated Bragg peak inten
ties (I 440/I 331) as a function of the annealing temperature, of tw
films grown onto a template with thicknesses of 45~filled circles!
and 80 Å ~open circles!, respectively. The dashed line shows t
theoretical ratio for the fluorite structure of CoSi2.
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7218 55S. GONCALVES-CONTOet al.
Above 350 °C, the films consist primarily of a CoSi2 phase
with a CaF2 structure. A higher temperature for the transiti
~'500 °C! has been found by photoemission me
surements.16 The XRD investigations alone do not reveal a
difference between films formed with and without a te
plate, once they have been annealed at high tempera
Nevertheless, it has been shown that for CoSi2 films grown
onto a template, grains with the defect-CsCl structure
sometimes present even after anneals to 600 °C.17

VI. TIGHT-BINDING RESULTS

In order to understand the easy occurrence and the
markable stability of CsCl-defected grains, we perform
total-energy calculations and molecular-dynamics simu
tions with a semiempirical interatomic potential used s
cessfully for the interpretation of the stability hierarchy
FeSi2,

33 FeSi, and CoSi~Ref. 19! epitaxial phases. The po
tential is obtained by partitioning the total energy into
attractive partEbs , originating from a summation over occu
pied tight-binding states«n,k ~n is the band index andk the
wave vector!, and a repulsive contributionErepwhich is gen-
erated by summing a short-range, two-body potentialF(r i j )
over the relevant shell of neighbors (j ),

E5Ebs1Erep5(
nk

«nk1(
i, j

F~r i j !. ~7!

FIG. 7. Electronic density of states for CoSi2 with the CaF2 ~a!
and CsCl~b! structures.~c! Photoemission measurements on a 4
Å-thick ~CsCl!Co0.5Si. The Fermi levels are aligned at zero energ
-

-
re.

re

e-
d
-
-

Ebs is negative and takes into account the covalent attrac
provided by the orbitals hybridization and overlap, where
Erep is positive and phenomenologically represents
quantum-mechanical interaction between occupied orbit
More details about our potential can be found in Refs. 33 a
34.

Figures 7~a! and 7~b! show the electronic density of state
for fluorite and defected CoSi2, respectively, as calculated b
our tight-binding parameters. We see that the former displ
three main features, whereas the latter shows only one b
structure, with the Fermi level located on a small peak
higher energy, as it was the case for CsCl-defected FeS33

This picture nicely corresponds to the photoemission d
measured on a 45-Å-thick Co0.5Si film, which agree well
with the measured ones by Pirriet al.,16 and they are also
reported in Fig. 7~c! for comparison. If the main peak in bot
structures is aligned to the one of our calculated density
states~DOS!, we see that the quantitative agreement is go
for all the features reported above and our DOS for the
fected phase, as averaged over eight random configurat
can be considered as a reliable picture of the electro
states.

In Fig. 8 we show the total-energy curves as calculated
our tight-binding scheme. Starting from the bottom we c
rectly find the bulk stable fluorite structure~solid line! and
the defected CsCl phase~black dots!, where 50% of the co-
balt sites are randomly occupied~we display an average ove
12 configurations in a 96-atom cubic simulation cell!. Sensi-
bly higher in energy is located the adamantane phase~dashed
line!, which corresponds to an interchange between Si
Co sites, resulting in a diamond crystal with metallic inte
stitials in a tetrahedral configuration. Actually the latt
structure can also be interpreted as a bcc network where
ordered distribution of Si, Co, and empty sites is differe
from fluorite. Even the CsCl-defected structure fits th

-
.

FIG. 8. Total-energy curves with fluorite lattice constant for t
CoSi2 phases. From the bottom to the top: bulk stable fluorite str
ture ~solid line!, defected CsCl phase~filled circles!, and adaman-
tane structure~dashed line!.



