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Lattice dynamics of 3-FeSi, nanorods
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Here we present a combined experimental and ab initio lattice dynamics study of the semiconducting 3 phase
of FeSi,. A polycrystalline 3-FeSi, film was prepared on Si(111) and single-crystalline, self-assembled (3-FeSi,
nanorods were grown on Si(110) by molecular beam epitaxy. Both types of nanostructures were obtained by
annealing of precursor structures, an epitaxial Fe film in the case of the film and high-aspect-ratio x-FeSi,
nanowires in the case of the nanorods. The morphology and crystalline structure of the samples were investigated
by reflection high-energy electron diffraction, atomic force microscopy, as well as x-ray diffraction and x-ray
absorption spectroscopy. The Fe-partial phonon density of states (PDOS) was obtained from nuclear inelastic
scattering. The PDOS of the film was investigated in the temperature range of 296 K down to 11 K and shows
an excellent agreement with the ab initio calculations. In the PDOS of the nanorods, a shift in the number of
states in the main features and an additional vibrational mode at 20 meV are observed. While the first effect can
fully be explained by the specific orientation of the (3-FeSi, unit cell on the Si(110) surface, the second effect is
attributed to the formation of an x-FeSi, interlayer at the (3-FeSi,/Si interface. Furthermore, the thermoelastic
properties of the film show a harmonic behavior in the investigated temperature range. For the nanorods, no

significant deviation from the film is observed, except for a small decrease of the sound velocity.

DOLI: 10.1103/PhysRevB.106.205411

I. INTRODUCTION

Transition-metal silicides play a key role in the fabrication
of present-day electronic devices due to their wide range of
applications on the Si platform [1,2]. Among the large num-
ber of compounds included in this class of materials FeSi,
is particularly interesting since it is the only representative
that can be stabilized in both, metallic and semiconducting
phases. The semiconducting equilibrium phase 3-FeSi, has
an orthorhombic unit cell (space group Cmca) with dimen-
sions of a =9.86A, b=7.79A, and ¢ = 7.88A [3]. It is
stable up to 950 °C, above this temperature it transforms to the
metallic o phase [4]. At room temperature 3-FeSi, exhibits
a direct band gap of 0.85eV [5-9], which is equivalent to
the absorption minimum of optical fiber at 1.5 um. At low
temperatures, an indirect band gap with slightly lower energy
was evidenced, together with an unusually large electron-
phonon coupling coefficient [10]. Furthermore, [3-FeSi, opens
a possibility to fabricate integrated optoelectronic devices
on the Si platform, which is not possible for pure Si with
an indirect band gap. This promotes the use of (3-FeSi, for
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optoelectronic devices for information technology. Indeed,
light-emitting diodes of Si/(3-FeSi, heterostructures have
been realized by several groups [11-16]. In addition, its high
thermal stability and large light absorption coefficient sparked
the investigation of the application of 3-FeSi, in photovoltaics
[17-19].

Another field of interest is the use of 3-FeSi, for ther-
moelectrics. Since it was first proposed for such applications
in 1964 [20], a vast number of studies was published (e.g.,
Refs. [21,22]). The major advantages of 3-FeSi, over most
other thermoelectric materials are its availability, recyclabil-
ity, and nontoxicity. Its possibilities as an environmentally
friendly alternative have been impressively demonstrated by
the production of 3-FeSi, devices from cast iron scrap, reach-
ing up to 90% of the figure of merit of devices made using
pure Fe [23]. Promising approaches for the further improve-
ment of the thermoelectric performance are doping [24-26]
and reduction of the thermal conductivity by nanostructur-
ization [27-29]. For instance, it was shown that the spatial
confinement in (3-FeSi, nanowires with diameters of about
100 nm has a significant impact on the thermal conductivity
[30].

This wide range of applications initiated a thorough inves-
tigation of the growth of epitaxial thin films and nanoislands

©2022 American Physical Society
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of 3-FeSi, on Si substrates over the last decades. However,
reports on the epitaxial growth of nanowires and nanorods
remain scarce. Liang et al. reported the transformation of
nanowires of an unknown Fe-Si phase into [3-FeSi; nanowires
upon annealing at 800 °C for 1h [31,32]. Furthermore, a study
on the thermal stability of x-FeSi, nanowires revealed the
transformation into (3-FeSi, nanorods or three-dimensional
islands by annealing at 800 °C for 1 h [33].

The lattice dynamics of bulk (3-FeSi, has been studied
theoretically [34,35] and by a combination of nuclear inelastic
scattering (NIS) and ab initio calculations [36]. However, the
technological application of this material in optoelectronics
or thermoelectrics demands for an investigation of the effect
of nanostructurization on the vibrational properties, since the
lattice dynamics of nanostructures remarkably deviates from
their bulk counterparts [37]. A large number of studies ded-
icated to this topic showed that one major origin of these
deviations is the significant increase of the surface/interface-
to-volume ratio due to the reduction of the dimensions to the
nanometer length scale. This leads to a notable contribution
of surface/interface-specific vibrational modes to the overall
lattice dynamics, which manifest themselves in the emer-
gence of additional states at low and high energies [38—42].
These alterations of the vibrational dynamics can influence
the coupling of phonons with particles and quasiparticles,
e.g., electrons [38,43], magnons [44], and other phonons [45].
Another potential source of anomalies is the formation of an
interlayer between the nanostructures and the substrate, which
can significantly influence the overall vibrational properties
[46].

One major challenge in the experimental determination
of the lattice dynamics of nanostructures is the inherently
small scattering volume, which has to be accessed by inelas-
tic scattering methods. Nuclear inelastic scattering [47,48]
has proven to be uniquely suitable for such experiments.
The technique, based on the Mdossbauer effect, enables the
determination of the phonon density of states (PDOS) of
Mossbauer-active isotopes and thereby fundamental thermo-
dynamic and elastic properties of crystals [49]. The resonant
nature of the Mossbauer effect implies a large absorption
cross section and provides an outstanding sensitivity down to
a single atomic layer of material, while the high penetration
depth of x-rays enables the measurement of buried layers and
interfaces [39,50].

