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CoSiz/Si(111) interface: Determination of the interfacial metal coordination number
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FOM Institute for Atomic and Molecular Physics, Kruislaan 407, 1098SIAmsterdam, The Netherlands

(Received 30 September 1991)

The morphology and the surface and interface structure of Aat CoSi2 films (thickness -2 Si-Co-Si tri-

ple layers) epitaxially grown on Si(111)have been investigated using medium-energy ion scattering with

ultrahigh energy resolution. The data show that the silicide is attached to the substrate through Co-Si
bonds rather than through Si-Si bonds. At the interface, the silicide is terminated by a full Si-Co-Si tri-

ple layer. The interface metal atoms are thus eightfold coordinated. The silicide-substrate distance is

expanded by 0.16+0.08 A. The first Si substrate layer is relaxed outward by 0.08+0.08 A. The length
0

of the Co-Si interface bond is thus dilated by 0.08 A. At the silicide surface, the first Co-Si interplanar
0

distance is found to be relaxed inward by 0.14+0.04 A. Our measurements suggest that the silicide lat-
tice strain is almost fully relaxed. %e propose that such relaxation occurs through a high density of mi-

0
crocracks in the film. The average spacing between cracks is then smaller than roughly 50 A.

I. INTRODUCTION

The growth of the epitaxial silicides of Co and Ni on
Si(111) has been investigated extensively. CoSiz and
NiSi2, which both have the cubic CaF2 structure, have a
small lattice mismatch with Si (1.2% and 0.4%, respec-
tively). They may be grown on this substrate material to
form atomically Hat epitaxial interfaces. ' The silicides are
important from a technological point of view and serve
as model Schottky barriers, offering the opportunity to
directly correlate interface atomic structure to electrical
properties. Clearly, knowledge of the atomic structure
is a prerequisite to make such a correlation. This paper
provides a detailed analysis of the atomic structure at the
CoSiz/Si(111) interface.

Figure 1 shows three possible atomic arrangements at
an MSiz/Si(111) (M =Co, Ni) interface with the film 180'
rotated with respect to the substrate (type 8). The sili-
cide may be attached to the substrate either through Si-Si
bonds or M-Si bonds. In the case of Si-Si bonding, the
silicide is terminated by a Si-M-Si triple layer and the in-
terface metal atoms are sevenfold coordinated with Si
[Fig. 1(a)]. In the case of M-Si bonding the silicide is ter-
minated by either a Si-I double layer [Fig. 1(b)], with the
interface metal atoms coordinated fivefold, or by a Si-M-
Si triple layer [Fig. 1(c)] corresponding to eightfold coor-
dination. The structural difference between the latter two
interface geometries in the "interface Si layer" marked by
the arrow in Fig. 1(c).

Considerable effort has already been devoted to the
CoSi~/Si(111) and NiSi2/Si(111) interfaces, both theoreti-
cally and experimentally. Calculations by van den Hock,
Ravenek, and Baerends ' and Hamann have shown that
the interfaces should be markedly different. For
CoSi2/Si(ill) eightfold coordination of the interface Co
atoms is predicted, awhile in the ease of Ni the sevenfold
structure model is expected to be lower in energy. For
both interfaces the model with fivefold-coordinated metal
atoms is found to be energetically unfavorable because of
the presence of unsaturated metal-centered bonding or-
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(b)

FIG. 1. Different possible bonding arrangements at an

MSi2/Si(111) (M=Co, Ni) interface. The interface metal coor-
dination numbers corresponding to the different structures are

(a) seven, (b) five, and (c) eight. The structure with eightfold-

coordinated atoms contains an additional "interface Si layer"

(arrow) as compared to the fivefold structure.

bitals at the interface for that model.
Experimentally, the NiSi2/Si(111) interface registry has

been investigated using high-resolution transmission elec-
tron microscopy (HRTEM), ' medium-energy ion
scattering (MEIS),"' x-ray standing waves (XSW), ' '
and surface x-ray diffraction. ' For this interface there is

agreement on the sevenfold structure model, i.e., the sili-
cide is attached to the substrate with Si-Si bonds across
the interface. This is in accordance with the theoretical
predictions.

In contrast, the experimental evidence for the
CoSi2/Si(111) interface structure is less clear cut. Most
techniques mentioned above have also been applied to
this system. In an early HRTEM study, Gibson et al. '

found that the Co atoms at the interface were most likely
fivefold coordinated. These authors did not consider the
eightfold model. In high-resolution MEIS (Ref. 17) and
XSW (Refs. 18—20) investigations the silicide-substrate
registry was studied and strong evidence in favor of Co-Si
bonding across the interface was found, consistent with
either fivefold or eightfold coordination of the interface
Co atoms.

