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Abstract: In this paper, we report on optimizing the conditions for subsequently growing
single-phase films of calcium monosilicide (CaSi) and calcium disilicide (CaSi,) on single-crys-
tal silicon by reactive deposition epitaxy (RDE) and molecular beam epitaxy (MBE). The tem-
perature range for the growth of CaSi films (400—500 °C) was determined, as well as the tem-
perature range (600—680 °C) for the growth of CaSi, films on silicon with three orientations:
(111), (100) and (110). The minimum temperatures for the epitaxial growth of CaSi films by
the RDE method and C3812 films by the MBE method were determined, amounting to, respec-
tively, 7= 475 °C and T = 640 °C. An increase in the ratio of Ca to Si deposition rates to 26
made it possible to grow a large-block CaSi, epitaxial film with the hR6 structure by the MBE
method at 7= 680 °C. Raman spectra and reflection spectra from single-phase epitaxial CaSi
and CaSi, films on silicon were recorded and identified for the first time. The correspondence
between the experimental reflection spectra and the theoretically calculated reflection spectra
in terms of amplitude and peak positions at photon energies of 0.1—6.5 eV has been established.
Single-phase CaSi and CaSi, films retain transparency in the photon energy range 0.4—1.2 eV.
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AHHoTanmusa. B pabore oNTUMM3MPOBAHBI YCIOBMS M BbIpallleHb OmHOMa3HbIe IUIEHKU
moHocununuaa kaneims (CaSi) n mucununuaa kansumst (CaSi,) Ha MOHOKPUCTAITNIECKOM
kpeMHuUn ¢ Tpemsi opueHTtamusmu: (111), (100) u (110). OmnpeneneHa MUHMMAaTbHAS
TeMIleparypa 3nuTakcuajabHOro pocra mieHok CaSi metomom PAD: T = 475 °C u miaeHOK
CaSi, meronom MJIO: T = 640 °C, BpIpalieHa KpYITHOOJIOUHAs 3MUTaKCUaIbHas TUIEHKA
CaSi, co cTpykTypoii hR6. Bnepsbie 3aperncTpUpOBaHbl U MAEHTUGULIUPOBAHBI crieKTpbl KP
VI CIICKTPbI OTPAXEHUsI OT OAHO(DA3HBIX SMUTAKCHATbHBIX MIeHOK CaSi u CaSi, Ha KpeMHUH.
YCTaHOBIEHO COOTBETCTBHE MEXAY OIKCIEPUMEHTAIbHBIMU CIIEKTpaMU OTPAKEHUS U
TEOPETUYECKU PACCUMTAHHBIMU CIIEKTpaMK OTpaKeHus mpu dHeprusix goronos 0,1 — 6,5 3B.

OnHodasubie TieHku CaSi u C3812 COXPaHSIOT MPO3PAYHOCTh B AMAIa30He dHEPTUil (DOTOHOB
0,4—1,2 »B.

KmoueBbie ciaoBa: mreHkm CaSi u CaSiz, KpeMHUI, OmHO(Aa3HBIA pPOCT, OINTHUYCCKUE
(byHKIIMK, 30HHAS CTPYKTypa, NEPBOIPUHLIMITHbIE PACYCTI

®unancuposanue: PaboTa BeimonHeHa npunogaepxkke rpanta POMU Ne20-52-00001-ben_a.

Ccpuika mpu nurupoBanmm: ['ankun H. I'., Tankun K. H., Kpomauer O. B., Yepner U.
M., Houenko C. A., T'opomiko [I. JI., Cyoo6otun E. 1O., AnekceeB A. }O., Murac . b.,
dopmupoBaHUe, CTPYKTYpa M ONTHYECKHE CBOICTBA ogqHOMa3HEBIX TeHoK CaSi 1 CaSi, na Si
noanoxkax // Hayuno-rexamueckue Begomoctu CITOITTY. duszuko-mMaTeMaTHyeCcKUe HayKy.
2022. T. 15. Ne 3.1. C. 9—15. DOI: https://doi.org/10.18721/ JPM.153.101

CraTbsl OTKPBHITOTO AocCTyma, pacrnpoctpaHseMas no jguneH3uu CC BY-NC 4.0 (https://
creativecommons.org/licenses/by-nc/4.0/)

Introduction

Calcium silicides are environmentally friendly materials, taking a special place among alkaline
earth metal silicides. This is primarily due to a wide range of properties of calcium silicides
from semiconducting [1] to semimetallic [2]. This shows promise for their widespread use in
various fields of technology and electronics. However, growing single-phase films of semimetallic
monosilicide (CaSi) and calcium disilicide (CaSi,) on silicon and studying their optical properties
are challenging tasks due to the presence of at feast 6 silicides of different compositions in the
Ca-Si system [3] and the lack of methods for separating the preferred orientation during growth
silicon silicides.