Here we present a combined NIS and ab initio study of
the lattice dynamics of two types of (3-FeSi, nanostructures.
A polycrystalline 3-FeSi, film is prepared by annealing of
an epitaxial Fe film on a Si(111) substrate, whereas [3-FeSi,
nanorods are obtained by annealing of «-FeSi, nanowires on
Si(110) substrates. A comprehensive structural characteriza-
tion with various complementary techniques is performed.
The PDOS of the film is in excellent agreement with the
ab initio calculations and earlier publications. In comparison,
the PDOS of the nanorods exhibit different intensities of the
PDOS features, a damping of the spectral features and an
additional peak at 20 meV. The experimental observations are
explained by help of the ab initio calculations. Furthermore,
the thermoelastic properties of the film are investigated as a
function of temperature and compared to the results obtained
for the nanorods.

II. EXPERIMENTAL AND THEORETICAL DETAILS

Two types of {3-FeSi, nanostructures were grown under
ultra high vacuum (UHV) conditions (P < 1x107%Pa). A
[3-FeSi, film was grown on the Si(111) surface, 3-FeSi;
nanorods on the Si(110) surface. The substrates were de-
gassed in UHV at 650°C for 4 h, followed by the removal
of the native SiO, layer by heating two times to 1250°C
for 30 seconds. The subsequent growth process consisted of
two stages. In a first step, a certain amount 6. of high pu-
rity iron, enriched to 96 % in the Mossbauer-active isotope
TFe, was deposited on the substrate surface at the growth
temperature 7. The Fe deposition rate was monitored by
a quartz crystal balance with an accuracy of 10% and is
given in A and monolayer (ML) units. The given 6g, in A
corresponds to the thickness of an imaginary continuous Fe
layer on the Si surface, whereas 1 ML is defined as one Fe
atom per 1x1 Si(111) or Si(110) surface mesh. In a second
step, these precursor structures were transformed into (3-FeSi,
by annealing at the temperature Ty for the duration #4. This
process is known as solid phase epitaxy. It is commonly
applied for the growth of bulk (3-FeSi, layers on Si(111)
(e.g., Refs. [51,52]) and has also been reported for the growth
of 3-FeSi, nanostructures on Si(110) [31,33]. Details of the
growth and experimental conditions used for the investigated
samples, hereafter referred to as S1-S4, are summarized in
Table 1. All measurements described in the following were
conducted at room temperature. The crystal structure and
morphology of the nanostructures were investigated with a
reflection high-energy electron diffraction (RHEED) device
installed at the growth chamber and noncontact atomic force
microscopy (AFM), conducted in an Omicron Large Sam-
ple scanning probe microscope. Both devices are part of the
same UHYV cluster and the sample transfer and the measure-
ments were done under UHV conditions. Samples S1, S3,
and S4 were subsequently capped with 4 nm of amorphous
Si deposited by RF magnetron sputtering at room tempera-

TABLE 1. Overview of the investigated samples. 0. stands for
the deposited amount of ’Fe, Ty for the growth temperature, T for
the annealing temperature and #, for the annealing time. The mor-
phology of the nanostructures after the annealing is given together
with the respective average width, height, and length. The last row
denotes if the sample was capped with Si or measured in situ in the
NIS experiment.

Sample S1 S2 S3 S4
Substrate Si(111) Si(110) Si(110) Si(110)
Bre (A) 50(5) 1.7(2) 0.6(1) 1.7(2)
Ore (ML) 130(13) 3.003) 1.1(1) 3.003)
T (°C) 100(10) 630(10) 600(10) 600(10)
T, °C) 700(10) 750(10) 750(10) 750(10)
t4 (min) 10 120 180 240
Morphology film nanorods nanorods nanorods
w (nm) - 46 40 52
h (nm) 16.2 10 9.5 12
I (nm) - 117 129 162
NIS exp. Si cap in situ Si cap Si cap
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ture. The sputter chamber [53] with a base pressure of P =
1x107% Pa is also connected to the UHV cluster. The flux of
the sputter gas Ar was 0.8 sccm, corresponding to a pressure
of 0.36 Pa.

The crystal structure of the film S1 was investigated by
x-ray diffraction (XRD) using Cu K, radiation. The local
crystal structure of S1, S3, and S4 was studied by Fe K-edge
x-ray absorption spectroscopy (XAS) at the SUL-X beamline
of the synchrotron radiation source KARA at KIT. After cali-
bration with an «-Fe metal foil to the Fe K edge at 7112 eV,
the fluorescence emission of the samples was recorded up
to k = 14 A~'. A beam-to-sample-to-detector geometry of
45°/45° was applied, using a collimated x-ray beam with a
size of about 0.8 x 0.8 mm2, or a focused x-ray beam with
0.35 x 0.15 mm? (h x v, FWHM) at the sample position.
The extended x-ray absorption fine structure (EXAFS) spectra
were processed with the ATHENA program included in the
IFEFFIT package [54].

The Fe-partial PDOS was obtained [55] from NIS ex-
periments performed at the Dynamics Beamline POl [56]
at PETRA III and the Nuclear Resonance Beamline ID18
[57] at the ESRFE. At both beamlines the measurements were
performed in grazing-incidence geometry with an incidence
angle <0.2° and an x-ray beam with dimensions of 1.5 x
0.01 mm? (h x v, FWHM). The energy dependence of the
probability for nuclear inelastic absorption was measured by
tuning the energy of the x-ray beam around the ’Fe resonance
at 14.413 keV with an energy resolution of 0.7 meV for S1,
S3, and S4 (ID18) and 1.0meV for S2 (PO1). Sample S2
was transported to the beamline and measured under UHV
condition (P < 5 x 1077 Pa) in a dedicated chamber [58].
For S1 additionally low-temperature NIS experiments were
performed at 11 and 120 K using a He bath cryostat.

