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The structural evolution of amorphous Si;_, Fe, with composition has been investigated. Implanted
specimens with iron concentrations below and above x =0.2, where a structural transformation was pre-
viously reported for evaporated samples, have been studied by conversion-electron M@ssbauer spectros-
copy. Applying the model of Miedema and van der Woude for the isomer shift, a consistent description
of our results and of those available from the literature (both from ion-implanted and coevaporated
specimens) is given, which covers a wide composition range (0.001 <x <0.750). It was concluded that
three differentiated regions exist: a silicon-rich one where iron bears a strong covalent character in a
continuous random network structure; an intermediate region where the covalent character decreases
continuously at the iron sites, which are here proposed to have a local structure like the one existing in
the intermetallic compound FeSi; and finally an iron-rich region where covalent effects are absent, sup-
porting a dense-random-packing description of the amorphous structure.

INTRODUCTION

Iron-implanted silicon has been studied for the past 20
years,! 73 but questions concerning the nature of the im-
planted atoms surroundings and the origin of the
hyperfine interactions observed at the iron nuclei still
remain. Furthermore, fundamental aspects regarding the
structure of the system versus iron concentration have
not been sufficiently clarified.

Nevertheless, important information has been gained
from these studies. It is well known that for implantation
energies around 100 keV, the system amorphizes in a
continuous-random-network (CRN) structure when the
dose exceeds 10'* Fe atoms/cm?. It has been also proved
that there exists a nonzero electric-field gradient at the Fe
nucleus, which causes the appearance of an asymmetric
doublet in the >’Fe Mdssbauer spectra, and that this
electric-field gradient does not differ too much from site
to site in the amorphous network.®” Indeed, this situa-
tion persists in a wide composition range. Mdossbauer
studies performed in the Si;_, Fe, system have shown
that both the *’Fe quadrupole splitting (Aqs) and isomer
shift (8;5) change only smoothly in the 0.001 <x <0.167
(Ref. 1) range.

On the other hand, electron-diffraction studies carried
out in amorphous Si; _,Fe, thin films prepared by eva-
poration indicate the formation of two different amor-
phous structures depending on the composition.® For
x <0.20, a CRN structure has been found, whereas a
dense-random-packing (DRP) short-range order has been
observed above this iron concentration.

It has been recently demonstrated by Rutherford back-
scattering spectrometry (RBS) that maximum iron con-
centrations of up to x =0.63 can be obtained by means of
Fe ion implantation into Si.° In addition, Read camera
x-ray-diffraction studies performed on room temperature

H“

(RT) implanted samples have shown no signs of crystal-
line phase formation, at least up to x =0.4.1°

To our knowledge no Mossbauer studies have been un-
dertaken so far on silicon implanted with iron to concen-
trations beyond x=0.17. In order to investigate whether
a CRN-DRP-type structural change occurs also at
x =0.2 in the Si;_, Fe, system prepared by ion implanta-
tion, we have performed Mossbauer studies on samples
produced by this technique with compositions in the
range 0.16<x <0.39. Our results indicate that indeed
the short-range order around the iron sites begins to
change above x =0.17. Based on the model of Miedema
and van der Woude!! for the 8;5, we conclude that from
this composition onwards the system evolves from semi-
conductor to metallic. This transformation is not com-
plete until x reaches a value of about 0.5.

EXPERIMENT

Polished Si single-crystal wafers with (100) orientation
have been implanted with 150-keV Fe™ ions at a pressure
of less than 10~ Torr using the Varian DF4 facility of
the Physics Department of the University of Connecticut.

Due to the insufficient resolution for the accelerator
mass separator, the ’Fet beam has been obtained from
existing noble-metal Fe alloys made from 80 at. % >'Fe
enriched iron. The Fe concentration has been built up by
alternatively exposing the Si targets to the >’Fe* beam
and to a *Fe’ beam generated from a natural iron
source. This process was accomplished in several steps in
order to avoid differences in the final location and distri-
bution of *Fe and ’Fe atoms. The beams have been
scanned both in the horizontal and vertical directions to
ensure lateral uniformity of the samples composition.

