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Silicide formation and structural evolution in Fe-, Co-, and Ni-implanted silicon have been studied
with use of extended x-ray-absorption fine-structure, x-ray-diffraction, and Rutherford backscattering
spectrometry. Si(100) wafers were implanted at elevated temperatures, typically 350°C, to doses ranging
from 1X 10" to 1X 10'® jons/cm?. In the Co-implanted system, CoSi, forms with doses as low as 1 X 10'¢
Co/cm? and up to 3 X107 Co/cm?, where the CoSi phase starts to form. At higher doses (810"
Co/cm?), ordered CoSi and a CoSi-like short-range-ordered phase coexist. The silicide formation ob-
served in the Ni-implanted system is similar to that in the cobalt-implanted system. In the case of iron
implantation, Fe is coordinated with about eight Si atoms in the (1-3)X 10" Fe/cm? range as in the
tetragonal FeSi,. However, the FeSi, phase forms only at around 5X 10"7 Fe/cm’. At even higher doses,
a substantial amount of iron is in disordered states in addition to the ordered FeSi phase. Upon anneal-
ing at 900°C, semiconducting B-FeSi, forms in all the Fe-implanted samples independent of the dose.
Mechanisms for silicide formation in these ion-implanted systems are discussed with respect to crystal
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structure, diffusion, and implantation damage.

1. INTRODUCTION

It has been demonstrated that implantation of metals
into silicon produces various silicides.!”’ In particular,
silicide formation and synthesis of silicide-silicon hetero-
junctions in the cobalt-implanted system have been stud-
ied quite extensively.®~!” The silicide formation in ion-
implanted material exhibits characteristics that differ
from solid-state thermal reactions. For example, when
cobalt is implanted in silicon, buried CoSi, forms at rela-
tively low doses and CoSi forms only at high doses.®*!?
In contrast, upon annealing the layered Co-Si system, the
metal-rich silicide Co,Si and CoSi phases form at temper-
atures lower than those required for the CoSi, forma-
tion.'1° Epitaxial CoSi, fully aligned (type A4) with
Si(100) has been achieved by ion implantation plus
thermal annealing. 10-12 15 golid-state reaction, both
type-4 and type-B (rotated by 180°) orientations are
present. Several recent studies dealt with the cobalt sili-
cide growth upon post-implantation annealing.>>10716
Silicide formation in the as-implanted materials is less
known, especially in very-high-dose implants. We shall
demonstrate in this paper that the silicide formation in
the as-implanted samples is complex and generally differs
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from that in the annealed samples. The as-implanted ma-
terial is important for studying the ion-beam interaction
with the silicon matrix and silicides.

In order to understand silicide formation in the im-
planted systems, we have carried out extensive x-ray-
absorption fine-structure (EXAFS) measurements on the
Fe-, Co-, and Ni-implanted Si(100). The EXAFS study is
complemented with x-ray diffraction (XRD) and Ruther-
ford backscattering spectrometry (RBS) experiments. Be-
cause the EXAFS technique is capable of probing the lo-
cal environment around the implanted metal species and
is sensitive to both short- and long-range-ordered phases,
we are able to detect the silicide phases formed at the ear-
ly stages and follow the structural evolution as the im-
plant dose increases. We will discuss the silicide forma-
tion and structural evolution in these systems in terms of
silicide crystal structure, the diffusion process, and im-
plantation damage.

II. EXPERIMENTS AND DATA ANALYSIS

Polished silicon (100) wafers were uniformly implanted
with a scanning ion beam at energies of 150 and 165 keV
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in a vacuum better than 10~® Torr at the University of
Connecticut and also at Spire Corporation. Current den-
sities of 10-20 uA/cm? were used to obtain nominal total
doses in the range of 1X10' to 1X 10" jon/cm? The
Si(100) substrates were firmly attached to a sample holder
using silver paint and were implanted at 400°C, 350°C,
100°C, and room temperature, respectively. The results
presented below are for the 350°C implanted sample un-
less otherwise specified. Some samples were isothermally
annealed at 700 °C or 900°C for 2 h in a N, atmosphere.

