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ABSTRACT

The methods of heteroepitaxial growth of Si/CaSi,/Si(111) double heterostructures (DHS) at 500 °C have
been developed. Thin CaSi; layers with the thicknesses of 14—40 nm have been successfully embedded in
the silicon matrix. The hR6-CaSi>(001)||Si(111) with hR6-CaSi,[100]||Si[110] epitaxial relationship has
been conserved for the embedded CaSi;, layer regardless of its thickness and the Si overgrowth mode
(molecular beam epitaxy or solid phase epitaxy). The embedded CaSi, layers are characterized by the
lattice parameter distortion of about +4% due to the difference in the thermal expansion coefficients of
the silicide and silicon. Two types of Si overgrowth atop CaSi>(001) planes have been observed: (i) {111}-
twinned Si crystals were found onto the CaSiy(001) surface in the DHS with CaSi; thickness of 32—40 nm,
which have preserved the {111} planes parallel to the Si(111) ones of the substrate; (ii) a polycrystalline
twinned Si capping layer with a variable thickness has been formed in the samples with the smallest
CaSiy thickness (14—16 nm). Experimentally determined optical functions for the CaSi, layer embedded
in the silicon matrix have shown the presence of degenerate semiconducting properties with strong
absorbance at the photon energies higher than 2.3 eV and small contribution from the free carrier ab-
sorption at 0.4—1.2 eV. Ab initio calculations within the generalized gradient approximation and screened
hybrid functional of the hR-6 CaSi; bulk with and without lattice distortion (by +3%) have demonstrated
the metal or gapless semiconductor energy band structure, because the Fermi level crosses several bands
also assuming a huge free carrier concentration. The low-temperature Hall measurements and magne-
toresistance measurements have proved that CaSi, films on silicon are a gapless semiconductor with two
types of carrier “pockets” (holes and electrons) that determine the resulting conductivity, concentration
and mobility as a function of the Fermi level shift with the temperature increase. Mechanisms of the
experimentally observed optical transparency of CaSi in the infra-red range are discussed.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

interesting properties as thin films and 2D-like materials [5]. Two
semiconducting silicides are usually mentioned to be formed in the

Both metal and semiconducting silicides are well known to be
fully compatible with common silicon technologies and often used
in microelectronics [1,2]. Even though transition metal silicides
were mainly investigated in the past [1,2], nowadays alkaline-earth
silicides started gaining much attention [3,4] also owing to
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Ca-Si system: CaySi [3,6,7] and CasSig [8,9]. The first one is syn-
thesized in the bulk and thin layer forms. According to ab initio
calculations it has the band gap of 1.02 eV within the GW approx-
imation [6] and 0.35eV within the local density approximation
(LDA) [3]. The second silicide has been fabricated only as a bulk
sample by hot pressing of Ca and Si powders [9]. Its band gap is not
known except for the theoretical predictions of 0.35eV [8] and
0.598 eV [10].
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Meanwhile, CaSi, can be viewed as a compound in the Ca-Si
system with the largest silicon content [9]. Its crystal structure
depends on the external pressure. In fact, at an atmospheric pres-
sure it has a rhombohedral lattice of the R-3m space group existing
in two hR3 and hR6 modifications [11—13] with one Ca and two Si
chemically inequivalent sites [11]. At the pressure of 5.7 GPa and
temperature of 510 °C it transforms into the tetragonal lattice of the
141 /amd space group [11—13].

Crystalline CaSi; layers can be epitaxially grown on Si(111) by
room temperature deposition of this material and subsequent high
temperature annealing [14] or by reactive diffusion supposing
deposition of Ca atoms onto Si substrate heated to 700—900 °C[15].
The last approach is usually referred to as a reactive deposition (RD)
technique. In both cases the hR6 phase forms first [14,15] then it
transforms into the final hR3 one when the thickness of the layer
reaches 200 nm [15].

Theoretical investigations of electronic and optical properties of
CaSi, [11,16] have pointed out this silicide to behave like a metal. At
the same time existing experimental data of such epitaxial layers
are quite contradicting. Thick CaSi, layers are found to have elec-
tronic properties of a compensated metal [14] for which electrons
and holes with different effective masses and concentrations up to
2 x 10%! cm~3 contribute in an equivalent way to the conductivity
[17]. There is a weak temperature dependence of the CaSi, con-
ductivity registered in the bulk and thin layer samples. It is
explained by different temperature dependences of hole and
electron mobilities along with a change in the carrier's sign from
negative (electrons) to positive (holes) at the temperature of about
200K [17]. From the other side, strong direct interband transitions
with the energies of 0.89 eV and 0.912 eV [18,19] and the photo-
luminescence peak at about 0.95eVat 5K [20] observed in the
polycrystalline CaSi, layers formed by RD method on Si(111) sub-
strates at markedly lower temperature (500 °C) do not witness this
silicide to be a metal or semimetal. Meanwhile, experimentally
determined transparency in the photon energy range of 0.2—0.7 eV,
the energy band gap of 0.63 eV and a plasma reflection at the en-
ergies less than 0.2 eV [19,20] are more typical for a degenerate
semiconductor than for a compensated metal [14]. However, in
Refs. 19 and 20 the crystal structure of the grown silicide was not
exactly determined. Meanwhile, electrically conducting materials
with high optical transparency are of great practical importance.

In order to resolve the above contradictions we fabricated Si/
CaSi,/Si(111) and CaSiy/Si(111) epitaxial heterostructures and
studied their electronic, optical and electrical properties combining
experimental measurements with first principle calculations. The
results are presented in this paper.

