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Abstract—In this manuscript, we attempt to clarify the capability of utilisation of α-FeSi2 nanocrystals as a
buffer layer for growth of monocrystalline/high-quality β-FeSi2 direct-gap semiconductor from the point of
view of the crystal lattice misfits and near coincidence site (NCS) lattices. Iron silicides-based nanostructures
have a wide spectrum of possible industrial applications in different fields. Mainly, interest in these functional
materials is caused by their ecological safety and Earth’s core abundance that give us the opportunity for
greener future with highly effective electronic devices. β-FeSi2 phase due to its allowed direct transition with
energy close to 0.87 eV can be used as active material in light emission diodes (LED). Utilisation of buffer
layers between silicon substrate and give one more tool to engineer the band structure of semiconducting
β-FeSi2 phase. We attempt to clarify the capability of the utilisation of the α-FeSi2 phase as a buffer layer for
the growth of β-FeSi2 direct-gap semiconductor from the point of view of the crystal lattice misfits and near
coincidence site (NCS) lattices. Possible β-FeSi2/α-,γ-,s-FeSi2/Si orientation relationships (ORs) and habit
planes were examined with crystallogeometrical approaches and compared with β-FeSi2/Si ones. The lowest
interplanar and interatomic spacing misfits between silicon lattice and a silicide one are observed for the pair
of s-FeSi2{011}[200]/Si{022}[100] at room temperature and equal to –0.57%. The least interplanar and inter-
atomic spacing misfit of 1.7 and 1.88%, respectively, for β-FeSi2/Si, can be decreased as low as –0.67 (inter-
planar) and 0.87 (interatomic) % by placing an α-FeSi2 layer between silicon and β-FeSi2 phase. It is stated
that the growth of metastable γ-FeSi2 is also favourable on silicon due to low interplanar and interatomic
spacing misfit (–0.77%) and a higher density of NCS in comparison with s-FeSi2. Design and technological
procedure for the synthesis of possible β-FeSi2/α-FeSi2/Si heterostructure have been proposed based on the
results obtained.
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1. INTRODUCTION
Iron silicides-based nanostructures have a wide

spectrum of possible industrial application in different
fields. Mainly, interest in these functional materials is
caused by their ecological safety and Earth’s core
abundance that give us the opportunity for greener
future with highly effective electronic devices. Ferro-
magnetic silicides, i.e. Fe3Si [1], Fe5Si3 [2] and other
non-stoichiometric iron-silicon alloys Fe1 – xSix [3],
are prominent for production of spintronic devices
due to their high level of spin polarisation. Semicon-
ducting β-FeSi2 phase can be utilised as the active
material in photon crystals [4], for photovoltaics [5,
6], thermoelectrics [7, 8] and also for electric charge
storage [9]. Finally, β-FeSi2 phase due to its allowed
direct transition with energy close to 0.87 eV can be
used as active material in light emission diodes (LED)

[10]. In spite overcoming the issue of enhancing the
luminescence of β-FeSi2–based LED, which has been
at the aim of many research groups [11–17], such
diodes are still unavailable in the market for wide con-
sumption. The highest values for output optical power
and external quantum efficiency reported before lie in
the range from 25 μW [16] to 420 μW [17], and from
0.009% [16] to 0.12% [17], respectively. Thus, the
intensity of room temperature β-FeSi2 IR lumines-
cence is currently inferior to that of InGaAs com-
pounds [12, 18].

On the other side, self-assembling β-FeSi2 single-
crystalline nanowires/nanowhiskers/nanocrystals
with engineered band structure could improve it to
reach 1.5 μm light emission as high as the commercial
analogues have. Reducing dimensions of β-FeSi2
down to nanoparticles embedded in silicon matrix
851



852 TARASOV et al.
with diameters about 20 nm has already shown a great
potential for the enhancement of IR photolumines-
cence and electroluminescence in comparison with
β-FeSi2 thin films [12, 16]. The nanoscale size of the
β-FeSi2 crystals allows them to be stressed using a sil-
icon matrix in such a way as to provide a defect-free
interface, and which promotes a low concentration of
non-radiative recombination centres. Thereby it
allows one to change β-FeSi2 band structure due to
different orientation relationship (OR). As a continu-
ation of this idea, the growth of epitaxial freestanding
β-FeSi2 nanowires on silicon substrate could allow
one to possess a bigger volume of relaxed defect-free
β-FeSi2 phase. Such benefits, as low leakage current
[19], tuning emission directionality [20], which are given
by high aspect ratio and homogeneous spatial alignment
of nanowires/nanowhisker, are expected. Nevertheless,
there are few reports concerning the growth of such epi-
taxial freestanding β-FeSi2 nanocrystals [21–24] and
even less showing the formation of such structures on a
silicon substrate. One of the reason is high lattice mis-
matches between β-FeSi2 and silicon [22, 25].

