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Features and basic technological methods of formation of thin layers of semiconductor materials in a
vacuum with the method of thermal spraying in a quasi-closed volume are analyzed. The disadvantages of
thermal spraying of thin films of multicomponent semiconductor compounds in an open vacuum are
indicated. The designs of special collapsible evaporator chambers for thermo-vacuum sputtering in a quasi-
closed volume containing the raw material and substrate in quasi-isolated conditions are presented. They
allow to create and manage the necessary temperature corrections between the evaporator, lining, walls
and other structural elements. The designs of special collapsible evaporator chambers for thermo-vacuum
sputtering in a quasi-closed volume containing the raw material and substrate in quasi-isolated conditions
are presented. They allow to create and manage the necessary temperature corrections between the
evaporator, lining, walls and other structural elements. It is shown that the spatial temperature distribution
in the discussed constructs provides the evaporation (sublimation) of the source material, the reflection of
vapor from the heated walls, the intensive exchange interaction between the gas phase and the condensation
surfaces and the prevailing condensation on the substrate surface, which contributes to the diffusion
mechanism of the transfer of matter and to the thermodynamically balanced growth process for films. It is
shown that for all modifications, to a greater or lesser extent, the conditions for the isolation of the localized
volume and the equilibrium of the condensation process are fulfilled by creating the necessary temperature
gradient. It is indicated that it is problematic to use such structures for mass production due to their
complexity and technological features. That is why the method of thermal spraying of thin films in the quasi-
closed volume is most often used in the production of epitaxial monocrystalline layers for scientific research
and experimental development, and for industrial production it is very effective to develop methods for
obtaining thin films, which from one hand combine universality of thermal spraying in opened vacuum and
from another hand allow to bring the processes of evaporation (sublimation) and condensation closer to
thermodynamic equilibrium, for example, various types of “hot walls”. It is noted that the analyzed methods
or their modifications are these necessary methods of creating thin-film semiconductor structures with
predetermined properties.

Key words: thin films, semiconductors, technological methods of obtaining, condensation in a vacuum,
thermal spraying, quasi-closed volume.
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Ipoananizosano ocobausocmi ma OCHOBHI MEXHOIOSIYHI CNOCOOU POPMYBAHHA MOHKUX WAPIE HANIENPOGIOHUKOBUX MAMEPIANI8 y 8aK)-
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0036071510Mb CMBOPIOBAMU MA KEPOBAHO 3MIHIO8AMU HEOOXIOHI CNIBBIOHOUWEHHS MeMNepamyp Mixc 6UNAPHUKOM, NIOKIAOKOW, CIMIHKAMU
ma iHWUMU KOHCMpPYKYiiHumu enemenmamu. ITloxasano, wo npocmoposuii po3nooin memMnepamypu y HageOeHux KOHCMpPYKYIsax 3ab6e3nevye
8UNAPOBYBAHHsL (CYONIMAYio) 6uUXiOHO20 Mamepialy, 6i0OUBAHHs NAPi6 6i0 HAZPIMUX CMIHOK, [HMEHCUBHY OOMIHHY 63AEMOOLI0 MIJIC 24308010
¢azoro ma nosepxusamu KOHOeHcayii I nepesaxicaioyy KOHOEHCayiio Ha NOBEPXHI NIOKIAOKU, WO CApUsE OUDY3IIHOMY MeXaHI3MO8I nepexe-
CeHHsl pevOBUHU | MEPMOOUHAMIUHO 8PIBHOBANCEHOMY npoyecy pocmy niaieku. [lokazano, wo ons 6écix moougixayiu 6 Oinbwit yu MeHuil
MIPI 6UKOHYIOMbCS. YMOBU 1301b0BAHOCHII IOKANIZ08AH020 00 €MY Ma PIBHOBANCHOCMI NPOYeCy KOHOEHCAYIT 34 PAXYHOK CIMEOpeHHsl HeobXio-
HO20 memnepamypHoeo tpadienmy. Pasom i3 mum, npooremMamuuHum € 6UKOPUCMAHHA MAKUX KOHCMPYKYIU Os Cepilino2o 8upobHuymsa
uepes iXHIO CKIAOHICMb | mexHoo2iuHI ocobaueocmi. Tomy memoo mepmiuHO20 HANUNEHHS MOHKUX NIIBOK 8 K8A3I3AMKHEHOMY 00 €Mi Hall-
yacmiule BUKOPUCIMOBYIOMb NPU 8ULOMOGIEHHI enimaKciatbHUX MOHOKPUCMANTYHUX WAPI8 Ol HAYKOBUX OOCTIONCEHb MA eKCnepUMeHmab-
HUX pO3POOOK, @ ONIsl NPOMUCILOBUX BUPOOHUYME OYJice ePEeKMUBHUMU € PO3POOKU MemOoOi6 OMPUMAHHA MOHKUX NIIGOK, AKI NOCOHYIOMb 6
€001, 3 001020 OOKY, YHIBEPCANbHICIb MEPMIUHO20 HANULEHHA Y GIOKPUMOMY 8aKYYMI, A 3 IHUWO20 — 00360A10Mb HAOAUIUMU NPOYeCU GUNA-
posyeants (cybnimayii) — KOHOeHcayii 00 MepMOOUHAMIYHOT piBHO6aA2U, HANPUKAAOD, PIi3HI eapianmu “‘2apauux cminok”. 3asHaueno, wo
NPOAHANI308aHI CNOCOOU YU iXHI MOOUQIKAYIl € Makum HeOOXIOHUM CbO2OOHI 3ACOOOM CMBOPEHHSI MOHKONIIGKOBUX HANIGNPOGIOHUKOBUX
cmpykmyp i3 Hanepeo 3a0aHUMU GLACIUBOCTAMU.

