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Ion-beam-induced epitaxial crystallization of amorphous Si implanted with Fe to 18 at. % peak 
concentration was studied. The structure of the specimen was characterized using transmission 
electron microscopy and Rutherford backscattering spectrometry. Both cubic FeSi, and a-FeSi, 
were formed in epitaxy with the Si matrix with two types of orientations (fully aligned and 
twinned). The twins of a-FeSi, and those of cubic FeSi, were found to have exactly the same 
type of epitaxial relationship as for the aligned ones. The thermodynamically stable /3-FeS& is 
not formed, demonstrating that ion-beam-induced crystallization can lead to preferential phase 
formation as well as to epitaxy. 

To date, much effort has been devoted to the study of 
the epitaxy of P-FeSi, on Si because it is a semiconductor 
that exhibits a direct transition at a band gap of -0.9 eV 
and thus of great interest for optoelectronic devices.‘-3 
Only limited work, however, has been reported for the 
other two FeSi, phases which are very different from 
/3-FeSiz in many aspects. ar-FeSi, is a metallic tetragonal 
phase stable above ~950 “C, as opposed to /3-FeSi, which 
is orthorhombic and stable at temperatures below 
~950 oC.3*4 The newly discovered cubic FeSi, phase55-10 is 
metallic and, probably, magnetic5*” with ~a fluorite struc- 
ture (a,, -Qsi=O.543 1 nm) that can be produced only un- 
der restricted conditions. Crystallographic analysis indi- 
cates that the a! phase is better lattice matched with Si than 
the fi phase, while the cubic phase is best matched with Si 
among the three FeSil phases, because of a,zasi. In the 
case of a-FeSi, (a,=b,=0.2695 nm and ~~-0.514 nm), 
since 2a,=0.5390 nm, the lattice mismatch between 
cr-FeS& and Si or cubic FeSiz is only 0.7% along the a or 
b axis, as compared to a mismatch of ~2% for &FeSi, 
grown epitaxially on a Si substrate.” 

The first reported cubic FeSi, phase was obtained ei- 
ther by molecular beam epitaxy (MBE) combined with 
solid phase epitaxy’ or by reactive deposition epitaxy’ on a 
Si ( 111) substrate. This phase is metastable and transforms 
into BFeSi, upon annealing. The transition temperature 
was found to decrease with increasing thickness of the ep- 
ilayer.’ For a 30-nm-thick layer, the transition temperature 
is ~200 “C. This result indicates that the interface energy 
between the epilayer and the substrate plays a crucial role 
in stabilizing the cubic FeSi, phase. More recently, we have 
-- 
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reported the formation of cubic FeSi, in an Fe-implanted 
Si by an ion-beam-induced epitaxial crystallization 
(IBIEC) process.g In that case, the gain in interface energy 
is larger, because the cubic FeSi, is formed as small parti- 
cles (diameter z-5 nm) buried in the Si matrix and thus 
has a greater interface-to-volume ratio than a thin film 
grown on Si. The cubic phase precipitates were found to be 
stable above 520 “C. Moreover, two types of precipitates 
were observed, i.e., A-type and B-type precipitates, corre- 
sponding to full alignment of cubic FeSi, with the Si matrix 
and twinning along { 111) of A type, respectively. In this 
letter, we present a study of Si implanted with Fe to a high 
dose ( =: 18 at. % ), using transmission electron microscopy 
(TEM) and Rutherford backscattering spectrometry com- 
bined with channeling (RBWC) . It demonstrates, for the 
first time, not only the epitaxial formation of the high- 
temperature a-FeSi, phase by IBIEC at a low temperature 
(320 “C), but also the coexistence oft this phase with cubic 
FeSi, in Si. 

Si(OO1) wafers (p type, 1 fi cm) were implanted with 
50-keVFefionstoafluenceof4X10*6cm-2(~18at.% 
at the peak concentration). During implantation, the spec- 
imens were maintained at room temperature and chan- 
neled implantation was avoided. The Fe-implanted amor- 
phous layer was crystallized by IBIEC, i.e., by irradiating 
the specimens at 320 “C with 500-keV Si+ ions to a fluence 
of 7.2X 10”’ cmP2; the beam flux was 1 ,uA cm 2. 

The structure was characterized using cross-sectional 
TEM, including selected-area diffraction (SAD). TEM 
specimens were prepared by mechanical polishing and ion 
milling. The same specimens were also studied by RBS/C 
with a 1.2-MeV “He+ beam aligned randomly and the 
channeling direction (Si [OOl] ), using a standard goniom- 
eter arrangement. 

