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Abstract. As a result of the study, optimal conditions were identified for the formation of
ultrathin films of cobalt monosilicide (CoSi) on a silicon substrate during a single annealing
(T = 500—600 °C) of chromium layers (2—10 nm), both under ultra-high vacuum conditions and
in an argon environment during isochronous annealing. The formation of the phase composition
in ultrathin CoSi films is uniquely controlled in situ during growth in ultrahigh vacuum by the
appearance of a bulk plasma frequency peak at 20.2—20.3 eV in the EELS spectrum, a Raman
peak at 198 (204) cm™ in ex situ Raman studies of the annealing in an argon environment (in
vacuum) and characteristic of CoSi optical functions of refractive index and extinction and optical
phonons at 223.7, 302.5 and 418.6 cm!. It has been established that cobalt films not subjected to
thermal annealing in a vacuum begin to oxidize when annealed in an argon environment, which
is convenient to monitor by the appearance of Raman peaks at 187 cm!' and 670-677 cm'.
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CBepxtoHKkue nneHku CoSi Ha nognoxke Si(111):
CpaBHeHMe cTagun (hopMUPOBAHUA B CBEPXBbICOKOM
BaKyyMe M NpU OT)XXUre B aproHe
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AnHoTanus. BbISIBIEHBI ONTHMabHBIE YCJIOBUS (DOPMUPOBAHUS YIBTPATOHKUX TUICHOK
MoHocuuimaa Kobanbta (CoSi) Ha KpeMHMEBOW MOIJIOXKE B TIPOIECCEe OTHOKPATHOTO
orxura (7 = 500—600 °C) cioeB xpoma (2—10 HM), KaK B yCIIOBUSIX CBEPXBbICOKOTO BaKyyMma,
TaK M B aproHOBOi cpene Mpu M30XPOHHBIX oTxkurax. MopmupoBaHue (ha3oBoro cocraBa B
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yIbTpaTOHKUX TieHKax CoSi 0mMHO3HAYHO KOHTPOJMPYETCS in Sifu TIPU POCTE B CBEPXBHICOKOM
BaKyyMe IO TOSIBJIEHUIO MHUKa 00beMHOM miaa3MeHHo# yacTtoTel npu 20,2—20,3 3B B criekTpe
XI19D, KPC nuka npu 198 (204) cm! nipu ex situ KPC nccienoBaHusIX OT:KWTa B aprOHOBOM
cpeae (B Bakyyme) U xapakTepHbix s CoSi onTtuyeckuX GYHKUMR KO3(PGULIMEHTOB
MpEeJOMJIEHUSI UM OKCTUHKLUMU U onTudeckux ¢oHoHoB mpu 223,7, 302,5 u 418,6 cm .
YcTaHOBIEHO, UTO OKHMCJICHUE INICHOK KO0ajabTa ymOOHO KOHTPOJIMPOBATH IPU OTXKHUIC B
cpene aprona no nosieaeHno KPC nmukos npu 187 ecm™! u 670—677 cm!.

KnoueBbie caoBa: cioil KobajibTa, MOHOCWJIMLMA KOOaabTa, YJbTPATOHKHUE TIUICHKMU,
U30XPOHHBIN OTXUI, CBEPXBBICOKMII BaKyyM, cpella aproHa, O3JIEKTPOHHasi CTPYKTypa,
(boHOHHASI CTPYKTYpa, ONTUYECKKUE CBOMCTBA
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Introduction

An urgent task is to study monosilicides of transition metals, such as Cr, Mn, Fe and Co, with
a B20 cubic structure with space group P213 and breaking the symmetry of spatial inversion [1].
In addition, cobalt monosilicide (CoSi) is a topological Weyl semimetal [2] with interesting elec-
trical and thermoelectric properties [3]. Research was mainly carried out on single crystals and
bulk polycrystals of CoSi [3—6]. At the same time, the issue of the formation of thin (25—700 nm)
CoSi films remains poorly studied at present [7, 8]. While ultrathin films (4—20 nm) and their
formation by solid-phase epitaxy on silicon remain unstudied, both by in situ methods and by ex
situ non-destructive phase- and structure-sensitive methods. Before proceeding to the study of the
topological properties of ultrathin CoSi films, it is necessary to accurately establish the limits of
temperature annealing of ultrathin cobalt films on silicon for the formation of CoSi, their phase
homogeneity and temperature stability, which is the focus of this work. Also, CoSi, as shown in
works [2, 3], despite their semi-metallic properties, are a promising material for thermoelectric
converters in bulk form and in the form of thin epitaxial films on silicon.