It
ou
y

ra
r

in
hu
e
ic
ar
h
e
T

o
e
ed
b
ce

in
tin
f
th
ro
n

-
om
ir
r-
xe
n
o
-
is
t

din
e
e
m
r
ly
o
-
ng
ge
l
o
i

ra

or
th
m
th
in
,

mes
on-

l-

tion
of
a-

d a

e
ase
the
the
ent

to
ne
Si
ed
in

0
is

igh
d

ed

ce

ity

c-

ing
ity
sCl

n

m-

2
r is

55 7219COMPETITIVE METASTABLE PHASE IN LOW- . . .
scheme, but for the random occupation of the Co sites.
therefore easy to extrapolate a model for the amorph
phase where each bcc site is randomly occupied either b
Co, or voids, retaining the CoSi2 stoichiometry. The total-
energy results corresponding to an average over eight
dom configurations in the 96-atom cubic simulation cell a
at the top of the figure~open circles!. The latter structure and
the CsCl defected one do, however, display site disorder
perfectly cubic bcc network. A decrease in energy could t
be expected by allowing lattice relaxation. Therefore we p
formed molecular-dynamics simulations with our interatom
potential for one configuration in each of the two cases, st
ing from the volume corresponding to the lowest energy. T
lattice relaxation is performed by a 96-atom simulation c
with variable shape and size, at zero pressure and 100 K.
triangles in Fig. 8 indicate the corresponding decrease
energy and volume per atom that we obtained. This is pr
ably just a rough estimate of the relaxation process. It do
however, point out that the stability hierarchy is unchang
and that the main issue is the large energy gap existing
tween the phases with the cobalt atom positioned at the
ter of cubic silicon cages~fluorite and CsCl defected! and the
one where this local configuration is different~adamantane
and amorphous!. In Ref. 34 we already analyzed the orig
of such a gap for the unrelaxed configurations by inspec
the changes inEbs andErep. We showed that the stability o
fluorite and defected structures comes essentially from
cohesive action of the covalent bond, which in turn is p
vided by the fact that the cubic cage of silicon atoms arou
the cobalt maximizes the overlap between thesp3 hybrids of
the former and thedab hybrids of the latter. The slight in
crease of the CsCl-defected energy mainly comes from s
second neighbor repulsive contribution between Co-Co pa

By considering the contribution of configurational diso
der to the entropic part of the free energy for the unrela
networks, the CsCl-defected and amorphous data do
change their energy positions appreciably, since at ro
temperature2ST is 20.034 and20.104 eV/f.u., respec
tively. The vibrational density of states at low frequency
not expected to change appreciably from one phase to
other~see, for example, the elastic constants in the prece
sections!, so that neither the vibrational contribution to th
entropic part of the free energy should change the pictur
Fig. 8. Therefore we conclude that a large thermodyna
driving force is present in the transformation from amo
phous to fluorite or CsCl-defected phases, whereas on
feeble one is expected between the latter two. This is c
firmed by very preliminary Metropolis Monte Carlo simula
tions with our potential. They indicate that, by disregardi
the kinetic barrier effects through first-neighbor interchan
in the bcc network, the evolution of amorphous to CsC
defected phase is readily obtained with prompt formation
cubic silicon cages. No evolution to the fluorite structure
observed within our limited simulation times and configu
tions.

We are convinced that kinetic effects drive the transf
mation from CsCl-defected to fluorite phases, and that
energy barrier provided by the cubic cage of silicon ato
around the cobalts is the limiting factor for the short-pa
diffusion to the ordered configuration. To check this po
we performed several molecular dynamics simulations
is
s
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temperatures between 800 and 1200 K, and simulation ti
as long as several picoseconds, with different starting c
figurations in a 96-atom supercell:

~i! No relevant atomic displacements~but for the thermal
disorder! were observed in the case of ‘‘perfect’’ CsC
defected configuration with all Si cubic sites occupied.

~ii ! In the case of one Si vacancy we observed relaxa
of Co or Si neighboring atoms, but no indirect hopping
any metal from one site to another through this ‘‘corner v
cancy.’’

~iii ! By substituting two~001! atomic layers over eight in
the simulation cell~one Co and one Si, respectively! with
two Si layers arranged in a diamond network, we observe
strong tendency of the cubic Si network to reconstruct~leav-
ing a void layer behind! and the Co atoms to jump from on
site to another with fewer Co second neighbors, as is the c
for a local fluorite arrangement. The important fact is that
hopping always occurs throughout the square faces of
cubic Si cage, by taking profit of their relaxed arrangem
nearby the reconstructed~or still reconstructing! Si bilayer.

Therefore we conclude that Co diffusion seems not
occur through Si vacancies, but straightforwardly from o
metal site to another, and that it is strongly activated by
network distortions, as it might occur at internal extend
defects or at silicon interfaces. These predictions are
agreement with recent experiments of Co and Si self~iso-
tope! diffusion in fluorite CoSi2 at temperatures above 70
K, showing that in both cases grain boundary diffusion
several orders of magnitude~106! faster than lattice diffu-
sion, that in any case the activation energies are quite h
~2.5–3.2 eV!, and that diffusion coefficients are unaffecte
by stoichiometry variations giving rise to point defects.35

VII. ELECTRICAL PROPERTIES

The dependence of the resistivity on temperature,r(T),
of films grown with and without a template was measur
between 4.2 and 300 K. Co0.5Si films with the defect-CsCl
structure exhibit a high residual resistivityr0~4.2 K! between
95 and 155mV cm, for all film thicknesses. No dependen
of r0 on film thickness was found, in contrast to CoSi2.