The ab initio calculations presented in the following chap-
ters were performed within the density functional theory
(DFT) implemented in the VASP code [59,60], employing the
generalized gradient approximation [61,62]. The interaction
between ions and valence electrons was described using the
projector augmented-wave method [63,64]. Two systems were
considered: (i) a bulk (3-FeSi, crystal with an (a, b2, cﬁ)
supercell and (ii) a 3-FeSi,(100) slab with a thickness of one
lattice constant a and a rectangular base with sides that are
equal to the crystal lattice constants b and c. A vacuum of
10 A was used to separate two surfaces. The symmetry of
the slab can be fully exploited when the Cartesian coordinate
system is transformed and a (b, ¢, a+vac) supercell is used.
Finally, to keep a similar density of k points for integration
over the reciprocal space, a k mesh of (2,2,2) and (4,4,2)
points in the Monkhorst-Pack scheme [65] was used for the
bulk and slab, respectively. In the case of the bulk 3-FeSi,
crystal, a full relaxation of the lattice constants and atomic
positions was carried out. The obtained lattice constants were
then used to build the slab and were kept fixed during the
optimization of the slab atomic positions. The structures were
relaxed using the conjugate gradient technique with the en-
ergy convergence criteria set at 1077 eV and 107>eV for
the electronic and ionic iterations, respectively. The phonon
dispersion relations were calculated using the direct method
incorporated into the PHONON program [66,67].

III. RESULTS AND DISCUSSION

A. Structural investigation

Figure 1 shows RHEED patterns of S1-S4 before growth,
after deposition of 3’Fe at Tg, and after the annealing process.
After removal of the native oxide layer, a 7 x 7 reconstructed
Si(111) surface is observed for S1 [Fig. 1(a)]. The deposition
of 50 A%Fe at Tz = 100°C [Fig. 1(e)] results in the char-
acteristic diffraction pattern of a crystalline Fe(111) surface
[68—70]. The semicircles occurring after 10 min annealing at
T, = 700° C [Fig. 1(i)] suggest the formation of a polycrys-
talline film, while the additionally observed faint streaks are
very similar to the Si(111) surface reflections. For S2-S4 a
16 x 2 reconstructed Si(110) surface [71] is observed after
removal of the native oxide layer [Figs. 1(b)-1(d)]. The im-
ages are taken along the Si[001] direction, i.e., perpendicular
to the expected orientation of nanowires grown on the Si(110)
surface [72,73]. After deposition of the respective amount Gg,
of 3"Fe, the typical diffraction pattern of x-FeSi, nanowires
grown on Si(110) occurs for all three samples [Figs. 1(f)—1(h)]
[72]. Although bulk «-FeSi, is stable only above 950 °C, it
can be grown in metastable nanostructures on Si surfaces due
to the low lattice mismatch of certain crystallographic planes
of both components. The straight streaks with superimposed
diffraction spots confirm the formation of epitaxial and uni-
axially aligned nanowires [72]. The annealing of S2 results
in a reduction of the streak intensity and the emergence of
additional diffraction spots, some of them are marked with
white arrows in Fig. 1(j). This could either indicate the emer-
gence of another crystal structure on the surface, a change
in the epitaxial relation between the Si(110) surface and the
«-FeSi, crystal, or a different surface morphology after the
annealing. The diffraction patterns of S3 and S4 after the
annealing [Figs. 1(k) and 1(1)] exhibit features of the bare
Si(110) surface and similar additional spots as observed for
S2. This suggests the formation of well separated nanostruc-
tures of the same type as in the case of S2.

The XRD data of the thin film S1 after the annealing
process (Fig. 2) shows the Si(111) and Si(222) substrate re-
flections together with various 3-FeSi, reflections. Because of
the very similar lattice parameters b and c of the orthorhombic
[3-FeSi, unit cell, the angular spacing between a reflection
with Miller indices (hkl) cannot be resolved from a (hlk)
reflection, i.e., the (3-FeSi;(220) reflection for instance oc-
curs approximately at the same angle as the [3-FeSi;(202)
reflection. The diffraction pattern confirms the formation of
a polycrystalline film, in agreement with the RHEED results
[Fig. 1(1)]. Furthermore, the comparison with previous XRD
results for the growth of 3-FeSi, on Si(111) [36,51,74] shows
that the sample is textured with the (220)/(202) planes being
the preferential orientation parallel to the Si(111) surface.

Using S1 as a 3-FeSi, reference, the crystal structure of
S3 and S4 was investigated by x-ray absorption spectroscopy.
The corresponding EXAFS spectra and EXAFS Fourier trans-
forms are presented in Fig. 3. The EXAFS spectra of S1, S3,
and S4 [Figs. 3(b) and 3(c)] show a very good agreement
of the periodicity of the oscillations. The EXAFS Fourier
transforms of S3 and S4, plotted in Figs. 3(e) and 3(f), are
compared with the results obtained for S1 and additionally
to o-FeSi, nanowires. Since the interatomic distances for the
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FIG. 1. RHEED patterns of the indicated samples obtained with a kinetic energy of E = 28 keV [(a)—(d)] before growth, [(e)—(h)] after
5TFe deposition, and [(i)—(1)] after annealing. The images were taken along the Si[110] direction of the Si(111) surface for S1 and along the

Si[001] direction of the Si(110) surface for S2—-S4.

first coordination sphere, i.e., the Fe-Si scattering path, are
the same for 3-FeSi, and «-FeSi,, the corresponding peaks
occur at the same radial distances. For the second coordina-
tion sphere, i.e., the Fe-Fe scattering path, (3-FeSi, exhibits
a larger interatomic distance than o-FeSiy (compare ICSD
9119 and ICSD 5257). For S3 and S4, the peak of the second
coordination sphere at around 2.7 A is in good agreement with
S1 and clearly deviates from the x-FeSi, nanowires. Accord-
ingly, the comparative XAS study confirms that the x-FeSi,
nanowires of S3 and S4 are mostly transformed into (3-FeSi,.
However, the presence of small amount of other iron-silicide
phases cannot be excluded by this approach.

