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There was carried out theoretical and experimental investigation of the influence of Sb and V dopes on
the electrophysical properties of the SnO,-based ceramic materials. Modeling was done with the help
of the program package VASP within the density functional formalism. The SnO,-based ceramics was
synthesized according to the standard technology at the sintering temperature 1300 °C with different
Sb dope concentrations (1 to 5 %). The material made with V dopes had a low electrical conductivity.
The structure investigation showed Sb being completely dissolved in the SnO,. The calculations showed
that the activation energies are E,,,(SbSn;Og5)= 1.19 eV and E,,,(VSn;Og5)= 1.33 eV. The experimental
investigation showed that the increase of the stibium oxide concentration leads to the decrease of the
band-gap energy from 1.33 eV to 0.75 eV. The difference between the calculated activation energy
value of the Sb-doped SnO, and that obtained from the experiments is 19 %.
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Introduction

The SnO,-based chemically resistant material of a high electrical conductivity is being
widely used in many industries [1] — electronics, electrotechnology, electrochemistry, catalysis,
biotechnology, metallurgy, atomic and chemical industries, etc. [2]. Pure tin dioxide is badly sintered
that is caused by domination of the evaporation-condensation process over diffusion [3], as well as
low conductivity associated with the high activation energy (4.3 eV). To improve sinterability glass-
forming dopes are used such as MnO,[4], CoO[5], CuO[6]. The investigations carried out formerly
revealed that the ceramics obtained with the manganese (IV) and copper (I1I) oxides combination
had the best physical-mechanical properties [7]. To improve electrophysical properties there are
widely used Sb,0;[8] and V,04[9]. While sintering the Sb and V dissolution in the SnO, crystal

lattice occurs [10].
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However, the influence of the Sb and V atoms on the SnO, electronic structure is not well
investigated. The difficulty lies in the nonuniform ceramics structure because electrical conductivity
is a function of the sintered material boundaries [11] and as a consequence depends on many factors
such as the grain size, porosity, averagepore size, etc.

Modelling the energy-band structure and experimental investigation of the electrical physical
properties will allow studying thoroughly the dope influence on the tin dioxide electronic structure.

The aim of the present paper is to investigate theoretically and experimentally the influence of Sb

and V atoms on the electronic structure of tin dioxide in rutile phase.

Research technique

Structure modeling.All calculations are done within the density functional formalism (DFT) [12,
13] with the help of the program package VASP (Vienna Ab-initio Simulation Package) [14, 15]. The
program above uses the pseudopotential method and expansion of the wave functionson plane wave
basis. In the program to reduce a number of basic functions effectively and increase calculating speed
Vanderbilt pseudopotentials are used for all atoms [16]. When optimizing the geometry all atoms’
coordinates in a supercell are variated by the conjugate gradient method with the usage of forces acting
on atoms. The geometry optimization is being conducted until forces acting on every atom become
lower than 0.05 eV/A.

The synthesis technique.The furnace charge preparation — pressing the powder with 5 %
polyvinylalcohol (PVA) — sintering at 1300 °C.

For physical-mechanical tests the ceramic specimens were made in the form of cylinders 15 mm
in diameter and of 10 mm height. For electrophysical measurements the specimens had the rectangular
shape 5x4x50 mm.

The experimental technique.The investigation of physical-mechanical properties of the specimens
was carried out according to the State Standards 24468-80, 530-95, 20419-83. The resistivity within
the temperature range 20—-1000 °C was measured with the four-point probe method [17]. To measure
mechanical characteristics there was used the instrument Instron 3369. Phase composition, elements
distribution and material structure will be identified by the X-ray phase analyzer XRD 6000 and
electron microscope JEOL JSM-6490 LV.

Energy-band structure calculation

Tin dioxide is a semiconductor with the forbidden band energy 3.54 eV [18] and rutile crystal
lattice structure.

Brillouin zones for the structure and calculated SnO, energy-band structure [19] are presented in
Fig. 1.

There were calculated energy-band structures for supercells SbSn,,Oq and VSn,;O¢. When
calculating the energy-band structure every direction in the reciprocal space was divided into 5 dots.
Energy-band structure for SbSn,;Oy is presented in Fig. 2.

When doping SnO, with V and Sb the activation energy decreases. At equal dope concentrations
the band-gap energy, however, is greater by 0.14 eV when doping SnO, with vanadium atoms. The
calculations carried out also showed that stibium as a dopant distorts the materials’ conduction levels

much more. This may be caused by stronger interaction energy of stibium with tin dioxide.
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Fig. 2. Calculated energy-band structure: SbSny;Ogs (Egermi = 7.14 €V) E,,,(SbSn4,006) = 1.19 &V; VSn4006 (Egermi =
7.15 eV) Eg,p(VSny;0g6) = 1.33 eV

Experimental results

The vanadium oxide influences negatively on the physical-mechanical properties of SnO,. This
may be caused by its poor solubility. Stibium oxide doesn’t have an influence on the properties. Most
probably, a complete dissolution of stibium takes place in the SnO, crystallattice and the influence on

the sinterability is absent.