2. Experimental procedure

Si/CaSiy/Si(111) heterostructures were grown in the ultra-high
vacuum “VARIAN” chamber with the base pressure of
2 x 10~ '° Torr. The chamber had Auger electron spectroscopy (AES)
and electron energy loss spectroscopy (EELS) facilities. Rectangular
monocrystalline stripes of p-type Si(111) with the dimensions of
5 x 18 mm? and conductivity of 45Q cm were used as substrates
and Si sublimation sources.

Atomically clean surface of Si(111) was formed by thermal
flashing at 1250 °C in the vacuum chamber. The surface purity was
controlled by AES and EELS. In all experiments Ca and Si deposition
rates were controlled by a quartz sensor. In all growth experiments
the Ca atoms were deposited at the rate uc;, = (1.0 and 2.0) nm/min
onto clean Si(111)7 x 7 surface at 500 °C. Then Si capping layer as
thick as 50 nm was deposited at usj=2.0 nm/min at the same
temperature (molecular beam epitaxy (MBE) mode) or at room
temperature with subsequent annealing in vacuum at 500 °C (solid

phase epitaxy (SPE) mode). In both modes Si/CaSi»/Si(111) double
heterostructures (DHSs) were formed. Their fabrication parameters
are summarized in Table 1. Moreover, one sample (sample E) was
fabricated with the silicide thicker than others and without a
capping layer.

Cross-sections of the samples thinned by the procedure pre-
sented in Ref. [21] were analyzed with a high resolution trans-
mission electron microscopy (HRTEM) in PhilipsCM20 and
JEOL 3010 HR microscopes. The latter was equipped with an energy
filtering attachment (EFTEM). Selected area electron diffraction
(SAED) and selected area fast Fourier transformations (SAFFT) of
HRTEM images were used to study epitaxial relationships in the
fabricated structures. SingleCrystalTM and CrystalMaker® software
[22] was employed for that. Surface morphology was analyzed by
atomic force microscopy (AFM) with the use of “Calculating of
Average Parameters of Objects on Surface” software [23].

Optical reflectance (R-spectra) and transmittance (T-spectra) of
the samples were recorded at room temperature in the photon
energy range of 0.05—6.20 eV in Hitachi U-3010 spectrophotometer
and Bruker Vertex 80v Fourier spectrometer. Raman spectra exited
by the light with the wavelength of 488 nm were registered also at
room temperature with “WITec alpha 300 RSA+” confocal Raman
microscope (TP&MS HAS, Hungary). Hall effect and magnetoresis-
tance measurements in the sample E were carried out in the tem-
perature range 30—300K on an automated Teslatron unit with a
closed cooling circuit. Measurements of the Hall parameters of the
sample are performed at a DC 10 pA in the magnetic field of 0.5T.
Magnetoresistance was measured at temperatures of 50K, 120K
and 300 K versus magnetic field from O T to 4 T with sample current
of 10 pA.

3. Computational details

The full structural optimization of the CaSi, bulk has been per-
formed by employing the first principles total energy projector-
augmented wave method (code VASP) [24—27]. Both the general-
ized gradient approximation (GGA) of Perdew-Burke-Ernzerhof
[28] and screened hybrid functional of Heyd, Scuseria, and Ern-
zerhof (HSE) with the standard settings for the screening and
Hartree Fock mixing parameters [29—33] were used. Our calcula-
tions have been performed by implementing the energy cutoff of
320eV and 13 x 13 x 9 (for GGA) and 6 x 6 x 2 (for HSE) grids of
Monkhorst-Pack points. Structural optimization was stopped when
forces acting on the atoms were smaller than 0.01eV/A. The
convergence in the total energy was better than 1meV/atom.

The electronic band structures and optical functions have also
been calculated by the self-consistent means of the self-consistent
full potential linearized augmented plane wave (FLAPW) method in
its scalar-relativistic version using WIEN2k package [34]. The
structural parameters of the CaSiy bulk fully optimized by the
projector-augmented wave method have been taken into consid-
eration. We also applied GGA of Perdew-Burke-Ernzerhof [28] and
the screened hybrid functional YS-PBEO (which is similar to HSE)

Table 1
Fabrication parameters of double heterostructure Si/CaSi»/Si(111) (A-D) and single
heterostructures CaSi,/Si(111) (E).

Samples Ca thickness, nm Average silicide The mode of top Si
thickness, Nm layer growth

A 36 40 MBE

B 16 16 MBE

C 36 32 SPE

D 16 14 SPE

E 72 108 no
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[35]. We performed the self-consistent procedure on grids of 85 k-
points (GGA) and 28 k-points (YS-PBEO) in the irreducible part of
the Brillouin zone. Further increase in the k-point number did not
lead to any noticeable changes in the eigenvalues. The self-
consistent procedure was continued until the difference between
the total energies in two successive iterations was less than 1 meV/
atom. Since the HSE calculations are very time consuming, the
absorption coefficient and reflectivity have been estimated within
GGA at a dense mesh of at least 781 k-points in the irreducible part
of the corresponding Brillouin zone.

4. Results and discussion

4.1. Lattice parameters and defects in the Si/CaSiy/Si(111) double
heterostructures

The structure and epitaxial relationships in the fabricated DHSs
are illustrated in Fig. 1. Epitaxial CaSiy is found to be formed inde-
pendently of the amount of deposited Ca and Si overgrowth mode
(SPE or MBE). The SAED patterns from DHS (inserts in Fig. 1a and b)
have unambiguously proven the heteroepitaxial growth of CaSi,
with hR6-CaSi; structure on the Si(111) substrate regardless of the
Si overgrowth regime (SPE or MBE) and a non-abrupt CaSi,/Si(111)
interface. Besides, the inhomogeneity thickness in the CaSi, and Si
capping layers was observed from both HRTEM data in the BF re-
gimes (Fig. 1a and b) and in the DF regime (Fig. 1c) that correlated
with the roughness value estimated by AFM for both samples
[19,20]. The DF image was acquired with the 006 reflection of the
hR6-type CaSi; phase. The CaSi; and Si capping layers in the DHS
are clearly separated (Fig. 1a,c).

