JOURNAL OF OPTOELECTRONICS AND ADVANCED MATERIALS Vol. 11, No. 10, October 2009, p. 1490 - 1493

Structural investigations of ion beam synthesized

B-FeSiz*
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High dose Fe ion implantation in n-type Si (100) was applied in order to fabricate the B-FeSi, phase. Two sets of samples,
using two steps of ion implantation at energies of 60 plus 20 keV and 90 plus 25 keV, were performed, using different doses
in the range 1x10" — 5x10" cm™. X-ray diffraction (XRD) spectra were used as a criterion for the formation of the B-FeSi,
phase. The effects of the different doses, annealing temperature and annealing time on the surface morphology were
investigated by scanning electron microscopy (SEM) and atomic force microscopy (AFM). The Fe depth distributions were
simulated by SRIM code and the initial theoretical profiles were estimated.
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1. Introduction

Ion beam synthesis (IBS) is a non — equilibrium
process and one of the most suitable techniques employed
to form semiconducting silicides in a controllable and
reproducible way. After the first successful fabrication of
silicides by IBS [1], the formation of Si-based structures
emitting light in the visible and infrared regions has
attracted much attention. Iron is a low-solubility impurity
in silicon (N ~ 10" em™). The synthesis of iron silicides
has to be performed at Fe dopant concentrations greatly
exceeding the level of equilibrium solubility in silicon.
Among different phases in the Fe-Si system,
semiconducting iron disilicide (B-FeSi,) is of interest for
creation of materials with new photoelectric (emitting in
the 1.5 pm region, a transparency band for Si and SiO,)
and thermoelectric properties [2]. The conventional IBS
for the formation of silicides consists of two steps: ion
implantation of Fe ions into Si substrates followed by
annealing. Several methods of annealing have been used
for the preparation of silicides: conventional furnace
annealing, rapid thermal annealing (RTA), laser annealing
and pulsed ion-beam treatment [3-8]. Despite the number
of investigations for preparation of iron silicides by IBS,

only a few studies examine the formation of -FeSi, via
RTA.

In the present work, the effects of temperature and
duration of the RTA process on B-FeSi, formation of Fe"
implanted Si substrates are investigated.

2. Experimental details

Ton implantation was carried out in a type ILU-4 ion
accelerator. In order to form precipitations or unburied
surface layers, two-step *°Fe’ ion implantations in n-type
(100) Si wafers at energies of 60 keV plus 20 keV and 90
keV plus 25 keV were performed, using different doses,
resulting in total doses of 1x10'°cm™ to 5x10'7 cm™. Some
of the samples were rapid thermal annealed at 800 °C and

900 °C for two different times — 15 and 60 s. The B-FeSi,
phase formation into the samples was studied by XRD
analysis, using a Bruker AXS X-ray diffractometer,
D5005, with Cu Ko radiation.

The surface morphology of the implanted and
annealed samples was examined using a Jeol JSM-840A
scanning electron microscope. More detailed images of the
surface were obtained using a SMENA atomic force
microscope (NT-MDT, Russia) in semi-contact mode in
air. Non-contact ultrasharp cantilevers (MikroMasch) with
a typical force constant of 17.5 N/m and a typical
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curvature radius of the tip of about 10 nm were used for
estimation of the surface roughness. All statistical
parameters were calculated on 2x2 and 5x5 pm’ areas,
with NT-MDT NOVA Solver software.

The initial **Fe implantation profiles were simulated
by the SRIM computer code [9].

3. Results and discussion

High dose Fe' implantation into Si substrates,
followed by RTA, was used to fabricate iron silicide
layers. The implantation conditions and annealing regimes
are given in Table 1.

Table 1.Summary of the implantation and annealing

conditions.
Sample *Fe’, Energy, Doses
D, 60 keV, 5x10" em™ + 20 keV,
5x10" cm'z, annealed 900 °C, 60 sec
D> 60 keV, 5x10'® em™ +
20 keV, 5x10'° cm™
Dy 60 keV, 5x10'® em™ + 20 keV,
5x10'° cm'z, annealed 800 °C, 60 sec
Ds 60 keV, 1x10'7 em™ +
20 keV, 1x10'7 cm™
Dy 90 keV, 4x10" em™ +
25 keV, 1x10'7 cm™
Ds 90 keV, 4x10"" em™ + 25 keV,
1x10" cm'z, annealed 800 °C, 15 sec
D 90 keV, 4x10"" em™ + 25 keV,
1x10"7 cm'z, annealed 900 °C, 15 sec

The initial implantation profiles for the first set of the
implanted samples, simulated by the SRIM computer code
are shown in Fig. 1. In order to obtain precipitates (D, D,
and D;) or uniform B-FeSi, layers (D, Ds and D), the
peak concentration of Fe atoms has to exceed the value for
the stoichiometric compound (2.6x10” cm™). This
requires suitable values of the energy and dose of the
implanted ions.
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Fig. 1. Fe" implantation profiles for the first set of
samples, simulated by SRIM.

