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The silicide structure in high-dose [(1-8) X 10!7 Co/cm?] cobalt-implanted Si(100) crystals is stud-
ied by extended x-ray-absorption fine structure, x-ray diffraction, and Rutherford backscattering
spectrometry. As the implant dose increases we observe silicide structural evolution from a locally
ordered CoSi, at a dose of 1X 10" Co/cm? to long-range-ordered CoSi, and CoSi at 3X 10"
Co/cm?, and to a short-range-ordered and highly defective CoSi-like structure at 8 X 10'” Co/cm?,
We propose a model in which Co atoms preferentially occupy the interstitial site, first in silicon then
in CoSi,, to understand the silicide-formation mechanism in the implanted system. The short-
range-ordered silicides, observed for the first time, and the structural evolution are discussed in
terms of both the CoSi, and CoSi structures and the proposed model. Single-phase and strongly
oriented CoSi, are obtained in samples annealed at 700 °C.

I. INTRODUCTION

There has been growing interest in producing metal sil-
icides by high-dose ion implantation into silicon.! ™ The
implantation may serve as an alternative and in some as-
pects advantageous method to other deposition methods
in the fabrication of circuit-device-oriented materials.
CoSi, and NiSi, have attracted particular attention be-
cause of their superior electrical properties (e.g., low
resistivity®) and the feasibility of epitaxial growth with
silicon. From the few cases studied to date, metal silicide
formation produced by implantation has shown rich phe-
nomenology that differs from solid-state reaction of
sequentially deposited layers. For example, silicon-rich
silicides form readily in the implanted system at quite low
substrate temperatures (Refs. 4 and 5 and this work),
while in the case of deposited layers they form only at
much higher temperatures and often after metal-rich sili-
cides are formed.””® The understanding of the silicide for-
mation process in the implanted system is of fundamental
value and will be beneficial to achieving high-quality ma-
terials, but to date, such understanding is very limited.
We report here a detailed study of the silicide structure of
high-dose cobalt-implanted systems. We have utilized ex-
tended x-ray-absorption fine structure (EXAFS) capable
of probing short-range structural order, and x-ray
diffraction which probes long-range ordered phases. EX-
AFS with its element selectivity and short-range sensitivi-
ty is ideal for revealing the local environment of the im-
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planted species. Composition profiles are obtained with
Rutherford backscattering spectrometry (RBS).

II. EXPERIMENT

Polished single-crystal silicon with (100) orientation
was uniformly implanted using a scanning beam of 150-
keV and 165-keV Co™ ions at substrate temperatures be-
tween 100 and 400°C in a vacuum of 10~ ® Torr. Current
densities of 10-20 uA/cm” were used to achieve total
doses of (1-8)X10'7 Co/cm? The sample holder was
surrounded by a liquid-nitrogen trap and warmed by a
heater with temperature monitored and stabilized during
the implantation. Further description of the implanta-
tion apparatus has appeared elsewhere.” The EXAFS
measurements were carried out at Beam Line X-11 at the
National Synchrotron Light Source (NSLS) and at La-
boratoire pour I'Utilisation du Rayonnement Electro-
magnétique (LURE) in France. At X-11 a Si(111)
double-crystal monochromator with a 0.5-mm front slit
was used and the energy resolution at the Co K edge was
estimated to be 2.5 eV. Harmonics were rejected by de-
tuning the crystals to cut 20% of the peaked incident in-
tensity. Implanted samples were measured by fluores-
cence detection with 45° incidence and 45° exit set up plus
an Fe filter with slit assembly.!® Such a setup turns out to
be quite effective in eliminating the diffraction peaks from
the Si(100) substrate. Data on CoSi,, FeSi, and cobalt foil
were measured in transmission. Electron-yield detec-
tion!! of EXAFS was used in measurements carried out
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at LURE. The purity and structure of the commercially
obtained CoSi, and FeSi were checked with x-ray-
diffraction measurements.