Figures 4(a)—(d) show the AFM images obtained for S1-S4
after the annealing process, (e) shows an image of S2 after
growth of the precursor o-FeSi, nanowires. In (f), a generic
line profile across a nanorod is presented, which was taken
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FIG. 2. X-ray diffraction data of S1 measured after annealing in
0-20 geometry with an x-ray energy of E = 8.04 keV. The peaks are

labeled with the diffraction planes of the Si substrate and the (3-FeSi,
film.

along the white line shown in (c). In Table I, the average
dimensions of the nanorods in Figs. 4(b)—(d) are given. For S1,
the formation of an intermittent film is observed in Fig. 4(a).
A film thickness 16.2 nm is measured as the step height
between the uncovered areas of the Si(111) surface and the
film surface. The expected film thickness can be calculated
from the number of deposited Fe atoms per unit area and
the number of Fe atoms per 3-FeSi, unit cell and amounts
to 16.4 nm. For S2-S4, the annealing leads to the formation
of short nanorods which are oriented along Si[110]. A com-
parison of Figs. 4(b) and 4(e) shows that after the annealing
still traces of remnant o-FeSi, nanowires are visible in the
case of S2, whereas the longer annealing in the case of S3
and S4 leads to a complete transformation of the nanowires
into nanorods. In combination with the EXAFS results, this
confirms the phase sequence and the morphology evolution
for the annealing of high-aspect-ratio FeSi, nanowires on
Si(110) reported in Ref. [33]. The morphology change during
the transformation process occurs abruptly, i.e., high-aspect-
ratio «-FeSi, nanowires are directly transformed into compact
[3-FeSi, nanorods without undergoing a continuous morphol-
ogy change. The absence of an intermediate step is probably
connected to the large lattice mismatch between 3-FeSi, and
Si compared to the metastable «-FeSi,. As a consequence, a
minimum volume-to-interface ratio is required to compensate
the higher (3-FeSi,/Si(110) interface energy induced by the
epitaxial strain. For all three samples, the transformation from
nanowires to nanorods is accompanied by the formation of
a deep trench along the long side of the nanorods. Earlier
publications reported a similar trough formation at the tip of
CoSiy [75] and MnSi, [76] nanowires grown on Si(110). It
was attributed to the large Si supply required for the growth
of the silicide nanostructures. The evaluation of AFM line
profiles showed that the nanorods exhibit two distinct side
facets. The angle between the Si surface and the facet facing
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FIG. 3. [(a)-(c)] Fe K-edge EXAFS spectra of S1, S3, and S4. The spectra are weighted with k> for amplification of the oscillations at
higher k values. [(d)—(f)] Fourier transforms (FT) of the EXAFS spectra shown above. Samples S3 and S4 are compared with an exemplary
EXAFS FT curve of «-FeSi, nanowires (red dashed line) published elsewhere [72].

the trench amounts to 35.3° 2.3 ° and the opposite facet to
16.7° £0.9°, where the error represents the standard devia-
tion. Furthermore, the small pyramidal nanodots, which are
scattered over the surface in the case of S2-S4, are already
present after growth of the x-FeSi, nanowires [72,73].

B. Lattice dynamics

In Fig. 5, the ab initio calculated phonon dispersion rela-
tions (PDR) of bulk 3-FeSi, and the 3-FeSi,(100) surface are
depicted. The (3-FeSi, primitive cell contains 24 atoms. The
Fe and Si atoms occupy two nonequivalent sites each (4 Fey, 4
Fey and 8 Sij, 8 Siyp atoms), leading to a rather complex PDR
with a total of 72 branches for bulk 3-FeSi, [35,77], as visible
in Fig. 5(a). The results are in agreement with the previously
reported PDR obtained from first-principles calculations for
bulk (3-FeSi, [35]. In Fig. 5(b), the number of dispersion
curves increases to 156 as the slab supercell, which is identical
with the slab primitive unit cell, contains a total of 52 atoms.
Due to the reduced coordination of the surface atoms, many
phonon branches are shifted to lower energies compared to
their bulk counterparts.

In Fig. 6(a), the orientation of the (3-FeSi, unit cell on
the Si(110) surface is illustrated, together with the ab initio
calculated Fe-partial PDOS of (b) bulk 3-FeSi, and (c) the
[3-FeSi»(100) surface slab. The total PDOS is decomposed
into the contributions of x-, y-, and z-polarized phonons. The
large number of vibrational modes leads to a broad frequency
distribution of the normal modes in both cases. The Fe-partial
PDOS of bulk (3-FeSi, is characterized by a broad peak at
37 meV, a plateau between 24 and 30 meV, two minor peaks

at 44 and 48 meV, and a cutoff energy of 62 meV. The results
are in good agreement with earlier ab initio calculations [36].
The direction-projected PDOS shows very similar spectra
for phonons with polarization along the y and z directions,
whereas x-polarized phonons exhibit a stronger contribution
to the total PDOS between 20 and 30 meV and a lower con-
tribution to the main peak around 37 meV. This shift to lower
energies of the vibrations polarized along the x direction of
the orthorhombic unit cell can be explained by the larger in-
teratomic distances and the consequently reduced interatomic
force constants compared to y and z directions. The overall
PDOS of the 3-FeSi>(100) surface shows a strong shift to
lower energies with pronounced peaks at 14, 17, and 21 meV
and an extended tail with a cutoff energy at 57 meV. The
PDOS of y- and z-polarized phonons exhibit several overlap-
ping peaks between 12 and 18 meV, the PDOS of x-polarized
phonons is mainly localized in two intense peaks at 18 and
21 meV.

