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Abstract

Relevance. In existing methods of sublimational evaporation of silicon by resistive heating, careful control and
adjustment of heating parameters is required. The sublimation temperature is limited in the range of ~1620+1670 K.
During resistive heating of silicon, it is necessary to carry out its additional heating with an electron beam gun to a
temperature of the order 1100 K, at which silicon becomes conductive. In addition, the deposition rate of the films is
limited and less than 1 um/h. Accordingly, electron beam heating of silicon is widely used, but the disadvantage of such
a source is the presence in the stream of silicon atoms of the droplet fraction, due to rapid local overheating. This paper
proposes to conduct a study of the sublimational evaporation of silicon from refractory metals.

Purpose. The purpose of the study is to extend the operating temperature range of silicon evaporation for more
convenient control of regulation and increase the rate of silicon deposition by increasing the pressure of silicon vapour.

Methods. For sublimational deposition of silicon-based structures, a gas-phase method was used, which developed
and obtained a source of MoSi,and WSi, atoms.

Results. This paper proposes to conduct a study of the sublimational evaporation of silicon from refractory metals.
Sublimation sources, which are compounds of MoSi,, WSi,, are obtained by the gas-phase method from the hydrogen
reduction reaction SiCl,+2H,—Si+4HCL. It is determined that the evaporation rate of silicon from refractory metals
increases due to an increase in the vapour pressure of silicon, and the evaporation temperature range expands for
more convenient control of the film deposition process. It is shown that the evaporation rate Si from a sublimation
source MoSi, and WSi, is greater than the evaporation rate of silicon (resistive evaporation, electron beam method,
evaporation from an effusion cell) at its sublimation temperature. The temperature range of sublimation deposition
has been extended from 1780 to 2100=>K, which greatly improves the control of sublimation temperature regulation.

Conclusions. Sublimation sources 1780 and WSi, extend the temperature range of silicon evaporation from 1780 to
21002°K for more convenient control regulation and increase the rate of silicon deposition by increasing the pressure
of silicon vapour
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Introduction

Intensive development of thin-film solar energy in recent  patterning of silicon-based structures for semiconductor
decades has been observed all over the world. One of the  devices is one of the main technological processes of mod-
main materials used in thin-film solar cells is silicon. The  ern electronics. Therefore, it is necessary to continuously

Suggested Citation:
Zhuravlov OYu, Shyian OV, Shirokov BM, Kolodiy IV, Sholohov SM. Sublimation process for obtaining silicon films from molybdenum
and tungsten disilicide. Scientific Herald of Uzhhorod University. Series “Physics”. 2021;(49):48-53.

*Corresponding author



Zhuravlov et al.

develop and improve methods for obtaining such materials.
Among the most common and safest methods for pattern-
ing silicon films for solar cells is physical deposition, since
it does not require any toxic gaseous precursors. One of
the critical parameters for controlling the properties of
sprayed silicon films is their deposition pressure [1].

A variation of the molecular beam epitaxy method
is the silicon sublimation method, which is characterised
by obtaining a flux of Si atoms by heating a single-crystal
Si bar to a temperature close to melting by direct trans-
mission of an electric current. This method is simpler in
hardware design, is characterised by clean vacuum con-
ditions, but has limited capabilities for technological use
and is used mainly in scientific research [2]. This method of
heating leads to the fact that the process must be carried
out in a narrow temperature range near the melting point
of the working substance. This requires careful monitor-
ing and adjustment of heating parameters. At the top, the
temperature is limited by the melting point, and at the
bottom, by the temperature at which the deposition rate
is too low for mass production. In addition, the maximum
vapour pressure in this source cannot exceed 5.3 Pa [3; 4],
which is achieved at the melting point and limits the rate
of film deposition. Furthermore, due to rapid local over-
heating, silicon “spills out” of the melt, and the steam Si
contains up to 20% of clusters, condensation of which leads
to the appearance of defects in the accreted layers [5].