III. RESULTS

A. RBS and x-ray diffraction

The cobalt-implanted samples were characterized by
RBS measurements with a 1.9-MeV “He beam. The RBS
spectra were discussed previously!? and are summarized
here. The Co concentration profile is shown in Fig. 1 for
the 1X10"-, 3X10"-, and 8X10'-Co/cm, samples.
They show a peak concentration of 12%, 40%, and 44%,
respectively. The Co in the 1X10'7-Co/cm? sample is
buried with a peak at 1000 A. Co diffusion from the sur-
face region towards the peak Co concentration region is
observed after annealing at 700 °C for 2 h (dashed line in
Fig. 1). This will be discussed further in the context of
CoSi, growth upon annealing. For the 3X10'- and
8X10'7-Co/cm? samples a large amount of Co appears at
the surface and the Co concentration remains more or
less constant in the top 1000-A layer.

Ordered silicides in most of the implanted samples ob-
served by XRD are preferentially oriented. For the as-
implanted samples, only a few weak lines that can be in-
dexed with the orthorhombic Co,Si structure were ob-
served in the 1X 10'7-Co/cm? sample. CoSi and a majori-
ty CoSi, with complete (400) orientation are found in the
3X10"-Co/cm? sample. In the 8 X 10'7-Co/cm? sample
only one weak and broad line that can be associated with
CoSi with a lattice parameter expanded by 0.10+0.04 A
is detected. These diffraction measurements are to be
compared with the EXAFS results on corresponding
samples. After thermal annealing at typically 700°C for
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FIG. 1. The Co-atom concentration profile obtained from

1.9-MeV *“He RBS measurements for cobalt-implanted Si(100)
samples with dose and implantation temperature indicated. The
1X 10'-Co/cm? sample has also been annealed at 700 °C for two
hours. The concentration profiles were obtained by assuming
the sample density as a linear combination of the bulk atomic
densities of Si and Co; the effects of the energy straggling and
the finite detector resolution were not corrected for.
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2 h, all implanted samples form single-phase and almost
completely oriented CoSi,(400). We have proven!'® that
the CoSi, in some of our annealed samples is high-quality
single-crystal epitaxially grown on the silicon substrate.

B. EXAFS results

The EXAFS refers to the oscillations above an absorp-
tion edge in the absorption coefficient. Physically, these
oscillations originate from the interference of the outgo-
ing and backscattered (by the near-neighbor atoms) pho-
toelectron wave functions. The EXAFS function for an
unoriented sample is given by

N;SGF;(k) .
kR}

—2k2a§ —2AR;—A)/A
e

X(k)=73

Xsin[2kR; +¢;(K)] (1)

where the summation is over coordination shells of a
coordination number N; at an average distance R; with a
mean-squared variance o2 (MSRD). k is the photoelec-
tron wave vector. F;(k) is the backscattering amplitude
and ¢;(k) is the total phase shift due to the backscatter-
ing atom and the absorber. A is the mean free path of the
photoelectron. S accounts for the relaxation effect of
the passive electrons, and A=R; compensates for the en-
ergy losses included in S3 and F;(k). The EXAFS data
were analyzed with the standard method!® using CoSi,
and cobalt metal as reference compounds for Co-Si and
Co-Co pairs, respectively. The EXAFS functions ob-
tained after background subtraction were normalized to
the step size at the absorption edge.

Fourier-transform magnitudes are presented in Fig. 2
for the as-implanted and annealed 1X 10'7-Co/cm? sam-
ple together with that of bulk CoSi,. It is clear that
CoSi, is formed in both the as-implanted and annealed
samples just from comparing their transforms with that
of CoSi,. The first coordination shell about the Co atom
has eight Si atoms at R =2.32 A (the peak at 2 A in Fig.
2). From an analysis of log-ratio and nonlinear least-
squares fitting of this first-shell data, we find that the
CoSi, in the annealed sample is well ordered and the
near-neighbor distance R, coordination number N, and
o? for the first shell are the same, within experimental
uncertainties, as those of the bulk CoSi,. The result is in
good agreement with the XRD results. EXAFS results
also show single-phase CoSi, in the 3 X 10!"- and 8 X 10!"-
Co/cm? samples annealed at 700°C for two hours. We
will concentrate on the as-implanted samples in the fol-
lowing.