The RBS/C spectra (not shown) from Si indicate that 
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FIG. 1. Cross-sectional TEM micrographs of Si implanted at room tem- 
perature with 18 at. % Fe peak concentration, showing the phase distri- 
bution after different treatments at 320 “C: (a) After Si+ irradiation to 
7.2X lOi cm-‘. Under the a-F&i, layer are aligned (A-type) and twin- 
oriented (B-type) cubic FeSiz precipitates, as indicated by arrows A and 
B. (b) After Si+ irradiation to 3.6~ 1OL6 cm-‘. Below the amorphous top 
layer are cubic FeSi, precipitates, as indicated by arrows. (The weak 
contrast of the precipitates is because they are in a relatively thick area.) 
(c) After thermal annealing only. The thick layer above c-Si is completely 
amorphous. 

the initial Fe implantation produces an amorphous Si (a- 
Si) layer ~100-nm thick and that the subsequent ion ir- 
radiation promotes crystallization and reduces this a-Si 
layer by -40 nm. On the other hand, the Fe peak indicates 
the formation of an Fe-containing region ~35-nm wide 
and a Gaussian-like distribution of Fe atoms. The IBIEC 
process causes only a slight narrowing of the Fe peak; 
neither peak shift nor channeling effect is observed. 

TEM observation of the same ion-irradiated specimen 
reveals a layered structure. The TEM image in Fig. 1 (a) 
shows that the specimen consists of a surface amorphous Si 
layer (a-Si) =: 15 nm thick12 above an a-FeSi, layer ( ~20 
nm thick) and a crystalline Si (c-Si) region which contains 
spherical-shaped cubic FeSi, precipitates over a width of 
~40 nm. These cubic FeSi, particles decrease in size and, 
at the same time, increase in number density with increas- 
ing depth. The typical diameter of the cubic FeSiZ particles 
is z 10 nm adjacent to the interface with a-FeSi,, but 
rapidly decreases to z 1 nm at a greater depth. The A-type 
and B-type cubic FeSi, precipitates, previously found in a 
Si implanted to a low Fe dose ( ~5 at. %),9 are also ob- 
served [indicated by the arrows in Fig. l(a)]. Note that, 
while the large particles adjacent to the lower interface of 
a-FeSi, are of both A type and B type, the small particles 
in the lower region are predominantly of A type. 

The phase distribution in the specimen is related to the 
Fe concentration profile. Comparison between the TEM 
and the RBS/C data shows that the cr-FeSiz layer is located 
around the Fe protie peak, whereas the cubic FeSi, phase 
region corresponds to the tail of the Fe profile. This rela- 
tionship leads to three observations. 

First, since cubic FeSi, precipitates are only found at 
the profile tail, their formation must be associated with a 
low Fe concentration, in agreement with our previous re- 
sults.” 

Second, the size and density of cubic FeSi, precipitates 

FIG. 2. A SAD pattern taken from a lower interface area of the a-FeSi, 
layer shown in Fig. 1 (aj. The diffraction spots correspond to the reflec- 
tions from the [l lo] zone axis of Si or A-type cubic FeSi, (white indices) 
and from the [O?l] zone axis of two a-FeSi, crystals (outlined black 
indices) twinned along ( ln). The spots indicated by the dashed and the 
solid lines correspond to an a-FeSi, grain in epitaxy with Si and its twin 
(indices with subscript T), respectively. 

vary as a function of Fe concentration, i.e., the decrease of 
Fe concentration at the profile tail results in a decrease in i 
size and an increase in density of the precipitates. More- 1 
over, their orientation tends to change from A type to B 
type, as the Fe concentration (hence the precipitate size) 
increases. This implies that for the small particles ( < 3 nm 
in diameter), A-type orientation is more stable than B 
type. 

Third, the formation of the a-FeSi, layer around the 
peak of the Fe profile suggests that there exists a size limit * 
for the growth of cubic FeSi, beyond which the cubic phase . 
becomes unstable and a new phase grows in lieu of cubic 
FeSiZ. The existence of such a stability limit was already , 
apparent for cubic FeSi, epilayers grown on Si( 111) sur- i 
face by MBE and the stable phase of the epilayers was : 
&FeSi,, in agreement with the equilibrium phase dia- 
gram.’ The major difference here is the absence of the /3 ’ 
phase and the formation of the (Y phase at a temperature 
~600 “C below its equilibrium stability limit. 