To achieve the formation of such Si-β heterostruc-
tures one may consider utilising intermediates [26].
This intermediate can be found among other disili-
cides phases, such as tetragonal α-FeSi2, cubic
CaF2-type γ-FeSi2 and CsCl-type s-FeSi2 (or
Fe0.5Si), having better OR with silicon [22]. However,
despite the idea was suggested by Y. Gao et al. [26] in
2008, any substantial attempt aimed to shed light on
this problem, which of α -, γ- or s-disilicide phases is
more favourable for further self-assembling β-FeSi2
growth, has not been done yet. Self-assembled FeSi2
silicide buffer nanocrystal ensembles could serve as
formation centres for β-FeSi2 nanowhiskers in anal-
ogy with the vapour-liquid-crystal mechanism, like in
case of Si nanowires growth on the gold-activated sur-
face. The effect of nanowires growth activation by the
catalyst particles is that the growth processes on the
surface under a catalyst droplet proceeds much faster
than on a non-activated surface. Here, the transition
of the material from vapour to liquid takes place, and
as a result, the solution becomes supersaturated and
crystallises on the surface under the droplet. Whereas
faster growth of the β-FeSi2 phase on the buffer α-, γ-
or s-FeSi2 precipitates/nanocrystals can be presum-
ably achieved by lowering their joint interface energy
in comparison with buffer-nanocrystal-free-silicon
surface. To suppress the formation of β-FeSi2 phase on
silicon the selective oxidation can be applied. There-
fore, it is important to know which surfaces of α- (or)
γ- (or) s-FeSi2, orientation relationships and synthesis
conditions are the most favourable for subsequent
freestanding epitaxial β-FeSi2 nanowires growth.
JOURNAL OF SURFACE INVESTIGATION: X-RAY, SYNCHRO
To date, the formation of cubic γ- s-FeSi2 silicides
by different physical and chemical methods was widely
reported [22, 27–31]. Thus, two monolayers (ML) of
pure Fe followed by codeposition of Fe and Si at a stoi-
chiometric ratio (1 : 1) onto Si(111) surface at a tem-
perature less than 100°C resulted in CsCl-like Fe1-xSi
(s-FeSi2) formation [27]. The s-FeSi2 endotaxial NWs
growth was also reported due to reactive deposition at
700°C of Fe 2 ML onto Si(110) [22]. Das et al. showed
that different coverages of Fe up to 2 ML deposited on
Si(110) substrate at the temperature of 600°C results in
forming endotaxial γ-FeSi2 NWs [31]. In turn, anneal-
ing at 500°C of Fe from 2 to 5 ML deposited on Si(111)
forms γ-FeSi2 [30]. Goldfrab et al. [28] has recently
shown the annealing of Fe coverage of no more than
10 MLs on Si(001) and Si(111) substrates in the tem-
perature range from 500 to 750°C results in the forma-
tion of the γ-FeSi2 nanoislands with different size and
shapes and orientations, which strongly affect their
magnetic response. It is general for these metastable
phases to transform to β-FeSi2 or ε-FeSi phases when
nominal thickness reaches the values 1.5–2 nm [22].

In turn, forming of the epitaxial α-FeSi2 thin film
via pulsed laser deposition [32], annealing of prior
deposited Fe film [33, 34], ion implantation [35],
polycrystalline film via facing target radio-frequency
magnetron sputtering method [36], and subsequent Fe
deposited layer annealing [37] were reported. Self-
assembled α-FeSi2 nanocrystals were synthesised on
Si(100), and Si(111) surfaces by ion implantation [26],
solid-phase epitaxy [38], and microwave plasma-
assisted chemical vapour deposition [39]. It was
reported the endotaxial α-FeSi2 NWs are grown by
deposition Fe on Si(110) at 650°C [40], whereas under
similar conditions (600 and 700°C) the growth of s-
FeSi2 and γ-FeSi2 phases were reported, respectively
[22, 31]. Despite the fact that α-FeSi2 is considered to
be a metastable phase in bulk, below 915–960°C it
transforms into the β-FeSi2 phase according to the
eutectoid reaction α-FeSi2 → β-FeSi2 + Si [41], sev-
eral reports about crystal structure and physical prop-
erties of the single bulk crystal and polycrystalline
samples exist.