In [6], it is also noted that the method of molecular
beam epitaxy has a lower yield compared to other methods,
such as gas-phase epitaxy. However, in gas-phase methods,
it is difficult to obtain multilayer structures with a sharp
separation boundary between layers due to the inertia of
gas injection and pumping process. The molecular flow
from the effusion cell (Knudsen cell) is created by thermal
evaporation of an element or compound loaded into the
cell. The cell is made of graphite, ceramic, or boron ni-
tride [7]. For silicon, which has a high melting point and
chemical activity in the molten state, the generated mo-
lecular fluxes from the effusion cells are not sufficiently
pure due to interaction with the crucible material [8].

According to a review of the literature on methods
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for obtaining silicon structures (resistive evaporation, elec-
tron beam method, effusion cell evaporation), it can be
concluded that one of the main materials used in thin-film
elements is silicon, and the available deposition methods
need to be improved. Research efforts towards expanding
the operating temperature range of silicon evaporation
for more convenient control regulation and increasing
the rate of silicon deposition due to increased silicon vapour
pressures is relevant.

Therefore, the purpose of this study is to improve
the method for vacuum deposition of silicon-based semi-
conductor structures. For the furtherance this goal, it is
necessary to perform the following tasks: 1) conduct an
experiment to obtain sublimation sources using the gas-
phase method; 2) develop silicon structures based on the
obtained sublimation sources MoSi, and WSi,; 3) study
samples MoSi, and WSi, on a diffractometer; 4) determine
the interdependence of the evaporation rate with time
in vacuum, respectively, under conditions of different
temperatures.

Materials and Methods
Sublimation sources, which are compounds of type MoSi,
and WSi, were obtained by the gas-phase method from
the hydrogen reduction reaction SiCl,+2H,—Si+4HCI on
a flow-type installation (Fig. 1). The reaction chamber was
pumped out to pressure 10" Pa. Hydrogen was fed into the
chamber at a given pressure, a molybdenum or tungsten
substrate of size 8xX60x0.5 was heated to a temperature
~2100 K and thermal annealing was performed, the sub-
strate temperature was lowered to 1400-1600 K, and then
silicon tetrachloride SiCl, was fed into the chamber at a
given divergence. The silicon deposition modes were se-
lected so that only the highest silicide MoSi, or WSi, was
formed during the solid-phase reaction of silicon with Mo
and W Range of parameters of the gas-phase process for
obtaining sublimation sources:

— substrate temperature — 1400-1600 K;

— reaction chamber pressure — 10-10* Pa;

- hydrogen consumption - 60-120 1/h;

- relation — H_:SiCl, from & 10:1 to 50:1
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Figure 1. Installation diagram of a flow-through gas-phase deposition type
1 -reaction chamber; 2 — pre-chambers; 3 — RF generator; 4 — substrate; 5 — inductor;
6 — nitrogen traps; 7 — pre-pump; 8 — heater power source; 9 — viewing window



The production of silicon structures using the devel-
oped sublimation sources MoSi, and WSi, was carried out
on an upgraded high-vacuum installation. The diagram
of a high-vacuum installation for drawing structures Si is
shown in Figure 2.

The high vacuum in the working chamber is main-
tained by a diffusion pump with a nitrogen trap designed
to capture oil vapours. In the middle of the chamber
there is a furnace with a tantalum heater for heating the
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substrate and a planar sublimation source MoSi, or WSi,
heated by direct current transmission, located parallel
to the furnace from below. The gap between the furnace
and the source is covered by a flap. To prevent possible
overheating of the chamber walls, there is a system of
protective screens with windows for measuring the tem-
perature of the substrate and a sublimation source with a
pyrometer. The method of cleaning the substrate surface
combined chemical treatment by oxidising agents.

]
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Figure 2. Diagram for installation for drawing Si structures
1 - external protective cap; 2 — working chamber; 3 — heat shield system; 4 — source of silicon atoms MoSi, or WSi;
5 — monocrystalline substrate Si; 6 — power supply unit for substrate heaters and sources; 7 — pumping system;
8 — flap; 9 — additional screens; 10 — heater; 11 — insulator; 12 — current leads

After loading the substrate and the sublimation
source into the reaction chamber, the chamber was
pumped to pressure 10° Pa. Then the sublimation source
was closed with a flap and the single-crystal substrate was
heated at a temperature of 1200 K for 20 minutes. A minute
before the end of heat treatment, the source was heated
to operating temperature. The substrate temperature was
reduced to a deposition temperature of the order of mag-
nitude 570-870 K. After that, the flap was opened and the
sublimation deposition process was carried out.

