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The effect of three-minute exposure of oxygen plasma
on the properties of tin oxide films

Research devoted to the effect of three-minute exposure of oxygen plasma on the properties of tin oxide films
investigation. The films were obtained by sol-gel method from five-water tin tetrachloride solution. The con-
centration of tin ions in the SnCl/EtOH film-forming system was 0.14 mol/l. The solution system was de-
posed on the glass substrate by carring out a modified dipping method. Plasma treatment was performed at a
pressure of 6.5 Pa and a power of about 20 Watts. The frequency of the oscillations produced by the generator
was 27.12 £ 0.6 % MHz as well. The temperature of the samples during processing did not exceed 100 °C. As
a result of the formation of tin oxide (II), the film transmittance decreased after treatment with oxygen plas-
ma. The width of the electric forbidden zone of the obtained samples was calculated, which was 3.95 eV for
glass and 3.79 eV for film. The resistance of the films was determined by 10 measurements on different parts
of the samples. The film without processing has a resistance of about 4255 + 1158 kQ, after processing, the
resistance decreased by 25 times and amounted to 167 + 26 kQ. A decrease in resistance indicates an increase
in the concentration of charge carriers in the sample. The resulting SnO is a semiconductor that lowers the
transmittance of the studied films and contributes to reducing their resistance. X-ray structural analysis of the
samples was also performed. After processing in oxygen plasma, the intensity of reflection from the (110)
plane have increased. It should be noted that the number of planes with (101) indexes has decreased. The
study of the sample surface showed the destructive nature of three-minute exposure by oxygen plasma.

Keywords: thin films, SnO,, sol-gel method, oxygen plasma treatment, transparency, structure, resistance, tin
oxide (II).

Introduction

The study of tin oxide is associated with its multifunctional application. Tin dioxide belongs to a class
of materials that combines high electrical conductivity with optical transparency and is therefore an im-
portant component for optoelectronic applications [1-3]. The lattice oxygen from the surface of the tin oxide
is able to react chemically with the reagent and after the reaction to be renewed by the oxygen of the gas
phase (mechanism of Mars — van Krevelen) [4]. This ability makes it possible to use SnO, as a catalyst for
oxidative processes [5—7]. The change in the resistance of tin oxide in the presence of various gases formed
the basis for use as a sensitive element in gas sensors [8—10].

Among the various methods used to improve the functional properties of metal oxide layers, plasma
treatment is of particular interest [11-13]. Analysis of changes in the optical parameters and structural char-
acteristics of tin dioxide after plasma treatment allows us to better understand the dynamics of changes in the
physical properties of thin films of tin dioxide.

Experimental

To produce SnO, films, five-water tin tetrachloride was used as the initial reagent, and 97 % ethanol
was used as the solvent. In tin tetrachloride systems, ethanol does not precipitate longer than in water-based
systems. SnCl,/EtOH film-forming systems with a tin ion concentration of 0.14 mol/l were prepared. Film-
forming systems were applied to substrates (glass slides) by a modified dipping method. They were air-dried
for 1-2 minutes and annealed on IKA C-MAG HP7 electric stoves at a temperature of 400°C in the air. In
this case, tin tetrachloride interacts with water from the air to form tin hydroxide and hydrochloric acid. Hy-
drochloric acid and solvent are removed from the film-forming system when heated, and unstable Sn(OH),
decomposes to form water and the desired tin oxide by reaction [14, 15]:

Sn(OH), — SnO; + 2H,0 (1)
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12 layers were applied. The film thickness was determined by a microbalance [16] and amounted to
413 =7 nm.

Treatment of SnO, thin films in oxygen plasma was performed in a quartz tube. Oxygen was obtained
by pyrolytic decomposition of potassium permanganate:

2KMnO, —*— K,MnO, + MnO,+0, )

Plasma treatment was performed at a pressure of 6.5 Pa and a power of about 20 Watts. The frequency
of the oscillations produced by the generator was 27.12 + 0.6 % MHz as well. The temperature of the sam-
ples during processing did not exceed 100 °C. The processing time was 3 minutes.

Transmission and absorption spectra were measured using a UNICO SpectroQuest 2800 spectropho-
tometer. The structure of the films was studied using a scanning electron microscope JSM-6490LA, JEOL
and an optical microscope MPE-11. To output data to a personal computer, a television camera for a vec-535
microscope was used. The composition of the films was determined using x-ray diffraction analysis on a
DRON-6 diffractometer. The resistance of the films was determined using a UT70B multimeter. The dis-
tance between the contacts was 1 mm.