Here we attempt to estimate and predict ORs and
habit planes between α-, γ-, s-FeSi2 and β-FeSi2
phases with the help of crystallogeometrical
approaches. These approaches suppose that the habit
plane formation and orientation relationship between
two crystal structures are regulated by a decrease in the
interface energy, where lower interface energy corre-
sponds to habit planes with a high degree of atomic site
matching. However, application of these methods is
not suitable for the systems with the high anisotropy of
the surface energy. These methods for the analysis of
the interphases boundaries for nanoscale objects not
TRON AND NEUTRON TECHNIQUES  Vol. 14  No. 4  2020
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involving ab initio calculations can be sophisticated as
follows (1) a purely geometrical, (2) a rigid model ener-
getic, and (3) an extension of (2), in which elastic relax-
ation is included [42]. Furthermore, atomistic simula-
tions with empirical interatomic potentials have been
demonstrated to be reliable to explore energy minimis-
ation mechanism of semi-coherent interfaces [43].

Thus, crystallogeometric models as plane-to-
plane, edge-to-edge approaches, which are elabo-
rately explained in [44, 45], and consideration of the
near coincidence site lattice concept [46] are imple-
mented to find the most suitable ones for the self-assem-
bling β-FeSi2 nanocrystal growth. Basic and interface
orientation relationships are under consideration.

2. RESULT AND DISCUSSION
2.1. Consideration of the Best Matching Interplanar
and Interatomic Spacings in Si//α-, β, γ-, s-FeSi2

and β-FeSi2//α-, γ-, s-FeSi2 Heterosystems
Better orientation relationships of α-, γ-, s-FeSi2

compounds with silicon in comparison with the
β-FeSi2 result from their higher symmetry group. The
γ-FeSi2 phase has cubic fcc (Fm3m) CaF2 structure
with lattice constant a = 5.389 Å [22]. The s-FeSi2
phase, which is rarely reported in the literature avail-
able, possesses cubic bcc (Pm3m) structure of the
defect CsCl with a lattice constant of 2.7 Å [22]. The
α-FeSi2 phase belong to lower tetragonal crystal sys-
tem (P4mmm) with lattice parameters a, b = 2.684 Å,
c = 5.128 Å [47]. The β-FeSi2 phase has the lowest
crystal system among the FeSi2 phase family. It is
characterised with a base-centered orthorhombic
structure with Cmca space group (a = 9.88 Å, b = 7.79 Å,
and c = 7.83 Å) [48]. In order to find out which FeSi2
compound would act better as a buffer layer between
the silicon substrate and β-FeSi2 phase to diminish its
lattice strain, we attempt to carry out the misfit analy-
sis of the different combination of β-FeSi2/buffer
layer/Si heterostructures with the help of crystallo-
geometrical approaches. Two crystallographic mod-
els, namely, edge-to-edge and direct lattice matching
were used to carry out misfit analysis and predict pos-
sible atomic arrangements in such heterostructures.
For calculations, we used free and open-source soft-
ware “phase transformation crystallography PTC
Lab” [49]. The edge-to-edge matching model consists
of two steps; the first is to find possible close-packed
direction (atomic rows) in two crystals. The second
step is to find good matching planes containing the
atomic rows determined during the first step. The
most important feature of this arrangement is that the
edges of the planes must consist of the required close-
packed or nearly close-packed atom rows in each
phase [44]. These planes with similar d spacing may
not be parallel to each other and merely bring the
JOURNAL OF SURFACE INVESTIGATION: X-RAY, SYNCHRO
atoms rows together at the interface. Direct lattice
matching method is based on the same rule, which is
to find two pairs of good matching directions between
two crystals with a high packing density.

Thus, here we only focus on the geometrical
approach of the α-, β-, γ-, s-FeSi2 and Si favourable
orientation relationship analysis. The question of pre-
diction of interface formation between two phases is
rather difficult, in case of the β-FeSi2/Si interface the
quantity of possible OR and habits planes exceeds a
dozen [25]. This estimation based on an only geomet-
rical criterion, despite its simplicity, has already
proved its efficiency [44–46, 50–54], and here it is
intended to obtain useful information for our further
technological work on synthesis, tailoring the struc-
ture and morphology design of the FeSi2 nanostruc-
tures [55–58]. Nevertheless, such detailed research on
the problem of interface formation in β-FeSi2/α-, γ-,
s-FeSi2/Si heterostructures including a combination
of crystallogeometrical and DFT approaches is
planned in the short term.

