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Issues of improving the properties of semiconductor thin film and their reproducibility, as well as im-
proving and reducing the cost of manufacturing technology stimulate research and development of new,
advanced methods. Therefore, it is important to optimize the technology of getting reproducible, competi-
tive, high-tech thin films of multicomponent semiconductor compounds with predetermined properties. In
the given article it is shown that constructive and technological improvements of a method of thermal spray-
ing in vacuum allow to minimize nonequilibrium conditions of film growth, keeping the advantages of ther-
movacuum spraying, such as high reproducibility, processability and productivity, a wide range of varia-
tions in the synthesis conditions, and, accordingly, the properties of condensates, maximum purity of growth
processes, as well as ease of performing and management and cost-effectiveness of the process of getting
perfect condensates. For this purpose, we have developed a special construction of a quasi-fusion evapora-
tor and a device for getting semiconductor film in vacuum, as well as a version of a transparent “hot wall”.
The resistivity, cross section and geometric dimensions of the cover and the heater of the developed struc-
tures were selected so that in the mode of resistive heating of the evaporator temperature gradient due to
the difference in their electrical resistance, and, accordingly, the Joule heat of current, in the temperature
range 673... 1473 K provided the temperature of the cover 1.1 ... 1.3 times higher than the temperature of
the heater. Due to the elevated temperature of the cover, the solid fraction is either repelled on the sublimat-
ing (evaporating) surface and the walls of the crucible, or undergoes sublimation (evaporation) from the
surface of the cover. Depending on the values of the sputtering rate, the grain size of semiconductor poly-
crystalline film varied from units of nanometers to several micrometers. Crystallinely ordered films were got
at relatively low values of the sputtering rate (0.5...5 nm-s-1). It was set up the technological conditions for
getting thin films of multicomponent semiconductors, which ensure the independence of the chemical com-
position of condensates from the evaporation rate in the wide range from 0.05 to 20 nm-s-1, uniform compo-
sition of the gas phase during sublimation, absence of inhomogeneous solids in films, wide range properties
of condensates and their high reproducibility.

Key words: thin films, semiconductors, technological methods of obtaining, thermal spraying, quasi-
equilibrium conditions.
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Tumanna noninwenna enacmueocmell HaNiBNPOGIOHUKOBUX MOHKUX NIIBOK | IXHbOI 8I0MBOPIOEAHOCTI, A MAKONC YOOCKOHANEHHS 1 30e-

