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INVESTIGATION OF THERMAL

STABILITY, OPTICAL PROPERTIES,

PHASE AND CHEMICAL COMPOSITION OF
TRANSPARENT CONDUCTIVE TIN OXIDE
FILMS DEPOSITED BY PYROLYTIC METHOD
ON SILICA FLOAT GLASS

06’exkmom docuidicenis € nPo3ope eleKkmponposione NOKPUMMsL Ha 0CHOGE 00N0BAHO20 PMOPOM OKCUY 011064,
0cadxenozo Ha curikamuomy gaoam-ckai nipoximuunum memoodom. OOHAK, K 6 NPOUEC] BUZOMOBLCHHS MAKOZ0
noOKpUmMmSsL, max i 6 nPoueci 1ozo excniyamauii, cnocmepizacmscs 0ezpadayis 1ozo eleKmponposionux 61Lacmu-
socmetl. Le mooce 6ymu Hacriokom 3mMinu CIMPYKMYPU NOKPUMmMS nio 0i€10 6NAUSY OeAKUX MEXHOIOZIHUX Ma
eKCnIYamayiiinux Gaxkmopis, a came: memnepamypu NPouecy, 4acy UMpUmMKU, 24308020 cepedosuula 8 nPoyec
Hamecenns ma eKcniyamayii nposopozo eaexmponposionozo noxkpummst. Iposedeni dociidncenns niomeepouiu
3HauHe NI0BUWeHHL eLeKMPONPosioHocmi. Bonu maxoic 6usieuiu He3HauHe 3HUNICECHHS CEIMIONPONYCKAHHS NPOo-
30PUX OKCUOHO-0J106 AHUX NIIBOK, OMPUMAHUX 3 B6EOCHHIAM HMOPUOY AMONIIO Y AKOCMI 0onanmy npu nipoisi
1M cnupmosux posuunie xropudie Sn’* ma Sn’*, wo wupoko sacmocosyomvcs K npexypcopu s MPUMAis.
maxux noxkpummis. Tax, npu cnisgionowenni Sn**/F=10 y pobouux posuunax 3a(ikco6ano Minimym numomozo
noeepxiesozo onopy na pieni 32 Om/m>. Ilpu 4pomy, 6UABLEHO SHUNCCHIS. 3HAUEHN YCePeOHeH020 Koediyienmy
ceimaonponycxanms 6 onmuunomy dianasoni 0oexcun xeuiv 0,2—6,0 mxm na 51 %, a y tiozo eudumii uacmumni
0,4-0,8 mxm) na 11 %. Hoxasano, wo cymmesum Gaxmopom 36ilbUEHNS 3HAYEHD CAeKMPUUNH020 ONOPY K
6 MEXHOJOZIUHOMY NPOUECL, MAK i nio Yac excniyamauitinux 6niusie € mepmiuna dezpadavis noxkpumms. Ompumani
pesyavmamu ceiduamy, w0 nOsMopHe Hazpieanus 0o memnepamyp nouad 450 °C npuseodums 00 noseu a6uwa
mepmiunoi decmpyxuii erekmponpogionux eracmusocmeil noxpumms. Tax, npomszom 1-200unmnoi eumpumru
3a memnepamypu 550 °C 36invuleniis numomozo noGepxuesozo onopy binviyemvcs 6 2 pasu i Qixcyemvcs na
pieni 68 Om/m? nicas noenozo oxonoducenns. Ilosmopni yuxiu nazpisy 3 6KA3ANUMU NAPAMEMPAMU NPUIEOOAMb
00 3HAUNO MEHUL020 BNIUBY, WO MOJICe CEL0uUMU NPO CMAbII3aui0 NPOYUECIs, SKI MAOMb Micye npu mepmiunii
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1. Introduction

Transparent conductive coatings based on Sn, In, Zn
and W oxides are widely used in the manufacture of
components and products for the needs of science and
technology. And also find application in electrodes, cur-
rent drives, heating elements of technical ceramics and
special glass [1-3]. Among the number of methods that
are used to obtain such coatings, the simple, hardware-
friendly method of pyrolytic deposition of an electrically
conductive oxide-metal coating, which has found appli-
cation in practice [4-6], is distinguished. It is attracted
to glass production for the mass production of flat float
glass with a transparent electrically conductive coating
for the manufacture of energy-saving windows, transport
viewing and special glass with electric heating. The main
guarantee of a consistently high quality manufacturing of
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such glass is strict adherence to the process parameters.
And its operational characteristics depend on a number
of factors with which these products are encountered
when used for their intended purpose, namely: mechani-
cal, chemical and thermal effects on the surface of the
product. The most interesting in this sense is the ther-
mal effect, since protection from the first two factors is
achieved by the usual orientation of the side of the glass
with an electrically conductive coating on the opposite
side with respect to the direction of their action. The
thermal stability of such a coating may depend both on
temperature and on the cyclic heating-cooling. This, in
turn, will determine the life of the product in the given
parameters and a fundamentally important factor for the
manufacture of high-quality durable products.