Evidence for eightfold-coordinated Co atoms at
diff'erently prepared CoSi2/Si(111) interfaces has been ob-
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tained from comparisons between simulated and observed
images in an extensive HRTEM study by Bulle-Lieuwma
et al. ' Rossi et al. also claimed evidence for eightfold
coordination on the basis of surface extended x-ray-
absorption fine-structure (SEXAFS) data on very thin
(1—2 Si-Co-Si triple layers) CoSiz films. However, under
the preparation conditions of Rossi et al. we always ob-
serve the formation of islands with an average height of
more than -6 ML. If that is the case, the SEXAFS has
effectively probed the eightfold Co coordination number
in bulk CoSi2. In a photoemission study on the
CoSiz(111) surface in different stoichiometries, Hader-
bache et al. established a relation between the eightfold
Co coordination number at the Si-rich surface and that at
the CoSi2/Si(111) interface, which has been suggested in
other studies. ' However, no epitaxial interfaces were
studied in that work.

Conflicting evidence for Si-Si interface bonds, i.e.,
sevenfold-coordinated metal atoms at the CoSi2/Si(111)
interface, has been obtained in a HRTEM study by Cata-
na et al. Moreover, alternative configurations in which
the silicide is laterally shifted with respect to the sub-
strate have also been reported. The quality and struc-
ture of the CoSiz films and their interfaces with Si(111)
are sensitive to small variations in the substrate quality
and silicide preparation. Such variations may result in
silicide films, which are essentially unstrained, as in this
work, or in a peculiar metastable interface structure.
Differences in sample preparation might explain the
differences in interface structure reported. Clearly, ex-
periments on well-characterized interfaces are necessary
to resolve this issue.

In the previous MEIS study, ' relatively thick CoSi2
layers (thickness -9 Si-Co-Si triple layers} were investi-
gated. The issue of the presence or absence of the inter-
face Si layer, which resides on buried silicide lattice sites,
was not addressed.

In this paper, we present a detailed structure deter-
mination on well-characterized interfaces of very thin
CoSi2 films (thickness -2 Si-Co-Si triple layers) grown on
Si(111) using medium-energy ion scattering with mono-
layer sensitivity. %e show that the interface consists of
metal-Si bonds and that the interface Si layer is present.
Thus the interface metal atoms are eightfold coordinated,
in agreement with theory. Interface relaxations from
bulk distances are observed. The data suggest that the
silicide consists of essentially unstrained patches separat-
ed by microcracks. On the assumption of complete strain
relaxation a characteristic patch size may be inferred
from the data.

II. EXPERIMENT

The experiments were performed in an ultrahigh-
vacuum (UHV) system (base pressure -7X10 Pa) that
has facilities for medium-energy ion-scattering (MEIS)
analysis, low-energy electron difFraction (LEED}, Auger
electron spectroscopy (AES), and sputtering. ' Co was
sublimed from thoroughly outgassed wires. Absolute
metal coverages were determined using ion scattering.
Samples were heated using direct-current Ohmic heating.

Temperatures were monitored with an accuracy of 50'C
using an infrared pyrometer.

The silicide films were prepared as follows. Si(111)
substrates (n-type, miscut less than 0.5, dimensions
7 X0.5 X 16 mm ) were cleaned using mild sputtering and
annealing. Surface cleanliness was monitored using ion
scattering (detection limit —10 —10 ML for elements
heavier than Si) and AES [intensity ratios
I(C(KLL ) )/l(Si(L VV) ) and l(O(KLL ) )/l(Si(L VV) )
smaller than 1X10 ]. After cleaning sharp (7X7)
LEED patterns were obtained. Next, 1.75 or 1.90 ML of
Co was evaporated at room temperature at a rate of
-0.02 ML s . Type-B oriented silicide was formed by
annealing at -330'C for 5 min. This resulted in good
(1 X 1) LEED patterns. Occasionally half-order spots, in-
dicative of part of the surface being (2 X 2) reconstructed,
were observed. Those samples were not considered fur-
ther in the analyses.

For ion scattering a well-collimated proton beam (ener-

gy 100 keV, energy stability 10 eV) was used. A three-
axis goniometer allowed for alignment of the crystal axes
with respect to ion beam and detector to within 0.1'.
Backscattered ions were simultaneously detected over a
20' angular range using an electrostatic analyzer with an
energy resolution of 0.09% (90 eV at 100-keV ion ener-
gy). With this resolution sensitivity to signal backscat-
tered from individual monolayers is obtained. ' A
small part of the data set was obtained using a Less good
energy resolution of -360 eV. The detector was rotated
around the sample by means of a rotary table. By com-
bining scans taken at difFerent detector positions angular
ranges larger than 20' were covered.

All measurements were carried out in the (110)scatter-
ing plane. The channeling and blocking axes in the type-
B oriented silicide do not coincide with those in the sub-
strate and are marked with an asterisk. The experiments
were performed with the beam incident along either the
[001], the [221], or the [1 10] substrate ([221]*,[001]",
or [1 14]* silicide) crystal axis corresponding to incident
angles of 35.26', 35.26', or 54.74' with respect to the sur-
face plane. Note that the [001] and [221] directions
both reside in the (110) scattering plane at the same an-
gle, but at 180 rotated azimuths. Only atoms in the sili-
cide and in the interface region are hit; the deeper sub-
strate atomic layers are shadowed.