RBS characterization of the implanted specimens has
been performed employing a 1.5-MeV Het beam at the
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2-MeV Van der Graaff accelerator of the Institute of Ma-
terials Science of the University of Connecticut.

The implanted samples have been checked for the for-
mation of crystalline Fe-Si phases performing grazing x-
ray-diffraction (Read camera) experiments. No evidence
for crystalline reflections other than from the Si single-
crystal substrates has been observed.

The Mossbauer experiments have been carried out in a
conventional constant acceleration spectrometer at the
Physics Department of the University of La Plata. A
25-mCi *’CoRh source was used to obtain the 14.4-keV y
rays of the main Mdssbauer transition of >’Fe. The con-
version (and Auger) electrons originated during the decay
of the resonant >’Fe nuclei in the absorbers (implanted
samples) have been detected with a He-94% —methane-
6% gas admixture flux detector in which samples had
been electrically attached to the cathode. The analysis of
the Mossbauer spectra has been performed with a con-
ventional nonlinear least-squares-fitting routine employ-
ing Lorentzian functions.

Thermal treatments have been carried out in a conven-
tional electric oven with samples encapsulated in quartz
tubes under pressures below 107> Torr.

RESULTS AND DISCUSSION

Figure 1 shows the RBS spectra of the samples im-
planted with minimum and maximum fluences, designed
by A and D, respectively. Effects of sputtering-induced
saturation and perhaps of radiation-enhanced diffusion
may be inferred from the flat top and large width of the
iron peak of the most heavily implanted sample (D). The
composition of these samples as a function of depth (z) is
displayed in Fig. 2.

Since the Mossbauer spectra come from a superposi-
tion of signals originated with the same probability at
every probe nucleus, the observed hyperfine interactions
Y (v) (for relative source-absorber velocity v) correspond
to an average obtained by weighting the mean Mossbauer
signal at depth z, Y (z,v), with the iron atomic fraction
x'(z), Y(v)=fY(z,v)x’(z)dz/fx’(z)dz. This is so be-
cause the number of 3'Fe nuclei probing such surround-
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FIG. 1. 1.5-MeV He" RBS spectra of Si samples implanted
with the lowest (4) and highest (D) Fe fluences.
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FIG. 2. Depth dependence of the Fe atomic concentration
for the samples implanted with the lowest ( 4) and highest (D)
Fe fluences, deduced from the RBS data (Fig. 1). The system
atomic density has been calculated as the weighted average of
those of the pure elements (Si and Fe).

ings scales with x'(z). Accordingly, the mean iron con-
centration x associated with each Mossbauer spectrum
has been then calculated by x = [ (x")X(z)dz/ [ x'(z)dz.

The Mossbauer spectra of samples 4 and D are shown
in Fig. 3. In agreement with previous studies each spec-
trum consists of a broadened and symmetric quadrupole
doublet. In Table I, the Mossbauer parameters obtained
from the best least-squares fits of theoretical functions to
the experimental data are listed, along with the mean
concentrations x for samples 4 —D.

As shown in Fig. 4, the §;5 and Aqg values for x =0.17
fit well with data previously obtained in the range
0.001 <x <0.167.! These data show an approximately
linear diminution of both quantities with the logarithm of
x in this region. On the other hand, the rest of our data

Counts (arbitrary units)

V(mm/s)

FIG. 3. Modssbauer spectra corresponding to samples im-
planted with lowest (x=0.160) and highest (x=0.384) Fe
fluences.
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TABLE 1. Average Fe atomic fraction x, isomer shift ;5 (relative to bcc iron), quadrupole splitting
Ags, relative area of second to first doublet component S, /S, and Lorentzian linewidth T, for samples

measured in this work.