For the first set of samples, ion implantation with
energies of 60 and 20 keV was performed, using three
different doses: D;=5x10"°, D,=5x10"'® and D;=1x10"" cm
2 resulting in total doses of 1x10' cm™, 1x10" ecm? and
2x10"7 cm™ respectively. The depth of the initially formed
amorphous layer was calculated to be 98 nm, with a peak
of implanted Fe atoms at 53 nm. Two samples (D, and D,)
were rapid thermal annealed at 800 and 900 °C. The XRD
spectra of the Fe implanted and annealed samples are
shownin Fig. 2.
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Fig. 2. XRD spectra of Fe samples implanted in Si with
doses D4, D, and D5 and annealed .

One can see that the optimum condition for the
formation of the B-FeSi, phase is implantation with a dose
of 1x10"7 em™, followed by RTA at 800 °C for 60 s.

In the case of the second set of samples, 90 and 25 keV
Fe' implantation was used with doses of 4x10'” cm™ and
1x10"7 em™ respectively, resulting in a total dose of 5x10"
cm (Fig. 3).
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Fig. 3. XRD spectra of Fe implanted and annealed Si
samples ( Dy, Ds and Dg).

The depth of the initially formed amorphous layer was
calculated to be 170 nm with a peak of implanted Fe atoms
at 66 nm [9]. Samples were annealed at 800 and 900 °C
for 15 s. Again, the most suitable conditions for B-FeSi,
phase formation detected by XRD are ion implantation
followed by 800°C annealing for 15 s. Further increasing
of the annealing temperature up to 900 °C destroys the
formed B-FeSi, phase.

B-FeSi, is a promising candidate for application in
optoelectronics, and thus it is important to investigate the
development of the surface morphology after ion
implantation and subsequent annealing. SEM micrographs
did not reveal significant structural changes up to sample
D5 (90 keV, 4x10'7 em? + 25 keV, 1x10"7 cm'z, annealed
800 °C, 15 sec). Fig. 4 shows a SEM microphotograph of
sample Dy (90 keV, 4x10"7 em™ plus 25 keV, 1x10" em”

, annealed 900 OC, 15 s). One can see that with increased
annealing temperature, a mosaic structure develops.

Fig. 4. SEM microphotograph of sample Dg

More detailed three-dimensional images of the Si
surface after implantations and consecutive annealing were
obtained by AFM. Fig. 5 shows AFM images of as-
implanted (D, and D;), and annealed (D, and D,))
samples. The calculated difference in the sputtering yields
for Si (1.14 at/ion) and Fe (5.42 at/ion) for 60 keV Fe"
implantation [9] led to preferential sputtering on the
irradiated surface and development of cone-like structures.
As a measure of the surface roughness of the samples,
Root Mean Square (RMS) values were obtained. The

AFM image for the first sample (D;) was obtained from a
2x2 pm? area, all others from 5x5 pm’ areas. Increasing
the implanted dose from 1x10"7 ¢cm? (D,) to 2x10"7 cm™
(D;) results in a decrease of the roughness from 1.04 nm to
0.71 nm. The cone-like structures already formed at the
lower dose start to destroy themselves during additional
implantation. After annealing, a very strong increase in the
surface roughness was observed. The values of the RMS
roughness for D; and D,; were 8.57 nm and 5.71 nm
respectively.
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Fig. 5. AFM images of as-implanted (D, and Dj3), and
annealed (D; and D,;) samples

Fig. 6 shows AFM images for the second set of
samples (D4, Ds and Dg). Again, due to the difference in
sputtering yields for Si (1.13 at/ion) and Fe (5.32 at/ion) at
90 keV Fe' implantation [9] preferential sputtering occurs,
resulting in the development of cone-like structures. The
RMS value for the as-implanted sample is 1.53 nm.

D

Fig. 6. AFM images of as-implanted (D), and annealed
(Ds and Dg) samples

Increasing the annealing temperature results in an
increased RMS value for the surface roughness of 9.79 nm
for the D5 and 10.79 nm for the Dy sample.

4. Conclusions

A non-equilibrium process - IBS - was used to
fabricate the $-FeSi, phase in Si. The phase formation and
the surface roughness of the implanted samples were
strongly influenced by the implantation conditions and
subsequent annealing. XRD spectra indicate that thermal
annealing at 800 °C is the most favorable regime for the -
FeSi, phase formation.
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