Results and Discussion
Diffractometric studies of samples MoSi, and WSi, were
performed on a Dron-4-07 X-ray diffractometer in copper
Cu-Ka radiation using a Ni-selective absorbing filter. Dif-
fracted radiation was detected by a scintillation detector.
In the sample MoSi, (Fig. 3a), identified tetragonal mo-
lybdenum disilicide with lattice parameters: a=3,211 A;
c=7,868 A. In the sample WSi, (Fig. 3b), a tetragon;al
tungsten disilicide with lattice parameters: a=3,222 A;
c=7,859 A was identified (the reported values of the lat-
tice parameters of molybdenum disilicide are a=3,202 A;
c=7,868 A, tungsten disilicide a=3,211 A; c=7,868 A9D).
Metallographic sections of molybdenum and tung-
sten silicide were performed. It is shown that the coating
consists of clearly distinguishable columnar grains (Fig. 4).
A similar microstructure is characteristic of the higher
phases of molybdenum silicide MoSi, and WSi,.
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Figure 3. Diffractometric studies of samples of
sublimation sources obtained by the gas-phase method:
a—MoSi,; b - WSi,, where I, cps — intensity, rel. units,
20, deg — Bragg's reflection angle
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Figure 4. Metallographic sections of samples: a — MoSi,; b—WSi,, x 1200

Silicon films obtained from sublimation sources
MoSi, and WSi, were studied by diffractometric method.
Figure 5 shows a diffractogram of the sample Si obtained
from the source MoSi, and WSi,. For samples, there is only
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one line identified as silicon mapping (111) with the lattice
parameter a=5,440 A and a=5,458 A (the reported values
of the Silicon lattice parameters are a=5,4307 A[10]).
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Figure 5. Diffractometric studies of samples Si obtained from sublimation sources a — Si obtained from MoSi,; b - Si
obtained from WSi,, where I, cps — intensity, rel. units, 20, deg — Bragg's reflection angle

The method of conducting tests to determine the
dependence of the evaporation rate Si on time in vacuum
at different temperatures was carried out using the grav-
imetric method, followed by the construction of kinetic
curves in the coordinates “evaporation rate — time”.

The dependence of the evaporation rate Si on time
in vacuum 10 Pa at different temperatures is shown in
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Figure 6. Figure 6a shows that the evaporation rate Si
from the sublimation source MoSi, is greater than the
evaporation rate of silicon at its sublimation tempera-
ture [11], and the temperature control range expands. The
evaporation rate Si from the sublimation source WSi, is
even higher than the evaporation rate of silicon (Fig. 6b).
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Figure 6. Dependence of the evaporation rate Si from a sublimation source a — MoSi,; b — WSi, on time at different
temperatures in vacuum in comparison with silicon: 1-2100 K; 2-2000 K; 3-1900 K; 4 — evaporation rate of silicon by
temperature 1650 K

Source: compiled by the author based on [9]



It is known that silicides of refractory metals MoSi,,
WSi, when heated in air, have high heat resistance [12; 13]
due to the build-up of an oxide film SiO, on the surface,
which prevents the penetration of oxygen to the surface
of metals [14]. However, when silica coatings are heated
in a vacuum, due to the lack of oxygen and the build-up of
a protective film SiO,, silicon evaporates. As can be seen
from Figure 7, the maximum silicon vapour pressure at its
sublimation temperature ~1670 K is ~5 Pa [4], the silicon
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vapour pressure above MoSi, at the sublimation tempera-
ture ~2000 K is ~13 Pa, and the silicon vapour pressure
above WSi, at the sublimation temperature ~2200 K al-
ready amounts to ~80 Pa [15]. With an increase in silicon
vapour pressure, the silicon deposition rate increases [16].
For the connection MoSi,, the heating can be set from to
1780, 2100K, for WSi, — from 1900 to 2200=K. This simplifies
the regulation and stabilisation of the silicon evaporation
temperature.

