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INFLUENCE OF PLASMA TREATMENTS
ON PROPERTIES OF THE SnO; AND ZnO THIN FILMS PREPARED
BY THE SOL-GEL TECHNIQUE

Abstract. SnO; and ZnO thin films were synthesized by sol-gel technique. Then films were treated by glow
discharge O- and H-plasmas. The structure, optical and morphological characteristics of films were measured and
analyzed. The correlations between crystallite sizes and the morphological characteristics of films have been
extracted on the basis of the frontier computational analysis of the scanning probe microscope (SPM) data matrices.
Measurements of X-ray diffraction and optical transmittance spectra have confirmed the computational results. The
discovery size-morphology correlations in thin oxide films might open new avenues ultimately leading towards
deeper insight into unsolved problems of evaluation of optimal technological conditions for thin oxide film
designing,
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INTRODUCTION. Metal oxide nanostructures have attracted great interest due the large variety of
physical properties they present. The importance of transparent conducting oxides (TCO) in the field of
future production of ¢lectric energy by sun light conversation has become unquestionable over the past
time, as using TCO for front contact or intermediate reflector are one of the technological key points of
solar cell designing [1-4]. Formation condition of metal oxides films significantly influences on the
structure, surface morphology and their electrophysical properties. Among the various perspective
physiccal and chemical methods of thin films deposition sol-gel process has distinct advantages over other
techniques due to excellent composition control, homogeneity on the molecular level, simplicity of
impurity doping process, high porosity and small crystallite sizes of synthesized films [5]. Recently, the
plasma treatments have been widely used for modification of semiconductor metal oxide thin films [6-8].

This article presents the effects of hydrogen and oxygen glow discharge plasma on the structure,
morphology and optical properties of SnO, and ZnO thin films prepared by the sol-gel technique.

EXPERIMENTAL

SnQ; and ZnO thin films were obtained by a sol-gel technique. The films were deposited on cleaned
microscopy glass slides. A colloidal solution was preparing by dissolving of anhydrous stannic chloride
(SnCl,) in ethanol for making the films of tin dioxide. Zinc acetate dehydrate (Zn(CH;COO),-2H,0) had
been dissolved in an isopropanol (C;H;OH) with addition of hydroxide ammonium (NH,OH) for
deposition of zinc oxide films. The films were deposited on cleaned microscopy glass slides by spin
coating at 3800 rpm (revolutions per minute). The rotation time was 3-5 s. The films were heated up by an
infrared radiation lamp up to 80°C for elimination of organic residues. Then the samples were annealed at
a temperature of 400°C for 15 min. There were 15-deposited layers for SnO; and 9 layers for ZnO films.
The thickness of the deposited film was estimated from the weight of the film and was about 300 nm.

The glow discharge oxygen or hydrogen plasma was generated at the pressure of 6.5 Pa with a
capacitive coupled radio frequency (r.f 27.12 MHz) power of about 12.5 W. The temperature of pro-
cessing did not exceed 100°C. The processing time was 5 min.

The film’s structure was investigated by X-ray diffraction using a narrow collimated (0.05x1.5 mm?)
monochromatic (CuK,) X-ray beam directed at an angle of 5°to the sample surface. The intensity of X-ray
radiation along the diffraction patterns was measured by 20 = 0.05° steps. The average crystallite size
estimated from the width of X-rays lines by Jones method. The optical transmittance spectra had been
measured in the wavelength range from 190 nm to 1100 nm by means of the SF-256 UVI and from 1100
nm to 2500 nm by means of the SF-256 NIR spectrophotometers (LOMO, Russia). The surface
morphology was investigated using atomic force microscope (JSPM 5200 Jeol, Japan). Scanning of the
surface was carried out in air at the room temperature.

RESULTS AND DISCUSSION

Optical properties of SnO, and ZnO thin films

The optical transmittance spectra of synthesized SnO, and ZnO thin films before and after treatments
by glow discharge hydrogen and oxygen plasmas are shown in Fig.la and b, respectively. Plasma
processing of SnO, films weakly influences on their transmission spectra in the wavelength range from
300 to 1200 nm (Fig. 1a).