1,36

For films withr0~4.2 K! up to 115mV cm, Matthiessen’s
rule for normal metals is always obeyed. Thus the resistiv
can be expressed asr(T)5r01rph(T), wherer0 is the re-
sidual resistivity which is due to carrier scattering by stru
tural defects, impurities, etc., andrph(T) is the contribution
of electron-phonon scattering. For the films withr0 above
123mV cm, the influence of the electron-phonon scatter
becomes negligible. We attribute the high residual resistiv
to the large number of Co vacancies in the defected-C
structure.

For the two kinds of films grown at low temperature o
the same substrate, the one with a template has asmaller
resistivity, which can be understood by the fact that the te
plate contributes to the conductivity. Figure 9~a! displays
r(T) for a 60- ~70-! Å-thick film on the substrate region
without ~with! a template. It was annealed to 350 °C for
min. After annealing at higher temperatures the behavio
reversed, and the side with the template exhibits alarger
r(T). This can be seen in Figs. 9~b! and 9~c!, corresponding
to TA5600 and 650 °C, respectively. ForTA5650 °C, the
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film without a template has a resistivity close to that of bu
material, indicating good crystal quality. On the other ha
r0 of the thicker film on the template is nearly twice as larg
We attribute the poorer electrical properties of CoSi2 films
grown onto a template to an incomplete ordering of the
atoms, or, equivalently, to the presence of Co0.5Si grains with
a defected CsCl structure.

At 4.2 K the Hall voltage varied linearly with the mag
netic field up to 5 T for all ~CsCl!Co0.5Si films. As for
~CaF2!CoSi2,

37,38 holes were found to be the dominant ca

FIG. 9. Resistivity as a function of the temperature for two film
of 60-Å-thick grown on the same substrate, with the use of a 10
thick template~open circles!, and without template~filled circles!.
From the top to the bottom: after an anneal to 350 °C for 2 min~a!,
600 °C for 60 min~b!, and 650 °C for 30 min~c!.
pl

G

z,

H.
,
.

o

rier species. The hole densities deduced from a one-b
model are in the range of~1.660.20!31022 cm23 indepen-
dent of the film thickness. For Co0.5Si films with templates,
the density is generally 15% larger. After post-growth a
nealing, the CoSi2 films grown without templates show
typical value of ~2.260.20!31022 cm23 very close to the
carrier concentration for bulk CoSi2.

37 By contrast, the den-
sity of films grown onto a template becomes smaller, i
nh5~1.360.10!31022 cm23. Thus the different degree of or
dering of the two kinds of films reflects itself very clearly
their electrical properties, even in cases when the two can
longer de distinguished by structure sensitive experime
techniques.

VIII. CONCLUSION

We have shown that films of CoSi2 grown by codeposi-
tion at low substrate temperature, with and without a te
plate, crystallize with the CsCl-defected structure, with a l
tice parametera05~2.6960.01! Å. The CsCl-defected
structure is quite similar to the fluorite arrangement~forma-
tion energy, lattice parameter, elastic constants!, since they
both satisfy the structural requirement of Co atoms insid
cubic Si cage, which in turn is dictated by suitable orbi
overlap.

Consequently, the transition from CsCl-defected to flu
rite structures is mainly governed by kinetic factors asso
ated with the reordering of the Co distribution on the me
sites, by hopping from occupied sites to empty ones. Pres
ably this happens by a straightforward jump through
square faces of the cubic silicon cage, which involves a h
activation barrier and a low diffusion coefficient. The pre
ence of extended defects and of Si cage distortions can, h
ever, greatly enhance the rate of successful jumps.

Growth onto a fluorite template provides higher qual
films, in particular a lower density of dislocations. Th
slower kinetics of these films for the final transformatio
from CsCl-defected to fluorite structure explains their poo
electrical properties. Moreover, it is very probable that t
persistence of CsCl grains after annealing to 600 °C res
from the termination of fast diffusion paths related to e
tended defects, and to the onset of inefficient lattice diffus
of Co atoms in a perfect Si network.
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