Such a coating in the form of thin films is most often
obtained using the pyrolytic method using precursors of
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alcohol solutions of tin compounds [1, 2, 6]. To improve
the conductivity, the films obtained are modified by in-
troducing alloying elements, the main of which are Sb,
In, and F [7-9]. The latter exhibits the greatest influ-
ence on the change in the electroconducting properties of
SnO, films, but leads to undesirable consequences, which
are manifested in the loss of transparency of the films as
a result of the chemical action of F on the structure of
the surface layers of silica glass [10, 11].

Therefore, it is relevant to study thermal stability,
namely, changes in the electrical resistance of transpa-
rent oxide-tin conductive films deposited by the pyrolytic
method on silica float glass, by studying changes in their
phase and chemical composition under various conditions.

2. The ohject of research
and its technological audit

The object of research is a transparent conductive coat-
ing based on tin oxide doped with fluorine deposited on
silica float glass using the pyrolytic method.

Among the existing transparent conductive oxides doped
with various elements, tin oxide is the most conductive,
chemically, abrasive, and thermally stable oxide, which
determines its widespread use as a transparent conductor.
However, a technological audit of the object of research
reveals insufficient knowledge of the issue of thermal
stability of coatings based on this oxide. This makes it
difficult to understand the processes that occur during
the synthesis and operation of such electrically conduc-
tive coatings and which lead to thermal degradation of
the coating, which results in a gradual increase in the
values of electrical resistivity and the loss of operational
parameters of electrically conductive films.

3. The aim and ohjectives of research

The aim of research is studying the influence of synthe-
sis technological parameters and operation parameters of
transparent electrically conductive films based on fluorine
doped tin oxide obtained by the pyrolytic method on silica
float glass on its electrical conductivity and transparency.

To achieve this aim, the following objectives are identified:

1. To study the effect of fluorine as an alloying element
on the spectral characteristics and electrical resistivity of
conductive SnO, films.

2. To determine the effect of temperature and thermal
exposure on the electrical resistance of SnO, electrically
conductive films.

3. To study the dependences of the phase composition
variation on the exposure conditions of SnO, electrically
conductive films to understand the phenomenon of «thermal
degradation» of these electrically conductive coatings.

4. Research of existing solutions
of the peohlem

Tin dioxide is a wide-gap n-type semiconductor with
a band gap of 3.87-4.3 eV, the electrical conductivity of
which substantially depends on the degree of ordering, the
type and concentration of structural defects in its crystal
lattice. For thin films, the electrical conductivity addition-
ally depends on the size, shape of the clusters (grains),
the nature of their mutual arrangement, and the degree of

amorphism of the coating structure [12, 13]. The structure
of the crystalline gradation of SnO, for the stoichiomet-
ric ratio O/Sn=2 is described by a rutile-type hexagonal
lattice. To reduce the values of the forbidden zone in it
and increase the concentration of structural defects, the
properties of tin oxide responsible for the conductor and
its various elements are responsible for it. Thus, the intro-
duction of In and Sb, aimed at breaking the uniformity
of the SnO, structure behind tin (p-type conductivity),
and the introduction of F~ — by oxygen (n-type). The most
effective in this sense is doping of the SnO, structure with
fluorine [10, 13].

The technological process of pyrolytic deposition of
such oxide-metal films is one of the most and differs in
simplicity in implementation [2, 6]. Films obtained with
its help have high transparency in the visible part of the
optical wavelength range (75,290 %) at low surface electrical
resistance (p<10? Ohm/m?). It is known that the electrical
conductivity of transparent films depends not only on the
dopant ion, but also on the temperature of the deposition
process. The redox properties of the atmosphere both during
the deposition process and during operation, and the ther-
mal mode of operation of such films [12, 13], significantly
affect the conductivity of the coating. So, the authors of
this work were not able to find a systematic study on this
topic, although it was possible to partially generalize such
data from different studies. Upon reaching high temperatures,
the change in electrical resistance becomes irreversible and
is described by the phenomenon of «thermal degradation»
of a transparent electrically conductive coating. For SnO,
films doped with in, this process becomes irreversible even
at temperatures higher than 120—140 °C [7, 14], and occurs
in several stages. When these temperatures are reached, the
first decomposition stage is observed, which manifests itself
in a decrease in electrical conductivity. The final destruction
occurs at temperatures of 360—400 °C and leads to the
destruction of the film structure with an almost complete
loss of electrical conductivity. Films doped with Sb have
a thermal stability limit of 150-200 °C [8, 13], above which
the phenomena described above are observed. The highest
limit of thermal stability is observed in transparent electri-
cally conductive coatings based on tin oxide doped with
F~ with a limit to the onset of thermal destruction from
400-450 °C [13, 15, 16]. Thus, it is SnO, films doped with
fluorine, which combine both high electrical conductivity
and the greatest stability considered above, are characte-
rized by thermal stability.