Sample x 8;s (mm/s) Aqs (mm/s) S,/8, ' (mm/s)
A 0.160 0.119(5) 0.653(9) 0.98(4) 0.393(13)
B 0.171 0.131(4) 0.622(7) 0.98(3) 0.391(11)
C 0.367 0.204(4) 0.545(6) 1.01(3) 0.37509)
D 0.384 0.229(3) 0.478(4) 0.98(2) 0.349(7)

reveal that a noticeable change occurs above x =0.17.
The §;5 begins to increase whereas the Agg decreases
more rapidly. This change could be interpreted as pro-
duced by a structural modification of the amorphous
phase. The correlation between 8 and Agg and the tran-
sition at x=0.17 are more clearly observed in a §;5-Aqg
plot (Fig. 5). In this representation any uncertainty in x
(due for instance to differences between the estimated and
actual distribution of implanted atoms, composition
heterogeneity, etc.) should be wiped out, enabling a more
accurate experimental correlation between experimental-
ly measured quantities in the amorphous system and its
crystalline counterparts.

Mangin et al.® have observed a modification of the
electron-diffraction pattern taken from evaporated amor-
phous Si;_,Fe, films at x ==0.2, which they interpreted
as a transition from a CRN to a DRP structure. If the
amorphous phases prepared by this means and by ion im-
plantation do not differ appreciably, the same structural
transformation would be responsible for the behavior of
the 8,5 and Agg shown in Fig. 4. In fact, results obtained
from evaporated amorphous films,'>!3 do not disagree
with the overall 8,5 evolution (see Fig. 6). (Unfortunately,
Marchal et al.'? have not reported on their Ao data).

Let us discuss first the ;5 data in the low x concentra-
tion range. Both the §,g sign and its decreasing behavior

are expected from previous experimental studies'* !¢ as
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FIG. 4. Isomer shift and quadrupole splitting data obtained
from iron-implanted silicon samples as a function of the average
Fe atomic fraction x. Open circles are the results from Refs. 1
and 3-5; solid circles are from present work.

well as from semiempirical approaches.!” As Ingalls, van
der Woude, and Sawatzky have pointed out,'® the varia-
tion in >’Fe O1s is in many systems approximately additive
with the number of near neighbors of a given class. Thus,
since near-neighbor silicons produce positive shifts, by in-
creasing x we should observe a §;gy diminution. Further-
more, in an amorphous system we would not need to care
about atomic volume effects, since it will be no restric-
tions on this quantity imposed by the host structure.!’”
This assumption is supported by the results of isochronal
annealing performed on the x=0.16 sample up to tem-
peratures of 973 K, which induced almost no change in
the 8 value (Table II) indicating no structural relaxation
effects on this magnitude.

On the other hand, the detailed dependence of the §;g
on x is less clear. Proposed models state a linear or
quasilinear x dependence for ideal solution systems.!”"!8
A departure from the linear regime could be imagined if
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FIG. 5. Correlation between quadrupole splitting Aqgs and
isomer shift 8,5 in Fe-implanted Si samples. Open circles corre-
spond to x <0.167 (Refs. 1 and 3-5) and solid circles corre-
spond to 0.160=x =<0.384 (this work). The figure also shows
the results from an x ==0.3 evaporated thin-film sample (trian-
gle, Ref. 13), and from the intermetallic compound FeSi (square,
Ref. 22).
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TABLE II. Isomer shift 85 (relative to bee iron), quadrupole splitting Agg, relative area S, /S, and
Lorentzian linewidth I" for sample 4 (x=0.160), after annealings performed during a time ¢ at tempera-

ture 7.
T (K) t (min) 815 (mm/s) Ags (mm/s) S,/8, I' (mm/s)

RT (as implanted) 0.119(5) 0.653(9) 0.98(4) 0.393(13)
573 30 0.141(3) 0.661(5) 0.97(2) 0.423(8)
673 30 0.143(5) 0.678(9) 1.04(4) 0.407(13)
773 30 0.123(8) 0.527(12) 1.22(7) 0.423(19)
873 30 0.094(2) 0.437(3) 0.99(2) 0.310(5)
973 30 0.098(9) 0.425(5) 0.98(3) 0.313(9)

local composition around Fe probes differs markedly
from the average value due, for instance, to preferential
Fe-Fe association. In such a case, the number of Fe near
neighbors to a >’Fe probe would be an increasing function
of x with a decreasing slope resembling somehow the log-
arithmic function shape. However, under the assumption
that the electric-field gradient is essentially produced by
the fixed point charges, this situation would imply an in-
crease of the Agg with x instead of the experimentally ob-
served decreasing behavior. On the other hand, an
electric-field gradient contribution originated at the iron
electron shell, which could be increasingly canceled by
the fixed charges contribution, appears to be excluded by
the small temperature dependence reported for the AQS.19