The Fe-partial PDOS of the film S1, obtained along the
orthogonal directions Si[110] and Si[112] of the Si(111) sur-
face, is shown in Fig. 7(a). Both spectra are almost identical
and characterized by a pronounced peak at about 36 meV, mi-
nor peaks between 40-45 meV, a plateau between 24-28 meV
and a cutoff energy of 60 meV. The isotropic vibrational be-
havior revealed by the spectra obtained along the orthogonal
directions can be explained by the polycrystalline nature of
the (3-FeSi, film, evidenced by the RHEED and XRD studies.
The variously oriented domains lead to averaged relative con-
tributions of x-, y-, and z-polarized phonons of approximately
1/3 for both orientations of the x-ray beam with respect to
the substrate. Compared to the ab initio calculated PDOS

205411-5



J.KALT et al.

PHYSICAL REVIEW B 106, 205411 (2022)

— line profile
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FIG. 4. AFM images of S1-S4 after annealing with height scale
(a) 047, (b) 0-26, (c) 0-28, and (d) 0-29 nm. (e) shows S2 after
growth of the «-FeSi, nanowires with height scale 0—13 nm. The
crystallographic directions of the (a) Si(111) and [(b)—(e)] Si(110)
surfaces are given with arrows. In (f), an exemplary line profile of a
nanorod of S3, corresponding to the white line in (c), is presented.

the experimental data show a small shift to lower energies.
A similar shift was observed for the PDOS of a polycrys-
talline (3-FeSi, film grown on a Si(100) substrate [36] and
attributed to either slightly smaller calculated lattice constants
or anharmonic contributions. Therefore the energy scale of
the ab initio PDOS, plotted with a red line in Fig. 7(a), is
scaled by a factor of 0.97 for comparison. The ab initio PDOS
is calculated from the energy dependence of the absorp-
tion probability density of 3-FeSi,, convoluted with a Voigt
function with FWHM = 0.7 meV, which is equal to the ex-
perimental resolution. Including these corrections, only minor
deviations are observed between the ab initio calculations and
the experiment. In Fig. 7(b), the PDOS of S1 at 11, 120, and
296 K are compared. A significant temperature-dependence
of the PDOS, e.g., induced by the previously reported strong
electron-phonon-coupling [10] or anharmonic effects, is not
observed. The main effect is a small shift to higher energies in
the spectra measured at lower temperatures, which amounts to
about 0.7 meV for the main peak of the PDOS measured at 11
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FIG. 5. Ab initio calculated phonon dispersion relation of
(a) bulk B-FeSi, and (b) the 3-FeSi, slab with (100) surface.

and 296 K. This shift occurs as a result of the reduced average
interatomic distances at lower temperatures. In general, the
small broadening of the measured PDOS, compared to the
theoretical one, and rather minor dependence on temperature
indicate weak anharmonic effects in the temperature range
from 11 K to room temperature.

Figure 8 shows the Fe-partial PDOS of S2-S4 obtained
with the x-ray wave vector oriented along the orthogonal
Si(110) surface directions Si[110] and Si[001] (see Fig. 4), re-
spectively along and across the nanorod orientation. The main
features of the spectra of the film S1 are also observed for the
nanorods. However, a small decrease in the number of states
in the plateau between 24—28 meV and a small increase in the
minor peaks between 40—45 meV is observed. Furthermore,
an additional peak at 20 meV appears. The intensity of the
peak is increasing with increasing annealing duration from
S2-S4 and the contribution to the overall PDOS is stronger
in the spectra obtained across the nanorods.

The different intensity at 24-28 meV and 4045 meV in
the PDOS of S2-S4 compared to S1 can be explained by
the unique orientation of the (3-FeSi, crystal with respect
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FIG. 6. (a) Sketch of the (3-FeSi, unit cell on Si(110), following
the epitaxial relation described in the text. The inclination angle be-
tween the Si(110) surface (gray shaded) and the 3-FeSi,(100) plane
(green shaded) is given by §. Below, total and direction-projected ab
initio calculated Fe-partial PDOS (b) of bulk (3-FeSi, and (c) of the
[3-FeSi, slab with (100) surface are depicted.

to the direction of the incoming x-ray beam in the case of
the nanorods, which is not the case for the polycrystalline
film. The RHEED images of Figs. 1(j)—(1) indicate that the
[3-FeSi, crystal of the nanorods exhibits one single domain
orientation with a distinct epitaxial relation to the substrate. In
a single-crystalline lattice with noncubic symmetry, the PDOS
obtained with the x-ray wave vector being oriented along a
certain crystallographic direction is composed of a specific
combination of x-, y-, and z-polarized phonons [78,79]. The
relative weight of each contribution, named Ay, A,, and A; in
the following, along the specific measurement direction can
be calculated by projection of the incoming x-ray beam along
the main crystallographic directions. Prerequisite for this is
the knowledge of the orientation of the 3-FeSi, unit cell on
the Si(110) surface.

The epitaxial growth of 3-FeSi; on Si(111) and Si(001)
substrates is well investigated (e.g., Refs. [3,13,80-83]). The

~ 7
(@)

> 6

g st
o al ——S1[110]
o 't —-S1[112]
*'_' 30 — ab initio
@ 2

g1

5 7L (b)

26

Z2 5 ——Slat 11K
S 4 —+-S1at 120K
g 3: ——S1 at 296K
g 2

i 1:

% 10 20 30 40 50 60

Energy (meV)

FIG. 7. (a) Fe-partial PDOS of S1 obtained at 296 K along the
orthogonal surface directions Si[110] and Si[112]. The red solid line
indicates the ab initio calculated PDOS of bulk (3-FeSi,, convoluted
with a Voigt profile with FWHM=0.7 meV and scaled by a factor
of 0.97 as described in the text. (b) Fe-partial PDOS of S1 obtained
along Si[112] at the indicated temperatures.