Fig.1b shows the optical transmittance spectra of the thin ZnO films for as-synthesized and treated by
the glow discharge oxygen (Fig. 1b, curve 3) or hydrogen plasma (Fig. 1b, curve 4). The optical transmit-
tance spectra have shown that all films exhibit high transmittance in the 350-600 nm range (about 80%).
Transmission, however, falls very sharply in the UV region due to the onset of fundamental absorption.

The appreciable decreasing of optical transmittance T(A) after processing of ZnO film by the oxygen
plasma (Fig. 1b, curve 3) is taken place on wavelengths more than 1000 nm. After treatment by hydrogen
plasma (Fig. 1b, curve 4) the transparency of a film slightly decreased in the region of small wavelengths.

The optical transmittance in the visible range was about 90%. Optical constants for all tin oxide films
were estimated by the envelope method from the transmittance data. The optical band gap was determined
from the allowed direct transition. The porosity and density are determined using the equation of Lorentz-
Lorenz [9]. The obtained results are shown in Table 1.
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Figure 1 — Optical transmittance of SnO, (a) and ZnO (b) thin films on glass substrate.
SnO, (a): glass substrate (1), as-synthesized (2), treated by O-plasma (3) and H-plasma (4),
ZnO (b): glass substrate (1), as-synthesized (2), treated by O-plasma (3) and H-plasma (4)

Table 1 — Calculated optical parameters of SnO, films

Samples Refractive | Thickness, Optical band gap, Absorption coefficient, | Porosity | Density

P index, n nm E,., eV k, em? V., % P, g/cm3
SnO, 1.741 316 4.10 2.50-10° 22.3 5.40
O-plasma 1.816 297 4.10 3.05-10° 16.5 5.80
H-plasma 1.734 288 4.00 5.91-10° 22.8 5.36

The band gap energy of ZnO determined from the assumption of direct transitions, increases at
processing by hydrogen plasma and is reduced at processing by oxygen plasma. The as-deposited, oxygen
plasma treated and hydrogen plasma treated ZnO samples have optical band-gap energy of 3.42 ¢V,
3.37 ¢V and 3.6 ¢V, respectively. The increase band-gap energy after hydrogen plasma treatment probably
specifies occurrence of the shallow hydrogen donors. The reduction of band-gap energy after oxygen
plasma processing can occur due to reduction of ZnO grain sizes and changes in the nature of bond
potentials between internal defects and the basic material [10].

Structure properties of SnO, and ZnQO films

Fig. 2a,b,c shows XRD patterns of SnO, thin films annealed at 400°C for 15 min and after treatments
by glow discharge hydrogen and oxygen plasmas, respectively. The structure of SnQ; crystal grains was
sufficiently good formed. It takes place providing registration of X-ray reflections from 7 planes with
Miller indices (110), (101), (200), (211), (220), (112), (301).

As it has been shown earlier [6, 11] the growth of absorption in the near IR range after plasma
treatment can occur as a result of the increase of free charge carrier concentration due to the presence of
subnanometer Sn clusters or Sn crystallites. Plasma processing weakly influences on absorption in the
near IR range of SnQ, films synthesized by sol-gel technique. It indicates the absence of tin nanoparticles
in these films due to their better stoichiometry.