The purpose of this work is to grow single-phase CaSi and CaSi, epitaxial films on silicon with
different orientations and to determine the features of their band structure and optical properties
by experimental and theoretical methods.

Experimental

The growth of CaSi and CaSi, films was carried out in an ultra-high vacuum (UHV) chamber
of the OMICRON Compact setup (2x10-!! Torr) equipped with a LEED analytic equipment and
different sources of Si and metals (Mg, Ca) [4]. The deposition of Ca (RDE method) or Ca and
Si (MBE method) was carried out on an atomically clean Si(111)-7x7 surface in two temperature
ranges: 400—500 °C and 600—680 °C. The deposition rates of Si and Ca were calibrated using
a quartz thickness gauge. Data on growth regimes and structures of grown Ca silicide films are
presented in Table 1.

Experimental equipment for optical and Raman spectroscopy and conditions for recording
transmission (T) and reflection (R) spectra are described in [4]. The crystal structure of the grown
films was studied by X-ray diffraction (XRD) using the equipment presented in [5]. The analysis
of the optical characteristics of the grown films was carried out in the framework of a two-layer
model [6]. Methods for the first-principle calculation of the band structure of CaSi and CaSi, in
bulk form and the form of films are presented in [7].
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Table 1

Growth regimes and structures of CaSi and CaSi2 films on silicon substrates

Growth Substrate Film

Sample | Substrate method VeV, temperature, °C | thickness, nm XRD data
C440 Si(111) MBE 8.7 500 40 CaSi(010)||SiS(iH H) CaSi(100)]|-
V688 Si(111) RDE - 400 100 CaSi (010)/Si(111)
V691 Si(111) RDE - 475 90 CaSi (100)/Si(111)

. hR6-CaSi,[100]|[Si[10]
C317 Si(001) MBE 26 680 400 hR6-CaSi *(01)[ISi(002)

. hR6-CaSi,(01)[[Si(111),
C446 Si(001) MBE 29.3 640 120 hR6-CaS: L(012)[Si(111)

. B hR6-CaSi,(001)/Si(111)
V694 Si(111) RDE 625 80 hR3-CaSi: (001Y/Si(111)
V699 Si(110) RDE - 600 140 hR3-CaSi,(001)/Si(110)

Results and Discussion

Studies of the morphology and structure of films formed by the RDE method at temperatures
of 400—475 °C showed that there is a temperature limit (475 °C) when CaSi grains crystallize
in the form of rectangular nanocrystals with dimensions 30—50 nm wide and 200—300 nm long.
Application of the MBE method for film growth at a temperature of 500°C made it possible to
form a single-phase CaSi film (Fig. 1,a), which also consisted of ordered rectangular nanocrystals
(Fig. L,a, inset). The formation of CaSi, films was detected during Ca RDE method in the
temperature range of 600—625 °C on two types of substrates: Si(111) (V694, Table 1) and
Si(110) (V699, Table 1). Regardless of the substrate orientation, the growth of grains with the
hR3-CaSi,(001)/Si(111) epitaxial orientation was observed. However, in the case of growth on
a Si(111) substrate at a temperature of 625°C, the appearance of a polymorphic CaSi, phase
with the hR6-CaSi (001)/Si(111) epitaxial or1entat1on was also observed. During the growth of
CaSi, films, the orlentatlon of the formed grains depended on the substrate temperature and the
ratio of calcium to silicon deposition rates. An increase in the ratio of the Ca to Si deposition
rate to 26 at a temperature of 680°C led to the formation by MBE method of a thick (400 nm)
large-block CaSi, film (sample C317) with epitaxial relationships: hR6-CaSi [100]||Sl[1 10] and
hR6-CaSi, (01 1 §||Sl(002) (Table 1). With a decrease in the substrate temperature and an
appr0x1mate preservation of the ratio of rates, the formation of epitaxial grains with two epitaxial
orientations was observed: hR6-CaSi (01 )”Sl(lll) and hR6-CaSi (012)[Si(111) (Fig. 1, b).

After the samples were unloaded tzrom the growth chambers, the transmission and reﬂectlon
spectra were recorded in the photon energy range from 0.05 eV to 6.5 eV. The main features for
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Fig. 1. XRD spectra for a single-phase CaSi film grown by MBE at T = 500 °C (a) and a single-phase
CaSi2 film (MBE, T = 640 °C, sample C446) (b)
The inset in (a) shows the AFM image of the CaSi film (sample C440)
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Fig. 2. Reflectance and transmittance spectra for CaSi (a) (samples V688, V691, C440) and CaSi, (b)
(samples V694, V699, C317) films on Si substrates

the CaSi and CaSi, films were the partial transparency of both films in the photon energy range
of 0.2—1.1 eV and the plasma minimum in reflection, which was previously observed for CaSi
films [8] with semimetallic properties. The transparency of CaSi, films (Fig. 2, b) is slightly higher
than the transparency of CaSi (Fig. 2, a).