small difference of 1.1 % in the b and c lattice parameters
of the orthorhombic unit cell allows two different accom-
modations of the (3-FeSi, on the Si surface. The commonly
reported epitaxial relations are (i) 3-FeSi,(101)||Si(111) with
B-FeSi»[010]|Si[110] and (ii) B-FeSi»(110)||Si(111) with
B-FeSi,[001]]|Si[110] (e.g., Refs. [3,81]). It was shown that
both configurations coexist in the very same (-FeSi, film
on Si(111) surfaces [80] with an estimated ratio (i)/(ii) of
45/55 [83]. In contrast, the reports on the epitaxial relation
of 3-FeSi; on Si(110) remain scarce. In Ref. [31], it is re-
ported that the transformation of metastable FeSi, nanowires
on Si(110) into [3-FeSi, results in the formation of endotaxial
nanowires with an epitaxial relation of 3-FeSi,(101)]|Si(111)
with -FeSi,[010]]|Si[110] or B-FeSiy(110)[|Si(111) with
[3-FeSi,[001]]|Si[110] [31], which is equivalent to the above
discussed case on Si(111). Endotaxy refers to the property
of silicides to grow into the substrate, in order to form a
coherent interface with a preferential Si lattice plane which
is inclined with respect to the surface [8§4]. A RHEED study
on the formation of Fe-Si compounds on Si(110) inferred that
the epitaxial relation is given by (a) B-FeSiy(410)||Si(110)
with B-FeSi,[001]||Si[110] or (b) B-FeSi,(401)||Si(110) with
-FeSi,[010](|Si[110] [85], which is equivalent to a rotation
of the above discussed relation by only 1.3 ° around Si[110].
Translation of the epitaxial relation reported for (3-FeSi, on
Si(111) to the Si(110) surface results in an upright oriented
[3-FeSiy unit cell as depicted in Fig. 6(a). The inclination
angle § between Si[001] and (3-FeSi,[001] amounts to 16.1°
for configuration (i) and 16.4° for configuration (ii). These
calculated angels fit very well to the 16.7° £+ 0.9° deter-
mined by AFM between the Si(110) surface and the surface
facet of the nanorods opposite to the trench. This supports that
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FIG. 8. Fe-partial PDOS of S2-S4 obtained at room temperature
with the x-ray wave vector oriented perpendicular [(a)—(c)] and par-
allel [(d)—(f)] to the nanorods. The experimental spectra (symbols)
are compared with the results of the least-squares fit (solid red
line), decomposed into the weighted contributions of the direction-
projected (3-FeSi, and the z-polarized «-FeSi, PDOS. The quality
factors Qp and Q4 are given together with the relative 3-FeSi,
contribution A.

the well studied epitaxial relation of 3-FeSi, on the Si(111)
surface also applies for Si(110) as depicted in Fig. 6(a). As
a consequence, the (3-FeSi, nanorods grow endotaxially to
form a coherent interface with the Si(111) plane. Therefore
the height values given in Table I can be seen as a lower
limit since the (3-FeSi, crystal of the nanorods is partially
embedded into the Si substrate.

Using these epitaxial relations, the relative contributions
of x-, y-, and z-polarized phonons to the experimental PDOS
can be calculated, as briefly discussed above and described
in detail in [86]. For the spectra obtained along Si[110], the
x-ray wave vector is either parallel to (i) [3-FeSi,[010] or
(ii) 3-FeSiz[001]. The projection along the three main crys-
tallographic directions of the (3-FeSi, crystal then leads to
average contributions of A, =0, Ay, =A,; = 0.5, i.e., a zero
contribution of x-polarized phonons. Across the rods, with the
x-ray wave vector aligned along Si[001], the corresponding
crystal directions are (i) (3-FeSi,[140] and (ii) [3-FeSi,[104].
This leads to average relative contributions of A, = 0.09,
A, = A, = 0.455. Accordingly, the specific epitaxial relation
between the (3-FeSi, unit cell and Si(110) surface in the case
of the nanorods leads to a reduced contribution of x-polarized
vibrations to the PDOS compared to the polycrystalline film
and results in a reduction of states at 24-28 meV and an
enhancement at 40—45 meV.

The additional peak at 20meV observed in the experi-
mental PDOS of the 3-FeSi, nanorods, however, cannot be
explained by these epitaxial relations. It has been reported pre-
viously, that interface- and surface-specific vibrational modes
are mainly localized in the first few monolayers [39,87].
The relatively large size of the nanorods implies a low
surface/interface-to-volume ratio and consequently a signif-
icant contribution of surface or interface specific modes to the
overall PDOS is not expected. In addition, the 3-FeSi,(100)
surface PDOS depicted in Fig. 6(c), which would be predom-
inant in the case of possible surface effects, exhibits a strong
contribution between 12—-18 meV while the experimental data
shows no enhancement of states in this range. Since the peak
intensity at 20 meV is increasing with increasing annealing
time from S2 to S4, also remnants of the precursor o-FeSi,
nanowires can be excluded as an origin in the case of S3
and S4. The reason for the occurrence of additional states at
20 meV could be an interlayer of another Fe-Si phase at the
[3-FeSi, /Si interface. For the growth of (3-FeSi, on Si surfaces
it was experimentally observed [3] and theoretically described
[77,88] that the interface energy between the two components,
having a rather large lattice mismatch, can be reduced by
an o-FeSi, interlayer. Furthermore, the z-polarized PDOS of
«-FeSi, exhibits a distinct peak at 20 meV [86]. For other
Fe-Si phases reported to form on Si surfaces, e.g., FeSi [89]
or Fe;Si [39], this is not the case. Moreover, a previous study
on «-FeSi, nanowires showed that the epitaxial relation of
the «-FeSi, crystal and the Si(110) surface leads to a zero
contribution of z-polarized phonons along and a very small
contribution across the nanowire orientation. In both cases,
this could not explain the distinct increase of intensity at
20 meV observed for S3 and S4. A possible explanation for
the phenomenon observed here is that the transformation of
the nanowires into {3-FeSi, is accompanied by the forma-
tion of an «-FeSi, interlayer which exhibits another epitaxial
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relation with the Si(110) surface than the precursor o-FeSi,.
This reorientation of the «-FeSi; on the Si(110) surface then
could result in a more pronounced contribution of z-polarized
«-FeSi, phonons.