The EXAFS measurements were carried out on beam
lines X-11A and X-23A2 at the National Synchrotron
Light Source (NSLS). The x-ray storage ring was operat-
ed at 2.5 GeV and 110-230 mA. At beam line X-11A, a
Si(111) double-crystal monochromator with a 0.5-mm en-
trance slit was used and the energy resolution at the Co K
edge is estimated to be 2.0 eV. Harmonics were rejected
by detuning the crystals to reduce 20% of the peaked in-
cident intensity. EXAFS spectra of implanted samples
were measured by a fluorescence method using an ioniza-
tion chamber and filter-slits assembly.?’ Bragg
diffraction peaks from the Si(100) substrate were avoided
by adjusting the x-ray incident angle on the sample and
selectively blocking the diffracted beam in front of the
detector. The filter also reduced the diffracted beam in-
tensity. At beam line X-23A2, a Si(220) double-crystal
monochromator with a 2-mm entrance slit was employed.
The fluorescence signal was detected using a silicon-
photodiode detector without filters. EXAFS spectra were
also acquired for bulk silicides, including powdered FeSi,
FeSi,, CoSi,, NiSi,, thin-film CoSi, and NiSi on silicon
substrates, as well as Fe, Co, and Ni foils. The commer-
cially obtained bulk silicides came with a 99.9% purity
grade and were checked by powder x-ray diffraction. The
FeSi, powder consisted mainly of the orthorhombic S
phase plus a small amount of the tetragonal a phase. All
EXAFS measurements were made at room temperature,
except that the 7.5X 10'7 and 8.0X 10'7 Co/cm” samples
were measured at about 80 K in a liquid-nitrogen Dewar.

X-ray-diffraction measurements were undertaken using
a 6-26 diffractometer and a Read camera employing Cu
K« radiation. To give a rough idea of the sensitivity of
our 6-20 XRD experiments, we note that the (400)
reflection of CoSi, in the 700 °C annealed 1X 107 Co/cm?
sample is 100 times stronger than the background. Ruth-
erford backscattering experiments were performed on a
2-MeV Van de Graaff Accelerator at the University of
Connecticut using a 1.9-MeV *He™ beam. The beam in-
cident angle was about 10° with respect to the normal of
the sample surface and channeling effect was minimized.
The energy was calibrated by measuring backscattering
of a gold film and bulk silicon. The metal concentration
profile was calculated from the RBS data assuming that
the sample density is a linear combination of the bulk
atomic density of Si and the metal. The effects of the en-
ergy straggling and the finite detector resolution were not
corrected for.

EXAFS data were analyzed with the University of
Washington analysis package using a formalism based on
single-scattering theory.?! The EXAFS function is nor-
malized to the edge jump. Figure 1 presents the EXAFS

ZHENGQUAN TAN et al. 46
8x10'7 Co/cm?
20 [~
i 3x10'7 Co/cm?
15—
& F 17 2
< : 1x10'/ Co/cm
= L
g W\MMN
2
kS
K 1x10'® Co/cm?
> L
2 L W\/\/w
~ L
x L
[ CoSi,
0 —
—llllllllllllIllll’llll[llllll
25 5 7.5 10 125 15

k (A1)

FIG. 1. Co K-edge EXAFS spectra (weighted by k?) of Co-
implanted Si(100) and bulk CoSi,. The 1X 10" Co/cm?* sample
was implanted at 400 °C and the others at 350°C.

spectra for selected Co-implanted samples. The first- and
second-shell contributions were Fourier-transform
filtered and analyzed by a combination of log ratio and
nonlinear least-squares fitting. The reference backscatter-
ing and phase-shift values were extracted from com-
pounds of known structures. The Ni-Ni pair in nickel
metal and the Ni-Si pair in NiSi, were used for the Ni-
implanted samples. The Co-Co pair in cobalt metal
(hexagonal-close-packed structure) and the Co-Si pair in
CoSi, were used for the corresponding pairs in the Co im-
plants. Since direct Fe-Fe and Fe-Si references are not
available, the Co-Co and Co-Si pairs were also used as an
approximation for Fe-Fe and Fe-Si pairs, respectively, in
the iron-implanted samples. The reliability of this ap-
proximation was tested by fitting the Fe EXAFS spectra
of bulk FeSi,, FeSi, and Fe metal. Such a fitting analysis
gave parameters that match their known values. Fitting
the EXAFS data of selected Fe-implanted samples using
the theoretically calculated amplitude and phase®? result-
ed in parameters that agree with those obtained using
Co-Co and Co-Si standards. The structural parameters
obtained from fitting are listed in Table I. The Ac? value
is relative to the o? of the reference pair. The uncertain-
ty quoted in parentheses was obtained from the variation
of the parameter that gives twice the minimum residue
(2x?). To take into account the correlation between the
edge energy (E;) and near-neighbor distance (R), and be-
tween the coordination number (N) and the Debye-
Waller factor, these pairs for a given shell were allowed
to vary simultaneously from their optimum values. The
coordination number and near-neighbor distance around
the metal atom in relevant silicides are listed in Table II,
and serve as the standard for identifying the silicide
phases in the implanted material.