Registration of Raman spectra showed that single-phase CaSi and CaSi, films have several
individual peaks, which are in good agreement with the data of theoretical calculations [8]
and preliminary experimental studies for nanocrystalline and non-single-phase films [9, 10].
Therefore, Raman spectroscopy data can be used to identify the elemental composition and its single-
phase nature.

Comparison with the data of theoretical reflection spectra for three planes of a single crystal of
CaSi (Fig. 4, a) and CaSi, (Fig. 4, b) shows good agreement in the position of the plasma minimum
for both silicides, which is associated with the contribution of two types of carriers, according to the
calculations performed in this work. The reflection spectra also agree in magnitude and position of
the main peaks in the photon energy range of 1.5—6.5 eV, which corresponds to the main interband
transitions in CaSi and CaSi, single crystals.

Calculations of the optical functions of CaSi films from the reflection and transmission spectra
(Fig. 2, a) within the two-layer model [6], taking into account multiple reflection and absorption,
made it possible to obtain the spectral dependences of the refractive index and extinction coefficient
(Fig. 5, a), absorption coefficient spectra (Fig. 5, b) and optical conductivity spectrum (Fig. 5, ¢)
for CaSi films on silicon in the photon energy range of 0.1—1.2 eV. CaSi films in both samples
(V691 and V688) have an almost constant absorption coefficient (4—5)-10* cm™' at energies of
0.4—1.2 eV and increasing absorption on free carriers at energies less than 0.4 eV, which is consistent
with the plasma minimum in the reflection spectrum (Fig. 2, a). An increase in the concentration
of free carriers correlates with an increase in optical conductivity (Fig. 5, ¢).
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Fig. 3. Raman spectra for CaSi (a) (samples V688, V691, C440) and CaSi, (b)
(samples V694, V699, C317) films on Si substrates
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Calculations of the optical functions of CaSi, films from the reflection and transmission spectra
(Fig. 2, a) within the two-layer model, taking into account multiple reflection and absorption,
made it possible to obtain the spectral dependences of the refractive index and extinction coefficient
(Fig. 6, a), absorption coefficient spectra (Fig. 6, b) and optical conductivity spectrum (Fig. 6, ¢)
for CaSi, films on silicon in the photon energy range of 0.1—1.2 eV. CaSi, film in the sample V699
has a slightly variable absorption coefficient (3—4)-10* cm™' at energies of 0.1—1.2 eV. The film
in the V694 sample has a small thickness and may not be continuous, so the calculations showed
underestimated values of the absorption coefficient (Fig. 6, ¢). The increase in optical conductivity
in the sample V699 (Fig. 6, c¢) is also associated with plasma reflection on free carriers of two signs,
typical for semimetals [2, 5].
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Fig. 4. Comparison of the theoretical (xx, yy, zz correspond to polarizations) and experimental reflection
and transmission spectra of CaSi (a) (samples V688, V691, C440) and CaSi, (b) (samples V694, V699,
C317) films on Si substrates
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Fig. 5. Spectra for refractive index n and extinction coefficient k& (a), absorption coefficient (b) and
optical conductivity (c¢) for CaSi films on Si(111) substrates (samples V688 and V691)
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Fig. 6. Spectra for refractive index n and extinction coefficient £ (a), absorption coefficient (») and
optical conductivity (c) for CaSi, films on Si(111) substrates (samples V694 and V699)
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Conclusion

Methods for growing single-phase films of calcium monosilicide and disilicide on single-crystal
silicon in the temperature range 400—680 °C are analyzed. It has been established that a CaSi
film with grains without faceting is formed under RDE at a temperature of 400 °C. The faceting
of CaSi grains was found at 7' = 475 oC. Single-phase growth of the CaSi film with epitaxial
grain orientation was observed during MBE growth at T = 500 °C. The formation of epitaxial
CaSi, on Si with (111), (100), and (110) orientations was detected in the temperature range
600— 680 °C by RDE and MBE methods. During the growth by the RDE method, the formation
of two isomorphic phases was observed hR3-CaSi, and hR6-CaSi,. At the same time, during
MBE growth the increase in the ratio of Ca to Si éeposmon rates up to 26 makes it possible to
increase the substrate temperature to 680 °C and grow a large-block epitaxial film with hR6-CaSi
modification. Raman spectra and reflection spectra from single-phase CaSi and CaSi, films were
recorded and identified, and their correspondence in amplitude and peak positions at 0.1—6.5 eV
with the theoretically calculated reflection spectra, as well as with the available theoretical data
on Raman spectra, was established. Calculations of the optical functions of single-phase CaSi and
CaSi, films, including the spectra of the absorption coefficient and optical conductivity, showed
the retention of high transparency and high conductivity in the energy range of 0.4—1.2 eV and
the determining effect of absorption on free carriers on the loss of transparency at energies below
0.4 eV.
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