No silicide phase other than CoSi, is identified by EX-
AFS in the as-implanted 1X 10'-Co/cm? sample. Co-Co
pairs in the 2.53-2.67- A range expected from Co,Si were
not found in the EXAFS data. Therefore, if some Co,Si
exists in the as-implanted sample as suggested by the
diffraction measurement, its relative amount should be
very small. It is surprising that the predominant CoSi,
observed in EXAFS is not detected in XRD of the as-
implanted sample. There are two possible origins for
this. One is that the CoSi, grows in the Si(100) wafer ep-
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FIG. 2. Fourier-transform magnitude & of Co EXAFS (k2%y)
for the 1X10"-Co/cm? and T;=400°C samples at room tem-
perature. Dashed line, as-implanted; solid line, annealed at
700°C for two hours. The data for CoSi, (lower part) is also in-
cluded.

itaxially with a perfect match between their lattice pa-
rameters such that the only diffraction peak (400) from
the CoSi, overlaps with the (400) peak from the Si(100)
substrate. This epitaxial growth would lead to a Co-Si
distance of 2.35 A, but the Co-Si di§tance determined in
the EXAFS data is R =2.32+0.01 A. Thus, such an ep-
itaxial growth appears not to exist in the sample. The
remaining origin is that the CoSi, is only locally ordered
and lacks the long-range order required for the
diffraction observation. We point out that the observed
local order is compatible with a rather long-range order
and high degree of crystallinity within the CoSi, grains.
Figure 3 shows the Fourier transform of the EXAFS
function for the as-implanted 3X10'-Co/cm? sample.
The spectrum is similar to but differs slightly from that of
CoSi, (see Fig. 2 for CoSi, spectrum), suggesting a major-
ity of the CoSi, phase and other minority phases. Using
the XRD result as a guideline, we have successfully fit the
first peak to a combined contribution from 76% CoSi,
and 24% CoSi, the fit being shown as a dashed line in
Fig. 3. Such relative amounts of CoSi, and CoSi give an
overall Co-atom concentration of 37% in the CoSi, and
CoSi region neglecting possible unreacted silicon in this
region. The close match of this value with that obtained
by RBS profile (Fig. 1) seems to suggest the existence of a
silicide layer with little pure-silicon inclusion. This situa-
tion is much different from the high-energy (6-MeV) im-
plantation of Ni into silicon, where the NiSi, is found to
be disrupted by unreacted silicon at a dose of
3X10'/cm? and the NiSi, layer forms at a dose as high
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FIG. 3. Fourier-transform magnitude ¥ of Co EXAFS (k2y)
for the as-implanted 3X 10'"-Co/cm? sample and simulation to
the first peak with 0.76 (CoSi,) plus 0.24 (CoSi).

as 1.3X 10" Ni/cm? (Ref. 4).

We now turn to the local structure of the samples im-
planted with hlgh nominal doses; sample A with a dose
7.5X 107 Co/cm? 1mplanted at 100°C and sample B with
a dose 8.0X 10! Co/cm? implanted at 350°C. Figure 4
shows their Fourier transforms together with the Fe K-
edge EXAFS of FeSi. FeSi has the same cubic structure
as CoSi with a slightly larger lattice parameter (4.49 A
versus 4.46 A) and is used here to represent the CoSi
structure. The near-neighbor shells of sample 4 and
sample B are analyzed up to 4.0 A from the Co absorber.
The third and fourth shells are analyzed after subtracting
out the Co second shell. The peaks between 1.0 and 3.0
A fit excellently to a Si shell plus a Co shell. The parame-
ters obtained from fitting together with those of bulk
CoSi are listed in Table I.

The structures of sample 4 and sample B are similar,
so the following results apply to both of them. All ob-
served near-neighbor distances (see Table I) from the Co
atom in the implanted samples correspond to those of
CoSi. The more distant shells of samples 4 and B are
similar to those of FeSx as seen in Flg 4. However, the
three Si atoms at 2.47 A expected in the CoSi structure
are totally missing in the implanted samples. Further
support to this result is gained by examining the envelope
functions obtained from the inverse transform of the por-
tion in the 1.0-2.2-A region (Fig. 4) of the implanted
samples and FeSi. The FeSi envelope shows a strong beat
characteristic of the two Si shell contribution; in contrast,
the implanted samples show no such beat and resemble
closely the single-shell Si contribution in CoSi,.