Results and Discussion

Optical property
Figure 1 shows the transmission and absorption spectra of tin oxide thin films before and after oxygen
plasma treatment.
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Figure 1. a — transmission spectra of films; » — absorption spectra of films

Figure la shows that after treatment with oxygen plasma (Fig. 1a curve 3) the film transmittance has
decreased compared to the film transmittance without processing (Fig. 1a nodding 2). The decrease in the
transmission coefficient may be caused by the formation of compounds that are opaque in the visible region
of the spectrum [17, 18]. The formation of tin oxide (II) is most likely. The mechanism of formation of SnO
in SnO, films under the influence of oxygen-rich plasma in a chemically active (ionized) form requires fur-
ther development. One of the assumptions, according to the» activated complex theory», is the formation of a
complex of ionized oxygen with film defects. The resulting complex can decay to form SnO + O, or supple-
ment the crystal structure to stoichiometric SnQO,.

At the edge of the fundamental absorption (Fig. 1) A, were determined for the glass substrate and film
before and after treatment with oxygen plasma. For the glass substrate A, = 311nm, for the film without pro-
cessing and after processing, the edge of the fundamental absorption coincided and A, was 322 nm. Using a
well-known formula:
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Eg = (hc¢)/he,
where £ is the Planck constant in eV; ¢ is the speed of light, and A, is the long-wave boundary of its own
absorption.
The width of the electric forbidden zone of the glass — 3.95 eV and the film — 3.79 eV were calculat-
ed.

The resistance of the films

The resistance of the films was determined by 10 measurements on different parts of the samples. Stu-
dent's coefficient for 10 measurements is equal to 2.262 with a reliability of 0.95. The error was calculated
using the formula:

71— n—1
AM=t,,, Tn ,
where A4 — is the absolute measurement error; t,,. — is the Student's coefficient; 4, — is the value of

the i-th measurement; 4 — is the arithmetic mean; # — is the number of measurements.

Despite the fact that the width of the band gap of the film, calculated from the absorption spectra, did
not change after processing, the resistance of the film significantly decreased. The film without processing
has a resistance of 4255 + 1158 k€, after processing, the resistance decreased by 25 times and amounted to
167 £26 kQ.

The conductivity of tin dioxide is associated with the presence of intrinsic defects — oxygen vacancies
that form small donor levels [19]. These levels can also be formed by impurities. A decrease in resistance
indicates an increase in the concentration of charge carriers. The resulting SnO, which reduces the transmit-
tance, is a semiconductor and can also contribute to reducing the resistance.

Diffraction analysis

The source signal from thin films on a glass substrate has a high noise level. Using the method of in-
creasing the signal-to-noise ratio [20, 21], the following data were obtained and analyzed. Figure 2 shows the
results of signal selection.
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a — after application; b — after plasma treatment
Figure 2. X-ray diagram of tin oxide films

On X-ray diagrams (Fig. 2 a, b) peaks of reflections from the SnO, planes are observed. Peaks from
other tin oxides are not observed. This indicates the absence of SnO in the crystalline form, and does not
cancel the possibility of its existence in an amorphous state. It can be also noticed that the intensity of reflec-
tion from the (110) plane, after processing in oxygen plasma, increased. This indicates an increase in the
number of planes with these Miller indexes. And the number of planes with indexes (101) has decreased. The
destruction of crystallites along the planes (101) and (200) is associated with the transformation of the poly-
crystalline structure into a sub-nanometric cluster structure after plasma exposure [22, 23].
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Surface structure

The surface structure depends on many parameters: the method of application, the concentration of the
initial reagents, alloying impurities, etc. The dominant mechanism for the formation of spatial structures may
be the phenomenon of self-organization [24]. Figure 3 shows images of the film surface after application and
after plasma treatment.
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a — after application; b — after plasma treatment

Figure 3. SEM images of the surface of tin oxide films

Figure 3a and b show that three-minute oxygen plasma treatment is destructive. The surface of the film
was cracked. Figure 4 shows photos of the surface taken with an optical microscope with a smaller magnifi-
cation.

a — after application; b — after plasma treatment

Figure 4. Surface of tin oxide films obtained using an optical microscope

Figure 4a shows that on the surface of the film after its application, there are rare, chaotically located
hills — blisters [25]. They are formed by heating a wet gel. The reaction by-products and the solvent evapo-
rate here. In places where the process of gelation has already begun, but evaporation has not yet occurred, the
formation of blisters occurs. Figure 4b shows that the highest and most exposed blisters have darkened.
Probably, in these places that SnO is formed, and it reduces the transparency of the films.