This assertion is confirmed by the X-ray data of the average sizes of crystallites of SnO, films
(Table 2). The treatment in the oxygen plasma leads to a reduction of the average crystallites sizes. The
reduction can be caused by crystallization of amorphous fraction and formation of SnQ, crystallites with
small sizes. This assumption is confirmed by visible increase of amplitudes and integral intensity of SnO,
peaks. In contrast, processing by hydrogen plasma causes the growth of average crystallite sizes
demonstrating its segregating influence.
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Figure 2 — X-ray diffraction pattern and X-ray intensity curves for thin SnO, films
on the glass substrate after deposition (a), after treatment during 5 min by glow discharge oxygen (b) and H-plasma (c)

Table 2 — Average size of crystallites (nm) for the SnO, and ZnO films estimated from XRD-patterns

Samples SnO,(101) | SnO,200) | SnO,211) | SnO,(110) | ZnO(100) Zn0(002) ZnO(101)
as-deposited 6.5 6 6 5 15 14 13

O-plasma 6 5.5 4.5 55 14 12 12

H-plasma 9.5 10 10 6.5 19 - 16

Fig. 3a,b,c shows XRD patterns of ZnO thin films synthesized and after treatments by glow discharge
hydrogen and oxygen plasmas, respectively. XRD patterns show that in the zinc oxide film only ZnO
polycrystalline phase was observed, 7 lines typical for ZnO were revealed (Fig. 3a). The hydrogen plasma
treatment results (Fig.3b) in partial destruction of crystallites structure and disappearance of X-ray lines
with Miller indices (102), (002), (110), (103), (112). It could be associated with destroying influence of
hydrogen plasma streams on structural perfection of zinc oxide crystallites. As shown in [11], hydrogen
forms in ZnO crystals the donor centers which concentration strongly grows after processing in hydrogen
plasma; however, such treatment does not lead to effective passivation of deep traps. Processing in oxygen
plasma results a reduction of the crystallites sizes, but the quantity of X-ray lines is not changed (Table 2).
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Figure 3 — X-ray intensity curves for thin ZnO films on the glass substrate after deposition (a),
after treatment during 5 min by glow discharge oxygen (b) and H-plasma (c)

The amplitude and integrated intensity of ZnQ peaks are increased for both plasma treatments. Growth
of integrated intensity of peaks could be caused by oxidation of the excess zinc atoms in as-deposited film.
Really, observable reduction of a transparency in NIR range of the transmittance spectra at processing by
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oxygen plasma (Fig. 1b, curve 3) is occurred, probably, due to formation of fine metal nanoparticles which
size could be insufficient for formation of Zn crystallites, but sufficient for growth of IR absorption. It is
possible only in case of presence of superfluous zinc atoms in the film, which under influence of oxygen is
transformed into ZnO, and nanoclusters of Zn. A similar decrease of the transparency in the NIR range
was observed in [6] after short-term treatment by oxygen plasma of SnO; layers synthesized by magnetron
sputtering containing excess tin atoms.

Atomic force microscopic study of SnO, and ZnQ films

The topography of the SnO, and ZnO surface films both before and after plasma treatments has been
investigated by AFM. The AFM images (5007500 nm) are presented in Fig. 4. The as-synthesized films
(Fig. 4a, d) have fine-grained structure with a wide spread of the particles sizes. The surface structure of
ZnO film is more granular in comparison with the same of SnQ, film. Since the sizes of ZnO grains are
large and lie between 20-100 nm, it is likely that the grain consist of crystallites.

As it was mentioned above (paragraph 3.2), processing by hydrogen plasma causes the growth of
average crystallite sizes demonstrating its segregating influence. It is also seen (Fig. 4c, f) that the for-
mation of large grains occurred during processing by hydrogen plasma. Destroying influence of hydrogen
plasma streams on structural perfection of zinc oxide crystallites and disappearance of X-ray lines with
Miller indices (102), (002), (110), (103), (112) was shown in Fig.3. As is also seen on Fig. 4f, the grain
boundaries become less clear and more blurred.

As it was stated earlier (paragraph 3.2) the treatment by oxygen plasma leads to a reduction of the
average crystallites sizes. As is seen on Fig.4b and e, the treatment by oxygen plasma results in destruction
of granular structure of film. One can assume clustering of the surface during processing by oxygen
plasma.