Backscattered ions are blocked on their way to the vac-
uum in directions which are specific to the silicide and
the interface structure. These directions are visible as
minima ("blocking minima") in the angular distributions
of the ion yield obtained from the energy spectra of back-
scattered protons: a "blocking pattern" is an angular dis-
tribution of the integrated (total) intensity in the surface
peak while a "constant depth profile" is an angular distri-
bution of the energy-resolved intensity corresponding to
one particular backscattering depth (see Sec. IV A).

The measured ion yields were calibrated using a stan-
dard inethod with an accuracy of 6% (Ref. 34) and either
expressed in units of monolayers visible to both ion beam
and detector or normalized to the random height using
tabulated values for the random stopping power. One
monolayer (ML) is taken to be equivalent to 7.83X10'
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atoms cm, which is the areal density of Si atoms in one
Si(111)atomic plane.

The conclusions of this work rely heavily on computer
simulations of the ion-scattering experiments. Ion in-

tensities calculated for different structure models were
compared with the experimental scattering yields.

We have also employed ion trajectory-dependent ener-

gy losses for structure analysis. ' For the simulation of
those measurements, the energy loss along the trajec-
tories through the crystal was evaluated. The ion-atom
impact parameter dependence of the inelastic energy loss
was assumed to obey the semiempirical exponential rela-
tion introduced by Oen and Robinson. ' Additional
energy spreads related to ion energy straggling effects and
detector energy resolution were taken into account.

In the simulations, values for root-mean-square (rms)
vibration amplitudes were taken from our earlier
work: ' ' ' 0.095 and 0.110 A for Co and Si in CoSiz
and 0.078 A for the Si substrate atoms. The vibrations
were assumed to be uncorrelated.

k

C)
CO 001]/[221]*

erages of the first, second, and third silicide Si-Co-Si
triple-layer levels of 1.00, 0.67, and 0.08. For the film
with 1.90-ML total Co coverage these fractional cover-
ages are 1.00, 0.78, and 0.12. The error margins on these
numbers are +15%%uo. Thus the films are continuous. For
both films the third-layer coverage is small. The silicide
height distributions have been taken into account in all
calculations presented in this paper.

The interplanar distance between the topmost Co and
Si layers in the Co-rich surface has been determined in a
residual energy difference measurement. ' In this ex-
periment the difference of the Co and Si first-layer back-
scattering energies, corrected for the elastic backscatter-
ing energy difference, is measured as a function of exit an-
gle. The distance then follows from the angular position
of the strongly asymmetric minimum in the energy
difference curve induced by the presence of the Si atom,

III. SILICIDE MORPHOLOGY
AND SURFACE STRUCTURE ~ Co

o Si Co rich

In this section we discuss the morphology and surface
structure of the epitaxial CoSiz films, knowledge of which
is needed for the interface structure analysis.

Backscattering data were taken with the beam incident
along the [001]/[221]' direction [Fig. 2(a)]. Figure 2(b)
shows the blocking pattern of the Co signal taken from
the as-prepared sample with 1.75-ML Co coverage. The
type-B orientation of the film is evident from the presence
of strong minima in the Co yield in the [001]*and [113]'
type-B silicide directions ( -35' and -60' exit angle) due
to blocking of ions backscattered from second-layer Co
by surface Co and Si atoms. The virtual absence of
blocking minima in the [1 19]', [115]',and [112]' direc-
tions shows that the surface stoichiometry is Co rich, i.e.,
the silicide is terminated by a Si-Co-Si triple layer.

The Co-rich surface of the silicide film is converted
into a Si-rich one by deposition of 2 ML of Si and anneal-

ing to 300'C, in agreement with earlier work.
After this the blocking minima caused by the two addi-
tional Si monolayers, in the [1 19]', [001], [115]*,and
[112]*directions, are readily observed [see Fig. 2(c)]. The
angular positions of the minima are consistent with the
atomic coordinates as determined in Ref. 25. This is
confirmed by a Monte Carlo simulation assuming these
coordinates (first and second Si layers relaxed outward by
0.15 and 0.075 A; third Si layer relaxed inward by 0.05 A
with respect to the CoSiz bulk positions). The fit (solid
curve) matches the data well.

