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Abstract. The article is devoted to the author's four-decade series of studies on growing
extremely thin films (ETF) in the refractory metal-silicon system. To obtain ETF, it was neces-
sary to develop a new growth method — physical atomic-layer deposition (PALD), which uses
the technique of pulsed evaporation of adsorbate from a flat source located parallel to the sub-
strate. Compared to the traditional molecular beam deposition (MBE) method, PALD reduces
the vapor temperature, produces thinner layers, and expands the range of materials produced.
The study showed that, with PALD using reduced substrate and vapor temperatures, not only
two-dimensional surface phases (2D-SP) can form, but also two-dimensional (2D-SWL) and,
subsequently, nanophase (v-SWL) wetting layers (SWL). The series investigated the growth of
ETFs Cr, Co, Fe, Cu and their silicides on Si(111) and Si(001), as well as the growth of Si
on Si(111)7x7 and CrSi(0001). Single-layer and multilayer (Co-Cu-Fe-Cu) nanofilms were
obtained. The main causes of phase transitions in SWL have been identified, and the role of
vapor pressure and substrate temperatures in the structure and composition of SWL and the
boundary layer of the substrate has been shown. The study showed that the films obtained by
the PALD method have unique electrical, optical and magnetic properties and are promising
for use in micro- and nanoelectronics nanodevices.
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AnHoranusa. CraTbs TOCBSIIEHAa COPOKAJETHEW CepuM MWCCIIeNOBaHWII aBTOopa II0O
BBIpAllMBAaHUIO 3KCTpeMadbHO-TOHKMX TuieHOK (ETF) B cucreme TyromiaaBKuii MeTayi-
kpemHuii. g nonydyenusi ETF Heobxomumo ObUlO pa3zpaboTaTh HOBBIA METOHN poCTa —
¢usnueckoe atromMHo-cioeBoe ocaxaeHue (PALD), mcrmoib3yolee TEXHUKY HWMITYJIbCHOIO
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HCIapeHusT amcopbara U3 IJIOCKOTO0 MCTOYHMKA, PACIOJIOKEHHOTO IMapasuleJIbHO TOMJIOXKKE.
ITo cpaBHeHMIO C TPaAULIMOHHBIM METOIOM MOJIEKYJISIpHO-IyYeBoro ocaxiaeHus (MBE),
PALD no3BoJjisieT CHU3UTL TeMIlepaTypy Iapa, MOJy4YuTh 0ojiee TOHKME CJIOM U paCIIUPUTh
aCCOPTMMEHT TMojydyaeMblX MatepuanoB. MWcciaegoBaHue mnokasano, uro, npu PALD,
WCIIOTB3YIONIEM TIOHWKeHHBIE TeMIIepaTyphl TOMJIOXKM W Tlapa, MOTYT OOpa30BBIBATHCS HE
TOJILKO ABYMEpHBIe MoBepXHOCTHBIE (a3el (2D-SP), Ho u aBymepnbsie (2D-SWL) u, 3arem,
HaHodaszuble (V-SWL) cmauuBatomue ciou (SWL). B cepuu 06wu1 uccnenosan poct ETF
Cr, Co, Fe, Cu u ux cunmuuuaoB Ha Si(111) u Si(001), a takxkxe poct Si Ha Si(111)7x7 u
CrSi,(0001). boutn nosy4yeHsl ogHocaoinbe 1 MHOrocaoinble (Co-Cu-Fe-Cu) HaHOMIEHKN.
Bbutn BBISIBJIEHBI OCHOBHBIE TPUYMHBI (Da30BbIX TepexonoB B SWL, a Takkxe mokaszaHa poJib
JaBJIEHUsI, TeMIIepaTyp mapa M MOMIOXKHN B CTPYKType M coctaBe SWL 1 TOrpaHUYHOTO CJI0ST
nomioxku. MccaengoBanue mokaszano, 4To mojgydyeHHble MetogoM PALD mienku, obnagatoT
VHUKAJIbHBIMU 3JIEKTPUUESCKUMU, ONTUYESCKUMU 1 MAaTrHUTHBIMU CBOMCTBAMU U MEPCIICKTUBHBI
IS UCTIOJIb30BaHUSI B HAHOYCTPOMCTBAX MUKPO- M HAHO3JIEKTPOHUKHU.

KioueBble cJi0Ba: aTOMHO-CJIOEBOE OCaXIACHHWE, TMOBEPXHOCTHBIE (ha3bl, CMauyMBalolIne
ciou, (a3oBBIE TTePeXOmbl, TIPeaeIbHO-TOHKNE IIJICHKM, MHOTOCHoHBIe HaHocaou, Cr, Co,
Fe, Cu, cumuuumner, Si(111) u Si(001), sanekTpuueckre, ONTUYECKNE M MAaTHUTHBIC CBOMCTBA
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Introduction

The fundamental basis for growing nanostructures of micro- and nanoelectronics is knowledge
about the initial stage of thin film growth and the formation of its interface. This stage, in
fact, is the formation of the elemental and phase composition, structure and morphology of
2D-SP, SWL, ETF and their interface with the substrate. However, it was only 30 years after the
publication of our first papers [1, 2] that it became obvious (see below) that the thin-film phase
(TP), which forms after 2D-SPS and before the growth of the first ETF layer, is an SWL in the
form of first two-dimensional (2D-SWL) and then nanophase (v-SWL) layer.