I&

III. RESULTS

A. Cobalt-implanted Si(100)

We have extended our earlier studies®® of the Co-
implanted system to a lower dose, i.e., 1 X10'® Co/cm?.
We will discuss the results only to the extent sufficient for
comparison with the Fe- and Ni-implanted systems and
refer to our previous reports for further details. Figure 2
displays the cobalt concentration profile deduced from
the RBS data for the 1X10", 3X10', and 8Xx10"
Co/cm? samples. Co atoms in the 1X10'7 Co/cm? sam-
ple are buried. However, large amounts of Co appear
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near the surface and are almost uniformly distributed in
the top 1000 A in the 3X 10'7 and 8 X 10'7 Co/cm? sam-
ples. The Co concentration approaches a saturation limit
near 8 X10'7 Co/cm?. Particularly interesting is a clear
cobalt migration from the surface toward high concentra-
tion region in the annealed 1X 10'” Co/cm? sample. This
corresponds to the growth of large CoSi, crystallites that
are fully aligned with the the silicon (100) substrate as ob-
served by cross-sectional transmission electron micros-
copy (TEM) and electron diffraction. Annealing the
higher-dose samples also leads to the formation of mono-
crystalline CoSi,. Similar results are also documented in
the literature. 10716

TABLE I. Structural parameters, determined by fitting the Co, Ni, and Fe EXAFS data, for the first
and second coordination shells around the metal in the ion-implanted samples.

Sample Neighbor R (A) N Ac? (AY) XRD
1X10'® Co/cm? Si 2.36(2) 6.2(2.2) —0.004(4) none
1X 10" Co/cm? Si 2.32(2) 8.1(1.2) 0.000(2) none
3X10" Co/cm® Si 2.32(1) 7.4(1.2) 0.000(2) CoSi,
Co 2.69(4) 1.5(1.2) 0.000(5) CoSi

7.5X 10" Co/cm? (80 K) Si 2.34(1) 7.5(0.8) 0.003(2) CoSi
Co 2.74(2) 3.0(0.3) —0.005(1)

8X10'7 Co/cm? (80 K) Si 2.36(2) 8.2(1.4) 0.003(2) none
Co 2.74(2) 3.1(0.4) —0.006(1)

1X10"7 Ni/cm? Si 2.35(2) 8.7(1.4) —0.002(2) none

3% 10" Ni/cm? Si 2.35(2) 8.9(0.8) 0.000(1) NiSi,(?)
Ni 2.82(3) 2.4(1.7) 0.003(6)

8 X 10" Ni/cm? Si 2.34(2) 8.0(0.8) 0.001(1) none
Ni 2.65(4) 2.2(1.2) 0.001(4)

1X10'7 Fe/cm? Si 2.30(3) 7.4(1.3) 0.006(3) none

3% 10"7 Fe/cm? Si 2.36(2) 8.9(1.2) 0.004(2) none

5% 10" Fe/cm? Si 2.35(2) 5.8(1.2) —0.0009(16) FeSi
Fe 2.71(3) 2.5(1.3) 0.0010(43)
Fe 2.98(7) 0.7(0.6) 0.0017(11)

FeSi, powder Si 2.35(1) 7.2(0.8) 0.0006(10)  B-FeSi,
Fe 2.70(2) 1.3(0.6) —0.0021(12) a-FeSi,
Fe 2.96(3) 1.4(0.3) 0.0014(30)

7% 10" Fe/cm? Si 2.33(2) 5.5(1.4) 0.003(3) FeSi
Fe 2.74(2) 2.7(0.6) —0.004(1)

8X 10" Fe/cm? Si 2.33(2) 4.7(1.1) 0.003(3) FeSi
Fe 2.75(2) 1.8(0.4) —0.004(1)

1X 10" Fe/cm? Si 2.34(2) 3.1(0.5) 0.000(1) FeSi
Si 2.46(10) 1.4(0.7) 0.036(98) Fe;Si;
Fe 2.72(2) 2.3(0.7) —0.002(1)

6.55% 107 Fe/cm?® (900°C, 2 h) Si 2.34(3) 7.9(1.1) —0.0006(11)  B-FeSi,
Fe 2.95(3) 2.0(1.4) —0.0028(39)
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TABLE II. Radial distribution around the metal atom in selected transition-metal silicides. Data
are listed as groups of the near-neighbor number, type, and distance in angstroms. [The crystallograph-
ic data used here were taken from P. Villars and L. D. Calvert, Pearson’s Handbook of Crystallographic
Data for Intermetallic Phases (American Society for Metals, Metals Park, 1985).]