Mi3ayis MexHON02li OMPUMAHHSL I0MEOPIOBAHUX, KOHKYPEHMO30AMHUX, 8UCOKOMEXHOLO02IYHUX MOHKUX NIIBOK OA2AMOKOMNOHEHMHUX HANI-
6NPOBIOHUKOBUX CNONYK i3 Hanepeo 3a0aHuMu eracmugocmsamuy. B oaniti cmammi nokazano, wo KOHCMPYKMUGHi ma mexHon02iuHi 800CKO-
HaNeHHs Memooy MepMIYHO20 HANULEHHS Y 8AKYYMI 00360IAI0Mb MIHIMI3Y8AMU HEPIBHOBANCHI YMOBU POCMY NIIBOK, 30epiearoyuu npu yboMy
MaKi nepeeazu mepmosaKyyMHO20 HANUWIEHHS, SIK GUCOKI 6I0MEOPIOBAHICMb, MEXHOL02IUHICMb [ NPOOYKMUGHICMb, WUPOKULL CHEKMP 8apilo-
6AHHI YMOBAMU CUHME3Y, A BIONOBIOHO | BIACMUBOCIAMU KOHOEHCAMIB, MAKCUMATbHA YUCIOMA NPoYecie pocmy, a maxodic npocmoma
BUKOHANMSL | KEPYBAHHA MA eKOHOMIYHICMb npoyecy OMpUManHs 0OCKOHAIUX KoHoencamis. [ ybo2o namu po3poonena cneyianrba KoHc-
MpyKYis Keaziehy3itinoco GUNAPHUKA Ma RPUCMPIN 015l OMPUMAHHS HANIGNPOGIOHUKOBUX NIIGOK Y 6AKYYMI, d MAKOJIC 8apianm npo3opoi
“eapsauoi cminku”. I[Tumomuil onip, nonepeunutl nepepis i 2e0MeMpPuyHi po3MIpU KPUWKU | HAZPIGHUKA PO3POOIeHUX KOHCMPYKYill niddupanu
MAKUM 4UHOM, WOOU 8 PedcUMi Pe3UCmuBHO20 HASPI6AHHA BUNAPHUKA 2PAOIEHM MeMnepamyp 3a paxyHoK pisHuyi iX enexmpoonopy, a
6i0n06IOHO 1 []icoynesoi menromu cmpymy, 6 memnepamypromy inmepeani 673...1473 K sabesneuysas memnepamypy xpuwku 6 1,1...1,3
pasa 6inbuLy 6i0 memnepamypu HazpiHUKA. 3a paxyHok nioguyenoi memMnepamypu KpuwKy meepoominoha Gpaxyis abo i0umosxyemvcs
Ha cyOnimyiouy (8unapogyiouy) nosepxuio i CmiHKu mueis, abo 3asHae cyonimayii (BUNAposysants) 3 NOBEPXHI KpUWKU. 3a1edicHo 8i0 3HA-
YeHb WBUOKOCTI HANUNIEHHS PO3MID 3epeH HaNienpoGiOHUKOBUX NONIKPUCMANIYHUX NIIBOK 3MIHIOBABCS 8i0 OOUHUYb HAHOMEMPI6 00 0eKilb-
KoX mixpomempie. Kpucmaniuno 6nopsaokoeaniuti NIiKu OMPUMY8aiu Npu NOPIGHAHO HUZLKUX 3HAYEHHAX WEUOKOCMI HANUNeHHS
(0,5...5 wm-c™!). Bcmanoeneno mexnonoziumi yMogu ompumManHs moukux nii6ox 602amokoMnOHeHMHUX HANIGNPOGIONUKiE, AKI 3a6e3neuyions
He3aneACHICMb XiMiuH020 CKIA0Y KOHOeHCamie 6i0 WeUOKOCmI 6Unaposyeéants 6 wupokux mexcax 6io 0,05 0o 20 um-c, pisnomipnuii ckrad
2a3060i asu npu cyonimayii, 8i0cymHicms HeOOHOPIOHUX MEEPOOMINbHUX 6KIIOUEHDb Y NIIBKAX, WUPOKUL CHeKmp DI3UUHUX 81aCmMusocmel
KOHOeHcamie ma iXmio 6UCOKY 8I0MEOPIOGAHICIb.

Knrwouosi cnosa: monki niiexku, HanienpogioHuKu, MexHoI02IYHI Memoou OMPUMAHH, MepPMiuHe HANULEHH S, K8A3IPIGHOBANCHI YMOBU.
Introduction Material and methods

In previous reviews (Tsizh & Dziamski, 2019; 2020) The application of multicomponent semiconductor
we have given an analysis of existing methods for apply-  thin films of materials such as compounds A3Bs, A;Bg,
ing thin films of inorganic semiconductor materials. This  chalcogenide glassy semiconductors, oxides and others
analysis showed that the technological aspects of obtain-  was carried out in serial installations of vacuum spraying
ing semiconductor films have been studied in detail for as previous generations, such as YPM 3.279.011 with
many years and today we have formed dozens of relevant  high-oil high-vacuum pump and YPM 3.279.047 with
methods and technological regulations. However, the high-vacuum ion-getter pump, and in the modern com-
issues of improving the properties of semiconductor films  bined installation of vacuum spraying of thin films pro-
and their reproducibility, as well as improving and reduc-  duced by “Torr International” (USA). Glass, quartz, sita-
ing the cost of production technology stimulate research  leand other plates were used for substrates. The substrates
and development of new, advanced techniques (Bunshah,  were heated by infrared radiation of quartz lamps, the
1994; Seshan, 2002; Hosokawa et al., 2008; Bahmut, temperature was controlled by chromel-aluminum ther-
2014; Hartmut & Hamid, 2015; Antoniuk, 2016; Shahini-  mocouples.
an, 2017). Therefore, a significant amount of our research To improve the quality and adhesion of condensates,
was devoted to the optimization of the technology of chemical and, in some cases, ionization cleaning of sub-
reproducible, competitive, high-tech thin films of multi- strates was performed before spraying. Technology was
component semiconductor compounds with predeter- used and allows to quickly and efficiently remove con-
mined properties (Aksimentyeva et al., 2018). taminants, including organic in nature. The glass sub-