Table 1 contains interatomic and interplanar spac-
ing misfit values for different combinations of atomic
planes and rows in pairs of Si/α-, β-, γ-, s-FeSi2 and
β-FeSi2 and α-, γ-, s-FeSi2 compounds. Such basic
ORs are aimed to show and compare the lowest possi-
ble misfit between silicon/silicide different plane and
direction pair. They represent a case when planes and
directions are parallel but do not reveal information
about habit planes. Even though the edge-to-edge and
direct lattice matching methods can predict the inter-
face ORs, we do not consider in detail here possible
habit planes for all combinations of silicide/sili-
cide/silicon. However, the most favourable ones for
good epitaxial alignment combination, based on anal-
ysis of the misfit values (Table 1), will be examined
closer below. Misfit value δ for phase b growing on
phase a is determined with expression δ = (db – da)/da ×
100%. The combination of directions and planes with
misfit higher 4% was excluded from the table. As one
could expect the cubic silicides s-FeSi2 (defect CsCl-
like structure) and γ-FeSi2 (CaF2) have the smallest
interatomic misfit values with silicon at room tempera-
ture, –0.57 and –0.77%, between 100Si and 200s,
100Si and 100γ, respectively. For these phases epi-
taxial interphase boundary, habit planes are expected to
be low-index crystal planes, where good coincidence of
the planes Si{022}//s-FeSi2{011}, γ- FeSi2{022} and
Si{002}//s-FeSi2{001}, γ-FeSi2{002} of –0.57 and –
0.77%, will determine an epitaxial alignment of the
interface with 2D periodicity [37]. The α-FeSi2 com-
pound demonstrates larger misfit values –1.17% with sili-
con for Si{022}//α{110} planes and same indexed direc-
tions. Due to lower symmetry, this phase reveals another
possible combination as well, Si{022}//α{012}, with
TRON AND NEUTRON TECHNIQUES  Vol. 14  No. 4  2020
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Table 1. Calculated interatomic and interplanar spacing misfit between α-, β-, γ-, s-FeSi2 and silicon crystal structures
at room temperature

Interplanar 
spacing 

misfit, %

Matching planes Interatomic 
spacing 

misfit, %

Close-packed rows of atoms

Si β α γ s Si β α γ s

Silicon//α-,β,γ-,s-FeSi2

–0.57 {022} {011} –0.57 100 200
–0.77 {022} {022} –0.77 100 100
–1.17 {022} {110} –1.17 011 220
–1.17 {022} {110} –2.73 111 221
–3.56 {022} {012} –1.12 100 200

1.7 {022} {040} 1.7 011 010
1.88 {022} {004} 1.8 011 001

–4.25 {022} {422} –1.82 200 011

β-FeSi2//α-,γ-,s-FeSi2

–0.4 {008} {123} –1.32 110 222
–0.67 {422} {012} 2.83 010 220
–0.67 {422} {012} 1.03 102 442
–0.67 {422} {012} 0.87 120 442

2.25 {040} {011} 2.43 001 022
2.43 {004} {011} 2.25 010 022
2.45 {040} {022}
2.63 {004} {022}
2.83 {040} {110} 3.03 001 022
3.03 {004} {110} 2.83 010 022

–3.04 {422} {110} –0.89 120 442
–3.45 {422} {022}
–3.66 {422} {011}
misfit value –3.56%, which could also regulate inter-
face structure alignment. In turn, β-FeSi2 phase has a
positive misfit value of 1.77 and 1.88% for
β{040}//Si{022} and for β{004}//Si{022}, respec-
tively. This value is 1.5 larger than for the α-FeSi2
phase. In case of the epitaxy β-FeSi2 crystal structure
turns to be under compression that is less favourable
for the growth than positive tensile strain conditions
corresponded to α-, γ, s-FeSi2 formation on silicon.
Lattice correspondence of β-FeSi2 with other FeSi2
silicide compounds demonstrates worse misfit values
for β{040} planes. The misfit values are positive and
varies from 2.25% for s-FeSi2 and up to 3.03% in case
of α-FeSi2 phase, in case of Si{022}//β{040} δ =
1.77%. It is clear that such a situation appears due to
α-, γ-, s-FeSi2 are shrunk, and β-FeSi2 is extended
concerning silicon. Nevertheless, the tetragonal sym-
metry of α-FeSi2 results in that α{012} plane having
the highest density of atoms packed and demonstrates
the lowest misfit value (‒0.67%) with β(422), where
JOURNAL OF SURFACE INVESTIGATION: X-RAY, SYNCHRO
β{422} plane has the highest density of atoms in the
β-FeSi2 compound as well. Whereas the {022} planes
in cubic silicon and γ-, s-FeSi2 silicides equivalent to
{012} plane in tetragonal structure of α-FeSi2
(P4mmm) have misfit values lower than –3%. More-
over, considering planes with lower atomic density
α{123} with structure factor of ~13% even lower misfit
value (–0.4%) is obtained. Thus, β-FeSi2/α-FeSi2/Si
heterostructure seems to be favourable to achieve a
good epitaxial condition for a less strained β-FeSi2
phase.