The thickness of the CaSiy layer in the sample C (Fig. 1a) was
found to be 25—45 nm, while the thickness of the Si layer on the top
varied from 60 nm to 30 nm (an average value of about 50 nm). The
embedded CaSiy layer and this Si capping layer were not uniform in
thickness that confirms a 3D island growth of the silicide and a non-
uniform nucleation of Si atop the CaSi; layer. Direct observations
have shown near 1.5 times decrease of the real CaSiy thickness
(Fig. 1a, an average value of about 32 nm) starting from 54 nm,
corresponding to 36 nm (dcasiz. = 1.5 x dca) of the deposited Ca
layer as previously determined by the calibration procedure. An
average CaSi, thickness in the sample A was about 40 nm (Fig. 1b
and c).

The same feature was observed for the other DHSs (samples B
and D, Table 1) with smaller CaSi; thicknesses (24 nm is expected
while 14—17 nm is its real thickness by HRTEM data (not shown))
and different Si overgrowth modes. The reason for such a thickness

Si-substrate

reduction can be a decrease in the Ca calculated deposition rate due
to a decrease of Ca mass in the evaporator. Additionally, the
decrease of the Ca sticking coefficient to a silicon substrate at
500 °C must be taken into consideration. This leads to the over-
estimation of calculated thickness and to the increase of the
experimental error in the determination of a real CaSi, layer
thickness.

Investigations of the epitaxial relations and lattice parameters
for DHSs were carried out by analyzing the HRTEM images and
SAFFT patterns from different parts of DHSs, including interfaces,
the CaSiy layer and the Si capping layer. HRTEM images for the
sample C (Fig. 2a) and the sample A (Fig. 3a) with the largest Ca
thickness (36 nm, Table 1) are shown. Different parts of the cross
section were marked by white circles, from which SAFFT patterns
(Figs. 2b and 3b) were recorded and then analyzed.

Additional analysis of the DHS and its SAFFT patterns has shown
the nearly flat CaSi»/Si(111) interface (sample C, Fig. 2a, the area 1)
with hR6-CaSi,[100]||Si [110] and hR6-CaSi(001)||Si(111) epitaxial
relationships. There were no stacking faults identified in a 3—4 unit
cell thickness (Fig. 2 c). At larger distances from the Si(111) sub-
strates several stacking faults of the Si sheets in the CaSi, structure
and twins were found (Fig. 2c). At the Si/CaSi; interface the hR6-
type CaSi, crystal (R-3m; a=0.393 + 0.002 nm;
¢=3.09 +0.18 nm) in the [100] projection with stacking faults and
the epitaxially grown {111}-twinned Si crystals (the area 4, Fig. 3 a)
were found. Grains in Si top layer were epitaxially grown onto the
CaSiz(001) surface (and the Si(111) surface of the substrate, as well).

The epitaxial relationships for the CaSi»(001) on Si(111) sub-
strate and almost abrupt CaSi,/Si(111) interface were conserved for
DHSs with the MBE Si overgrowth (Fig. 3a, sample A, area 1). But
some steps were observed on the Si/CaSi, interface for both DHSs
by HRTEM data (Figs. 2a and 3a). This can be explained by the
competition between bulk and surface diffusion of Ca and Si atoms
in the formation of a continuous CaSi layer.

The stacking sequence was analyzed using the HRTEM images
for areas 2 and 3 (Fig. 3a). It was established (Fig. 3b) that in the first
5—10nm thick part of the hR6-type CaSi, crystal (R-3m;
a=0.382+0.002nm; c=3.09+0.18nm) a few stacking faults
were observed (Fig. 3c). Afterwards CaSi, sheets were grown
without faults. In the upper and thinner part of the Si capping layer
the {111}-twinned Si grains were grown onto the CaSi»(001) surface
and the Si grains are still oriented (area 4, Fig. 3a), i.e. one of the
{111} planes is parallel to the Si(111) of the substrate. Mainly the
{111}-type twin boundaries and stacking faults are identified. The
structural relationships and overlapping of the twinned Si grains
are similar to the observations from the sample C (Fig. 2a,c).

Glue
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" _CaSi,
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™ Si substr.

Fig.1. HRTEM images and SAED patterns (inserts) for the Si/CaSi/Si(111) DHS with the Si grown in SPE ((a), sample C) and MBE ((b,c), sample A) modes. For sample A (b) bright field
(BF) (b) and dark field (DF) (c) HTEM images of the Si and the thin layer on it. Inserts on (a) and (b) are SAED patterns for samples C and A, respectively.
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Fig. 2. (a) - HRTEM images taken from the Si/hR-6 CaSi,/Si(111) DHSs with Si layers grown in SPE (sample C) mode with inserts of white circles from 1 to 5 distributed in the DHS

with Si and CaSi, layers. SAFFT patterns from areas (2) in

(b) with identification for CaSi; planes in DHS with SPE. (c) - HRTEM image of the interface and the hR6-type CaSi, in the

area 2. Densities on the image is inverted (i.e. dark spots correspond to atoms/groups of atoms). Stacking sequence of the hR6-type CaSi; is indicated in ~5 unit cell thickness. A few
stacking faults of the Si sheet in the CaSi, structure are indicated by yellow arrows. (For interpretation of the references to colour in this figure legend, the reader is referred to the

Web version of this article.)