There are about eight Si atoms observed at 2.34-2.36
A instead of four Si (one at 2.29 A and three at 2.33 A) in
the CoSi structure. The coordination numbers obtained
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TABLE 1. Structural parameters obtained by fitting the Co K-edge EXAFS spectra at 77 K of as-

implanted samples.

Sample A: E =150 keV, T;=100°C, dose of 7. 5><10‘7 Co/cm?.

Sample B:

E =150 keV, T;=350°C, dose of 8.0X 10'7 Co/cm?. Ao? is in units of 1073 A%, The numbers in the

parentheses are the uncertainties of the last digit(s).

The quoted uncertainties are determined by the

criterion of double-minimum residue (2x?, Ref. 16); for N and o they are further maltiplied by a some-
what arbitrary factor of 2 to take into account the strong correlation among N’s and o”’s in the fitting.

Samdple A Samgle B
Atom N R (A) Ac? R (A) . Ao? CoSi (RT)

Si 1 2.287
Si 7.5(8)  2.34(1) 2.6(1.5) 8.2(1.4) 2.36(2) 2.9(2.2) Si 3 2331

Si 3 2471
Co 3.0(3) 2.74(1) —5.1(5) 3.14) 2.74(2) —6.4(6) Co 6 2.729
Si 3.6 (1) 3.6 (1) Si 3 3.641
Co 4.00(2) 4.04(2) Co 6 4.019

in EXAFS here are not affected by any polarization effect
if the samples contain either or both of CoSi, and CoSi.
The observed number of Co atoms at 2.74 A is about
three, which is significantly less than the six expected in a
CoSi structure. Note that the effect of the inelastic loss is
small for this second shell since R, differs from R, by
only 0.4 A. If the silicide is uniform in the 1mp1anted re-
gion, the missing Co atoms may suggest a Si concentra-
tion richer than that of CoSi; results from RBS data (Fig.
1)-show the Si concentration to be 55%. Sample A4 and
sample B resemble in general, but differ in detail from,
the CoSi structure. The  nearest-Si- nelghbor
configuration is more like the eight Si at 2.32 A in the
CoSi, structure than that in CoSi, a point to be em-
phasized further. Other ordered silicide phases such as
Co,Si and CoSi, are excluded. The number of isolated
Co atoms in the unreacted Si matrix is also small. The
local order around the Co atom is of short-range nature
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FIG. 4. Fourier-transform magnitude ¥ of Co EXAFS (k3y)
for two as-implanted samples and Fe EXAFS of FeSi (lower

part). The implant dose and implantation temperature are indi-
cated. All EXAFS data were taken at 77 K.

since no diffraction peak (except a very weak one) associ-
ated with cobalt silicides was observed. This local order
is to be discussed in more detail in the following section.

IV. DISCUSSION

We discuss the silicide formation in the implanted sam-
ples in terms of the related silicide structures. It is in-
teresting to observe that a short-range ordered CoSi,
phase is readily formed in the as-implanted 1X10"-
Co/cm? sample. The peak Co concentration (12%) at
this dose is much less than the stoichiometry of CoSi,,
and the observed CoSi, phase does not appear to be Co
poor. It is very likely that the CoSi, clusters are isolated
in the mostly unreacted silicon host.

One feature that persists through the entire dose range
of (1-8)X10'"/cm? is that the Co atom is coordinated
with eight Si, i.e., the existence of a (CoSig) core. The
(CoSig) core seems to be highly stable against implanta-
tion damage. We speculate that this core forms at doses
even lower than 1X10'7 Co/cm? and acts as a nucleation
center for CoSi, growth. In an EXAFS study of Fe im-
planted into silicon with doses of 1X10' to 5X10'¢
Fe/cm?, Bunker!” has found that Fe occupies the intersti-
tial site in silicon and that the first shell around Fe ex-
pands while the second shell contracts. In view of his re-
sults, the Co implantation may share the same mecha-
nism by Co occupation of the interstitial site in silicon at
low doses. As the dose increases, Co atoms may pull the
second-shell Si atoms toward the first shell to form the
(CoSig) core, leaving behind or emitting two extra Si
atoms (there are four Si in the first shell and six in the
second).