1400

1600

800 /2000 2200

Temperature, K
Figure 7. Temperature dependence of silicon vapour pressure: 1 — crystalline silicon Si; 2 — molybdenum disilicide
MoSi,; 3 — tungsten disilicide WSi,

Source: [4; 12]

Therefore, the use of silicon compounds with re-
fractory metals Mo, W is based on the experimental fact
that the decomposition of refractory silicides during their
heating in vacuum occurs by evaporation of silicon with
the sequential transformation of higher silicides (Me)Si,
into lower (Me),Si,, until the silicon completely evapo-
rates. Studies have shown that when the disilicide MoSi,,
WSi, is thermally heated, evaporation in the form of a
silicon compound with Mo or W is excluded. The vapour
pressure Mo, W is many orders of magnitude less than
the vapour pressure of silicon by dissociation of the cor-
responding silicides. For example, at temperature 1920 K,
the pressure of silicon above the surface WSi, is ~5 Pa,
while the tungsten vapour pressure at the same tempera-
ture is ~1.3-10° Pa [17].

Therefore, sublimation sources MoSi, or WSi, for
vacuum deposition of structures based on Si are superior
to sublimational evaporation of ordinary silicon both in
terms of extending the control of the evaporation tem-
perature range and in terms of deposition rate. In addi-
tion, resistive heating of sources MoSi, and WSi, does not
require additional heating, as in the case of heating or-
dinary silicon. Heating and cooling of sources MoSi, and
WSi, occur very quickly — in a few seconds, which is very
important during the creation of structures based on Si.
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CyOurimariiifiHu# mpoiec OTpUMaHHA KPeMHi€BUX IUTiBOK 3 AUCWIILIA/AIB MOJIiOeHa Ta
BOJIbGpamy

Onexkcanzp I0pitioBud XKypasnbos', Onekcanzp BacwiboBud IusH', Bopuc Muxaitiosud llIipokos!,
Irop BikropoBud Komnoziit!, Cepriit Mukosnaiiosuu lllonoxos?

'HarioHanbHUI HayKOBUH 1EHTP «XapKiBCbKUH Pi3UKO-TEXHIYHUN iHCTUTYT»
61108, Bys1. AkazemiuHa, 1, M. XapkiB, YKkpaiHa

’HarlioHa/IbHIH TEXHIYHUI YHIBEpCUTET YKpaiHu «KUiBChKUM MOMITEXHIYHIH iHCTUTYT iMeHi Iropst CIKOpChKOT0»
03056, Bys1. BepxHbokIIOUOBa, 4, M. KuiB, Ykpaina

AHoTania

AXTyanbHIiCTh. Y HafBHUX MeTO/ax CyOIiMalliiiHOro BUMIAPOBYBAHHS KPEMHIIO NIUITXOM PE3UCTUBHOTO HarpiBaHHS
moTpibeH peTenbHUN KOHTPOJIb i pPeryIioBaHHS MapaMeTpiB HarpiBaHHs. Temmeparypa cyGuimariii o6MekeHa B
niamazoni ~1620-+1670 K. 3a pe3uCTHBHOrO HarpiBaHHA KPEMHil0 MOTPiGHO 3AIMCHUTH HOTO JOAATKOBHM po3irpis
eJIEKTPOHHO-IIPOMEHEBOI0 rapMaTor o TeMmmepaTypu nopsazky 1100 K, 3a skoi kpeMHiil crae mpoBizHuUM. Kpim
TOTO, IMIBU/KICTb OCA/XKEHHs IUTIBOK OOMeXeHa i CTaHOBUTH MeHIme 1 MKM/Tof. BiAMoOBiAHO [0 1bOTO, IIMPOKO
BUKOPUCTOBYETHCA €JIeKTPOHO-IIPOMEeHEBUM HarpiB KpeMHiI0, OfHaK HeZJ0JIiKOM TaKoT0 JKepeJsia € HaABHICTb y IIOTOLi
aTOMiB KpPeMHiI0 KpareabHoi Gpakiiii, yepe3 MIBUAKUIN JIOKAIbHUI TeperpiB. Y po6OTi 3amporoOHOBAHO MPOBECTH
JOCTiKeHHs cyOIiMaliiiHOro BUTIaPOBYBaHHS KPEMHIIO 3 TYTOIIABKUX METAJIIB.