Si substrate

Fig. 3. (a) - HRTEM images taken from the Si/hR-6 CaSi,/Si(111) DHS with Si layers grown by MBE mode (sample A) with inserts of white circles from 1 to 4 distributed in the DHS
with Si and CaSi; layers. SAFFT patterns from areas (2) in (b) with identification for CaSi, planes in DHS with MBE Si growth mode. (c) - HRTEM image of the CaSi,/Si(111) interface

in the region between 1 and 2 areas on (a).

A thorough analysis of the SAFFT patterns (Figs. 2(b) and 3(b))
from the cross-sectional patterns of DHSs (samples A and C) has
shown that there are different deviations (stretching on 0.27—4.58%
and compression on 0.5—3.2%, Table 2) from tabular values for the
CaSi; planes [11,15,36] in the CaSi; [100] direction. Simultaneously,
0.22—1.04% compression and 0.33—0.54% stretching were observed
in the silicon lattice near the Si/CaSi, interface (Table 3) that related
to the difference in the lattice parameters [14] at the growth and
room temperatures.

The {111}-twined Si layers were grown on the CaSi»(001) surface
for all studied samples with Ca calibrated thicknesses of 16 nm and
36 nm. They conserve the parallel plane to the (111) plane of the Si

substrate. Mainly the {111}-type twin boundaries and stacking
faults were identified. The structural relationships and overlapping
of the twinned Si grains are similar to the observations for A, B, C
and D samples. These epitaxial correlations were conserved for the
embedded CaSiy layers regardless of their actual thickness and the
Si overgrowth mode. Cross-sections of all grown DHSs demonstrate
sharp epitaxial interfaces: CaSiy (001)//Si(111) and CaSi,[100]//Si
[110] with the formation of the embedded thin hR6 CaSi crystal in
Si. However, the crystalline quality and thickness uniformity of the
capping silicon layer were inferior for the DHSs with small CaSi;
thicknesses. So, a polycrystalline Si twinned layer with variable
thickness is formed in the samples with the smallest CaSi;
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Table 2

Identifications of CaSi, planes in [100] direction on SAFFT patterns for samples A and C with Si/hR6 CaSi,/Si(111) DHSs.

Planes in CaSi,[100] direction  dcasiz(tab) [36], nm  dcasi (sample C), nm

dcasiz (sample A), nm

Intensity [36], %  Ad/d, (sample C) %  Ad/d, (sample A)%

CaSi,(006) 0.5102 0.511 0.520 1.86 0.24 1.96
CaSi»(009) 0.3403 0.329 0.338 0.65 -3.35 -0.79
CaSi»(00 12) 0.2551 0.258 0.258 62.66 1.10 1.02
CaSi,(01-1) 0.3323 0.338 0.329 25.55 1.84 -1.05
CaSiy(01-4) 0.3053 0310 0.320 43.39 1.54 491
CaSiy(01-7) 0.2555 0.269 0.261 100 513 2.11
CaSi»(018) 0.2517 0.256 0.251 43.13 1.83 —0.40
CaSi,(01 11) 0.2138 0.217 0.213 57.33 1.40 —0.51
Table 3

Identifications of the Si planes in the Si [110] direction on the SAFFT pattern for samples with the Si/CaSi,/Si(111) DHSs.

Planes in Si [110] direction dsi(tab), nm dsi (sample C), nm dsi (sample A), nm Ad/d, (Sample C) % Ad/d, (sample A)%
Si(002) 0.2715 0.273 0.271 0.54 -0.11

Si(111) 0.31356 0313 0.315 -0.28 0.33

Si(220) 0.19201 0.192 0.190 -0.22 -1.05

thicknesses (samples B and D).

Calculations of the lattice parameters for the embedded CaSi,
layers in both DHSs have shown (Table 4) that the rhombohedral R-
3m CaSiy structure with the hR6 modification has the closest values
(with deviation in unit of percent) of the interplanar distances to
the tabular R-3m CaSi; ones [36] and their reflex's intensity.
Therefore, it can be concluded that the grown DHSs have CaSi,
composition with the R-3m structure and hR6 modification, but not
CasSig as we previously supposed [18—20].

The fully optimized lattice parameters of CaSi in the hR6
modification by the projector-augmented wave method [36] in
comparison with the experimentally determined ones are sum-
marized in Table 4. A very good agreement is evident. Moreover, the
optimization of lattice parameters has been done at zero temper-
ature and the corresponding thermal lattice expansion coefficients
should be considered that leads to even more perfect match of
theoretical to experimental data.

4.2. Experimental optical spectra of CaSiy/Si(111) single and Si/
CaSiy/Si(111) double heterostructures

Transmittance (T) and reflectance (R) spectra of the C and D
samples are presented in Fig. 4 for comparison. Well-pronounced
maximum in R-spectra at 0.8 eV is evident for the both DHS sam-
ples. The sample E with thick CaSiy layer displays almost the same
behavior. The transmittance of DHS samples in the photon energy
range of 0.6—1.0 eV is high enough (0.4—0.5). It is comparable to Si
substrate transmittance (0.50—0.52, not shown in Fig. 4a).

At photon energies smaller than 0.4 eV the strong decrease in
the transmittance is caused by absorbance along with an increase of
reflectance (Fig. 4b). Such a behavior can correspond to the plasma
resonance on free carriers [37]. Since non-doped Si was used as a
sublimation source for the Si capping layer, the latter did not have a
large concentration of free carriers. Therefore, free carries can
appear only in the embedded CaSi; layer. It has been confirmed by
small resistivity of the sample E, which is slowly decreasing with a
temperature decrease [18].