Under this assumption, the experimental spectra were mod-
eled by a combination of the direction-projected ab initio
PDOS of 3-FeSi,, weighted by A, Ay, and A; as discussed
above, and the ab initio z-polarized PDOS of «-FeSi, [86].
Generally, the comparison of the nanorod PDOS with the ab
initio calculations for bulk 3-FeSi, shows a broadening of the
experimental PDOS features which is larger than the exper-
imental resolution. This is attributed to phonon scattering at
lattice defects, which are predominantly located at interfaces
and surfaces [39,86,90]. The damping of the experimental
PDOS can be modeled by convolution of the ab initio cal-
culated PDOS with the damped harmonic oscillator (DHO)
function [91,92]. The DHO function introduces an energy-
dependent broadening of the spectral features quantified by
the quality factor Q, which is inversely proportional to the
strength of the damping. Moreover, the different energy res-
olution of the NIS experiments of S2—-S4 has to be accounted
for in order to assure a correct comparison of the Q values.
Therefore the ab initio PDOS is calculated from the absorp-
tion probability density of 3-FeSi, which is convoluted with
a Voigt function with the FWHM equal the energy resolution
function of the respective sample. The model function g;,(E)
is defined as

gmn(E, Qp, Qo) =A gp(E, Qp) + (1 —A) g4 (E, Qu), (1)

where A is the relative [3-FeSi, contribution, g the direction-
projected ab initio calculated PDOS of (3-FeSi,, &5, the ab
initio calculated z-polarized PDOS of «-FeSi,, and Qg, O«
the quality factors used for the DHO convolution of the
respective PDOS. The model function was fitted to the exper-
imental results obtained along and across the nanorods by the
least-squares method with A, Qg and Q. as fit parameters.
Similarly to S1, the energy scale of the ab initio [3-FeSi,
PDOS is scaled by a factor of 0.98 to compensate a small shift
between theory and experiment.

The resulting curves and fit parameters are given in Fig. 8§,
where g;,(E) is plotted with a solid red line together with the
[3-FeSi; (blue) and «-FeSi; (hatched) subspectra. For com-
parison, fitting of the PDOS of S1 with the ab initio 3-FeSi,
PDOS leads to Qg = 100 for both directions. The damping
of the main peak is well reproduced by the model function.
Despite the very similar size of the nanorods, significantly
lower Qg values and consequently a stronger phonon damping
is observed for S2 compared to S3 and S4. As evidenced
by the RHEED and AFM studies, the transformation process
of the «-FeSi, nanowires into [3-FeSi, nanorods is not com-
pleted in the case of S2 and therefore a higher concentration
of lattice defects, and consequently stronger phonon damping
in the (3-FeSi, crystal, can be expected. Furthermore, S2 was
measured under UHV conditions as described above, while S3
and S4 were capped with 4 nm of Si. However, for endotaxial
«-FeSi, nanowires with similar diameters a significant effect
of the capping on the lattice dynamics was not observed [72].
The z-polarized PDOS of «-FeSi, shows a good agreement
with the peak at 20 meV. The values of QO are very small
compared to Qp, indicating a significantly stronger damping

in the «-FeSi, interlayer compared to the larger 3-FeSi, crys-
tal. This is in agreement with the reports of an either strained
or disordered o-FeSi, layer at the Si/3-FeSi, interface [3,77].
In addition, the experimental spectra were fitted by replacing
the z-polarized «-FeSi, PDOS with the direction-projected
PDOS «-FeSi, nanowires on Si(110) [72]. In the case of S2,
this leads to a similarly good agreement between experiment
and theory and the same R-squared values as for the approach
described above. Consequently, for S2, the additional states
at 20 meV can at least partially be attributed to the contribu-
tion of the remnant precursor x-FeSi, nanowires observed by
AFM.

C. Thermodynamic and elastic properties

The thermodynamic and elastic properties obtained [93,94]
from the ab initio calculated PDOS of the bulk crystal and the
[3-FeSi,(100) surface slab as well as the experimental data are
given in Table II. For all samples, the low-energy part of the
PDOS can be described by the Debye model as g(E) = « E>.
The velocity of sound vg can then be calculated from the factor
o [95] and is also given in Table II. The corresponding fits
were done for the energy range between 4 to 12 meV for the
bulk ab initio and experimental PDOS, for the surface ab initio
PDOS the range was set from 4.5 to 8.5 meV.

Due to their similar vibrational behavior, the y and z direc-
tions of the direction-projected ab initio PDOS are merged
in Table II. The shift in energy observed in Figs. 6(b) and
6(c) for the x- and yz-polarized phonons is reflected in the
thermoelastic properties of the -FeSi, bulk crystal and the
[3-FeSi,(100) surface slab, which show a softer vibrational
behavior in all values along x direction compared to the yz
plane. These differences are even more pronounced for the
[3-FeSi,(100) surface because of the broken translational sym-
metry. For example, an increase of 57 % of the out-of-plane
mean squared displacement (x?) along x compared to the
in-plane vibrations along yz is observed. The general lattice
softening of the (100) surface compared to the bulk crystal
is most prominently reflected in the reduction of vg by 52 %.
The temperature-dependent values of S1 show only a slight
increase of the mean force constant F as well as vg at 11 K
compared to room temperature, which indicates a harmonic
crystal lattice. The confinement of the available phase space
at 11 K reduces (x?) by less than half while the vibrational
entropy Sy and lattice heat capacity Cy approach zero. For the
nanorods of S2—-S4 most of the values agree within the uncer-
tainty with the room temperature results of S1. Furthermore,
no systematic dependence on the measurement direction is
observed.

The assumption of a perfect bulk lattice for the ab initio
calculations leads to a stiffer crystal compared to the exper-
imental values. In the polycrystalline film of S1, the atoms
located at lattice imperfections and grain boundaries exhibit
a lower coordination number compared to a perfect crystal
lattice and consequently experience lower interatomic force
constants. This is reflected by an increase of (x?) by 14 %
and a reduction of vg by 10% compared to the ab initio
values. Furthermore, the calculation of vg from the slopes of
the acoustic branches of the dispersion curves yield values
of 5350 m/s along the x direction and 5874 m/s for the yz
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TABLEIL Fe-partial mean force constant F', mean square displacement (x?), vibrational entropy Sy, and lattice heat capacity Cy, calculated
from the experimental PDOS of S1-S4 obtained along the indicated Si surface directions (compare Fig. 4). The coefficient « derived from the
low-energy part of the PDOS [g(E) = «E?] and the sound velocity vs are also given.