Materials and Methods

Experiments on the deposition of ultra-thin Co layers were carried out on Varian ultra-high
vacuum (UHV) units and UHV A-chambers with a base vacuum of 2x10-'° Torr, equipped,
respectively, with an Auger electron spectroscopy (AES) and electron energy loss spectroscopy
(EELS) analyzer and a diffractometer of low energy electrons (LEED), as well as sources of
cobalt (Co) and silicon (Si). Before the growth of Co films, an atomically-clean surface of
silicon substrate (Si(111)7x7) was formed. Silicon cleaning consisted of two stages: long-term
(5—6 hours) degassing at 7= 650°C and high-temperature short annealing at 7= 1150 °C with a
total duration of 5 minutes [9], followed by monitoring of the AES and EELS spectra or LEED
patterns. In the first experiments, Co layers 2—10 nm thick were deposited at room temperature
on the Si(111)7x7 surface. Initially, for a number of samples, solid-phase annealing was car-
ried out in a UHV A-chamber at temperatures from 400 °C to 500 °C according to the data of
CoSi formation temperature [7, 8]. In a Varian UHV chamber, in order to determine the CoSi
formation temperature, isochronous annealing of a Co film with a thickness of 7.7 nm was carried
out at temperatures from 275 °C to 700 °C with a step of 25 °C and step-by-step recording of
the AES and EELS spectra. Individual Co films were unloaded without annealing, and then
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annealed in a special attachment (Linkam THMS600) in the temperature range (30—550 °C,
step 25 °C) with argon purging and simultaneous recording of Raman spectra (RS) on the
NTEGRA SPECTRA II installation to control the onset of formation CoSi and its saturation.
This setup was also used to record Raman spectra for a number of CoSi films formed by solid-
phase annealing in UHV chambers. To control the optical properties and phonon structure of
CoSi films, reflection and transmission spectra were recorded on spectrophotometers: U-3010
(Hitachi) and VERTEX v80 (BRUKER).

Results and Discussion

In order to determine the optimal formation temperature of a CoSi film, AES and EELS
spectra were recorded and analyzed for a 7.7 nm thick Co layer at different annealing tempera-
tures (Fig. 1, a, b). It has been established that the formation of CoSi begins at a temperature
of 325 °C, which is confirmed by changes in the intensities of the AES spectra for Co and Si
(Fig. 1, a) and shifts of the peaks from the initial positions (not shown), which corresponds to the
entry of Co and Si into a chemical bond and a decrease in Co concentration and an increase in Si
concentration (Fig. 1, a). The composition of the silicide, close to stoichiometric CoSi, is formed
at temperatures of 400—600 °C (Fig. 1, a). More precisely, the phase composition is confirmed by
the EELS spectra (Fig. 1, b), when surface (13.3 eV) and bulk (20.2—20.5 eV) plasmons corre-
sponding to CoSi [10] are formed in the temperature range 400—600 °C. The transition from CoSi
to CoSi, is observed at temperatures above 675 °C, which corresponds to a shift of the bulk plas-
mon to the position of 19.3 eV (Fig. 1, b), corresponding to CoSi, [10, 11]. The maximum bulk
plasmon intensity of 20.2—20.2 eV is observed in the temperature range of 500—600 °C, which
corresponds to the formation of the maximum amount of the CoSi phase and its best crystalline
state, and also does not fully correlate in terms of the annealing temperature of Co layers with
previously obtained data [7, 8].
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Fig. 1. Dependences of Co and Si concentrations by AES intensities data on annealing
temperature (a); changes in the EELS spectra with increasing annealing temperature.
Al data are presented for the Co film d., = 7.7 nm grown by SPE method at T'= 275—700 °C (b)