The same R- and T-spectra character were previously observed
for the MBE grown DHS sample A (Table 1) with the embedded
silicide layer of 40 nm [20] indicating the presence of the plasma
resonance on free carriers in the layer to be independent of the
mode of the Si overgrowth (MBE or SPE). The energy position of
plasma resonance on free carriers in the R-spectrum shows the blue
shift (0.05—0.12 eV) at the free carrier concentration increase from
10 em~3 to 1021 em~3 [37].

The known lowest coefficients of reflection of different semi-
conductors and semimetals are 0.1-0.2 at 0.01-0.1 eV [3,38,39]. But
in our study the 0.37—-0.41 eV values were registered for the sam-
ples C and D (Fig. 4b). Such a behavior can be explained by the zero
absorbance in the Si substrate and an increase of the measured
reflection coefficient due to multiple reflections from the substrate.
Thus, the measured reflectance spectrum in the energy range of
0.4—1.0 eV does not fully stem from the plasma resonance effect in
semiconductors.

We have used the Kukharskii-Subashiev fitting procedure for
one type of charge carriers in a heavily doped semiconductor [40].
The calculated reflection coefficient did not coincide with the one
extracted from the experimental R-spectrum. The second possible
reason is the contribution of two charge carrier types in the plasma
resonance with strongly different effective masses in accordance
with theoretical [11] and experimental [17] results.

In spite of the grown Si top layer, near the same high energy
level, the reflectance peaks (0.9-1.0, 1.3-1.7, 2.0—2.6 and
3.7-3.8eV) were observed in the CaSiy/Si(111) heterostructure
(sample E, Fig. 4a) and Si/CaSi,/Si(111) DHSs grown by MBE [20] and
SPE (Fig. 4b). Since the intensities of peaks at 4.5 and 5.5 eV, cor-
responding to Si, are slightly decreased, we consider the Si capping
layer to have a poorer crystalline quality than the Si substrate. But
comparing the widths of the mentioned Si peaks one can suppose
that the crystalline quality of the Si capping layer is better for the
sample C with larger CaSi, thickness. In the low photon energy
range (0.6—1.2eV) the measured reflectance of Si/CaSiy/Si(111)
DHSs (samples C and D) and CaSiy/Si(111) heterostructure (sample
E) is mainly determined by contribution of the Si substrate due to

Table 4

Calculated parameters of hR6-CaSi, lattice in the [100] direction.
CaSij lattice parameters, nm Sample C Sample A Bulk [36] Ad/d, (sample C) % Ad/d, (sample A) % Data errors, % GGA HSE
a 0.393 0.382 0.386 1.84 -1.09 +0.56 0.3877 0.3858
c 3.09 3.09 3.06 1.14 1.07 +6.0 3.0341 3.0405
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Fig. 4. (a) - Transmittance (T) and (b) - reflectance (R) spectra of Si/CaSi/Si(111) (samples C and D) double heterostructures, CaSi,/Si(111) heterostructure (sample E) and Si

substrate. Curves R,“D” and R,“E” are reflectance spectra of samples D and E in the photon energy range of 0.3—1.2 eV calculated in the frame of two-layer model [41] for CaSi, layer
from experimental R-spectra. (c) Raman spectra of DHSs (samples C and D). The notations R “E-I” and R “E-h” are associated with low-energy (0.6—1.2 eV) and high-energy

(1.2—6.5 eV) measurements of the reflection coefficients for the sample E.

its transmittance and the light reflectance from the back side. Thus,
for the calculation of real reflection coefficient of the layer (R,) we
used the two-layer model called RT-procedure [41], which includes
the multiple reflections in the layer and substrate. Calculated values
for samples D and E are presented in Fig. 4b (curves R,”D"” and
R,"E").

The phonon structure of the CaSi, layers with different thick-
nesses capped by SPE silicon characterized by the Raman spec-
troscopy is presented in Fig. 4c. The spectrum for the sample C has
more intense and narrow peaks at 341, 382 and 413 cm~! (with the
strongest peak at 382 cm™') than the spectrum for the sample D.
The decrease of the peaks and increase of their width correspond to
a decrease in the silicide thickness and crystalline quality or in-
crease in their defect density and concentration of free defects and
free carriers that coincide with the blue shift of the plasma reflec-
tance minimum in the reflectance spectrum (Fig. 4b) and low re-
sistivity of CaSiy layers on Si(111) substrate (sample E), which was
almost temperature independent [18] and confirmed the high and
almost unchanged concentration of free carriers.

An additional intense and wide peak is observed for the sample
D at 476 cm™~! that belongs to amorphous or nanocrystalline silicon
(Fig. 4c). Thus, with decreasing CaSiy layer thickness the crystal
quality of silicon capping layer also decreases correlating with
HRTEM data for this sample (not shown). Almost the same Raman
peaks (344, 390 and 419 cm™~!) [18] were observed for the first time
for a thick Ca silicide layer (sample E) with the initially believed
Cas3Si4 composition. Meanwhile, the silicide structure and compo-
sition are now more precisely determined as hR6-CaSi, with above
mentioned distortion of the lattice (Table 4). Since the peaks at
383 cm~! and 413 cm ™! have the highest intensity in DHSs, we can
conclude that the formed silicide is conserved without a compo-
sition change inside the silicon matrix. The appearance of the
strong and narrow peak at 520cm™' corresponds to the strong
contribution from Si crystal, which belongs not only to underlying
substrate, but also to the cap layer in the case of the sample C.