Sawicka et al.'® have proposed that in the x <0.17
range, Fe atoms may act as vacancy traps and subse-
quently form extended defects around the probes. They
also suggested that by this means tetrahedral bonding
would be disrupted in those regions, which would be
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FIG. 6. Analysis of the Si;_,Fe, system with the model of
Miedema and van der Woude for the Mdssbauer isomer shift.
Open circles (Refs. 1 and 3-5) and solid ones (present work)
correspond to implanted samples. Triangles (Refs. 12 and 13)
correspond to coevaporated systems. The upper heavy curve is
the composition dependence prediction using the model param-
eters obtained by van der Kraan and Buschow for metallic
amorphous iron alloys [which in turn determine the infinitely
diluted limit ‘SISmax:SIs(x =0)]. The lower bold curve consti-

tutes the best fit of Eq. (1) to the low iron composition range
data (x =0.17) having set free the parameter Slsmax‘ The light

curve is to guide the eye through the experimental data points.

larger the higher the iron concentration thus producing
complexes of increasing symmetry with the consequent
Ags reduction. While this mechanism could be con-
sidered in the explanation of the 8;5 and Ag evolution for
x >0.17, an examination of the experimental 8,5 data
with the model of Miedema and van der Woude!! seems
to rule out bond breaking, at least to an important extent,
in the low-iron-concentration region as we shall see next.
In this model,

8is(x)=CH(x)8;s

. ey
CIx)=(1—x )WV [xVE> +(1—x)VE>17",

85, =P($§—of)+ Q' (n§ys —nis)/nis )

where the 8g is referred to bcc iron and ¢*, nyyg, and V
are the work function, the electronic density at the
boundary of the Wigner Seitz cell, and the molar volume
of each element.?’® Taking the values P'=0.75,
Q'= —1.65, obtained by van der Kraan and Buschow for
binary amorphous iron alloys, we found 615m3x=0.473

mm/s. The large difference between Slsm and the exper-

imental value of 0.181+0.06 mm/s [reported for x=0.001
(Ref. 1)] could be assigned to a contribution absent in (2),
the so-called R’ term, which accounts for the effect of hy-
bridization of the 3d electrons of Fe with the s,p electrons
of Si giving rise to the formation of covalent bonds. This
conclusion agrees well with the theoretical description of
substitutional transition-metal impurities in Si by Hem-
street?! who has found that chromium and iron should
form bonds with their neighboring silicon atoms. He has
pointed out that the reason for this behavior could be
that the atomic 3d and 4s levels are close enough in ener-
gy so that tetrahedral s-d hybrids can be formed without
a high expenditure of energy and that this energy can be
regained by the stability obtained from the bonding
configuration.

In Fig. 6 we analyze the §;5 data with this model. The
lower heavy line is the result of fitting expression (1) to
the experimental points (up to x=0.171) by varying
Slsmax. The best fit corresponded to Slsmax=0.155 mm/s.

Though this model does not describe the experimental
data as well as the logarithmic approach, it provides a
clear physical meaning. It tells us that covalent effects
are important and do not change much in the whole low-
iron-concentration range. For this reason, bonding dis-
ruption in growing extended regions around the iron
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probes does not seem to occur profusely in this range.
This observation also supports that CRN-type amor-
phous alloys extend up to at least x=0.17 and suggests
that iron probes occupy substitutional sites in the CRN
structure. It is conceivable that formation of Fe-Fe
near-neighbor pairs is not favored since it would unstabi-
lize tetrahedral bonding. The origin of the rather strong
Ags should then be looked for in the existence of trapped
defects and in the long-range disorder. We have observed
quite a strong contribution of the latter to the electric-
field gradient in computer simulations of 4,_,B, cubic
alloys with different degrees of chemical order.?