Merta. MeTot0 po60TH € PO3MIMPEHH Aiaa3oHy pOO0YHX TEMIIEPATyP BUIIAPOBYBAHHSA KPEMHIIO IS O1IbII 3pYYHOTO
KOHTPOJIIO PETYJIIOBAaHHSA Ta MiIBUIIEHHS IIBUAKOCTI OCa/[)KEHHSI KPEMHIIO Yepe3 361IbIIIeHHs TUCKIB apiB KPEMHIIO.

Metoau. [na cybaiManiifHOTO oca/iXKeHHsI CTPYKTYP Ha OCHOBi KPEMHII0 OyJI0 BUKOPHCTAHO ra3oda3Huil MeToz, 3a
AIOTIOMOT010 IKOT'O PO3PO6JIEHO Ta OTPUMAHO /Kepesio aToMis MoSi, Ta WSi,.

PesynbTaTu. Y po6OTi 3ampoOIOHOBAHO IPOBECTU JOCTIKEHHS CyOIiMaliifHOrO BWIIAPOBYBaHHS KPEMHIiIO 3
TYrOIUIaBKUX MeTasliB. ['a3opa3sHUM MeTOJ0M 3 peakiiii BOJHEBOTO BiZIHOBJIEHHS SiCl4+2H2—>Si+4HCl OTPUMAaHO
cybnimaniiiHi mpxepena, AKi ABAKTL cob6ow cronyku MoSi), WSi,. BusHadeHo, IO MIBMAKICTb BMIIAPOBYBaHH:
KPEMHiI0 3 TYroIUIaBKMX METaliB 3pOCTa€ Yepe3 MiJBUIEHHA THUCKY IIapy KPEMHIlo, a TeMIlepaTypHUU Jialma3oH
BUITAPOBYBAHHS PO3IIUPIOETHCS /IS OGUIBII 3PYyYHOrO KOHTPOJIO TIPOIIECY OCa/PKEHHs IUTBOK. [lokasaHo, IO
IBU/IKICTh BUINIAPOBYBaHHA Si 3 cyGrimarnifinoro mxepena MoSi, Ta WSi, Ginblie, HX IBUAKICTh BUIIAPOBYBaHHs
KpeMHii0 (pe3uCTUBHE BUIIAPOBYBAHHs, €JIEKTPOHHO-NPOMEHEBUN METOZ, BUIAPOBYBaHHS 3 e(dys3iiHOro BivKa)
3a TeMIlepaTypH Horo cybiimarii. TemrepaTypHuii giamasoH cyOriMaliifHOro ocaKeHHsI posurupeHo Bix 1780 mo
210027K, 1110 3HAYHO MMOKPAIIy€ KOHTPOJIb PETYJIIOBAHHS TEMIIEpATypy cyOirimariii.

BucHoBku. Cybrimariiini mxepena MoSi, Ta WSi, po3IIMpIorOTh AianasoH TeMIlepaTyp BUIapOBYBaHHs KPEMHIIO 3
1780 1o 2100<’K i1 GinbII 3pyYHOTO KOHTPOJIIO PETYIIOBAaHHSA Ta MiZIBUILYE MIBUAKICTh OCa/PKeHHS KPEMHIIO depe3
301IbIIIEHHA TUCKIB IapiB KPEMHIIO

Kirto4oBi ciioBa: /pxepesio aTOMiB KPEMHI0, CHUIIIMAN TYTOIUIAaBKUX METAaNiB, TOHKOIUTIBKOBI COHAYHI eJleMeHTH,
KpeMHi€Bi CTPYKTYpHU