The a-FeSi, layer consists of grains with a diameter , 
ranging from 20 to 100 nm. Some are in epitaxy with the 
underlying Si or A-type cubic FeSi, and others are twinned 
with respect to the epitaxial one along the a-FeSi,{112) 
planes. Figure 2(a) shows a typical SAD pattern taken 
from an area including cr-FeSi,, Si, and cubic FeSi,. From 
this pattern the orientation relationship between the epi- 
taxial u-FeSi, grains and Si (or A-type cubic FeSi,) is . 
determined as a-FeSi, [Ozl] IlSi[ 1 lo] and a-FeSi, 
( 100) IlSi(OO2). This relationship implies that the b and c 
axes of the a-FeSi, unit cell are lying in a plane parallel to 
Si (001 ), i.e., the lower interface of the cr-FeSi, layer, and 
are virtually parallel to the b and a axes of Si (or A-type 
cubic FeSi,), respectively, because the angle between the 
h, and bsi axes (or c, and Usi) is only 1.3“. Thus, the lattice 
mismatch in the interface is ~0.7% and 5% along a-FeSi2 
[OIO] and [OOl], respectively. A slight deviation from the i 
above epitaxial relationship, i.e., a relative rotation of two 1 
parallel planes by an angle (0) up to ~3’, is often ob- 
served, such as occurs for cr-FeSi, (Oi?) with Si(z20) (13 
~=3”) in Fig. 2. This rotation explains the absence of chan- 
neling for the Fe peak in the RBS/C spectra. 
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In Fig. 2, one also finds the diffraction spots from the 
a-FeSiZ grains twinned along ( 175). We find that all the 
twin-oriented grains of a-FeSi, layer have the same type of 
orientation relationship as shown above with respect to 
twin-oriented cubic FeSi, particles (B type). In fact, since 
2a,sa, and c,, -a,, the twin planes {112) of a-FeSi, are 
equivalent to the twin planes { 111) of cubic FeSi,. This 
indicates that the twinned a-FeS& phase is formed in epi- 
taxy with the B-type cubic FeSi,, same as the epitaxial 
a-FeSi, phase with the A-type cubic FeSi,. 

In order to check that the a and cubic phases are 
selectively formed in the IBIEC process, we performed two 
complementary experiments, in which two samples were 
prepared under conditions identical to those described 
above, except as regards the following. In one case, IBIEC 
with 3.6~ lOi Si+ crnw2 was performed in order to recrys- 
tallize roughly half the as-implanted amorphous layer. No 
FeSiZ precipitate is found in the remaining amorphous 
layer (~35 nm thick) [Fig. 1 (b)], proving that FeSi, pre- 
cipitates are formed only when the Si is recrystallized. In 
the other case, no IBIEC was performed, but the sample 
was annealed at 320 “C for 3.2 h, i.e., a duration identical 
to that of the IBIEC procedure with 7.2X 1016 Si+ cm-‘. 
No thermally induced cyrstallization occurs at all (amor- 
phous layer ~95 nm) [Fig. 1 (c)l, indicating that IBIEC is 
indispensable for FeSil precipitation at 320 “C. These two 
experiments also prove that no precipitation occurs at all 
during Fe implantation at room temperature. 

From the thermodynamic point of view, the formation 
of a-FeS& at 320 “C by IBIEC is surprising, because this 
phase is stable only at high temperatures ( > z950 “C), as 
opposed to the low-temperature P-FeSi, phase which is 
stable below s950 “C. The mechanism of the a-FeSi, 
phase formation warrants discussion. IBIEC is a nonequi- 
librium process for which kinetic factors may be impor- 
tant. This process involves epitaxial growth of a crystal 
with the crystalline-amorphous (c-a) interface migrating 
toward the surface at a speed depending on irradiation flux 
and temperature.i3 In our case, the crystallization speed of 
Si is measured as z 1.5 nm min-‘. Obviously, in this crys- 
tallization process, epitaxial growth of Si is favored, be- 
cause it involves a lower interfacial energy than growth in 
a random orientation. For the same reason, when FeSi2 is 
involved in the crystallization process, not only its orien- 
tation, but also its phase, may be determined by the under- 
lying crystal structure, especially when the precipitate di- 
mension is small and the interfacial energy makes a 
significant contribution to the total free energy of the sys- 
tem. 

As the c-a interface moves toward the surface, the cu- 
bic FeSi, phase is first formed at the tail of the Fe profile, 
because it is small in size and the interfacial energy is 
minimized by matching with the Si matrix, as in the case of 
a thin epilayer grown on a Si substrate.‘-’ As the c-a in- 

terface approaches the peak of the Fe profile, the size of the 
cubic precipitates increases rather rapidly to such a point 
that the decrease in interfacial energy by lattice matching 
with Si is insufficient to maintain the stability of the cubic 
phase and, consequently, a phase with a lower volume free 
energy, and possibly also a lower strain energy begins to 
grow. If we assume that the interfacial energy is also the 
controlling factor for nucleation of this new phase, 
a-FeS&, rather than @FeSi,, should be formed, because it 
has a better lattice match with Si or cubic FeSi? than 
BFeSi,. The strongest evidence in support of this e&axial 
growth mechanism is the fact that all the grains in the 
a-FeSi, layer are found to be in perfect alignment with 
either the A-type or the B-type cubic FeSi, with exactly the 
same orientation relationship. 
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