2.2. NCS Maps of Habit Planes for β-FeSi2/α-FeSi2
and β-FeSi2/Si Heterosystems

Experimental examinations of β-FeSi2 thin film
growth on silicon reveal that the following basic ORs
of habit planes β(101)||Si(111), β(110)||Si(111) are typi-
cal for β-FeSi2 epitaxy on (111) silicon surface. The
misfits along [112]Si, [011]Si directions with β-FeSi2
TRON AND NEUTRON TECHNIQUES  Vol. 14  No. 4  2020
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Fig. 1. Near coincidence site map for conventional ORs
between β-FeSi2 and Si or α-FeSi2. Fig1 (a) corre-
sponds to β{110}||Si{111} habit plane, (b) β{101}||Si{111},
(c) β{110}||α{112}, (d) β{101}//α{112}, (e) β{100}[010]||
Si{001}[100], (f) β{100}[010]||Si{100}[110], (g) β{100}[010]//
α{001}[100], (h) β{100}[010]//α{001}[110]. Black solid cir-
cles depict atoms in β-FeSi2 silicide plane; yellow ones
are atoms in silicon planes, cyan ones correspond to α-FeSi2
and solid red circles portray near coincidence sites with the crite-
rion of 10.8% of the silicon lattice parameter in RT.
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are –5.6% and + 1.7%. For the β(110)||Si(111) case the
misfits are –5.6% and +1.88% (Table 1). These ORs
are characterised with the rectangular symmetry of
β(110), β(101) planes, that due to their superimposition
with hexagonally symmetric Si(111) plane can potentially
bring about the formation of three equivalent domains
during the β-FeSi2 film growth (Fig. 1). In case of
Si(100) epitaxy two types of ORs are frequently reported,
Type A β-FeSi2(100)[010] || Si(100)011 and type B:
β-FeSi2 (100)[010]||Si(100)001. The misfits along
these directions are 1.7 and –4.3%, respectively. It
worth noting that the most favourable basic ORs
obtained above (Table 1) for β-FeSi2 and silicon cor-
respond to the experimental ones.

When two atomic planes with the same symmetry
and lattice parameter are superimposed with some
rotation and translation, a kind of superstructure,
a coincidence site lattice develops. However, in gen-
eral case, a coincidence site lattice may not exist, and
only a near coincidence site lattice can be built, where
the criterion of coincidence is an adjustable parame-
ter. Thus, it would be informative to compare the den-
sity of near coincidence sites (NCS) in these conven-
tional habit planes in two cases β||α and β||Si (Fig. 1).
The α{112} plane equivalent to Si{111} instead of
α{111} were taken for further consideration from the
point of view of interplanar distance and atom density.
The criterion for the near coincidence site was chosen
as 10.8% (~0.59 Å) of silicon lattice parameter at room
temperature (RT). Such a small value was used to be
able to distinguish the difference between Si and α-
FeSi2 in NCS density on a relatively small area (20 ×
60 Å). The NCS density is the ratio between a quantity
of NCS in habit plane and the number of atoms in sil-
icon or α-FeSi2 compound.

The β{110}||Si{111} and β{101}||Si{111} ORs show
slight difference in NCS density, 0.098 and 0.083,
respectively, whereas in case of β||α superimposition
NCS density increases up almost twice, 0.1875. This is
caused by the lower density of atoms in α{112} silicide
plane. In case of β{100}||Si{100} habit plane, the align-
ment [010]β along [001]Si results in the NCS density of
0.281, whereas alignment [010]β along [011]Si direction
demonstrates a complex NCS map with very low NCS
density equal to 0.037. The β{100}||α{001} ORs has
lower values of the NSC density, 0.044 and 0.079 for
[010]β||[001]Si and [010]β||[011]Si, respectively. From
this simple consideration of the NCS map, one can
conclude that the β{110}||α{112} habit planes and
β{101}||α{112} ones along with
β{100}[010]||Si{100}[110] OR are more favourable for
epitaxy, where a maximum of the NCS density
appears for the latter OR.