The increase of the §;g in the interval 0.17<x <0.4
both for implanted and coevaporated specimens indicates
a continuous diminution of the R’ term contribution and
shows that the iron probes are located in regions of de-
creasing covalent character. However, as we will see
below, the transformation to a metallic-type amorphous
alloy does not complete up to x=0.5. It is interesting to
note that both the 8;5 and Agg measured from samples C
and D (x=0.367 and 0.384) agree quite well with the
values reported for the intermetallic compound FeSi
(8;5=0.212 mm/s, Ags=0.499 mm/s).” In fact, Fig 5
shows that the 8;5 and Aqg have the same correlation for
implanted and evaporated samples and for this com-
pound in this composition range. This correlation sug-
gests that the short-range order around the iron probes in
the amorphous phase becomes similar to the Fe local sur-
roundings in the intermetallic FeSi. Actually, the num-
ber atomic density is larger in FeSi than in the diamond-
like CRN structure but smaller than in the DRP one, and
therefore formation of FeSi short-range order would not
be inconsistent with the evolution of the system towards
a denser structure.

On the other hand, this possibility is also supported by
x-ray diffraction and extended x-ray-absorption fine-
structure studies of silicide formation in iron- and
cobalt-implanted silicon. No crystalline phases have been
found in room-temperature Fe-implanted silicon at least
for x up to 0.4.'° This has also been the case for implants
performed at 350 °C, though cubic FeSi has been detected
by x-ray diffraction for iron peak concentrations between
0.45 and 0.53.° CoSi, with the same B20 structure as
FeSi, and related local structures, have been readily ob-
tained after high dose Co implants into Si at room tem-
perature,lo 100°C, and 350°C.?* From these results two
conclusions can be drawn: (i) These structures can devel-
op inside or from the CRN structure, and (ii) they are
stable under irradiation.

Based on the similar evolution of the 8,3 measured
from implanted and evaporated systems in the medium
composition range, we will extend our analysis to the
higher x region. The upper bold curve in Fig. 6
represents the §;g values predicted by Eq. (2) using the
parameters P’ and Q' determined by van der Kraan and
Buschow!” for amorphous iron alloys, i.., for
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65 =0.473 mm/s. This curve follows strikingly well

the experimental results for x =0.5. Since in Eq. (2) there
is no term that accounts for covalency effects, these must
be absent in this x range. This means that the system
turns metallic, which supports its description as a DRP
amorphous structure.

CONCLUSIONS

Based on the reasonable agreement between ;g data
obtained from ion-implanted and from coevaporated
samples, it is possible to analyze both types of systems
together. It is concluded that there exist three
differentiated composition ranges for x <0.17, 0.17
<x =<0.5,and x >0.5.

Using the model of Miedema and van der Woude for
the 8;g with the parameters determined by van der Kraan
and Buschow for binary iron amorphous alloys, the three
x ranges can be described as follows.

(i) A silicon-rich range, where covalency effects are im-
portant and constant over the whole x interval. This sit-
uation agrees with previous descriptions of the system as
a diamond-type CRN amorphous alloy. In addition, it
suggests that iron occupies substitutional sites in the
CRN structure. No tetrahedral bonding disruption in ex-
tended regions around the probes can be inferred from
the 85 evolution.

(ii) An intermediate composition range where the de-
gree of covalency decreases continuously until it finally
vanishes. This situation may be due to the formation of
Fe-Fe near-neighbor pairs driven by the increasing iron
concentration. This process would reduce bonding
strength and induce a transformation towards a more me-
tallic and symmetric amorphous structure. Taking into
account the values of 85 and Agg for x =0.4 as well as
the correlation between these two quantities in this re-
gion, a short-range order alike to the local structure
around the Fe sites in the cubic intermetallic FeSi is sug-
gested.

(iii) An iron-rich region, where the results are well de-
scribed using the parameters P’ and Q' determined by
van der Kraan and Buschow. From this observation it is
concluded that the system becomes metallic, which sup-
ports the description of the short-range order as of DRP

type.
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