Kntwouosi cnosa: monxi niieku, HanienpogioHUKU, MexXHOI0SIYHI Memoou OMPUMAHHS, KOHOEHCAYis Y 8aKyyMi, mepmMiyHe HanuieHHs,
K6A3I3aMKHeHUll 00 '€M.

Introduction methods of vacuum condensation in equilibrium or near-
conditions, and an effective solution to these problems is
In the first part of this review (Aksimentyeva et al.,  the application of films in a quasi-closed volume.
2018), a brief description of the methods to obtain thin
films of inorganic semiconductors, in particular, the Application of semiconductor films
method of thermal spraying in an open vacuum, were in a quasi-closed volume
given. This method, in comparison with others, has a
number of significant advantages, such as high purity of The spraying in a quasi-closed volume is conceptually

synthesis, a wide range of variations in technological close to the crystallization method from the equilibrium
obtaining parameters, the possibility of industrial use, etc. ~ vapor phase (or the method of the dispensed ampoule), in
However, the general disadvantages of many varieties and ~ which the starting material and the substrate are placed at
modifications of the indicated method are the the opposite ends of the dispersed quartz ampoule and,
nonequilibrium conditions of the film's growth, the with the help of the corresponding temperature gradient,
dependence of the chemical composition of condensates optimal supersaturation at the interface of the steam
on the rate of spraying, the deviation of the composition  vapour condensate is created .
of films from stoichiometry. These disadvantages are The term “quasi-closed” or “closed” volume denotes
caused by a significant difference in the temperature of  special collapsible devices (containers, chambers) that are
the evaporation or sublimation and of the condensation located in vacuum during the process, contain the source
surface, as well as of the saturated vapour pressure of the  material and the substrate in quasi-isolated conditions,
individual constituents of two or more component and allow to create and manage changes in the required
semiconductor compounds. Known modifications of temperature ratios between evaporator, lining, walls and
thermo-vacuum deposition partially eliminate these all of its other structural elements (Bubnov et al., 1975;
shortcomings, but they do not allow to get rid of the Kalinkin et al., 1978; Chopra & Das, 1983; Kolesnikov,
fundamental and serious defects of all methods of 1985; Frey & Khan, 2015; Aksimentyeva et al., 2018). In
sputtering these materials in an open vacuum — a  such a localized volume after the start of sputtering only a
significant unevenness of the condensation process, often  negligible part of the sublimated pair leaves the quasi-
with multiple over-saturation at the growth limit and no  closed cell through the slits of collapsible elements, which
exchange interaction of the condensed and vapor phase practically does not affect the total vapour pressure and
due to the large (twice and in times more) the difference  provides a thermodynamic equilibrium. The most
between the temperature of the evaporator and the surface  complete and systematic description of the principles of
of condensation, and the differences in the pressure of the  applying thin films in the quasi-closed volume, the
saturated vapor of the individual components. processes of evaporation and condensation, the
The indicated factors lead to the absence of mechanisms of mass transfer, patterns of formation of the
thermodynamic equilibrium, or a controlled deviation structure and composition of condensates, in this case, is
from it in the region of growth of the film, which made by Yu.Z. Bubnov and co-authors (Bubnov et al.,
ultimately results in uncontrolled changes in physical 1975).
properties and low reproducibility of the results for The design chamber for spraying in a quasi closed
sensitive to minor changes in the chemical composition loop has the form of an empty cylinder made of graphite,
and crystalline structure of the semiconductor materials.  quartz, mullite, alund, or other heat-resistant material, in
In addition, when thermal sputtering in an open vacuum, the lower part of which is an evaporator, and the upper
the directional growth of condensates is due to, as a rule, one is a condensation substrate. An important element is a
straight-line motion in the vacuum of particles from the reflective (thermal) screen that eliminates the direct hit of
evaporator to the substrate, and the absence of their = sublimated molecules and macroparticles on the substrate
influential interaction in the molecular beam, which leads and causes the processes of their intense collisions
to the emergence of the growth texture. between themselves and with the walls and other parts of
These circumstances stimulated the search for the chamber, which helps to reduce the lengths of free run
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of the molecules and excludes the directional transfer of
material to the substrate, that eliminates the problem of
texture of condensates.