The choice of method of manufacturing thin films is  strates, after pre-degreasing with acetone, were cleaned
determined by the optimal expected set of their properties by boiling in hydrogen peroxide solution in the presence
in combination with the maximum reproducibility, manu-  of ammonia, followed by washing in hot deionized water
facturability and economy of the process. After analyzing and drying in isopropyl alcohol vapor. Ultrasonic excita-
the known methods of obtaining semiconductor conden- tion was used for more effective action of detergents. In
sates, we focused in more detail on thermal spraying in  addition, before spraying, the substrates were heat-
vacuum, which, despite the nonequilibrium conditions of  cleaned in vacuum by half-hour heating at 623 K.
films growth, has good manufacturability, a wide range of The control of the sputtering speed and the thickness
variations in synthesis conditions, and, accordingly, the of the films during their growth was performed by the
properties of condensates, maximum purity of growth optical method, which is based on the interference of
processes, reproducibility, productivity, as well as ease of  transmitted light beams, due to reflection from the bound-
execution and management, which makes it a universal aries of the films with the substrate and vacuum. In this
method for many modern developments, in particular, for  case, the increase in the physical thickness of the films by
the creation of thin- film sensitive elements for gas sen- a value equal to a quarter of the wavelength A of light,
sors and other electronic devices, including for use in the  corresponds to an increase in the order of the interference
food and processing industries. In addition, the results of  extremum. Since in the field of film transparency the
constructive and technological improvements in the value of the refractive index weakly depends on A, the
method of thermal spraying in vacuum give reason to interference pattern was isolated using an interference
hope to minimize the imbalance of the conditions of film  filter with a bandwidth of A = 774 £ 15 nm, which in-
growth and obtaining perfect condensates. creases the accuracy of measurements. In addition, in the

field of films transparency there are no undesirable pro-
cesses of reducing the intensity of the interference pattern
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due to absorption. In the installations used by us blocks of
optical control are provided, that allow modulation, isola-
tion and amplification of the useful light signal, which
provided the measurement of condensate thickness with
an accuracy of at least 10 nm at the extremes and 20 nm
between them.

In addition to controlling the thickness of the films in
the spraying process, thickness measurements were per-
formed on an MUMU-4 interference microscope and on
two-beam spectrometers. Microinterferometer of Linnik
MUHM-4 made it possible to measure the height of irregu-
larities of thin films, such as etched edge, scratches and
others from 0.1 to 5 pum with an accuracy of 6 % by using
the phenomenon of interference reflected from the surface
of the films and substrate, pre-separated light beams.
coming from one point of the source. To increase the
measurement accuracy, the films thickness with d <0.5
pm was determined in parallel from the values of the
difference in optical densities D — DO. To do this, the
wavelength at which 0.5 <D < 2.0 for films of this com-
position with 0.1 <d < 0.5 um was chosen on the spectral
dependence D, and the value of d was specified according
to the calibrated dependence D (d). This allowed to in-
crease the accuracy of measuring the thickness of the
films up to 4 % in the thickness range of 0.1 ... 0.5 pm.