The synthesized material structure

In case of the usage of MnO, — CuO dopes CuMnO;, phase forms (mainly CuMn,0,, Cu, sMn, 50,)
that is a glass phase on the grains’ boundaries and contributes to sintering [7]. A slight shift of the SnO,

crystal lattice picks witnesses the manganese oxide dissolution (Fig. 3).
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Table 1. Physical-mechanical properties of the SnO,-based ceramics

Sintering . Resistivity
Ne Furnace charge composition | temperature, le n/fn‘? ’ rOpi(:n o St;j[r;g;h, mOhm*m,
°C & POTOSILY, 7o T=1000 °C
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Fig. 3.X-ray phase analysis of the ceramics: (a) — 94 %Sn0,-2 %Sb,0;-2 %CuO-2 %MnO, (b) — 92 %Sn0O,-
2 %Sb,0;-2 %Cu0-4 %MnO,

Electrophysical properties of the SnO,-based ceramics

The investigation of the electrophysical properties of the material with the V,0s dope revealed that

at temperatures about 1000 °C electrical resistance remains high. This means either that the vanadium

solubility in the SnO, crystal structure is low, or the binding energy V — O is high.

temperature [20]:

p = po - eXp(E,/2kT),

where p, — an initial electrical resistivity, Ohm*m; E, — the band-gap energy, J; k — the Boltzmann

constant; T — temperature.
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For semiconductors there is characteristic an exponential relationship between the resistivity and
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Fig. 4. Raster electron microscopyphotography of the 94 %Sn0,-2 %Sb,0;-2 %CuO-2 %MnO, ceramics (JEOL
JSM-6490 LV), x500
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Fig. 5. The resistivity of the SnO,-based ceramics with different stibium oxide concentrations

The resistivity measurement results for the ceramic material with different stibium oxide
concentrations are presented in Fig. 5.

In Fig. 5b there are presented the resistivity measurement results for the ceramic materials with
different stibium oxide concentrations in the logarithmic coordinate.

As follows from the experimental results, an increase of the stibium oxide concentration leads to
the band-gap energy decrease from 1.33 eV to 0.75 eV.

When increasing the stibium oxide concentration up to 5 % there takes place a qualitative change
of the VCC curve shape. This may be associated with a partial and chaotic Sb atoms dissolution in the
SnO, crystal lattice.

Conclusions

Theoretical investigation showed that at equal V or Sb dope concentrations the band-gap energy
is greater by 0.14 eV when doping SnO, with vanadium atoms.
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Table 2. The ceramic materials’ activation energy

95 %Sn0O,- 94 %Sn0O,- 93 %Sn0O,- 92 %Sn0O,- 91 %Sn0,-
Composition 1 %Sb,0;- 2 %Sb20;- 3 %Sb,0;- 4 %Sb,0;- 5 %Sb,05-
p 2 %MnO,- 2 %MnO,- 2 %MnO,- 2 %MnO,- 2 %MnO,-
2 %CuO 2 %CuO 2 %CuO 2 %CuO 2 %CuO
Eac, €V 1.33 1.33 1 1 0.75
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Fig. 6. Voltage-current characteristics (VCCs) of the specimens at threefold measurement (T=1000°C): 1 — Current
strength increasing; 2 -Current strength decreasing: (a) 94 %Sn0O,-2 %Sb,0;-2 %Cu0-2 %MnO, (6) 91 %SnO,-
5 %Sb,0;-2 %Cu0-2 %MnO,

The difference between the calculated Sb-doped SnO, activation energy and that obtained from
the experiments is 19 % that in case of ceramics is satisfactory.

The V-doped material made according to the standard ceramic technology has a low electrical
conductivity. This may be associated with a poor solubility of vanadium in the tin dioxide and requires
a change of the synthesis technique.

The experimental investigation showed that the increase of the stibium oxide concentration leads

to the decrease of the band-gap energy from 1.33 eV to 0.75 eV.

The reported study was partially supported by RFBR, research project No. 14-02-31309.

References

[11 Zuca St., Terzi M., Zaharescu M. and Matiasovski K. // Journal of Materials Science, 1991.
Ne 26. P. 1673-1676.

[2] Ninstro D., Fabbri G., Celotti G. C., Btllosi A. // Journal of Materials Science, 2003. Ne 38
P. 2727-2742.

[3] Cerri J.A., Leite E.R., Gouvea D., Longo E. // Journal of the American Ceramic Society, 1996.
Ne 79(3). 799 p.

[4] Yatao C., He P., Huang P. etc. // ECS Transactions, 2010. Ne 28 (8). 107-115.

[5] Varela J.A., Cerri J.A., Leite E.R. etc. // Ceramics International, 1999. Ne 25. 253-256;

— 151 —



Sergei S. Dobrosmislov, Vladimir I. Kirko... Electronic Structure of SnO, when Doped with Sb and V

[6] Hobpocmwbicrios C.C., Kupko B.U. u op. // Oraeynopsl 1 TexHH4Yeckas kepamuka. 2010. Ne 6.
C. 710.

[7]1 Hobpocmvicnos C.C., Kupko B.H. u op. // Bectauk Cu6I'AY. 2012. Ne 1 (41). C. 118—-122.