Cubic CoSi,

Cubic NiSi,

Tetragonal FeSi,

(@=5.365 A) (@ =5.406 A) (@=2.695 A, c=5.134 A)
8 Si 2.323 8 Si 2341 8 Si 2.357
12 Co 3794 12 Ni 3823 4 Fe 2.695
24 Si 4450 24 Si 4482 4 Fe 3.811
8 Si 4.204
Cubic CoSi Cubic NiSi Cubic FeSi

(a=4.460 A) (a=4.446 A) (a=4.489 A)
1 Si 2.294 1 Si 2287 1 Si 2.309
3 Si 2.338 3 Si 2331 3 Si 2.353
3 Si 2.478 3 Si 2471 3 Si 2.495
6 Co 2.738 6 Ni 2729 6 Fe 2.756
3 Si 3.652 3 Si 3.641 3 Si 3.676
6 Co 4.031 6 Ni 4018 6 Fe 4.057
3 Si 4.157 3 Si 4.144 3 Si 4.184
3 Si 4238 3 Si 4224 3 Si 4.265

Orthorhombic FeSi,* Orthorhombic NiSi
(@=9.863 A, b=7.791 A, ¢c=7.833 A) (@=5.18 A, b=3.34 A, ¢ =5.62 A)
Fe(1) site Fe(2) site

4 Si 2.338 4 Si 2334 6 Si 2.439
4 Si 2.380 4 Si 2433 4 Ni 2.694
2 Fe 2.967 2 Fe 2967 2 Ni 3.340
6 Fe 3.969 2 Si 3.823 1 Si 3.499
6 Si 4.018 4 Si 3980 1 Si 3.746
4 Fe 4.036 2 Fe 3975 2 Si 3.923
2 Si 4.055 8 Fe 4030 2 Ni 3.925

“Reference 23.

In the as-implanted samples with doses of 1X 10"
Co/cm? and lower, no silicide phase can be observed in
our x-ray-diffraction experiments. For the 3X10"
Co/cm? sample, three weak reflections from CoSi and a
strong (400) reflection from CoSi, were identified. As the
dose increases to 8X10'7 Co/cm? only one weak
diffraction line remains which may belong to the CoSi
phase. However, the CoSi phase is identified in the
7.5X 10" Co/cm? sample implanted at 100°C. Figure
3(a) compares the Fourier-transform magnitudes of Co
EXAFS for the 1X10', 1X10", and 3X 10" Co/cm?
samples with that of bulk CoSi,. In the 1X10'® sample,
the peak average Co concentration is about 1%, as de-
rived from RBS data. To our surprise, the first coordina-
tion shell around Co in this sample is almost identical to
that in bulk CoSi,. On average, Co is already coordinat-
ed with an appreciable number of Co neighbors (at 3.8 A)
as in CoSi,. CoSi, particles have clearly formed, even at
this low dose. CoSi, remains the only significant silicide
phase for doses up to about 3X10'7 Co/cm?. The CoSi,
regions appear isolated in the silicon matrix up to 110"
Co/cm?, since no XRD reflections of CoSi, were ob-
served and the average Co concentration is well below
that of CoSi,. The EXAFS spectrum of the 3X10"
Co/cm” sample is dominated by CoSi,, showing that the

CoSi identified in the XRD pattern is only a minority
phase. Based on the number of Co-Co bonds at 2.69(4)
A, we previously’ estimated the molar percentage of CoSi
to be 24%. The actual amount of ordered CoSi may be
less than this value, since Co at the interstitial site in the
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FIG. 2. The cobalt concentration profile for Co-implanted
Si(100) deduced from Rutherford backscattering data.
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CoSi, structure also has Co neighbors at this distance
(2.68 A, if Si neighbor positions are not distorted).