Results and discussions

Due to the disadvantages of the existing evaporators,
we have developed a special design of the quasi-fusion
evaporator and a device for obtaining semiconductor
films in vacuum, schematically shown in Fig. 1 and 2,
respectively, as well as a variant of a transparent “hot
wall” (Fig. 3) (Aksimentyeva et al., 2018). The thermal
quasi-fusion evaporator for vacuum spraying (Fig. 1)
consists of a cylindrical quartz crucible (2) with a height
of 25 ... 35 mm, a diameter of 15 ... 25 mm and a wall
thickness of 1 ... 1.5 mm, which, together with the tablet
(1) of the source semiconductor material, is placed in a
tantalum or molybdenum heater (3), that provides uniform
heating, and tightly, with a clamp (5), close the tantalum
or molybdenum lid with 40 ... 60 holes with a diameter of
0.1 ... 0.3 mm, adapted to pass current through it.

Fig. 1. The design of a thermal quasi-fusion evapora-
tor for spraying semiconductor thin films in vacuum:
1 — tablet of source material, 2 — quartz crucible,
3 — tape heater, 4 — perforated lid, 5 — sealing clamp

The device for obtaining semiconductor films in vac-
uum (Fig. 2) consists of a quartz chamber (6) 130 mm
high with a wall thickness of 2 mm, made in the form of a

cylinder that smoothly transitions into an inverted trun-
cated cone, upper and lower outer diameters of 70 and
25 mm, with slots (8) under the cover (4).

1
0 9
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Fig. 2. Device for obtaining semiconductor films in
vacuum: 1 — tablet of starting material, 2 — quartz cruci-
ble, 3 — evaporator heater, 4 — perforated evaporator cov-
er, 5 — conductive tires, 6 — quartz evaporation chamber,

7 — transparent resistive heater, 8 — slots on the cover,

9 — substrate holder, 10 — substrate, 11 — thermocouple

A thin (~ 0.2 pm) layer of a mixture of oxides of indi-
um and stannum (7) with optical transmission
T =97 % (A = 633 nm) was applied to the outer walls of
the chamber by high-frequency ion-plasma sputtering of
the target (In203) 90 (Sn0O2) 10 in vacuum and the spe-
cific electrical surface resistance p, = 300 Ohm-cm?. At
both ends of the chamber alternate thermal spraying in a
vacuum of Cr-Cu-Ni films with a total thickness of about
2 pm and a width of 5 mm electrically conductive busbars
(5) are applied for uniform current flow through the heat-
er. In a cylindrical quartz evaporator (2) with a height of
30 mm and a diameter of 20 mm with a wall thickness of
1.5 mm load a tablet (1) of starting material. The evapora-
tor is inserted into a tantalum, molybdenum or tungsten
heater (3), which ensures uniform heating, and tightly
closed with a tantalum lid (4) with fifty holes with a di-
ameter of 0.2 ... 0.4 mm. The evaporation chamber is
placed on the evaporator and the tires, the evaporator
heater and the cover are connected to the heat source. A
stainless steeldisc holder (9) is placed on the chamber and
a substrate (10) and a thermocouple (11) are attached to it.
The substrate is heated by infrared radiation of quartz
lamps. He-Ne laser JI['-278 and photodiode ®/1-7K are
used for optical control of film thickness. Tablets of the
starting material were compressed from a mechanical
mixture of the required ratio of fine dispersed powders of
the selected semiconductors. In both cases, the crucible
heater and the lid were connected to a common source of
electric heat.

Similar structural elements are present in the device,
which is commonly called the “hot wall” (Fig. 3).
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Fig. 3. Construction of a “hot wall” for thermal spray-
ing of semiconductor thin films in a quasi-closed volume:
1 — source material, 2 — evaporator, 3 — substrate holder,
4 — substrate, 5 — evaporator heater, 6 — substrate heater,
7 — wall heater, 8 — reflective screen, 9 — thermal steam,
10 — quartz cylinder

This device does not have a crucible lid, and the prob-
lem of preventing direct contact of the subliming material
on the substrate is solved using a protective reflective
screen (Fig. 3, 8). In addition, there is no tight contact
between the crucible (evaporator) 2 and the quartz cylin-
der 10, which makes the process of condensate synthesis
less balanced, but simplifies the construction and makes
this type of thermovacuum spraying more widely availa-
ble.