F (N/m) (x2) (A?) Sy (kg/atom) Cy (kg/atom) o (1079 meV™) vg (m/s)
bulk toral 281 0.0079 2.47 2.56 1.83(3) 5654(84)
bulk x 255 0.0085 2.59 2.60 1.94(3) 5545(104)
theory bulk yz 294 0.0076 2.41 2.54 1.77(5) 5712(82)
surface total 165 0.0293 3.59 2.74 6.48(20) 3709(143)
surface x 148 0.0386 3.60 2.76 6.88(40) 3636(216)
surface yz 174 0.0246 3.59 2.73 6.28(19) 3748(112)
S1[112]1RT 269(5) 0.0087(20) 2.54(2) 2.57(2) 2.41(3) 5157(53)
S1[110] RT 263(5) 0.0088(20) 2.57(2) 2.59(2) 2.40(3) 5161(71)
SI[110]120K  268(5) 0.0048(20)  0.068(2) 1.39(2) 2.30(3) 5241(73)
S1[I10]11 K 274(5) 0.0037(20) 0.001(2) 0.003(2) 1.97(8) 5521(166)
experiment S2 [(_)01] RT 272(5) 0.0089(20) 2.54(2) 2.57(2) 2.56(2) 5055(47)
$2 [110] RT 272(5) 0.0088(20)  2.52(2) 2.57(2) 2.53(4) 5074(71)
S3 [001] RT 272(5) 0.0090(20) 2.55(2) 2.57(2) 2.54(8) 5066(155)
S3 [110] RT 265(5) 0.0089(20) 2.55(2) 2.58(2) 2.62(8) 5016(147)
S4 [001] RT 261(5) 0.0091(20) 2.59(2) 2.58(2) 2.56(4) 5056(78)
S4 [110] RT 270(5) 0.0088(20) 2.54(2) 2.57(2) 2.41(5) 5153(102)

plane. On average, this leads to the same overall vg value as
for the ab initio calculated PDOS, but the direction-resolved
values show significant differences. Also the values presented
here are significantly smaller compared to the mean velocity
of sound of vg = 6210 m/s obtained by first-principles calcu-
lations in Ref. [96]. A comparison of the vg values calculated
from the experimental PDOS shows on average larger values
for S1 compared to the nanorods of S2-S4. Furthermore,
the values calculated from the PDOS obtained along and
across the nanorod orientation agree within the errors. The
polycrystalline nature of the film S1 implies approximately
equal contributions of x-, y-, and z-polarized phonons to the
average vg. For the nanorods, the relative contribution of each
polarization is determined by the specific orientation of the
[3-FeSi, unit cell on the Si(110) surface. Considering the
epitaxial relations discussed above, this should lead to a larger
contribution of yz-polarized phonons and therefore to a higher
vs in the nanorods compared to S1 and also higher values
along the nanorod orientation than across. Both effects are not
observed, indicating that the speed of sound in the investigated
nanostructures is reduced compared to the bulk crystal values
most likely due to the high density of crystal defects within
the nanorods and at the interfaces.

IV. CONCLUSIONS

Within this study, two types of (3-FeSi, nanostructures
were prepared and investigated. Firstly, a film was grown via
solid phase epitaxy on a Si(111) substrate. By RHEED and
XRD measurements the crystal structure was determined to
be polycrystalline 3-FeSi,, by AFM a thickness of 16.2 nm
was measured. Secondly, 3-FeSi, nanorods were obtained by
annealing of high-aspect-ratio «-FeSi, nanowires grown on
Si(110). AFM and RHEED measurements showed that an-
nealing for 2 hours at a temperature of 750 °C leads to a partial
transformation of the nanowires into nanorods. After 3 hours

annealing at this temperature the process is completed. The
average height of the nanorods ranged between 9.5-12 nm,
their width between 40-52 nm. By RHEED a specific epitax-
ial orientation of the (3-FeSi, crystal on the Si(110) surface
was evidenced. Furthermore, a comparative EXAFS study on
the Fe K-edge confirmed that the nanorods exhibit the same
crystal structure as the 3-FeSi, film.

The lattice dynamics of the nanostructures was investigated
by a combined nuclear inelastic scattering and ab initio ap-
proach. The Fe-partial PDOS of the film and the nanorods
was obtained by measurement with the x-ray beam oriented
along orthogonal directions of the respective Si surface. These
results were compared with the ab initio calculations for the
bulk (3-FeSi, crystal and the (3-FeSi>(100) surface. In the case
of the polycrystalline film, the various domain orientations
on average lead to an isotropic PDOS along both measure-
ment directions, which shows a very good agreement with
the ab initio calculations of the bulk crystal. Comparison of
the PDOS in the temperature range from room temperature
to 11 K shows a slight shift to lower energies for higher
temperatures due to the thermal expansion of the crystal. The
PDOS of the nanorods exhibits distinctly different spectral
features compared to the film. The observed differences in
the relative intensity of the PDOS features is explained by
the epitaxial orientation of the 3-FeSi, crystal on the Si(110)
surface, which leads to a lower contribution of x-polarized
phonons. Furthermore, additional states occurring at 20 meV
are attributed to the formation of an «-FeSi, interlayer at the
[3-FeSi, /Si interface. Under this assumption, the experimen-
tal results were modeled by the ab initio calculated PDOS.
The modeling revealed a significantly stronger damping of the
phonons in the o-FeSi, interlayer compared to the 3-FeSi,
crystal of the nanorods. The thermodynamic and elastic prop-
erties show a well pronounced softening of the lattice in the
case of the ab initio calculated PDOS of the (-FeSi,(100)
surface compared to the bulk crystal.
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