Figure 3(b) compares the Co EXAFS Fourier-
transform spectrum of the 7.5X 10" (implanted at
100°C) and 8 X 10! Co/cm? samples with that of ordered
CoSi film. The overall spectra of both samples are similar
to that of CoSi. However, the fitting result indicates that
Co is coordinated with eight Si at 2.34 A and three Co at
2.74 A, which actually differs from Co in ordered CoSi.
In CoSi, the Si near nelghbors are distributed at three dis-
tances, one at 2.29 A three at 2.33 A and three at 2.47
A. In the EXAFS fitting, the 2.29- and 2. 33-A Co-Si
bonds cannot be resolved. Our fitting analysis does not
reveal any significant number of 2. 47-A Co-Si bonds.
The Co-Si nearest-neighbor coordination is rather similar
to that in CoSi,, and this has been attributed to an inter-
mediate structure via which the CoSi, evolves to CoSi in
the high-dose implants.’ In this proposed intermediate
structure, the interstitial positions in the CoSi, structure
are partially filled by Co atoms.® The bond length and
coordination numbers determined from our EXAFS data
rule out any significant amount of Co,Si or Co metal
clusters in the high-dose implanted samples.

B. Nickel-implanted Si(100)

The silicide formation sequence in Ni-implanted
Si(100) is similar to that in the Co-implanted system.

30
[ (b) Co K edge
- —— Co-implanted Si(100)
. (at 80 K)

20t - CoSi (300K)

8x10'7, 350 °C

10 F

Magnitude of Transform (A-4)

R4

Co K edge

— Co-implanted Si(100)
---CoSiy

3x10'7 Co/cm2

Magnitude of Transform (A-3)

1x10'8 Co/cm?

USSR

0 2 4 6 8

FIG. 3. Fourier-transform magnitude of Co EXAFS for Co-
implanted Si(100): (a) low-dose samples compared with bulk
CoSi, (dashed line). The transform k range for CoSi, was ad-
justed to be similar to that for each individual implanted sam-

ple. (b) High-dose samples compared with CoSi film (dashed
line).
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This is expected since the Ni disilicide and monosilicide
have the same crystal structure as the corresponding Co
silicides. The EXAFS results obtained from nonlinear
least-squares fitting are summarized in Table I. As
shown in Fig. 4, NiSi, is already observed at a dose of
1X 10! Ni/cm?. The EXAFS amplitude is slightly larger
than that in bulk NiSi,, suggesting that the silicide in the
implanted sample is highly ordered on a local scale.
However, the silicide at this stage of implantation may
still be disrupted by the unreacted silicon, since the aver-
age nickel concentration is expected to be far below that
for continuous NiSi,. As the dose increases to 3X 10!’
Co/cm?, NiSi, remains the dominant silicide phase, but
Ni nelghbors start to appear at about 2.8 A. At 8X 10"
Ni/cm?, the silicide transforms to a NiSi-like structure,
Ni-Ni pairs at 2.7 A, and 4.0 A of the FeSi- -type cubic
NiSi phase are clearly observed in the implanted sample.
Our EXAFS and XRD results show no evidence for the
formation of the MnP-type orthorhombic NiSi, in which
Ni has six Si neighbors at 2.44 A (Table ID.

C. Iron-implanted Si(100)

Figure 5 displays the Fe concentration profile in Fe-
implanted Si(100). The peak concentration is about 10,
24, 40, 50, and 60 at. % for the 1, 3, 5, 7, and 10X 10!’
Fe/cm? samples, respectively. The retained doses (calcu-
lated from the concentration profile) in these samples are,
respectively, 0.70, 1.6, 2.7, 3.4, and 3.2X 10" Fe/cm’.
The 30 % plateau in the 0-500-A range for the 5X 10"
Fe/cm? sample is close to the Fe concentration in FeSi,.
A nearly flat top of 50%, correspondmg to that of FeSi, is
observed in the 300-800-A region for the 7X 1017
Fe/cm? sample. In the 1X10'® Fe/cm? sample, the Fe
concentration clearly peaks toward the surface, suggest-
ing severe sputtering erosion. Differences from the Co-
implanted system are noticeable. In the Fe-implanted
system, the peak concentration builds up in a more gra-
dual fashion but reaches a higher value. The Fe concen-
tration peaks in deeper regions at low doses, but is less
spread out at high doses, as compared to cobalt implants.
These differences can be understood if the metal is more

——— NiSi
— 8x10'7 Ni/lcm2

-—— NiSi»
—3x10'7 Ni/cm?

——— NiSi»
— 1x10"7 Ni/cm2

Magnitude of Transtorm (A-3)
N

FIG. 4. Fourier-transform magnitude of Ni EXAFS for Ni-
implanted Si(100) (solid line) compared with those of bulk NiSi,
and a NiSi film (dashed line).
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- - T 1x10™ Fe/em? samples. In the 1X10'” Fe/cm? sample, the number of Si
¥ 60 - 17 2 nearest neighbors is close to 8 (Table I), indicating the

H * 7x10°" Fe/cm . X L.
I 5x1017 F 2 (FeSig) cluster formation. However, Fe-Si pairs are rela-
. T 5x10 " Fe/ em tively disordered at this stage. At 3X10!” Fe/cm?, the Si
| * fxllgﬁ ;e/ e nearest neighbors around Fe become more ordered,
X e/cm
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FIG. 5. Fe concentration profile for Fe-implanted Si(100) de-
rived from RBS data.

diffusive in the Co-implanted system than in the Fe-
implanted system. We will discuss these differences in
more detail.