Historically, up to a certain stage, two approaches to ETF growth existed independently and
moved towards each other: “approach I” — from three-dimensional massive phases (3D-BP) to
ETF and “approach 1I” — from 2D-SP to ETF. In these approaches, the understanding of the
nature of 2D-SP and SWL was influenced by differences in research methods, in particular, the
degree of microscopicity of these methods. For example, the use of optical methodologies such as
ellipsometry has led to the conceptualization of SWL as a metastable 3D-BP [3]. Conversely, the
use of surface-sensitive techniques [4] led to the identification of exclusively interphase boundary
phase [5] or 2D-SP [6, 7] with their own composition, thickness, density, and lattice [4]. A more
complete understanding of the nature of SWL was obtained later (see below).

Based on a review of forty years of research on the cultivation of ETFs metals (Me) and
their silicides (MSix) on silicon or silicon on Si or MeSi_substrates, this article presents a new
perspective on ETFs formation. The results of these studies are systematized in chronological
order in accordance with the developed theory of ETF growth within the framework of approach
II developed by the author.

Chronological overview

In the very first works [1, 2], TP spectra were obtained by electron energy loss spectroscopy
(EELS), which demonstrated a reduced electron density in TP compared to that in 3D-BP. In
this study, TP was identified as a low-dimensional phase, called “atomically similar” because
of its low density. However, this TP had a thickness of several monolayers (> 3 ML), which
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is not typical for 2D-SP. Therefore, the authors of [1, 2] attributed it to a kind of “increased
thickness” SP, implying that this “thick” SP, like the “submonolayer” 2D-SP, is stabilized by
the substrate.

Subsequent studies focused on the mixing of Me-Si at low temperatures and its role in
the formation of TP and ETF. Studies in the Si(111)-Cr system have shown that mixing and
formation of mixed TP plays a significant role in the formation of both ordered and disordered
ETF of silicides [1, 2, 8-10]. The data obtained was systematized in the form of a diagram
describing the conditions for the formation of Cr-Si TP and CrSi, ETF [10]. These results
showed thickness and temperature that determines the transition from 2D-TP to 3D-TP with
increased thickness and two types of “patterns” of the CrSi, ETF, A- or B-type, with an
azimuthal angle relative to Si(111) of 0° and 30°. The use of the appropriate TP and template
made it possible for the first time to produce a epitaxial CrSi, A-type film with a thickness of
1000 A and an increased carrier mobility.

It should be noted that these early studies were conducted at elevated steam temperature
and reduced steam pressure (excluding the experiment [1, 2]). However, a number of studies of
Cr-Si(111), Co-Si(111), and Si-CrSi,(0001) systems have demonstrated that increasing vapor
pressure (deposition rate) reduces mixing. To explain this phenomenon, a computer simulation
cycle of growth kinetics was initiated. This modeling culminated in a probabilistic geometric
analytical model of growth kinetics, which clarified the role of increasing vapor pressure in the
aforementioned transition from mixing to growth [11]. Subsequent studies focused on the growth
of amorphous Si on Si(111), the role of mixing in the formation of Co ETFs on Si(111), and the
growth of amorphous TP and epitaxial Si ETF on CrSi(0001) [12].

However, to avoid mixing and reduce the thickness of the ETF, increased pressure or a
lower vapor temperature was required. It was necessary to develop a technique for producing
steam that would ensure either its high pressure or its low temperature. For this purpose, a
deposition technique was developed [12] based on the previously known “hot wall” technique.
This technique (double deposition) provided first pulsed deposition of adsorbate on a cold wall
(secondary source), and then from this heated wall onto a cold substrate [13].

This innovative approach has led to the successful cultivation of TP and ETF containing almost
pure Me (Si solid solution in Me) [12, 14]. It is noteworthy that “pseudo-three-dimensional”
v-TP have been identified, exhibiting nanoscale heterogeneity similar to that of known bulk
nanophases (v-phases) [15, 16]. The research cycle was completed by summarizing the results
of [17] and investigating the role of steam temperature [18]. Subsequent studies focused on the
growth of Cu-Si TP and Cu,Si ETF, as well as layered ETF containing Co, Fe and Cu. The
first generalization of these and previous results with the interpretation of TP as solid-phase
wetting layers (SWL) was made in reviews [19-21]. The final period in the research series was
associated with the formation of the SWL (or WL) concept [20]. In the review papers [21],
the unique properties of the obtained nanostructures and potential applications in nano- and
microelectronics were described. These include: nanocontacts or interconnects, electrodes and
channels of field-effect (FET) and spin transistors, translucent contacts for infrared (IR) and
ultraviolet (UV) sensors, cores for electromagnetic sensors, layers of spin filters and many
other applications.

After that, experiments on SWL growth have been conducted and a phenomenological theory
of its origin and growth has been developed (see references in [22-25]). Then SWL modeling
has been performed for a number of Me-Si systems [26—-29]. Recent first-principle modeling
has shown that the main mechanism of the transition from SWL to ETF is a change in the
coordination of atoms and electronic structure in SWL with increasing thickness, which leads to
stress accumulation and atomic rearrangement in the film and the boundary layer of the substrate,
and then to the destabilization of the film-substrate system and the transition of SWL to 3D-BP
(ETF), accompanied by the release of latent energy in the form of heat.

Conclusion

This paper presents a series of studies devoted to the growth of extremely thin films from
the vapor phase in a metal-silicon system. The role of a solid wetting layer in this process is
demonstrated, and the fundamental causes of this phenomenon are discussed. A new growth
method, physical atomic-layer deposition (PALD), has been developed through pulsed evaporation
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of an adsorbate from a flat source positioned parallel to the substrate. This significantly reduced the
vapor temperature in atomic streams and allowed for control of film thickness and composition.
PALD has been used to produce extremely thin and nanofilms of refractory metals (Cr, Co, Fe)
on silicon. These films possess a unique structure, electrical, optical, and magnetic properties, and
hold promise for the development of micro- and nanotechnologies.
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