Registration of Raman spectra during annealing of a Co film (4.8 nm) on Si substrate in an argon
environment, unloaded from an UHV chamber without a protective layer (Fig. 2, a), confirmed the
lower limit of the CoSi formation temperature (325 °C), when a Raman peak appears at 198 cm!
that close to 204 cm™' for CoSi films [12]. The maximum intensity of the Raman peak at 198 cm-!
is observed with increasing annealing temperature to 475—500 °C, which corresponds to the max-
imum amount of the formed CoSi phase (Fig. 2, a) and correlates with in situ control data: AES
and EELS (Fig. 1, a, b, ¢, d). Simultaneously with the growth of the CoSi phase, the formation of
peaks at 187 cm ' and 677 cm! is observed, starting from a temperature of 375 °C, which correspond
to the formation of Co oxide, which correlates with the data of [13], in which in the Raman spectra
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Fig. 2. Raman spectra at a laser wavelength of 785 nm at different annealing temperatures
(300—500 °C) of the Co film (d., = 4.8 nm) (a). Raman spectra at laser wavelengths
at 473, 633 and 785 nm for Co layer (4 nm) grown by SPE at 500 °C in UHV chamber (b)

during oxidation in argon or oxygen environment, peaks appeared at 195 cm™' and 670—690 cm!
during the annealing of the Co film. The intensity of the peaks at 187 cm' and 677 cm™' (Fig. 2, a)
increased with increasing annealing temperature in argon, which corresponds to an increase in
the thickness of the cobalt oxide layer. Presumably, Co oxide is formed due to the decomposition
of Co(OH), formed on top of the Co layer after the sample with the Co film was unloaded into
air without a protective layer, which correlates with the data of [14], which considered stepwise
annealing processes of thick Co films in air. For a Co layer 4 nm thick, after annealing in vacuum
at 500 °C, a peak at 204.1 cm™' and additional weak peaks at 223.8 cm™' and 242.1 cm™' appear in
the Raman spectra (Fig. 2, b), which corresponds to the data of work [12].
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Fig. 3. Optical reflectance (R) and transmittance (7) spectra in UV-VIS-MIR range for grown

CoSi films (10 nm of Co) and Si substrate (a), refractive index (n) and optical extinction

coefficient (k) calculated for CoSi film and for CoSi bulk [17] (b) and T-spectra in the far
infrared range (FIR) for CoSi film with Co thickness of 10 nm and Si substrate (c)

Registration of reflection spectra (R) and transmission spectra (7) (Fig. 3, a) showed that the
CoSi film has a low reflectance in the mid- and near-1R ranges (0.2—1.1 eV), which is typical for
materials usually, semiconductors [15] and semimetals such as CoSi [1, 2]. As the photon energy
decreases (0.05—0.1 eV), a noticeable decrease in transmission is observed (Fig. 3, a), which is
associated with an increase in the absorption coefficient for free carriers in “pockets” above and
below the Fermi level [1—3]. Calculations of the refraction and extinction coefficient spectra
within the framework of the two-layer model [16] showed (Fig. 3, b) not bad agreement with the
data for bulk CoSi samples due, the optical properties of which were studied by spectral ellip-
sometry [17], which also proves the single-phase nature of the ultrathin CoSi films. FIR spectral
data (Fig. 3,c¢) also confirmed the formation of CoSi with phonon peaks at 223.7, 302.5 cm! and
418.6 cm™!, the amplitudes of which increase with the thickness of CoSi (not shown) and which
belong to CoSi according to the literature [18].
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Conclusion

Based on AES, EELS and Raman data, the temperature range (400—600 °C) for the formation
of ultrathin CoSi films on a Si(111) substrate upon annealing of Co layers with a thickness of
2—10 nm was determined. It has been established that the maximum intensity of bulk plasmon
peaks in the EELS spectra is observed at the temperatures of 500—600 °C. It was shown that
UHY annealing and annealing in an argon environment lead to similar results, which is confirmed
by both AES-EELS spectra, Raman spectroscopy and optical spectroscopy data. Raman data
revealed the influence of a Co(OH), layer adsorbed on Co in air on the formation of Co oxide.
The dependences of the refractive index and extinction coefficient on the wavelength calculated
from the optical spectra for ultrathin CoSi films are in not bad agreement with the data for bulk
CoSi, which confirms their semi-metallic nature of the band energy structure. FIR spectroscopy
data confirm the formation of ultrathin CoSi films, both after annealing Co layers in an ultra-
high vacuum, and after annealing Co films in an argon environment after unloading from the
UHYV chamber.
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