4.3. Energy band structure, transmittance, reflectivity and
adsorption coefficient spectra of CaSiy by ab initio calculations.
Comparison with optical and electrical experimental data

The calculated electron energy band structure of bulk CaSij is
shown in Fig. 5. It is clearly seen that this silicide should display
metallic properties because the Fermi level crosses several bands
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Fig. 5. The electron energy band structure of CaSi, calculated in HSE (left) and GGA

(right) approaches along high symmetry directions of the trigonal Brillouin zone. Zero

at the energy scale corresponds to the Fermi level. Symmetry points are X = (1/2, 0, 0),
=(1/2,0,1/2), (0,0,0), L=(1/2,1/2,1/2).

regardless of the common GGA (the right panel in Fig. 5) or hybrid
HSE (the left panel in Fig. 5) approximations applied. Even though
the latter provides better description of the exchange-correlation
interaction and can improve predictions of transitions across a
gap, there is no significant difference between these two results.
One can only spot a shift in energy of bands (filled states go down in
energy, while empty states go up in energy) for example in the case
of flat bands in the L-I" segment, which, however, does not exceed
0.5eV. On the other hand, CaSiy can be also viewed as a gapless
semiconductor. In fact, the valence and conduction bands are
separated by the gap, however, the bottom of the conduction band
is below the Fermi level (for example at the X and Y points) and top
of the valence band stands above the Fermi level (near the I" point)
indicating degenerate semiconducting properties with two types of
charge carriers (electrons and holes) in accordance with experi-
mental data [17]. The obtained band dispersion near the Fermi level
is close to the one presented in Ref. 13. Because of the lattice
mismatch (about 1%) for CaSi, thin layers grown on Si(111) sub-
strates [12,17] we have also checked how uniaxial strain affects the
band dispersion in CaSiy. The applied uniaxial strain of +3% for both
a and c lattice parameters did not lead to any noticeable changes in
the band dispersion presented in Fig. 5.

By means of the full potential linearized augmented plane wave
method within the GGA approximation we calculated
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transmittance, optical reflectivity and the absorption coefficient for
CaSiy as a function of the photon energy for different light polari-
zations. They are shown in Fig. 6a-c.

Since CaSi, is found to be a metal or gapless semiconductor (see
Fig. 5), free carrier absorption defines large reflectivity and ab-
sorption at low photon energies. However, at 0.7 eV there is a sig-
nificant drop in reflectivity, whereas the absorption coefficient at
0.7—-1.2 eV displays almost zero values (Fig. 6a). To explain such a
decrease in the absorption we have examined the character of the
states of different bands in the energy range of +2.5 eV with respect
to the Fermi level. The Ca-d states are present in this energy range
while an admixture of the Ca-s and Ca-p states are almost negli-
gible. Contrary to this, mainly the Si-p and Si-d states can be spotted
below and above the Fermi level, respectively. Since two Si chem-
ically inequivalent sites exist in the CaSi crystal structure, the Si-p
states of one Si site and the Si-d states of another Si site dominate
below and above the Fermi level, respectively, at any k-point
investigated. Analyzing contributions to the dipole matrix elements
and values of dipole matrix elements we can conclude that any
matrix element from the Ca site has almost zero value because of a
lack of Ca-s and Ca-p states. Matrix elements coming from the Si
sites are also close to zero due to negligible values of one of the
contributions from the valence or conduction band assuming only
one-site transitions [42]. This feature leads to a transparency
window in the CaSiy optical spectra for photon energies at
0.4—1.0 eV (Fig. 6a). In addition, there is some anisotropy effects in
the optical spectra presented in Fig. 6a-c with respect to different
light polarizations which are especially pronounced in the energy
range of 2.5-5.5eV.

Recalculated CaSi; film transmittance, reflectivity and absorp-
tion coefficient extracted from experimentally measured trans-
mittance and reflectance spectra, using Kramers-Kronig relations
and RT-procedure [41] and their comparison to the theoretically
simulated ones are shown in Fig. 6a-c. Multiple reflections and
absorption in the film and substrate (a two-layer model), as well as
reflection at the film-substrate interface, are considered in the RT
procedure [41]. From the data of the experimental reflectance and
transmittance spectra in the energy range 0.1-1.2 eV, the refractive
index, the extinction coefficient, and the absorption coefficient are
determined; first, by solving a system of five nonlinear equations
with five unknowns by their consecutive cycle alteration with a
variable step, and then by minimizing the deviation of the exper-
imental and recalculated values.

The self-reflectivity coefficient found in this region is cross-
linked with the experimental reflectivity spectrum data in the
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region of interband transitions (above 1.24eV), which makes it
possible to construct a reflection spectrum of the film over the
entire energy range up to 6.2eV. For a Si/CaSiy/Si(111) double
heterostructure, the top layer of silicon and the embedded CaSi,
layer are taken into account as a layer with effective parameters,
since in this region of photon energies the main contribution to the
absorption is made by a layer of CaSi,. Close values of the reflec-
tivity coefficient from the CaSi; film and from the double Si/CaSi,/
Si(111) heterostructure with the embedded CaSi; layer in the con-
structed spectra (Fig. 6b) prove the validity of this approach. Using
the calculated self-reflectivity data for CaSi; film, their absorption
coefficient and thickness, the transmittance of thin CaSi; layer was
recalculated from the two-layer model and experimental data,
theoretical optical data and well-known formula for transmittance
of thin plane-parallel plate [37]. Thus, the experimental trans-
mittance for CaSi; layer in two samples C and D and theoretically
simulated one for 50-nm thick CaSiy layer for two light polariza-
tions (E||a u E||c) were presented on Fig. 6a.