The different diffusion behavior is also reflected in the
silicide formation. CoSi, forms early at 1X10'® Co/cm?,
but iron silicide forms only at much higher doses. Figure
6 shows the Fourier-transform spectra for Fe-implanted

Fe K edge |

Fe-implanted Si(100)

~—— FeSi(x0.5)
——1x10'8 Fe/cm2

T
—

Q

-

\
Al —— 7x10'7 Fe/cm?

AvAY -—— 8x10'7 Fe/cm2
© r/’) ".\\\ A —— 1x10"8 Fe/cm2
£ \\ A
genefN | 11, WV, NemrtampafOhANNprses
0 2 4 6 8
201

—— 5x10'7 Fe/cm2
——— FeSi;

Magnitude of Transform (A-4)

——— FeSi,
—— 3x10'7 Fe/cm?2
—o—1x10"7 Fe/cm?

RA)

FIG. 6. Fourier-transform magnitude of Fe EXAFS (k3y)
for Fe-implanted Si(100). In (a) and (b), the low-dose samples
are compared with the FeSi, powder sample (see text for de-
tails); both the lower and upper dashed curves are from the
same spectrum of FeSi, but were transformed over different k
ranges. (c) For high-dose samples, the EXAFS amplitudes de-
crease as the dose increases. (d) The 1X10'® Fe/cm? sample is
compared with FeSi. Note that the FeSi spectrum is multiplied
by a factor of 0.5.

essentially the same as in the tetragonal (a-phase) FeSi,.
Fe-Fe neighbors expected in FeSi,, however, are not
identified.

FeSi, exists in two crystal structures. In the tetragonal
(a) phase, metallic and stable at high temperatures, Fe
has eight Si neighbors at 2.35 A and four Fe neighbors at
2.695 A. In the orthorhombic ( (B) phase, semlconductmg
and stable at low temperatures, Fe occupies two ine-
quivalent sites, and on the average, each Fe has eight Si
neighbors at 2.37 A and two Fe neighbors at 2.96 A.22
Fitting analysis of the EXAFS data suggests that our
FeSi, powder sample contained about 70% f3 phase and
30% a phase. The XRD pattern of this sample showed
most of the B-phase reflections and the strong a-phase
reflections. The overall spectrum of the 5X 10!” sample is
similar to that of the FeSi, powder sample [Fig. 3(b)].
The result of the fitting analysis is consistent with a com-
bination of (63+£30)% a-FeSi, and (37+30)% pB-FeSi,.
However, a small amount of FeSi may be present and the
actual amount of a-FeSi, may be less than the value indi-
cated here. This uncertainty arises from the fact that the
shortest Fe-Fe distance in a-FeSi, and that in FeSi differ
by only 0.06 A and may not be resolved in the fitting
analysis. In the XRD pattern, a few weak peaks can be
indexed to FeSi but no reflections from either a-FeSi, or
B-FeSi, are present. Possibly, the FeSi, phases in the
sample are only locally ordered and long-range order has
not been established.

XRD analysis clearly identified ordered FeSi in the
7% 10", 8x 10", and 1X 10" Fe/cm? samples. Fe;Si,
may also be present in the 1X10'® Fe/cm? sample. As
noted earlier, XRD detects only the long-range-ordered
phase, while EXAFS probes both long- and short-range-
ordered phases. A combination of the two may provide a
more complete picture. Figure 6(c) shows the Fe EXAFS
Fourier-transform spectra for the 7X10'7, 810", and
1X10'® Fe/cm? samples, and Fig. 6(d) compares the
1X 10" Fe/cm? sample with bulk FeSi. The overall spec-
tral features of the implanted samples—in particular, the
peak positions—resemble those of bulk FeSi. However,
the EXAFS amplitudes for the implanted samples are
smaller in all cases. We note that the smaller amplitude
is not an artifact of the experiment such as the thickness
effect. As the dose increases, the average coordination
number for each Fe progressively decreases, but the pair
disorder parameter (Ac?) remains about the same (Table
I). We attribute the small average coordination number
to the presence of Fe atoms that are in very disordered
environments with minimal pair correlation. These Fe
atoms absorb x rays but contribute little to the EXAFS.
Reduced average coordination numbers were also ob-
served in pure metals subjected to high-dose krypton im-
plantation. ?