Conclusions

It was found that treatment of a glow discharge with a low-temperature plasma in an oxygen-rich at-
mosphere for three minutes leads to a decrease in the transparency of the films. Also, as a result of this ef-
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fect, the resistance of the films is sharply reduced (by 25 times). There is a destructive effect of plasma in the
destruction of SnO, crystallites and the appearance of cracks at the micron level on the surface of the film.
An increase in the conductivity of the films indicates the formation of additional charge sources. The for-
mation of tin oxide (II) clusters in the places of large and opened blisters was revealed.

The work was carried out with the financial support of the Ministry of Education and Science on the
topic BR05236404.
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OTtreri mia3mMacbIHbIH YIII MUHYTTBIK KaJaiibl OKCH/Ii KaObIKIIATAPbIHBIH
KacueTTepiHe dcepi

Ortreri mia3MachlHBIH YII MHHYTTHIK KaJaibl OKCHIl KaObIKIIaJIapbIHBIH KAaCHETTEpiHEe dcepi 3epTTeNreH.
KaOspikimanap 6ec TeKTi TeTpaxJIopui KalaibIHBIH epiTiHIiCiHeH 30J1b-Trenb aaiciMed ansiaran. SnCl,/EtOH
KaOBbIKIIa TY3YIIi XKYHeciHaeri Kamaibl HOHAApHIHBIH KoHIeHTpanuscsl 0,14 mons/n Kypaiinsl. lIsmHbrman
JKacallFaH TOCEHINIKe epiTiHAl Oartelpy omiciMeH xkarbuinel. Ilmasma emzeyi KeichiMBl 6,5 Ila sxoHe
KyarTsUIbIFs! 20 BaTT mamackeinza sxyprisinres. I'eneparop sxacaiTeiH TepOertic xuiniri 27,12 + 0,6 %-MI'n-
i Kypansl. OHpey kesingeri yiarinepaiy temneparypachl 100°C-tan aptemiMansl. OTTeri Ima3MachIMEH
oenneynen keiin (II) BanmenTTi Kanmaiipl OKCHIIHIH maiiga Oosybl cajmapblHaH KaOBIKIIAHBIH OTKi3y
K02 UIHEeHTI TOMEHAeAl. AJIBIHFaH YITUIEpAiH 3JIeKTPOHABIK LICKTi 30HACHIHBIH aliMarbl €CeNTeNreH, O
IIBIHBI TOceHim yiin — 3,95 9B, kabbikma ymin — 3,79 5B. Kabsikmanapasiy kegeprici yirizepain 10
SPTYPJIi HYKTEJIK aiiMarblHIa OJIILeHIN, aHbIKTaIFaH. OHaeyci3 KabbIKmanblH Keaeprici 4255 + 1158 kOm-ra
TeH Ooyajpl, eHAEYIeH KeHiH onapiablH Kexeprici 25 ece asaimbl xoHe mamachkl 167 +26 kOM KypambL
Kenmeprinig kemyi 3apsj TachIMalAayNIbUIapIbIH KOHIEHTPAIMSCHIHBIH YIIFAIOBIH KOPCETKEH. 3epTrey
GapeiceiHna maiina Gosran SnO KaOBIKIMIANMapAblH OTKi3y KOd(GGHUIUEHTIH TOMEHACTETIH >KOHE OJIap/bIH
KeZepriciH a3aliTyra yiec KOCaThIH JKapThUIai ©TKI3rim OOk TaObUIaAbl. YIITiiepre peHTreH Talfaysl aa
xypriziaren. Orreri ma3Maceinaa exaeyneH keiid (110) xa3bIKTHIKTaH LIAFbUIBICY HHTEHCHBTILNIT apTThL
Byn xepae (101) unnmexci Oap jxa3bIKTap CaHbl a3aiiFaHbIH @ aTal ©Ty Kepek. YJIritepaiH OeTTik 3eprreyi
OTTeTi IUIa3MachIHbIH YII MUHYTTBIK 9CEPiHiH JECTPYKTHBTI CHIIATBHIH KOPCETKEH.