The virtual absence of minima in the blocking pattern
from the Co-rich surface [Fig. 2(b)] along the [1 19]*,
[117]*(not indicated), [115]*,and [112] blocking direc-
tions further shows that the silicide film is rather Aat.
The roughness of the film can be estimated by fitting the
data to a linear combination of patterns calculated for
patches having heights of 1, 2, and 3 Si-Co-Si triple lay-
ers. The solid curve through the data shows the best fit
for the film with 1.75-ML Co, obtained for fractional cov-

C&
cD

i& [111] rv cv

&r ~r ~r Si rich

100-keV H+ = CoSizjSi(111), Co yield
2.0 . . . , 2.0

~ . ~
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FIG. 2. Characterization of different CoSi~ surface termina-

tions. (a) Scattering geometry used for characterization of the

silicide surfaces. Blocking directions for Co-rich and Si-rich

type-8 oriented silicides with a height of 2 Si-Co-Si triple layers

are indicated. (b) Observed (circles) and simulated (solid curves,

see text) Co yields for the as-prepared sample. The surface is

Co-rich. The flatness of the film is evident from the virtual ab-

sence of blocking minima in the [1 19], [117]*,[115],and

[112]"directions (see text). (c) Co yields for the same sample

after deposition of a Si double layer. The surface is then Si-rich.



45 CoSi2/Si(111) INTERFACE: DETERMINATION OF THE. . . 6703

(a) [111j*
100-keV H

[001]*

~ Co

o Si

(b)

0.00-

O
~ —0.05-

~ dP = 3.6'

—0.10-
"no relaxation
relaxation —0. 1 4

topmost Co —Si interplanar distance
I I I I

distinguish between these different silicide-substrate re-
gistries we have performed an experiment in the scatter-
ing geometry of Fig. 4(a). The data have been obtained
from the sample with 1.90-ML coverage. The ion beam
was incident along the [221] substrate, [001]* silicide
axis. Atoms in the second to fifth layers in the substrate
have a large hitting probability; the silicide and the sixth-
and deeper-layer substrate atoms are shadowed. There-
fore most backscattered ions originate from the interface
region. On their way back to the vacuum these ions are
blocked by silicide atoms in directions which are charac-
teristic for the silicide-substrate bonding registry.

An experiment in this geometry is only weakly sensi-
tive to the difference between the fivefold and eightfold
models because the interface layer present in the eight-
fold model is shadowed and hardly contributes to the to-
tal yield. Blocking effects by this layer are weak as well.

We have labeled characteristic substrate-silicide block-
ing directions for either the sevenfold or the fivefold or
eightfold registries 1 and 2 [Fig. 4(a)]. Direction 1 is

30255 15 20
exit angle (deg)

FIG. 3. Determination of topmost Co-Si interlayer spacing
using energy losses. Scattering geometry (a) and energy residues
observed [(b), circles] (Refs. 32 and 33). The first Co-Si inter-
layer distance relaxation ( —0.14+0.04 A) is obtained from the
position of the strongly asymmetric minimum. Calculated
curves are shown for bulklike (dotted curve) and relaxed (solid
curve) interlayer distances. Both calculations have been shifted

up by 60 eV (Ref. 42).

~ Co

o Si

1 1 2

2 2 2

01 ]*

sevenfold

which affects the ion energy in each exit direction along a
Co-Si internuclear axis. This method is described in de-
tail elsewhere. Figure 3(a) shows the scattering
geometry used. The data have been taken with the ion
beam incident along the [001]' silicide axis. Backscat-
tered ions have been recorded in a 20' angular range
around the [111]*blocking direction. Figure 3(b) shows
the experimental energy residues [shifted over 60 eV (Ref.
42)] together with calculated curves for relaxed (solid
curve) and bulklike (dotted curve) Co-Si interplanar dis-
tances. The solid curve matches the data well, both in
shape and in angular position. We conclude that the Co-
Si interplanar distance is 0.63+0.02 A, which corre-
sponds to an inward relaxation by 0. 14+0.04 A with
respect to the bulk CoSi2 spacing. This value for the
interplanar distance is consistent with the position of the
[113] minimum observed in the blocking pattern [Fig.
2(b)], as is demonstrated by Monte Carlo simulations as-
suming this value (solid curve). The value for the inter-
planar distance agrees with LEED results.

For the Co-rich surface [see Fig. 2(a)] the silicide-
substrate interface is better accessible to ion beam and
detector than for the Si-rich surface. This allows an
easier analysis. Therefore we have studied the interface
mainly on samples with Co-rich terminated surfaces.

IV. INTERFACE STRUCTURE DETERMINATION

A. Sevenfold versus eightfold (fivefold) coordination

First, we have examined whether the silicide is at-
tached to the substrate through Co-Si or Si-Si bonds. To

+0.16 A

eightfold
(fivefold)

100-keV H+ ~CoSi2/Si(111), Si yield

. 1 210- -10

s -(b) - 8
sevenfold
relaxed - 10

fivefold
relaxed

-10
Q)

o 8 - (d)
tt)

c 6-

8-()

50 55 60 65 70
exit angle (deg)

eiahtfold - 8
relaxed

-10

eightfold
nonrelaxed

75 80

FIG. 4. Determination of silicide-substrate registry. (a)
Scattering geometry. Characteristic blocking directions in the
Si yield, labeled 1 and 2, are indicated for both the sevenfold
and eightfold silicide-substrate registries. Direction 1 is expect-
ed for the sevenfold model only. (b)—(d) Observed Si yields (cir-
cles) compared to simulations for each of the three models for
the interface with optimized coordinates (solid curves). A cal-
culation for the eightfold model with bulklike silicide-substrate
distance is shown for comparison (e). The dotted curve is de-
scribed in Sec. V.
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present in case of the sevenfold Si-Si bonding registry
only. On the other hand, direction 2 is expected for both
the sevenfold and fivefold/eightfold interface structure
models.