While all near-neighbor distances identified in the im-
planted samples (Tq’ble I) match those of bulk cubic FeSi,
the Si shell at 2.50 A expected for ordered FeSi is not ful-
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ly developed. As can be seen from Fig. 6(c), the peak in
the 1.2-2.1-A region evolves from a single-peak-like line
shape at 7X10!' Fe/cm? to a split peak at 1X10'
Fe/cm?; the latter is more similar to that observed in
FeSi. In the least-squares fitting, inclusion of a 2.50-A Si
shell led to a vanishingly small coordination number for
this shell in the 7X 10!” Fe/cm? sample. In the 1X10'®
Fe/cm? sample, a finite coordination number is obtained,
but this shell is still not well defined, as suggested by the
large disorder parameter (Table I). Figure 7 shows
filtered EXAFS data and fit (dashed curve) for these two
samples. The good agreement between the data and fit
and, in particular, the well-reproduced beat near 8 A7l
lend credibility to the parameters obtained in the fitting.

In summary, in the 1X 10! and 3X10'7 Fe/cm? sam-
ples, we observe (FeSig) clusters that also exist in FeSi,
but no clear evidence of an ordered FeSi, phase. At
5X10'7 Fe/cm?, both the a-FeSi, phase and the -FeSi,
phase are formed. In the 7X10'7 to 1X10'"® Fe/cm?
range, ordered FeSi is formed. In addition, a substantial
amount of Fe may be in very disordered environments.

The 3X10'7 and 6.55X 10'7 Fe/cm? samples were also
annealed in N, atmosphere at 900 °C for 2 h. Single-phase
B-FeSi, was identified in both samples using XRD and
EXAPFS. Figure 8 shows the Fourier-transform EXAFS
spectrum for the 6.55X 10! sample along with that of
the as-implanted 7X 10'7 Fe/cm? sample. The two spec-
tra are much different, showing the structural transfor-
mation upon thermal annealing. The distinct Fe-Fe dis-
tances in these spectra ensure unambiguous identification
of the silicide phases. Synthesis of layered B-FeSi, has
been demonstrated very recently. 26?7

IV. DISCUSSION

Based on the fact that Co is coordinated with eight sil-
icon atoms at 2.33 A throughout the (1-8)X10"
Co/cm? range, we have proposed that the (CoSig) core
acts as the nucleation center for the early CoSi, forma-
tion. As illustrated in Fig. 9(a), CoSi, consists of stacked
(CoSig) cubes with every other cube missing. The
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FIG. 7. Representative fits (dasohgg line) to Fe EXAFS data
[solid line, filtered in the 1.0-3.0-A " range in Fig. 6(c)].
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FIG. 8. Fourier-transform magnitude of Fe EXAFS (k’y),
comparing the annealed 6.55X10' Fe/cm? and the as-
implanted 7 X 10'7 Fe/cm? samples.

identification of the (CoSig) core in the 1X10'® Co/cm?
sample provides further support for this model. At a
dose of 3X 107 Co/cm?, the CoSi, phase is well ordered
and fully aligned in the substrate orientation. This align-
ment is probably a result of epitaxial growth of CoSi,
with the silicon matrix (the lattice mismatch between
bulk CoSi, and silicon is 1.2% at room temperature). As
the dose increases from 1X10'7 to 3X10!7 Co/cm?, iso-
lated CoSi, particles may coalesce to form larger grains,
and the peak average Co concentration increases. This
behavior is also seen in the 1X 10!7 Co/cm? sample upon
annealing.

The next silicide phase formed is CoSi. However, the
Co local environment is not exactly as in CoSi in that the
2.47-A Co-Si bond is not fully developed. After large re-
gions of CoSi, have formed, further implantation brings
Co atoms into the CoSi,. The interstitial site at the
center of the CoSi, unit cell has eight Si nearest neighbors
at 2.32 A [Fig. 9(a)]. Because Co tends to bind with Si,
further implanted Co atoms may prefer to occupy this in-

2.68 A
o2 2694

2.63&/

2.68 &

277 R

2.68 & 236 A

@® Co O si
(a) CoSi, (b)