Kinm ce30ep: xyka kabpikuaizap, SnO,, 307b-Tellb 9/1iCi, OTTEr IIa3MackIMEeH OHJIEY, MOIIPIILIIK, KaObIKIIa
KYpbUTBIMBL, Kenepri, (1) BasieHTT Kamalbl OKCHII.

E.A. Imutpuena, U.A. Jlebenes, E.A. I'pymeBckas, /[.O. Myp3anuHoB,
A.C. Cepukkanos, H.M. Tomnakosa, A.1. ®egocumona, A.T. Temupanuen

BausiHue TPeXMHUHYTHOI0 BO31eHCTBUSI KHUCJIOPOIHOM MJIa3MOM
HA CBOWCTBA IVICHOK OKCH/IA 0JI0BA

HccnenoBano BIMSHHE TPEXMHUHYTHOTO BO3JCHCTBHUS KHCIOPOIHOW IUIa3MOH HA CBOICTBA IJIEHOK OKCHAA
onoBa. [lneHkn OBUTM MOTYYEHBI 30JIb-I'eb METOAOM M3 IIITHBOJHOTO TETpaxjopuzaa ojoBa. KoHneHTpamus
HOHOB 0JI0Ba B IuieHKooOpa3ytomieit cucreme SnCly/EtOH cocrapmsina 0,14 moins/i1. HaneceHne Ha CTEKIISH-
HYIO TTOJUIOXKKY IPOBOJHIOCH MOIH(DUIIMPOBAHHEIM METO0M OoKyHaHMsl. OOpaboTka miIa3Moi OCymecTBIIs-
nack npu nasieHuu 6,5 Ila u momHocTu oxoso 20 Br. YactoTa konebaHmid, co31aBaeMbIX T€HEPATOPOM, CO-
craBsuia 27,12 MI'm 20,6 %. Temmeparypa o6GpasmoB npu o6padorke He npesbimmana 100 °C. Bemencrue
obpaszoBanus okcuaa ojosa (II) moxm3mics kodpdUIKEHT NpomycKaHus IUICHKH mocie 00pabOTKH KUCIIO-
ponHoii mna3moii. Paccuntana mupuHa 3anpenieHHol 30HbI TOJTyYeHHBIX 00pa31oB, KOTOpas AJsl CTEKNIa Co-
craBuna 3,95 3B, mia mnenku — 3,79 3B. ComnpoTuBieHue mIeHOK ompenessioch no 10 n3MepeHusM Ha
pa3HBIX ydacTKax oOpasnoB. Ilnenka 6e3 oOpaboTku obiamaer conmporuBieHHeM 4255 + 1158 xOwm, mocne
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00pabOTKH CONMPOTHBICHHE YMEHBUIMIOCH B 25 pa3 u cocTaBwiIo 167 +26 kOM. YMeHblIeHHEe CONPOTHBIIE-
HUS YKa3bIBaeT Ha YBEJMYEHHE KOHICHTpaluu HocuTenel 3apspa. OOpaszoBasmmiics SnO sBisgercss moiy-
HPOBOJHUKOM, KOTOPBIN IMOHMXKAET KOI(PQUIUEHT MPOIYCKaHUs MCCIENYeMBbIX IUICHOK U BHOCHT BKJIaJ B
YMEHBIIEHHEe UX CONpoTHBIeHHMs. [IpoBeneH peHTreHOCTpYKTYpHBIH aHamn3 obpasmoB. ITocie o6paboTku B
KHCIJIOPOJHOI! II1a3Me MOBBICHIIACh HHTEHCHBHOCTh OTpaskeHus oT miockoctH (110). Crnexyer oTMETUTH, 9TO
KOJIMYeCTBO IuIockocteil ¢ manekcamu (101) ymensmminocs. ViceienoBaHue MOBEpXHOCTH 00pa3IoB MOKa3a-
JI0 IECTPYKTUBHBII XapakTep TPEXMUHYTHOTO BO3ACHCTBHS KHCIOPOIHOI IIa3MOH.

Kniouesvie cnosa: tonkue miueHkd, SnO,, 307b-reb METOA, 00paboTKa KUCIOPOOHOM IIa3MoM, mpo3pauy-
HOCTb, CTPYKTYpPa, CONPOTUBIICHHE, OKkcu L ooBa (II).
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