The general behavior of both experimental and theoretical
transmittances for CaSi; films (Fig. 6a) in the 0.4—2.0 eV region of
photon energies indicate the partial transparency of the CaSi;
layers without a substrate. Certain additional peaks (the sample C)
of the “experimental” curve at energies of 1.2—1.8 eV are associated
with the appearance of multiple reflections in thin layer with
partial absorption, which are no longer taken into account in cal-
culations by the Kramers-Kronig method [37]. For the very thin
CaSi, layer in the sample D, the transmittance at low energies
essentially does not decrease. But for the sample C, in which the
silicide layer is more than two times thicker (Table 1), the trans-
mittance strongly decreases at photon energies smaller 0.4eV,
which correlates with the absorbance on free carriers in the CaSi;
layer. The same behavior was also observed for the CaSiy layer
calculated from theoretical data. Thus, the small values of the
dipole matrix elements of the transitions across the Fermi level of
CaSiy corresponding to small photon energies (0.4—2.0eV) are
responsible for the moderate transparency in the near-IR range.

In the range of strong interband transitions (2.2—6.5eV) the
theoretical results on reflectivity (Fig. 6b) and absorption coeffi-
cient (Fig. 6¢) should be shifted to the higher photon energies by
~1eV to have a reasonable agreement with experimental data
above 2.2eV. However, a simple, rigid shift in energy is not
straightforward here. Because the HSE calculations are extremely
time consuming and there is no significant difference in the energy
spectra within the HSE and GGA approximations (Fig. 5) except for
the energy shift of 0.5 eV for some parts of bands below and above
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the Fermi level, the optical properties have been calculated within
the GGA approximation. Thus, by taking into account such an en-
ergy shift, the optical spectra can be moved up in energy by ~1 eV,
though only starting from 0.7 to 1.0eV due to the fact that free
carrier absorption at lower photon energies is not affected by this
energy shift. It is proportional to free carrier concentration and
rapidly decreases with photon energy increase. This issue
unavoidably increases the transparency window in CaSiy.

In transparent conductive oxides (the most common trans-
parent conductive materials) [43,44], which can be viewed as
degenerate semiconductors due to doping, there are always free
carriers involved into conduction in addition to absorption and
reflection on free carriers at very small photon energies. However,
the presence of a rather wide energy gap does not provide any
electron transition across the gap for photon energies less than the
energy gap leading to no absorption within the infra-red and visible
regions and, as a result, to transparency. Contrary, CaSi; is shown
here to be either a gapless degenerate semiconductor or even a
metal, where the transparency in the infra-red energy range is
attributed to very small values of dipole matrix elements of the
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transition across the Fermi level.

To establish the nature of conductivity in stressed CaSi; films on
Si(111) substrates, the temperature dependency of the of the direct
current Hall effect at a constant magnetic field of B=0.5T in the
temperature range of 1.4—300K was studied for the sample E
(Table 1). The magnetoresistance studies versus a transverse
magnetic field were also performed in the sample E. In the range of
1.4-25K, large variations of the calculated parameters (carrier
concentration, mobility and resistivity, and magnetoresistance)
were observed, therefore, the temperature range of 30—300 K was
considered in the following, in which fairly smooth temperature
dependences of these parameters were obtained (Fig. 7 (a, b, c)).

Measurements of the Hall and longitudinal voltage biases were
carried out at a minimum current of 10 pA to ensure a minimum
heating of the film during long-term measurements at each
selected temperature. Carrier type measurements (Fig. 7d) showed
that there is a rather sharp boundary between the sign of the main
carriers and the Hall voltage, which is indicated in the graph by a
vertical dashed line. Change from positive to negative occurred at a
temperature of more than 85K (Fig. 7d). Considering the low
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Fig. 7. Temperature dependences of the resistivity (a), the concentration modulus of the main carriers (b), their mobility (c), and the sign of the main carriers (d) in CaSi, film

(sample E) grown by the reactive epitaxy on a Si(111) substrate at 500 °C.
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temperature and the atypically complex nature of the temperature
dependence of the resistivity (Fig. 7a), the carrier concentration
(Fig. 7b) and their mobility (Fig. 7c), the observed change in the sign
of the main carriers cannot be related to the conductivity type of a
gapless degenerate semiconductor at the transition to the region of
intrinsic conductivity [45]. The resistivity in the range of 30—200 K
did not exceed 5 mQ x cm and it increased with increasing tem-
perature (Fig. 7a), while in the 200—260 K range it was decreasing,
after which it began to rise again. The complex dependences of the
concentration of the main carriers and their mobility with maxima
and minima in the range from 120K to 260K also indicate a non-
metal nature of the conductivity.

This behavior can only be explained by assuming the measured
sample to be a gapless semiconductor with two “carrier pockets” of
different types: both holes and electrons in the valence and con-
duction bands respectively, which both cross the Fermi level, the
position of which varies with increasing temperature from sub-
helium to room temperature. Electrons and holes have different
effective masses and compete to provide the largest role in con-
ductivity with the increasing temperature due to changes in the
volume of “pockets” as can see on Fig. 5a,b. At helium temperatures,
the main contribution is made by holes due to the intersection of
the Fermi level with a larger “pocket” for holes.

This corresponds to the theoretical calculations that are carried
out at 0K (Fig. 5a,b). Holes provide the main contribution to con-
centration and mobility, and to the resistivity as well, which tends
to fluctuate around a certain constant value in the 30 K vicinity. In
the temperature range from 30 to 85K, the preferential contribu-
tion of holes to the conductivity, mobility and concentration is still
preserved because the electron concentration is significantly
smaller.