The determination factors for the application in the
quasi-closed volume are the thermal modes and the
temperature correlation between the individual elements
of the chamber during the spraying process. For this
purpose, the lower and upper parts of the chamber
(evaporator and lining holder respectively) are equipped
with special autonomous heaters. If necessary, the camera
walls and the reflecting screen are additionally heated.
The spatial temperature distribution in the quasi-closed
volume should provide the evaporation (sublimation) of
the source material, the reflection of vapor from the
heated walls, the intense exchange interaction between the
gas phase and all possible condensation surfaces and,
finally, the predominant condensation on the substrate
surface, thereby contributing to the diffusion transfer
mechanism substances, gasdynamic flow (in contrast to
the directed molecular beam at thermal evaporation in an
open vacuum), that is, thermodynamically balanced film
growth process. For this temperature of the substrate is set
to several tens of degrees (depending on the type of
material and deposition conditions) lower than the
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temperature of the other parts of the chamber, which
results in condensation of homogeneous multicomponent
mixture of vapors which is in equilibrium state.

Depending on the tasks and the expected results,
various construction types of the thermal spraying method
in a quasi closed volume are used, such as a closed
crucible with double perforated disks, (Kalinkin et al.,
1978, Fig. 1, a), a stationary container with a thermal
screen (Krasulin & Vanyukov, 1970, Fig. 1, b), one-
section and two-sections “hot wall” (Aksimentyeva et al.,
2018, Fig. 1, ¢), camera with high-temperature tubular
heater (Bubnov et al., 1975, Fig. 1, d), reactor combining
evaporation chamber and substrate (Kalinkin et al., 1978,
Fig. 1, e), camera with cassette placement of substrates
(Bubnov et al., 1975, Fig. 1, f), collapsible chamber for
replacement of substrates, a combined conic chamber, a
quartz bowl with an autonomous source for doping
(Kiriashkina et al., 1979, Fig. 2, a), graphite chamber with
chemically active diaphragm (Bubnov et al., 1975, Fig. 2,
b), device for the independent evaporation of two
substances (Kalinkin et al., 1978, on Fig. 2, ¢, d the as-
sembly is pictured before and during the synthesis),
double quasi-closed volume and others.
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Fig. 1. Constructions of devices for thermal spraying of semiconductor thin films in a quasi-closed volume with
sublimation of one substance: 1 — source material, 2 — evaporator, 3 — apposition holder, 4 — apposition, 5 — evaporator
heater, 6 — substrate heater, 7 — wall heater, 8 — reflecting screen, 9 — thermocouple, 10 — quartz disk, 11 — disk with
holes, 12 — quartz rings,13 — quartz reactor, 14 — quartz cylinder, 15 — diaphragm with holes, 16 — manipulator
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Fig. 2. Constructions of devices for thermal application of semiconductor thin films in a quasi-closed volume with
evaporation of two substances: | — source material, 2 — dopant, 3 — evaporator, 4 — evaporator heater, 5 — apposition
holder, 6 — apposition, 7 — apposition heater, 8 — heat screen, 9 — thermocouple, 10 — quartz cap, 11 — denser,

12 — semi-autonomous source for dopant, 13 — diaphragm with heater, 14 — quartz tube, 15 — manipulator
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In Fig. 1 and Fig. 2, the most characteristic types of
constructions (designs) of the method of thermal spraying
in a quasi-closed volume are shown. As can be seen, for
all modifications to a greater or lesser extent, the
conditions for the isolation of the localized volume and
the equilibrium of the condensation process are fulfilled
by creating the necessary temperature gradient. At the
same time, it would be problematic, and often impossible,
to use such designs for large-scale production due to their
complexity and technological features. Therefore, the
method of thermal spraying of thin films in the quasi-
closed volume is most often used in the production of
epitaxial monocrystalline layers for scientific research and
experimental development. Instead, for industrial
production, it is very effective to develop methods for
obtaining thin films that combine, on the one hand, the
universality of thermal spraying in open vacuum, and on
the other — allows to bring the processes of evaporation
(sublimation) closer — condensation to the thermodynamic
equilibrium, for example, different variants of ‘“hot
walls”.

Conclusions

The features of thermal application of semiconducting
thin films in a quasi-closed volume are described. The
disadvantages of thermal filtration of thin films in an open
vacuum for multicomponent semiconductor compounds
are indicated. The constructions of vacuum-vapour
vacuum chamber compartments in a quasi-closed volume
containing the raw material and substrate in quasi-isolated
conditions with the possibility to create and manage the
necessary  temperature  corrections  between the
evaporator, lining, walls and other structural elements are
presented. It is shown that the spatial temperature
distribution in the mentioned constructs provides the
evaporation (sublimation) of the source material, the
reflection of vapor from the heated walls, the intensive
exchange interaction between the gas phase and the
condensation surfaces and the prevailing condensation on
the substrate surface, which contributes to the diffusion
mechanism of the transfer of matter and the
thermodynamically balanced growth process films.

This work was supported by the project of Ministry of
Education and Science of Ukraine “Development of
organo-inorganic thin film reversible structures for
multifunctional gas sensors” (state registration number
0118u003496).
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