The Si blocking pattern is shown in Figs. 4(b) —4(e) (cir-
cles). The presence of a blocking minimum in direction 2
and the absence of a minimum in direction 1 in the data
suggest a fivefold or eightfold registry of the silicide with
respect to the substrate. An angular shift of minimum 2
to a larger exit angle with respect to its bulk position in-
dicates a silicide-substrate distance that is larger than
that expected for bulklike Si bond lengths and bond an-
gles.

In the simulations for each of the different structure
models, we have varied the silicide-substrate distance and
first substrate plane position to obtain the best fits to the
data (solid curves). The simulations confirm the qualita-
tive arguments given above. As expected, the calcula-
tions for the sevenfold model (b) indeed predict a
minimum in direction 1, in disagreement with the data.
By contrast, both the simulations for the fivefold (c) and
eightfold (d) interface registries are in very good agree-
ment with the data on an absolute scale, showing no
minimum in direction 1 and predicting minimum 2 with
the correct intensity. To obtain these fits, the silicide-
substrate distance had to be increased by 0. 16+0.08 A.
The error margin has been determined in a visual com-
parison of patterns calculated using different relaxation
values to the data. To demonstrate the sensitivity of the
data to the interface expansion we have included a calcu-
lation for the eightfold-coordinated interface with the
bulklike silicide-substrate distance (e), which predicts
minimum 2 at the wrong exit angle.

From the data taken in this geometry we conclude that
the silicide is attached to the substrate through Co-Si
bonds, consistent with either fivefold or eightfold coordi-
nation of the interface Co atoms. Si-Si bonding across
the interface (the sevenfold structure) is ruled out.

B. Fivefold versus eightfold coordination

Next, we have investigated whether the silicide is ter-
minated at the interface by a Si-Co-Si triple layer [Figs.
1(a) and 1(c)] or a Si-Co double layer [Fig. 1(b)], i.e.,
whether or not the interface Si layer, which should satu-
rate the metal-centered orbitals, is present. To this end,
we used the geometry of Fig. 5(a). The ion beam was in-
cident along the [1 10] substrate channeling axis. In this
geometry the silicide atoms, including the interface Si
layer, have a large hitting probability whereas the sub-
strate atoms are shadowed.

The presence of the interface Si layer is detected as fol-
lows. The yield from the atoms in that layer is ef6ciently
blocked along the [331]*silicide blocking axis (-41.5
exit angle) by the topmost Co atoms. Because of the fiat-
ness of the silicide, a minimum in a similar direction is
not expected in the yield from any other Si atom in the
silicide-substrate system, neither for the sevenfold, nor
for the fivefold or eightfold interface bonding registries.
Its presence or absence is therefore directly indicative of
the presence or absence of the interface layer.

[331]* [110]

0.8 - fivefold

0.6- B

eightfold

—0,8-
(D

@04
0
E 0.2-
0
C

C

B
iA

D

U

~ 0.40
C

0.2-

~ ~

F0 ' + ~t~ ~ + ~ ~

90 91 92 93 94
energy (keV)

30 35 40 45 50 55
exit angle (deg)

FIG. 5. Presence of interface Si layer. (a) Scattering
geometry used. A blocking minimum is expected in the [331]
silicide direction if the interface layer is present. (b) Energy
spectrum observed at 42' exit angle. Yields in the spectrum at
positions A, B, and C correspond to ions backscattered from
surface, interface, and substrate atoms. (c) Constant depth
profiles A, B, and C (circles) and calculated curves for the five-

fold and eightfold structure models (solid curves, see text). In
profile B a blocking minimum is observed in the [331] direc-
tion (arrow), indicative of the presence of the interface atoms.

The data have been recorded from the sample with
1.90-ML Co coverage using an energy resolution AE/E
of 9 X 10, with which monolayer sensitivity is at-
tained. The Si part of the energy spectrum taken at 42'
exit angle is shown in Fig. 5(b). The shape of the spec-
trum reflects the depth distribution of hitting probabili-
ties: the yields from the silicide and first substrate layers
form the surface peak; the low minimum yield behind the
peak reflects the small hitting probability of deep sub-
strate atoms. Accordingly, we have taken angular "con-
stant depth profiles" of the ion yields in the energy spec-
tra corresponding to a constant backscattering depth in
the surface (A), interface (B), and substrate (C) regions
[Fig. 5(c), circles]. Profile 8 does have a distinct blocking
minimum at 41.5' exit angle, indicative of the presence of
the interface Si layer. As expected, no minimum is ob-
served at this angle in either profiles A or C.