The processes of thermal destruction, most likely as-
sociated with changes in the structure of the crystalline
lattice, the redistribution of defects in the structure, and
the alignment of the Me/O ratio towards the stoichiomet-
ric [17], are of scientific interest and require detailed study.

5. Methods of research

The films were created by the pyrolytic method using
a NE-C28P compressor nebulizer (OMRON, Japan) by ap-
plying thin (Mass Median Aerodynamic Diameter=3 pum)
aerosols of 1M water-alcohol solutions of SnCly-2H,O
and SnCl;-5H50 to heated silica float samples glass size
20x20x2 mm. Sheet sodium-calcium-aluminum-silica glass
made by the float method was used in the work.

The temperature of the samples was varied in the
range 450-550 °C. Doping of SnO, films was carried out
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by introducing into the working solutions NH4F in the
amount necessary to create a Sn/F ratio from 1 to 100.
Control solutions contained NH,F.

Optical properties were evaluated visually for trans-
parency of the films, the presence of defects associated
with the corrosion effect of F~ on the glass surface. The
light transmission of the coated glass samples was in-
vestigated using an SF-46 spectrophotometer (LOMO,
Russia) in the ultraviolet, visible and near infrared (IR)
parts of the optical wavelength range (A=0.2-1.1 nm).
And IR-Fourier was investigated using the FSM 1202M
spectrometer (Infraspectrum, Russia) in the infrared part
(A=1.2-6 um).

The electrical resistance of the samples was determined
by a two-probe DC ohmmeter.

To determine the phase composition of a thin film
formed as a result of pyrolysis of precursor solutions on
the glass surface, a DRON-3 diffractometer (Burevestnik,
Russia) was used, equipped with an X-ray tube with a cop-
per anode, a graphite monochromator, and a computer
scanning system.

The chemical composition of glass samples and a trans-
parent electrically conductive coating was controlled using
an Expert 3L energy-dispersive X-ray fluorescence analyzer
(INAM, Ukraine) in a helium atmosphere.

6. Research resulis

It is revealed that the region of maximum electrical
conductivity lies at the boundary of the ratios Sn?'/F=7
and Sn%"/F=10. A larger amount of F leads to a notice-
able decrease in the transparency and uniformity of the
films and, as a consequence, to a sharp decrease in their
electrical conductivity. At lower ratios, the dependence of
the electrical conductivity of SnO, films doped with fluo-
rine naturally depends on the F~ content in the working
solution and decreases exponentially. Films with a high
F content have significantly less light transmission both
in the visible and in the IR wavelength range (Fig. 1).
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Fig. 1. The spectral characteristics of glass samples with an electrically
conductive coating obtained by pyrolysis of 1M alcohol solutions
of compounds: 1 — 5n%*; 2 — Sn%*+F, 3 — Sn*; 4 — Sn**+F-

In this case, the decrease in light transmission in the
IR region from 2 um to 4 pwm is more significant than

in the range from 0.4 to 0.8 um. It was experimentally
confirmed that the resistivity of SnO, films obtained from
Sn*"/F working solutions is 2—4 times lower than that
of films obtained from Sn%'/F solutions, ceteris paribus.
This is evidenced by the results presented in Fig. 2.
For SnOs films obtained from Sn**/F working solutions
with a molar ratio Sn/F=10, thermal stability was studied
by exposing samples with a freshly coated coating in the
temperature range 450-550 °C for 0—10 min (Fig. 3).
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Fig. 2. The dependence of the specific surface resistance
of the samples on the fluorine content in 1M alcohol solutions
of the compounds: 1 — Sn®*; 2 — Sn**
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Fig. 3. The dependence of the specific surface resistance
of the samples on the pyrolysis temperature and exposure time

Additionally, to determine the causes of such changes,
an X-ray phase study (Fig. 4) and an energy-dispersive
X-ray fluorescence elemental analysis (Table 1) of the
studied samples were used.

The result of the study of the thermal degradation of
the electrically conductive coating revealed a significant
increase in the specific surface resistance of the samples,
which were maintained in an oxidizing atmosphere of air
at temperatures above 400 °C even with short exposures
(Table 2).
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Fig. 4. Diffractograms:

1 — source glass; 2 — coated glass; 3 — glass with thermally

degraded coating
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The obtained data indicate the course of the formation
of the crystalline phase of cassiterite SnO, with a tet-
ragonal structure of the crystalline lattices by the rutile
type. Moreover, a decrease in the electrical conductivity
of the coating is most likely a consequence of thermal
structure-forming processes, as evidenced by the narrowing
of characteristic peaks and an increase in their intensity
in diffractogram 3 (Fig. 4). As a result of this, partial
ordering of the SnO, lattice occurs with compensation of
defects that are responsible for electrical conductivity, and
the replacement of the built-in fluorine by oxygen from
the air atmosphere. This is evidenced by a decrease in its
concentration in the coating from 0.9 to 0.3 % of the mass.