[8] Ciorcero J.R., Pianaro S.A., Bacci G. etc. // Journal of Materials Science: Mater Electron,
2011. Ne 22. P. 679-68.

[9] Mahipal R.B., Mastikhi V.M. // Solid State Nuclear Magnetic Resonance, 1992. Ne I
P. 245-249.

[10] TanaxoB @.IO., lllepBunckas A.K. u gp. JluarpaMMbl COCTOSHHSI CHUCTEM TYTOIIaBKHX
okcuzos. T. 3. JI.: Hayxka, 1987. 287 c.

[11] Takahashi T. Minh N.Q. Science and Technology of Ceramic Fuel Cells. ELSEVIER. 1995.

[12] Kresse G., Joubert D. // Phys. Rev. 1999. V. 59. P. 1758.

[13] Laasonen K., Pasquarello A., Car R. etc. // Phys. Rev. 1993. V. 47. P. 10142.

[14] Kresse G., Furthmiiller J. // Phys. Rev. 1996. V. 54. P. 11169.

[15] Kresse G., Furthmiiller J. // Computer Material Science. 1996. Ne 6. P. 15.

[16] Moroni E.G., Kresse G., Hafner J., Furthmiiller J. // Phys. Rev. B. 1997. V. 56. P. 15629.

[17] Dharmasema K.P., Wadley H.H.G. // ] Mater.Res. 2002. Vol. 17. Ne 3. P. 625.

[18] Knynvsime U.JL, 3epupos H.C. u op. // Xumudeckas sHIuKI0NEAMs 1poTHB B 5 T. JI.: CoB.
SHIMKIIO., 1964. 1112 c.

[19] Mishra K.C., Johnson K.H., Schmidt P.C. // Phys. Rev. B. 1995. V. 51. P. 13972.

[20] Tepemxkun C. OCHOBBI MOTYTIPOBOHUKOBOM 3JIEKTPOHUKH: y4eO. mocodue. HoBocnbupck:
HI'TY, 2009.



Sergei S. Dobrosmislov, Vladimir I. Kirko... Electronic Structure of SnO, when Doped with Sb and V

3HeKTpOHHaH CTPYKTYpPa AHOKCHAA 0JI0BAa

npu Jerupopanuu Sb u V

C.C. oopocmrbiciaon?, B.U. Kupko®,
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“Cubupckutl pedepanvbHblil yHUBepcumem

Poccus, 660041, Kpacnospck, np. C60600mbi1L, 79

SKI'TIY um. B.II. Acmaghvesa

Poccus, 660049, Kpacnospcxk, ya. Aoet Jlebeoesoti, 89
‘Uncmumym gusuxu

Poccus, 660036, Kpacnosipcxk, Axkademeopoook, 50 cmp. 38

Ilposedenvr meopemuueckue U IKCHEPUMEHMATbHBIE UCCAEO08AHUS BIUAHUA Te2UPYIOUUX
0obasox V u Sb na srekmpogusuueckue cgolicmea Kepamuyeckoco Mamepuand Hd OCHO8e
ouoxcuda onoga. Modenupoganue ocywecmsiiniocy ¢ UCHOIb3OBAHUEM NPOSPAMMHO20 HaAKemd
VASP 6 pamkax gopmanusma ¢ynkyuonana niomuocmu. Kepamuka na ocrnose ouoxcuda onosa
CUHME3UPOBANACy NO KIACCUYeCKOU mexHoao2uu npu memnepamype cnexanus 1300 °C, c
PAasauyHOU KoHyenmpayueu necupyrouux 006asox cypvmvi(fom 1 0o 5 % ). Mamepuan, nonyuennuiii
npU UCHOIb308AHUE BAHAOUS, 0OIAOAT HU3KOU AIeKMPONPogooHocmuio. Hccredosanue cmpykmypul
NOKA3A0 NOAHOe PACMEOpeHue cypbmbl 8 Juokcude onosa. llposedennvie pacuemvt nokasai,
umo sHepeus akmusayuu cocmagniem Egap(SbSn47096)= 1,19 2B u Egap(VSn47096)= 1,33 3B.
DKcnepumeHmanvHvie UCCIE008AHUSA CGUOCMENbCMBYIONM 0 MOM, YO Y8eauyeHue KOHYeHmpayuu
OKCUOA CYPbMbL RPUBOOUN K CHUICEHUIO WUPUHBL 3anpewéHnol 301bl ¢ 1,33 0o 0,75 eV. Paznuuue
MedHCOY paccuumanHblM 3HAUeHUeM SHepeUul aKmusayu OUOKCUOd 01084, 1e2UPOBAHHO20 CYPbMOll,
U IKCNEPUMEHMATbHLIMU UCCAeO08aHUuaMU cocmagasem 19 %.

Kniouesvle cnosa. Kepamuka, OUoOKCUO oJjloea, aﬂekmponpoeodnocmb, soJlbmamnepHast
xapakmepucmuka, 30HHas cmpyKkmypa, K6AHMo60-XumMudeckoe Mode/zupoeaHue.