To demonstrate the sensitivity of the experiment to the
presence or absence of the interface Si layer we have pro-
duced fits (solid curves) to the constant depth profiles
with linear combinations of calculated monolayer yields
from each of the single Si layers in the silicide and inter-
face region. The fitting has been performed for the
eightfold (interface Si present) and fivefold (no interface
Si) structure models.

First, we discuss the fits for the eightfold model. As
profile A is due to ions backscattered from surface Si, no
blocking minima are observed. This profile is described
by only a first-layer contribution (liat curve). Interface
profile 8 is described well by a fit containing a 30% con-
tribution from the interface Si layer. Profiles taken at
slightly different "depth" around profile B (not shown)
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also have the minimum and are satisfactorily described
using a relative contribution of -0.3 from the interface
Si layer. Substrate profile C does not show a minimum.
The fit is obtained using a large contribution from sub-
strate Si atoms.

The sevenfold model would yield results similar to that
for the eightfold model, but that structure has been ruled
out in the preceding section.

The best calculation assuming the fivefold interface
structure (no interface Si) is shown separately. It does
not predict the [331]*minimum in profile 8.

The data in this geometry are described satisfactorily
by the eightfold structure model, i.e., the silicide is ter-
minated at the interface by a Si-Co-Si triple layer. The
fivefold structure model is ruled out.

C. Interface expansion

Additional evidence in favor of an expanded interface
has been obtained from Si yields taken with the ion beam

[001]* [001]/ [221]*

~ Co

o Si
sevenfold

[001]*

[111]

Q [110]
eightfold
(fivefold)

100-keV H+~ CoSi2/Si(111), Si yield
8

[001]'
sevenfold

~ relaxed

4
== (c) fivefold

relaxed

07

O

== (e)

eiahtfold -6
relaxed

eightfold
nonrelaxed

20 40 60
exit angle (deg)

80

FIG. 6. Determination of interface relaxations. (a) Scatter-
ing geometry. In the case of an outward relaxed silicide the sub-
strate atoms have an increased hitting probability, which gives
rise to an increase in yield from these atoms and an apparent
shift in the silicide [001]* direction (arrows). An additional
shift is induced by the inward relaxation of the topmost Si atom
(0.14 A, see Sec. III). (b) —(d) Si yields (circles) compared to
simulated intensities for difFerent models with an interface ex-
pansion (solid curves). A simulation for the eightfold model
without the expansion is shown for comparison (e).

incident along the substrate [001], silicide [221]" axis
[see Fig. 6(a)]. The experiment has been performed on
the sample with 1.75-ML coverage. In this case all sili-
cide atoms are hit by the ion beam. Due to the interface
expansion the first substrate atoms have a large hitting
probability as well. Ions backscattered from these sub-
strate atoms are blocked in directions at angles slightly
below that of the [001]* silicide blocking axis (arrows).
Our previous conclusions concerning the interface struc-
ture are confirmed by a comparison with simulations for
different models. The solid curves [Figs. 6(b) —6(d)] show
the best fits to the data obtained for the three structures
including optimized relaxations.

For the jivefold-coordination model (c) yields are pre-
dicted which are —1 ML lower than the data, because of
the absence of the interface Si layer (in the eightfold
structure model the layer is almost fully visible to beam
and detector). Moreover, the shape of the calculated
pattern does not match the data. Again the fivefold coor-
dination is ruled out.

The fits for the structure models with either sevenfold
or eightfold coordin-ated Co atoms at the interface satis-
factorily describe the data [Figs. 6(b) and 6(d)]. These
two models are thus not distinguished in this geometry.
For both curves the silicide-substrate distance is expand-
ed by 0.16 A in accordance with the results in Sec. IV A
(Fig. 4). The expansion causes an increase in absolute
yield and a shift in the [001]' blocking minimum to lower
angle, as is evident from a comparison to a calculation for
the eightfold model with a bulklike silicide-substrate dis-
tance [Fig. 6(e)]. These changes are related to an in-
creased hitting probability of the first substrate atoms for
the dilated interface. The corresponding simulation
faithfully reproduces the [001]*minimum, both in shape
and in angular position. In contrast with the experiment
of Fig. 4, the measurement in Fig. 6 is also sensitive to
the distance between the first and second Si layers of the
substrate (deeper-layer spacings were assumed to be bulk-
like). The best fit in Fig. 6 is obtained if this distance is
expanded by 0.08+0.08 A. In other words, the 0.16-A
displacement of the silicide with respect to the substrate
bulk is divided over a 0.08-A expansion of the first sub-
strate interlayer spacing and a 0.08-A Co-Si interface
bond length increase.