Moreover, a condition of the parallelism of the best
matching pairs of planes β(422) and α(012) (Table 1)
should be taking into account as well. In such way, the
JOURNAL OF SURFACE INVESTIGATION: X-RAY, SYNCHRO
only β-FeSi2//α-FeSi2 OR containing β(422) and
α(012) planes met at the interface with β[040] parallel
to α[110], among ORs already regarded, is
β{100}[010]//α{001}[110]. In turn at β{110}||α{112}
and β{101}||α{112} alignment the planes β(422) and
α(012) do not contain high-density atomic rows paral-
lel to each other. Figure 2 (right panel) illustrates the
location of these planes at the schematic illustration of
a layer stack with the OR denoted. For the
β{100}||α{001} OR, the misfits between β[010] and
α220, β[001] and α220, β[011] and α400 are 2.83,
3.01 and 2.92%, respectively. In case of the
β{101}||α{112} OR (Fig. 3b), the highly packed atomic
rows at the interface are β[001] and α220. The misfit
is 3.014%, whereas angle between β111 and α021
belonging to β(422) and α(012) planes, respectively,
equals to 1.111° which does not result to the good epi-
taxy conditions prescribed by the edge-to-edge or
plane-to-plane matching model. Thus, the
β{100}[010]//α{001}[110] OR requires more detailed
consideration of the NCS maps.

From Fig. 2 one can see that β-FeSi2 cell has three
non-equivalently packed {100} planes, where the
β(200), β(400) planes are packed with only Fe atoms
and β(2.7 0 0) with silicon ones. While in Figures 1e–1h
the β//Si and β//α NCS maps for the β(400) plane are
represented, Fig. 3 represents the NCS maps for the
β(200) plane (left column) and the β(2.7 0 0) plane
(right column). Thus, the superimposition of β(200)
plane with the Si(001) one gives us the NCS density of
TRON AND NEUTRON TECHNIQUES  Vol. 14  No. 4  2020
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Fig. 2. Schematic illustration of epitaxial alignment β{100}[010]//Si{001}[110] (left panel, upper scheme),
β{100}[010]//α{001}[110] (left column, lower scheme), β(101)[010]//α(112)[ –110] (right panel).
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minimum elastic energy according to the principles of

geometric models applied here. Comparison of larger

area NCS maps (200 × 200 Å) for three non-equivalent

β{100} planes superimposed with Si(001) and α(001)

planes is given in supplementary material (Fig. S1).

However, the interatomic spacing misfit of close-

packed atomic rows in the β(2.7 0 0)[010]||α{001}[110]

OR considered above is not the least among observed

and equal to 2.89% (Table 1). The least interatomic
JOURNAL OF SURFACE INVESTIGATION: X-RAY, SYNCHRO

Fig. 3. Comparison of near coincidence site maps for β(2 0
0)[010]||Si{001}[110] and β(2 0 0)[010]||α{001}[110] habit
planes (left panel). Right panel contains NCS maps for
β(2.7 0 0)[010]||Si{001}[110] and β(2.7 0
0)[010]||α{001}[110]. Black solid circles depict atoms in
β-FeSi2 silicide plane; yellow ones are atoms in silicon
planes, cyan ones correspond to α-FeSi2 and solid red cir-
cles portray near coincidence sites with the criterion of
10.8% of the silicon lattice parameter in RT.
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spacing misfit observed for α-, β-FeSi2 phases corre-

sponds to the β[–120]//α [4–42] directions belonging

to β(422)//α(012) planes and has a value of 0.87%.

Thus, additional consideration of possible interfaces

where β(422)[–120]//α(012) [4–42] OR would play a

key role seems to be reasonable.

Calculation of NCS density profiles at rotation

around α [4–42] or β[–120] directions for β(422)[–120]/

/α(012) [4–42] OR (Fig. 4a) gives reason to believe

that habit planes observed at θ = 0° and 33.8° could be

considered as a basis for the axiotaxial alignment [59].

The θ is the deviation angle from an initial plane. In

case of the growth of β-FeSi2 on α-FeSi2 phase, a high

value of NCS density is observed at these angles. Since

a high value of the NCS density could be caused by a

few atoms in planes taken into account, the calculation

was conducted under four criteria. First and second

ones are thicknesses of the layer, inside of which the

NCS are searched (0.2 and 1 Å), and the third and

fourth are a consideration concerning the layer atom

quantity of which phase, α- or β-FeSi2, the NCS den-

sity is calculated. Thus, the calculation within 0.2 Å

thickness layer gives rise to the NCS density of about

0.6° and 0.4° at angle 33.8°, and 0.3° at 0° for β-, and

α-FeSi2 phases respectively. Other angles, where high

NCS density values are observed, demonstrate dimin-

ishing of NCS density value when the calculation at

1 Å thickness layer is applied (Fig. 4a). However, NCS

densities at 0° and 33.8° angles remain the highest over

the whole range.