® Fe O si

Tetragonal FeSi,

FIG. 9. Structure of (a) the fluorite-type CoSi, and (b) the
tetragonal FeSi,, both of which consist of (MSig) blocks. The
blocks are stacked differently in the two structures.
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terstitial site and form an intermediate defect structure,
as we previously proposed.® This site is coordinated with
eight Si atoms, as is the regular Co site of CoSi,. A full
occupation of the interstitial site results in a uniform Co
and Si distribution and precise CoSi stoichiometry. The
formation of ordered CoSi requires only local rearrange-
ment of the Co and Si atoms from this intermediate de-
fect structure. We believe that our EXAFS data of the
7.5%10'7 and 8 X 10'7 Co/cm? samples reflect a combina-
tion of the defect structure and ordered CoSi. The ab-
sence of any Co-rich silicide such as Co,Si may partly be
due to insufficient Co concentration. In addition, the
Co,Si structure is more complex than those of CoSi, and
CoSi. As will be discussed shortly, complex structures
are less favorable in the ion-implanted system.

In the 1X10'7 and 3 X 10'7 Fe/cm? samples, there is no
clear indication that FeSi, forms. A (FeSig) core also
forms at the early stage of Fe implantation. The lack of
sufficient Fe diffusion, as suggested by the RBS data, may
have delayed FeSi, formation under a dose of about
5% 10" Fe/cm?, significantly higher than that required
for CoSi, formation (1X 10'® Co/cm?). The a-FeSi, con-
sists of (FeSig) blocks that are more densely stacked than
in CoSi, (Fig. 9). Covalent Si-Si bonding (2.36 A)and a
short Fe-Fe distance (2.69 A) are required to form FeSi,.
These differences in the crystal structure may also con-
tribute to the FeSi, formation that is later than the CoSi,
formation.

Interestingly, the a-FeSi, phase, stable only at high
temperatures, is observed in the as-implanted 5X 10"
Fe/cm? sample, while only B-FeSi, forms upon post-
implantation annealing at 700-900°C. One important
difference between a-FeSi, and B-FeSi, is that the former
has a much simpler crystal structure. The observation of
a-FeSi, seems to suggest that phases with simple struc-
tures are favored during ion implantation. Crystalline
phases formed in ion-beam mixed systems usually have
simple structures.?® In general, the phase formation can
also be growth controlled. However, the growth rate
may be a less important factor in the Fe-implanted
Si(100) system. Since the 3-FeSi, can be considered as a-
FeSi, having distorted atomic positions, the Fe diffusion
rate in these two structures is not likely to be sufficiently
different to differentiate the growth rate of a-FeSi, and
[-FeSi,.

As the implant dose increases beyond the FeSi, forma-
tion, the average number of Si nearest neighbors around
Fe quickly decreases from 8. An interstitial site with
eight Si nearest neighbors also exists in FeSi, [Fig. 9(b)],
but its distance to Si atoms (2.24 A) is significantly short-
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er than the Fe-Si bond lengths found in bulk Fe silicides.
An addition of Fe at this site is bound to create large dis-
tortions or even destroy the FeSi, structure. Consequent-
ly, further implanted Fe atoms may assume irregular sites
or disordered positions and reduce the total EXAFS am-
plitude in the very-high-dose implanted samples (above
7X 10" Fe/cm?). The ordered FeSi forms probably as a
result of the nucleation promoted by short-range
diffusion and the appropriate Fe concentration.

V. CONCLUSION

Using EXAFS combined with x-ray-diffraction and
RBS techniques, we have observed silicides formed at
very early stages of implantation and determined the
phase evolution as the implant dose increases. During
implantation, the first silicide phase to form is always the
Si-rich silicide. As we have demonstrated, CoSi,, NiSi,,
and FeSi, phases are formed initially in Co-, Ni-, and Fe-
implanted Si(100), respectively. At early stages of im-
plantation, the silicon atom supply far surpasses the met-
al supply. The way atoms are supplied to the reaction re-
gion largely determines the formation of the initial sili-
cide phase. The (MSig) clusters form at the early stage of
implantation and serve as the nucleation center for disili-
cide formation. As the implant dose increases, the disili-
cides evolve to monosilicides, CoSi, NiSi, and FeSi, but
these monosilicides are not well ordered. The evolution
appears to be via an intermediate structure in which the
metal atoms fill the interstitial site in the cubic CoSi, and
NiSi,. In the very-high-dose Fe implants, a large number
of Fe atoms are in disordered states, having likely result-
ed from implantation damage. Upon thermal annealing
at 700-900°C, CoSi,, NiSi,, and the 3-FeSi, are formed
independent of the dose.
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