Interface data taken from a sample with a Si-rich sur-
face (not shown) yield the same conclusion. The data are
consistent with a dilated eightfold interface structure
model.

The data taken in this geometry are completely can-
sistent with the conclusions derived in the preceding sec-
tions. CoSi2/Si(111) has Co-Si bonds across an expanded
interface. The interface Co atoms are eightfold coordi-
nated. A dilation of the silicide-substrate distance is ob-
served.

V. STRAIN RELAXATION

For thin CoSiz films prepared as described in Sec. II we
always observe that they are essentially undistorted by
lattice strain (we have studied thicknesses ranging from
1.4 to 3.5 Si-Co-Si triple layers). This can be seen from
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35 A

0 x = -0.2 -0.1 0. 0

the position of the [001]*silicide blocking minimum [see,
e.g. , Fig. 2(b)], which coincides with the unstrained
[001]*bulk axis (exit angle 35.26'). This suggests that the
lattice strain is almost fully relaxed and that the films
have the CoSi2 bulk lattice constant.

We now present a simple model for our films assuming
that no residual strain or other elastic distortions are left
in the film. Under this assumption we conclude that the
strain relaxation should occur through microcracks.
Consider the blocking profile in Fig. 4 (circles). The
minimum labeled 2 is due to blocking of the substrate
yield by silicide atoms (see Sec. IV A). Its presence and
depth show that most silicide atoms reside in the vicinity
of a perfectly epitaxial site. That is possible only if the
silicide, which is in principle incommensurate with the
substrate, contains a large concentration of cracks. Fig-
ure 7 shows a possible configuration of silicide patches.
We note that the experiment is insensitive to the atomic
bonding configuration at the cracks in between the
patches. The average lateral misfit is proportional to the
size of the unstrained patches. The depth of blocking
minimum 2 in Fig. 4 is sensitive to the average misfit Ax
and decreases with increasing patch size.

In order to obtain an estimate for the average patch
size we have performed Monte Carlo simulations for
several sizes. An excellent fit to the data is obtained for a
size of 35 A [see Fig. 4(d), solid curve], and less good
agreement for a diameter of 55 A (dotted curve). The
latter simulation indeed predicts a shallower minimum 2.
The substrate is less efficiently shadowed and blocked by
the silicide, which results in a too high overall yield.
Minimum 2 completely disappears for even larger
patches. On the other extreme, fair agreement with the
data, with minimum 2 only slightly too deep, is obtained
in a simulation for a fully coherent strained silicide (not
shown).

From this we infer an upper limit for the average dis-
tance between cracks, which is roughly 50 A. The data
indicate that the average silicide lateral misfit does not
exceed -0.15 A. For a typical patch size of 35 A the
maximum lateral misfit between the silicide and the sub-

O

strate at the patch perimeter is -0.2 A. The correspond-
ing silicide-substrate bond-angle distortion amounts to
-5 (see Fig. 7). From the silicide height distribution
(first-layer fractional coverage 1.00+0.15) we know that
the patches should fit closely together as sketched in Fig.
7. For patches which are much smaller than 35 A the
cracks themselves might cover a considerable fraction of
the surface and thus affect the Si and Co blocking pat-
terns. In all calculations in this paper a patch size of 35
A has been assumed.

We admit that on the basis of our data alone we cannot
exclude the possibility of a fully strained and coherent sil-
icide. Most fits would not become significantly worse
than those obtained for small unstrained patches. How-
ever, in order to be consistent with the observed bulklike
[001]' silicide direction a strained film would have to be
stretched in all three directions (i.e., parallel and perpen-
dicular to the surface) by 1.2%. This behavior would
have to remain unchanged over the range of coverages
studied, from 1.4 to 3.5 triple layers. In addition we note
that strained CoSi2 films can in fact be prepared and that
they combine the lateral stretching by 1.2% with a per-
pendicular contraction by 1.1%, which corresponds to a
Poisson ratio of a =

c~/e~~
—=0.9.

Note that all previous conclusions on the topology and
the relaxations of the interface are not affected by the
small difference between strained and unstrained silicide.

VI. DISCUSSION

The determination of the CoSiz/Si(111) interface struc-
ture completes a consistent picture concerning the
silicide-substrate and silicide-vacuum interfaces of
CoSi2(111) and NiSiz(111). These silicides exhibit the
different chemical behavior predicted by van den Hock
et al. and Hamann (see Fig. 8), not only at the inter-
faces, but also at the surfaces: at the bulklike-terminated
NiSiz(111) surface, the metal-centered orbital is complete-
ly filled with electrons. This results in a stable surface
with sevenfold-coordinated Ni atoms. As to the inter-
face, because of the complete filling of the metal-centered
orbital, the only candidate for an interface chemical bond
with the substrate is the empty Si dangling bond of the
disilicide. This results in an interface with Si-Si interface
bond and sevenfold-coordinated Ni atoms. By contrast,
Co has one electron less than Ni. At the CoSi2(111) sur-
face the metal-centered orbital is half filled and is an ideal
candidate for formation of a Co-Si bond. The latter then

CoSi, 'Si (111) NiSi /Si (il" )

FIG. 7. Possible model of a silicide film in which the lattice
strain is fully relaxed. The lattice mismatch is exaggerated.
From the data (Fig. 4) we conclude that most of the silicide
atoms reside in or near perfect registry with the substrate. For
a strain-relaxed film, that is possible only if the silicide has a
large number of microcracks. For unstrained patches of —35
0

A, as used in the fits, the lateral misfit Ax of the silicide atoms
with respect to the substrate increases linearly from zero in the

0
center to -0.2 A at the patch perimeter.