The NCS map corresponded to β(4 2 7.0216)
[‒120]||α(–1.23 0.923 4.305) [4–42] (θ = 33.8°) OR
with identical OR with α-FeSi2 demonstrates higher

NCS density than equivalent β||Si habit plane
(Fig. 4b). (Fig. 4b, where the habit plane corre-
sponded to the case when θ = 33.8°, as a comparison
NCS map for the equivalent habit plane of  β-FeSi2 and
TRON AND NEUTRON TECHNIQUES  Vol. 14  No. 4  2020
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Fig. 4. (a) NCS density profiles at rotation around α [4–42] or β[-120] directions for β(422)[–120]//α(012) [4–42] dtest layer =
0.2 and 1 Å, (b) NCS map and schematic illustration of axiotaxial alignment in β(422)[–120]//α(012) [4–42] system with
β(4 2 7.0216)||α(–1.23 0.923 4.305) habit plane corresponded to the case when θ = 33.8°, as a comparison NCS map for the equiv-
alent habit plane of β-FeSi2 and silicon is given, (c) Large scale NCS map for β(4 2 7.0216)[–120]||α(–1.23 0.923 4.305) [4–42]
habit plane calculated for two 0.2 Å thickness layers situated in 2 Å from each other. Blue and red circles depict near coincidence
sites in these layers. (d) NCS map and schematic illustration of axiotaxial alignment in β(422)[–120]//α(012) [4–42] system with
β(422)||α(012) habit plane corresponded to the case when θ = 0°, as a comparison NCS map for the equivalent habit plane of β-
FeSi2 and silicon is given. Black solid circles depict atoms in β-FeSi2 silicide plane; yellow ones are atoms in silicon planes, cyan
ones correspond to α-FeSi2 and solid red circles portray NCS with the criterion of 10.8% of the silicon lattice parameter in RT.
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silicon is given). One can assume that a heterosystem hav-
ing the β(4 2 7.0216) [–120] ||α(–1.23 0.923 4.305) [4–42]
habit plane (θ = 33.8°) could tend to form stepped inter-
face. The NCS maps for the given β(4 2 7.0216)||α(–1.23
0.923 4.305) OR calculated in interval layer of 2 Å (Fig. 4c,
the habit plane calculated for two 0.2 Å thickness layers sit-
uated in 2 Å from each other) shows that NCS density can
be increased about two times due to the formation of the
stepped interface. In turn, the β(4 2 2)[–120]||α(012) [4–
42] (θ = 0°) habit plane demonstrates a dense NCS
zone spread along β[–120] direction (Fig. 4d, the
habit plane corresponded to the case when θ = 0°, as a
comparison NCS map for the equivalent habit plane
of  β-FeSi2 and silicon is given). Large-scale NCS

maps for both OR considered (Figs. S2a, S2b) show
that such NCS zone spread over 150 Å. Thus, one can
expect a formation of prolonged β-FeSi2 nanoislands

with a high aspect ratio on the α-FeSi2 surface men-

tioned above.
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Above we have considered the habit planes where
the planes with smallest interplanar β(4 2 2)//α(012) and
interatomic β[–120]||α [4–42] distance were parallel to
each other. According to the edge-to-edge model, the
planes with the closest interplanar distance can be not par-
allel to each other and merely bring atoms in close-packed
atomic rows to meet at the interface. Results obtained
show that the application of the unfixed condition for the
aligning planes does not result to a remarkable increase in
NCS density in comparison with plane-to-plane model
and remains in 0.3–0.4 range (Figs. S2c, S2d).

2.3. On the Issue of Targeted α-,γ- or s-FeSi2 Phase 
Growth on the Silicon Surface

As a result of consideration of NCS density for dif-

ferent habit planes in β-FeSi2//α-, γ-, s-FeSi2 het-

erosystems we suppose that β-FeSi2//α-FeSi2 pair has

more advantages for the formation of less strained
TRON AND NEUTRON TECHNIQUES  Vol. 14  No. 4  2020
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Fig. 5. Near coincidence site map for low-index habit
planes between Si and s-FeSi2 (upper row), Si and γ-FeSi2
(middle row), Si and α-FeSi2 (lower row). First column
correspond to Si{001}//FS{001} habit plane, second one–
Si{111}//FS{111}, in case α-FeSi2–Si{111}//α{112}, third
one–Si{110}//FS{110}. Black solid circles depict atoms in
silicide plane; yellow ones are atoms in silicon planes and
solid red circles depict near coincidence sites with the cri-
terion of 10.8% of the silicon lattice parameter in RT.
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β-FeSi2 phase nanocrystals. Thus, the synthesis pro-

cess should contain two main stages; one is the prepa-

ration of α-FeSi2 seeds with an atomically f lat α(001)

surface adjacent to vacuum, which can be considered

to be easier to form in comparison to other α-FeSi2

planes with high NCS density described in 2.1. The

second is the preparation of the β-FeSi2 phase on the

α-FeSi2 seed surface. However, taking into account

smaller interplanar and interatomic misfit value of γ-,

and s-FeSi2/Si heterosystems (Table 1) it is more

favourable for s-, or γ-FeSi2 phases to grow on the sil-

icon surface. The NCS maps for α-, γ-, and s-FeSi2
JOURNAL OF SURFACE INVESTIGATION: X-RAY, SYNCHRO