With an increase in the temperature from 85 K and higher, the
Fermi level apparently moves upward in energy and the volume of
the holes “pocket” gets smaller while the electron volume in-
creases. This unavoidably leads to an increase in the contribution of
electrons that compete with holes and, as a result, their effective
concentration increases, and the mobility decreases. At tempera-
tures above 150K, the hole concentration decreases strongly, and
the electron density stabilizes to a level of 1 x 10'° cm>. At 260 K
the electron mobility reaches a maximum value and then it slightly
decreases apparently due to scattering by phonons.

For sample E, we also investigated the magnetoresistance in the
direction of the magnetic field perpendicular to the flow of current
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at three temperatures of 50 K, 120K and 300 K. At 50K, the mag-
netic induction dependences of the relative change in the magne-
toresistance (Ap/p) exhibited strong oscillations (not shown),
which did not allow using these data for further analysis. Thus, the
values of Ap/p were constructed for 120 K and 300 K From the plot
(Fig. 8a) it is evident that both dependences are close to the para-
bolic shape, characteristic of semiconductors (with two types of
carriers) in weak transverse magnetic fields [45]. For the identifi-
cation of deviations from the parabolic dependence, the de-
pendences of the square of the magnetic induction modulus were
constructed (Fig. 8b). It is found that at 120 K two linear sections are
observed. At a temperature of 120K two linear sections are
observed. The first linear region ends at about 4.8T% which is
equivalent to 2.2T. The second starts at the same point with these
values, and preserves linearity up to 16 T2, corresponding to 4 T.

At 300K, two linear sections can also be distinguished (Fig. 6b),
but with a much shorter first section, ending at 1.5T> (about 1.2T).
The second section has the same slope as the one at 120 K. It can be
assumed that they correspond to the same majority carrier type
(electrons, from the Hall measurement data (Fig. 5)). In this case it
can be assumed that the contribution of holes to the magnetore-
sistance at a 120 K temperature is still noticeable, but at of 300 K it
becomes much less significant, which corresponds to a decrease in
the first linear portion along the length. Since the signal Ap/p is
proportional to the square of the carrier mobility [45] with the
preferential type of carriers (holes or electrons), the hole mobility
in CaSiy is greater than the mobility of the electrons.

Therefore, the grown CaSiy film on the Si(111) substrate has
features of a gap-less semiconductor with two types of carriers that
is confirmed by low temperature Hall and magnetoresistance
measurements and coincides with the results of our theoretical
calculations of the energy band structure of calcium disilicide.

5. Conclusions

Si/CaSiy/Si(111) double heterostructures with thin (14—40 nm)
embedded CaSi; layers were successfully grown by combination of
molecular beam epitaxy (MBE) and solid phase epitaxy (SPE)
modes of material deposition at the substrate temperature 500 °C.
Abrupt epitaxial interfaces were found: CaSi»(001)//Si(111) and
CaSiy[—100]//Si [110] with the formation of the embedded thin hR6
CaSip crystal in the Si/CaSiy/Si(111) heterostructures. The found
epitaxial relations (hR6-CaSiz[100]||Si [110] and hR6-CaSix(001)||
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Fig. 8. Dependences of the relative change in the magnetoresistance (from the magnetic induction (a) and the square of the magnetic induction (b) for two temperatures of 120K

and 300K in a calcium disilicide film (sample E).
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Si(111)) were conserved for the embedded CaSiy layers regardless of
their thickness in the range from 14 nm to 40 nm independently on
the capping Si deposition mode. CaSi; embedded layers was proven
to conserve the compression and stretching with units of percents
in the CaSiy crystalline lattice in different directions. In the Si
capping layer of Si/CaSiy/Si(111) heterostructures with CaSi;
thickness of 32—40 nm the {111}-twinned Si crystals were found
onto the CaSi>(001) surface and with the {111} planes parallel to the
Si(111) of the substrate. A polycrystalline twinned Si capping layer
with a variable thickness was formed in the samples with the
smallest CaSi; thickness (14—16 nm).

Optical properties of CaSi, bulk and a CaSi; layer embedded into
silicon matrix have been studied by theoretical and experimental
methods. According to the experimental data a CaSi; layer displays
degenerate semiconductor properties with strong absorbance at
the photon energies higher than 2.3 eV and a transparency in the
photon energy range of 0.4—1.2eV. Ab initio calculations have
predicted CaSi; to be a metal independently of possible stresses in
its lattice, because the Fermi level crosses several bands in the
Brillouin zone. On the other hand, CaSi; can be also viewed as a
gapless semiconductor with the Fermi level partial crossing of
bottom of the conduction band and top of the valence band in some
parts of the Brillouin zone, indicating gapless semiconducting
properties with two types of charge carriers (electrons and holes).
Low temperature Hall and magnetoresistance versus magnetic field
measurements have confirmed a gapless semiconductor nature of
CaSi; film grown by RDE method on the Si(111) substrate. The re-
sults of the ab initio calculations for different optical functions in
comparison with experimental optical data have shown a reason-
able agreement in the energy range of 0.8—6.5eV and an almost
complete mismatch at lower energies that can be attributed to the
strong absorption due to very high concentration of free carriers in
the theoretical model, but which is only partially confirmed by data
from Hall measurements, since the hole concentration at 30K is
smaller than 1-10' cm 3. Thus, CaSi, is concluded to have simul-
taneously low electrical resistivity typical for metals and high op-
tical transparency in the near IR-range. Accounting for the
simplicity of the method of reactive Ca epitaxy on silicon and
moderate temperatures of the process (500°C) for creation of CaSiy,
the use of thin CaSi; layers (50—100 nm) with high transparency in
the near-IR range is rather promising for creating conductive con-
tacts to LED structures on silicon with the energy of emitted pho-
tons from 0.4 eV to 1.2 eV.
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