As the implant dose increases, the CoSi, clusters grow
and become long-range ordered because of greater Co-
atom supply. In the meantime, a silicide of Co concen-
tration higher than CoSi, starts to form in regions with
Co atoms in excess of that for CoSi,. CoSi is indeed
detected in addition to the majority CoSi, phase in the
as-implanted 3X10'-Co/cm? sample. The total Co re-
tention increases rather slowly as the dose is further in-
creased; the implantation probably creates a large
amount of damage to the ordered CoSi and CoSi, struc-
tures. However, the (CoSig) cores seem to remain intact
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even if the ordered CoSi, is destroyed.

The structure observed in samples 4 and B appears to
be an intermediate structure between CoSi, and CoSi.
We propose a mechanism of structural transformation as
follows for implantation after the formation of long-range
ordered CoSi,. The unit cell of CoSi, (Fig. 5) consists of a
face-centered-cubic Co lattice with a smaller simple cube
of eight Si in the interior. This Si cube (shown by dashed
lines) has just enough space to accommodate a Co atom
at its center with a Co-Si distance of 2.32 A. The further
implanted Co preferentially enters the Si cube in the
CoSi, formed at doses around 3 X 10!"/cm?. This intersti-
tial Co atom will have eight Si near neighbor (NN) at a
single distance of 2.32 A, as those Co in CoSi, already do.
The Co atoms in CoSi,, which previously had no Co NN
at 2.68 A, now have six or less Co NN at 2.68 A depend-
ing on whether the Si cubes are all filled or not. In sam-
ples A and B only part of the Si cubes can be filled, since
the observed Co concentration (44%) is less than the
50% required for full filling. Partial filling of the Si cubes
leads to an average number of Co NN at 2.68 A less than
six. Therefore, with a slight lattice expansion the pro-
posed model of Co atom filling of the Si cubes explains
satisfactorily the observed first- and second-NN
configuration in samples 4 and B, namely eight Si at 2.34
A and three Co at 2.74 A. Since coordination numbers of
the more distant shells cannot be accurately determined,
and moreover, the observed NN configuration is only of
short-range order, we intend to use our model to under-
stand only the nearest-neighbor shells. The CoSi, lattice
seems to be expanded after the Co filling; a global expan-
sion of this size is not likely to prevail, leading to a
short-range ordered structure. Other types of atomic
motion must be involved to achieve the observed CoSi-
like radial distribution at distant shells.

We discuss briefly the CoSi, growth in the annealed
samples. During annealing of the 1X 10'7-Co/cm? sam-
ple the isolated CoSi, clusters may act as nucleation seeds
for further CoSi, growth and Co atoms diffuse towards
the more seeded region, i.e., the region with higher Co
concentration. This diffusion was observed in the RBS
spectrum of the annealed sample (Fig. 1). For high-dose
samples, the Co concentration in the implanted region is
higher than that in CoSi, and Co diffusion during anneal-
ing should play an important role in the CoSi, formation.
This Co diffusion behavior was clearly observed in the
RBS spectra, for example, the annealed 8 X 10'7-Co/cm?
sample shows a squarelike distribution of Co with a con-
centration of about 33% (Ref. 12). The (400) orientation
of the CoSi, should be due to the Si(100) substrate and
the close match between the lattice parameters of Si and
CoSi, (differ by 1.2%).

V. SUMMARY

Using EXAFS, XRD, and RBS together we have
determined the short-range and long-range order of sili-
cide phases in the high-dose cobalt-implanted silicon. An
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FIG. 5. The unit cell of CoSi,. Note the Si cube outlined by
dashed lines that has just enough space to accommodate a Co
atom at its center.

evolution of short-range ordered CoSi, to long-range or-
dered CoSi, and CoSi, and to a defective CoSi-like local
order is elucidated. The observed structural evolution
enables us to propose a model for the cobalt silicide for-
mation mechanism during implantation. In this model
Co atoms preferentially enter the interstitial site, first in
silicon, then in CoSi,. We have shown the existence of a
(CoSig) core and its stability against implantation dam-
age, and thus proposed the role of the (CoSig) core as a
nucleation center in the implanted system.
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