Fig. 6. Schematic drawing illustrating the design and techno

�-FeSi2/�-FeSi2/Si

heterostructure design
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interfaces with silicon (Fig. 5) also indicate advantages

of the γ-, and s-FeSi2 formation on the low Miller

index (001), (111), (110) silicon surfaces. Thus, super-

imposition of α{112}, α{110} planes with Si{111},

Si{110} surfaces, respectively, yields to both γ-, and s-

FeSi2 phases, where the NCS density for them reaches

the value of 1 for 20 × 60 Å area. In turn, the NCS

densities for α{112}//Si{111} and α{110}//Si{110} are

0.57 and 0.26, respectively. Whereas, in case of the

Si{001}//α{001} habit plane, α-FeSi2 demonstrates an

increase of NCS density up to 0.82 comparable to 1

corresponded to γ, and s-FeSi2 case. It should be

noted that s-FeSi2 compound with CsCl structure is

shown without atom vacancies, which should result in

FeSi2 stoichiometry. Thus, one should bear in mind

that some black circles should be missing in the pic-

tures for s-FeSi2.

It is seen that γ-FeSi2 compound is at an advantage

due to its Fm3m space group in front of both α-, and

s-FeSi2. No atoms from γ-silicide have missing atoms

in silicon plane as it happens for the Si{001}//α,s{001}

habit planes. Thus, from the geometrical model

applied here one should consider γ-FeSi2 as a more

favourable for growth on Si(001) surface. Experimen-

tal consideration of the FeSi2 silicide formation on sil-

icon substrate shows contradictory results as we have

already noticed in the introduction. In the tempera-

ture range of 600–750°C the formation of all three

phases were reported [22, 28, 30, 31, 40]. This indi-

cates competitiveness of their formation, where partic-

ular conditions of the synthesis (growth technique,
TRON AND NEUTRON TECHNIQUES  Vol. 14  No. 4  2020
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deposition rates, silicon surface thermal history, slight

changes in the temperature), determine whether one

or another phase tends to be grown. One way to con-

trol phase formation is the temperature. It is known

that the α(110)//Si(022) misfit value can approach 0%

around 1000–1100 K according to the works [32, 56,

59]. Thus, the temperature should drastically affect

the preferable formation of α-FeSi2 or γ-FeSi2 phases

on the silicon surface. It is more probable to observe

γ-FeSi2 (or s-FeSi2) growth under the low temperature

[22, 27–31] and growth α-FeSi2 at temperatures above

1000 K [32, 56, 59].

CONCLUSIONS

Semiconducting iron disilicide phase β-FeSi2 as

acting material in optoelectronic devices, in particu-

lar, the light-emitting diodes working at the optical

communication wavelength of 1.5 μm, is coveted by

many researchers. However, it lacks such flexibility

and versatility as the conventionally used InGaAs

semiconductors. Hence, it appears to be important to

find new approaches for engineering crystal and band

structure of β-FeSi2, e.g. via nanopatterning or lattice

strain. Here, we have discussed possibilities of growing

β-FeSi2 phase on α-FeSi2 from the point of view of the

crystallogeometrical approaches. Based on analysis of

interplanar and interatomic misfit of different sili-

cide/silicon and silicide/silicide (α-, β, γ-, s-FeSi2)

pair, the α-FeSi2 phase appeared to be the most suit-

able as a buffer layer between the Si and β-FeSi2

phases. Through the consideration of the near coinci-

dence site density of the possible conventional and

predicted β-FeSi2/α-FeSi2 interfaces in comparison

with the β-FeSi2/Si ones we established the α(001)

surface as one of the suitable surfaces for further

growth of β-FeSi2 phase. It shows the higher NCS

density and might facilitate the growth β-FeSi2 phase

on silicon. Being metastable α-FeSi2 phase competes

with others, such as γ-FeSi2 and s-FeSi2, during the

growth on a silicon substrate. Thus, the temperature

may be utilised for the alternation of the phase forma-

tion sequence during the technological procedures.

Thus, a possible heterostructure design consisting of

only silicon and iron silicide intended to customise the

β-FeSi2 band structure characteristics has been pro-

posed (Fig. 6).
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