7. SWOT analysis of research results

Strengths. The main advantages of transparent electro-
conductive metal oxide films obtained by the pyrolytic
method using Sn and F compounds are:

— cheapness;

— ease of industrial implementation of the pyrolytic

deposition method;

— high (in comparison with other electrically conductive

metal oxide films) thermal stability, both in a neutral

gas medium and in air;

— high transmittance in the visible part of the optical

wavelength range.

Table 1
The chemical composition of the samples
Mass content, %
Sample
5i0; Al,03 Ca0 Mg0 Na,0 505 Feo03 Sn0, F Cl z
Original float glass 72.6 14 8.2 3.0 14.1 0.4 <0.1 0.2 <0.1 <0.1 100.0
Coated glass 72.4 1.4 8.2 3.0 14.0 0.4 <0.1 0.5 <0.1 <0.1 100.0
Unexposed coating <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 98.8 0.9 0.2 100.0
Exposed* in an atmosphere Ny <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 989 0.7 0.2 100.0
Exposed* in an atmosphere Np+0; [ <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 99.5 0.3 <0.1 100.0

Note: * — the exposure of the samples to study the

out at 550 °C for 1 hour

phenomenon of thermal degradation of the conductive properties of the coating was carried

Tahle 2

Specific surface resistance p (0hm/m?) of the investigated samples

Exposure time, min
T, °C Atmosphere

10 20 30 45 60
\P 32 32 32 32 32

100
No+0, 32 32 32 32 32
\P 32 32 32 32 32

200
No+0, 32 32 32 32 32
\P 32 32 32 32 32

300
No+0, 32 32 5 33 4
AP 32 32 33 33 33

400
No+0; 5 34 34 35 45
\P 33 33 34 34 35

500
No+0; 37 42 45 48 50
AP 35 36 36 37 37

550
No+0; 68 73 77 80 82
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Weaknesses. The use of the pyrolytic method leads to
increased requirements for labor protection, control of the air
parameters of the working area in production and the additional
installation of filtration equipment in the ventilation system.

Opportunities. Promising areas of further research are:

— comparative studies of the thermal stability of other

transparent conductive coatings and comparison of their

parameters with the data obtained;

— search and study of the possibility of using other tin pre-

cursors to obtain transparent electrically conductive films;

— study of the processes of adhesion of a transparent

electrically conductive film to the surface of silica glass;

— creation of multilayer fields of functional coatings

on the glass surface.

Threats. The development of effective methods of nanostruc-
tured engineering of materials creates a fairly strong competitive
environment in the production of functional film coatings.

1. As a result of the study, it is found that the modi-
fication of SnO, films by fluorine not only increases their
electrical conductivity, but also reduces the overall light
transmission of the films both in the visible and in the
IR wavelength range. The decrease in the resistivity of
these films is more pronounced when using water-alcohol
solutions based on Sn** compounds, both with and without
NH,F It is shown that the maximum possible ratio for
obtaining high-quality transparent SnO, films is Sn%*/F=7,
and Sn*"/F=10. It is established that the decrease in the
transmittance of films in the IR part of the spectrum for
Sn*"+F is less than for Sn?*+F.

2. It is revealed that thermal stability, as well as the
specific surface resistance of films obtained from solutions
based on Sn**/F, significantly depends on temperature and
time. So, the lowest resistivity can be achieved at high
temperatures and a short residence time of the films in
these conditions.

3. A possible reason for the «thermal degradation» of
the electrically conductive ability of the films should be
considered attempts by the Sn-O system to be ordered in
accordance with the stoichiometric ratio O/Sn=2, the de-
viation from which in the partially amorphous structure of
the electrically conductive films leads to the appearance of
semiconductor properties, which are usually characterized by
n-type. It is found that thermal degradation of the electrically
conductive properties is associated with the improvement
of the structure and crystallization processes in SnO, films
and a decrease in the content of the adducting F~ ion.

Based on the obtained results, it is possible to recom-
mend the synthesis of electrically conductive films on
a sheet of sodium-calcium-aluminosilica float glass at tem-
peratures close to its annealing temperature T,=560 °C,
with a minimum thermal exposure of the resulting coating.
It is not necessary to use the obtained films at tempera-
tures below 400 °C in an oxidizing atmosphere or up to
500 °C in an inert atmosphere.
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