The resistivity, cross section and geometric dimen-
sions of the cover and the heater in the first and second
versions (Fig. 1 and 2) were selected so that in the mode
of resistive heating of the evaporator temperature gradient
due to the difference in their electrical resistance, and,
accordingly, the Joule heat of the current, in the tempera-
ture range 673... 1473 K provided the temperature of the
cover of the T, in 1.1 ... 1.3 times higher than the tem-
perature of the heater Ty. Such an evaporator can be con-
sidered as one of the variants of the Knudsen cell, the
mechanism of evaporation of which has its own laws
(Kalinkin et al., 1978).

Due to the increased temperature of the lid, the solid
fraction is either repelled on the sublimating (evaporating)
surface and the walls of the crucible, or undergoes subli-
mation (evaporation) from the surface of the lid. It is
known (Kalinkin et al., 1978) that the diffusion rate from
the Knudsen cell is largely determined by the temperature
of the lid grows with its increase. Therefore, the vapor
pressure of subliming (evaporating) substances in the
crucible with increasing T./Ty ratio increases and be-
comes closer to the saturated vapor pressure compared to
the evaporator, in which the lid and the heater have the
same temperature. This reduces the difference between
the gas pressures of the individual components, which
further improves the stoichiometry of semiconductor
condensates. In addition, due to the specified temperature

gradient along the vertical axis of the evaporator increases
the variable interaction between the vapor and the source
material, which improves the homogeneity composition
of the gas phase. At the same temperatures of the lid and
the heater there is a significant increase in the individual
components on the inner side of the lid and their departure
from the crucible is due to re-evaporation from the lid.
This significantly slows down the spraying process, un-
controllably changes the composition of the vapor phase,
and also causes the cover holes to stick. The speed of
sublimation in this situation is reduced also because the
electrical resistance of the cover decreases due to the
condensation of semiconductors on it, while reducing the
heat of the Joule, which heats it. In a situation where T>
Ty at least 1.1 times the condensation of vapors on the
inner surface of the cover is practically absent, semicon-
ductor atoms fly out of its holes without the above-
described double sublimation or re-evaporation, spraying
can be carried out at temperatures lower than T = Th. It is
convenient to enter some coefficient S = T¢/Ty as the
effective capacity of the evaporator. Then the required
temperature gradient of the cover and heater, determined
by us empirically for semiconductors of group A"™B'Y, can
be written as:
1.1 <S<1.3 at 600 K < T, < 1400 K. 1)

The temperature limits of condition (1) are due to ex-
perimental data that at values of Ty<600 K the sublima-
tion process is very slow, with a significant
(> 1 atomic %) deviation from the stoichiometry, and at
Th> 1400 K high temperatures of the heater material and,
especially, the lids contribute to its rapid (after 2—3 loads
of the crucible) burnout, which is accelerated by the cor-
rosive action of semiconductor components at high tem-
peratures.

From the dependences of the values of S on the degree
of filling of the evaporator crucible with the starting mate-
rial, we determined that when the crucible is filled by 30—
70 % there is a certain stabilization of the temperature
gradient of the lid and heater. Therefore, the first and last
phases of spraying, as less stable and non-congruent, were
performed using a damper.