—surface—

—inter face—

FIG. 8. Comparison of MSi2/Si( 111) interface and

MSi2(111) surface structures (M=Co, Ni). The Co atoms are
eightfold coordinated and the Ni atoms are sevenfold coordinat-
ed, both at the most stable surfaces and at the interfaces.
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makes the Co coordination number 8. This happens at
both the Si-rich CoSiz(111) surface and the CoSiz/Si(111)
interface.

We observe an expansion of the silicide-substrate dis-
tance by 0.16 A. In other experiments dilations were
found of 0.14 A, ' 0.05 A is 0 04 A zo and zero. ' No in-
terface structure determinations have been reported on
fully strained silicides: the lattice strains in the silicide
films were found to be either fully' ' or for a large
part' ' relaxed, as in our case.

Apart from the work by Rossi et aI., we are not
aware of any investigations on the interface between epit-
axial CoSiz films with a thickness of -2 triple layers and
Si(111). The silicide-substrate distance expansion might
be specific for a very thin silicide film. However, we
suspect that the interface expansion is caused by the anti-
bonding interaction between the dangling-bond orbital of
the threefold-coordinated interface Si layer and the filled
Si substrate orbitals. The interface relaxation observed
(0.16 A) is similar to that present at the Si-rich surface.
The latter relaxation, between the topmost surface Si and
Co atoms, amounts to 0.15 A. The Si-rich surface may
be viewed as a type-A oriented interface.

The complete strain relaxation at the low coverages
studied in this work is somewhat unexpected. In
heteroepitaxial systems strain relaxation is believed to
occur beyond a certain critical thickness and fully
strained epitaxial CoSiz/Si(111) films have been obtained
at much larger thickness (40 A). It could be that the
structure of the "unreacted" metal film before anneal-
ing and the formation kinetics of the film at 330'C
govern the final structure. We have observed that upon
annealing at -550'C the relaxed film converts into an is-
landed structure in which each island is strained.

We note that in the case of a complete relaxation of the
lattice strain the formation of small patches is the only
way for CoSiz to grow on Si(111)without steps or defects
at the interface. Let us consider the interatomic dis-
tances for the rather close-packed eightfold interface
configuration (see Fig. 9) for different lateral inisfits. In
the center of the patch there is no lateral misfit. The in-
terface Si atom and the surrounding first Si substrate
atoms, with which it does not form bonds, are -2.74 A
apart [Fig. 9(a), double arrow]. At the edge of a patch of
35-A size, a lateral misfit of 0.2 A [Fig. 9(b), exaggerated]
reduces this distance to -2.58 A and brings it much
closer to a regular Si-Si bond length (2.35 A). In the case
of 0.3-A misfit (50-A patch) the interatomic distance
reduces further to 2.51 A. It might be that the maximum
unstrained patch size observed is related to the maximum

(a)

FIG. 9. (a) Center and (b) edge parts of a CoSi& patch on
Si(111). The misfit (exaggerated) at the perimeter of the patch
results in a reduction of interatomic distances in the densely
packed eightfold interface (see double arrows) which puts an en-
ergetic constraint on the maximum unstrained patch size (see
text).

lateral misfit energetically allowed by the eightfold inter-
face. It remains to be investigated what the atomic struc-
ture at the cracks is and what role, for example, steps
play in their formation.

VII. CONCLUSIONS

We have prepared fiat CoSiz films (thickness -2 Si-
Co-Si triple layers) on Si(111) substrates. The topmost
Co-Si interlayer spacing in the Co-rich surface is relaxed
inward by 0. 14+0.04 A. The silicide is attached to the
substrate through Co-Si bonds. The interface Co atoms
are eightfold coordinated with Si atoms, in agreement
with theoretical predictions. The silicide-substrate
distance is observed to be dilated by 0. 16+0.08 A. The
first Si substrate layer is relaxed outward by 0.08+0.08
A. The interface Co-Si bond length is thus expanded
with respect to the Si-Si bulk distance by 0.08 A.

The lattice strain in the silicide is probably almost fully
relaxed. The silicide then contains a large concentration
of cracks. On the assumption of complete strain relaxa-
tion the average distance between cracks is estimated to
be smaller than roughly 50 A.
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