The evaporators developed by us allowed to create
molecular fluxes of vapors of subliming compounds of
regulated intensity homogeneous in composition in a wide
range of application conditions, which made it possible to
get homogeneous, reproducible films of stoichiometric
composition at different spray rates. In the case of using
evaporators with non-compliance with ratio (1), the quali-
ty of the films deteriorated sharply: welded protrusions
appeared due to the sedimentation of the solid fraction of
steam, for the same concentration of the source material,
the chemical composition of the film significantly de-
pended on the spray rate, there was often a strong devia-
tion from the stoichiometric composition (up to 5 ... 7
atomic %), deteriorating the homogeneity of the films in
area and reproducibility of their properties, evaporation
was accompanied by undesirable processes of sticking
holes in the evaporator cover, which prevented the gas
phase.
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The described thermal evaporators have the following
advantages over the known closed-type evaporators used
for spraying thin films of semiconductor compounds:

- independence of the chemical composition of con-
densates from the evaporation rate in a wide range from
0.05 to 20 nm-s';

- uniform composition of the gas phase during subli-
mation;

- absence of inhomogeneous solid inclusions in the
films;

- no sticking processes of the lid outlets.

In addition, in the device with a heating chamber
(Fig. 2) tight connection of the evaporation chamber with
the evaporator brings this construction closer to a quasi-
closed volume, in this case, in contrast to the latter, it is
possible to optically control the thickness of the films and
their growth rate.

One of the most important technological parameters in
the thermal spraying of semiconductor thin films in vacu-
um is the lining temperature (T;) and the spray rate (Vy).
T, influences on the ratio of components that condense
and re-evaporate. Continuous predominant vapor conden-
sation of this substance is possible only for temperatures
lower than critical.

With the growth of T, the migration of sublimated
molecules is increasing on the condensation surface,
while the association of molecules of individual compo-
nents improves, and although the reflection of their va-
pors also increases, the process of formation of homoge-
neous, stoichiometric condensates stabilizes. Vy, spray rate
has an influence on the structure and properties of semi-
conductor films. Due to the processes of re-evaporation
and desorption from the substrate, Vi, condensate is de-
termined by the ratio of T and the rate of vapor flow to
the substrate, which in turn depends on the temperature of
the evaporator. Depending on the Vj, values, the grain size
of semiconductor polycrystalline films can vary from
nanometer units to several micrometers. Crystallinely
more ordered films were got at relatively low Vi, values
(0.5 ... 5nm-s™). Vy has also an influence on the compo-
sition of the films. For small (0.05 ... 0.2 nm's") and large
(30 ... 50 nm-s™") Vy, values, deviations of the molar ratio
of semiconductor components from stoichiometric to a
few percent were observed. In most works, the optimal
Vihof semiconductor layers is in the range from a few
tenths to several units of nm-s™'.

In addition to the values of T, and Vi, the depth of
vacuum and the composition of residual gases in the
spraying process have a significant influence on the struc-
tural features and properties of semiconductor conden-
sates. In order to effectively control the growth processes
and good reproducibility of the properties of thin films, it
is necessary to ensure the cleanest possible conditions of
preparation. This is achieved by improving the vacuum,
increasing the purity of the source components, minimiz-
ing the influence of the evaporator material on the proper-
ties of the films.

Conclusions

This article shows that the construction and technolog-
ical improvements of the method of thermal spraying in

vacuum can minimize the nonequilibrium conditions of
film growth, while maintaining the following advantages
of thermovacuum spraying, such as high reproducibility,
processability and productivity, a wide range of variations
in the conditions of synthesis, and, accordingly, the prop-
erties of condensates, maximum purity of growth process-
es, as well as ease of execution and management and cost-
effectiveness of the process of getting perfect conden-
sates. Technological conditions for getting thin films of
multicomponent semiconductors, which ensure the inde-
pendence of the chemical composition of condensates
from the evaporation rate in a wide range from 0.05 to
20 nm-s’!, uniform composition of the gas phase during
sublimation, the absence of inhomogeneous solid inclu-
sions in the films, a wide range of physical properties of
condensates and their high reproducibility.

Perspectives for further research. Further research
should continue to optimize the methods of getting thin
films of multicomponent inorganic semiconductors in
order to achieve the highest degree of equilibrium condi-
tions of condensate growth and, consequently, to improve
their properties. To do this, it is necessary to develop new
constructions of devices for the synthesis of thin films and
improve the technological regulations for their receipt.
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