Figure 4 — 5007500 nm AFM AC images of the SnO, and ZnO films microstructure:
(a) — SnO, as-synthesized, (b) — SnO, treated by O-plasma; (¢) — SnO, treated by H-plasma,
(d) — ZnO as-synthesized; (¢) — ZnO treated by O-plasma; (f) — ZnO treated by H-plasma

In Table 3 the results of image analysis of SnO, and ZnO films surfaces using the AFM software are
shown. The roughness is increased after processing of SnQO; films by both hydrogen and oxygen plasma,
especially after hydrogen plasma treatment due to the formation of granular structure of film surface
(Fig.4¢). The roughness of ZnO film is decreased after processing by oxygen plasma due to the intensive
destructive influence of oxygen plasma processing on well-formed granular structure of as-deposited ZnO
film. As one can see from the Table 3 and Fig.4, the roughness of ZnO films exceeds the same of SnQ,
films both before and after plasma treatment, because the structure of ZnO film is more granular in
comparison with the same of SnO, film. The as-synthesized films have fine-grained structure with a wide
scatter of the sizes of particles. Treatment by oxygen plasma leads some destruction of granular structure
of films and to a decrease of grains sizes, confirming the assumption about its cluster structure after
oxygen plasma processing. In contrast, the treatment by hydrogen plasma leads the increase of grain sizes
showing a segregating effect of hydrogen plasma.




Cepusa ¢usuxo-mamemamuveckas. Ne 1. 2014

Table 3 —The analysis of surface images of SnO, and ZnO films (500?500 nm) surface

Samples R, nm Rq R, nm
Glass substrate 231 2.92 19.0
SnO, film as-synthesized 0.66 0.84 7.02
O-plasma 1.15 1.58 13.6
H-plasma 2.04 2.61 19.7
ZnO film as-synthesized 5.37 6.71 472
O-plasma 4.88 6.08 37.0
H-plasma 5.38 6.58 374
R,— average roughness, nm; R, — root mean square roughness; R, — maximum difference between high and low height, nm.

Substantial growth of a surface roughness of SnO, films after plasma processing leads to increase the
proportion of absorbed radiation (Fig.1), the maximum scattering of the incident radiation, the
optimization of light absorption.

The studies clearly shows that the analysis results of synthesis of metal oxide thin film requires
research of optical, morphological and structural film’s features, i.e. requires use of the different measu-
ring platform collection and consequently substantial time and financial resources. In work [12] we have
processed the data on the effect of plasma treatment for time only on the basis of measurements of the
topography of the ZnO films testing. The estimation of size and morphology correlation is a way to create
a nanolaboratory on the single measuring platform by means of mathematical and computing tools, which
would enable to obtain a set of morphological and structural film’s features. The crystallite sizes in thin
films (in the limiting case — two-dimensional structures), from general point of view, should be recognized
in morphological features of the surface. Detection and recognition of these very weak correlations
requires precise measurement tools and effective analysis methods. The correlation estimates were
obtained on the basis of effective methods of spectral and clustering analyzes. All computations were
performed on the groundwork in the field of scanning probe microscopy, neural network computing and
wavelet analysis in the environment of MATLAB software platform.

Size-property relations in plasma-modified ZnO thin films have been established as a function of
plasma treatment duration. It has been shown that duration of plasma treatment is a key parameter of thin
oxide modifications. The correlations between crystallite sizes and the morphological characteristics of
films have been extracted on the basis of the wavelet and self-organizing map analyzes of the scanning
probe microscope (SPM) data matrices. The nanocluster structure of oxide films have been studied in
detail with accuracy corresponding to the results of the SPM with a tenfold sharper cantilever tip. The
strong plasma-induced changes in crystallite sizes have been interpreted as a size-structure phase
transition. Direct measurements of X-ray diffraction and optical transmittance spectra have confirmed the
computational results. The exploration of size-property relations has shown that SPM and effective
spectral and clustering approaches can be very useful not only at analyzes but also at optimal property
designing of thin oxide films for promising nanophotonics devices.

CONCLUSIONS. The influence of treatments by glow discharge hydrogen or oxygen plasmas on
optical properties, structure and morphology of SnO, and ZnO thin films received by sol-gel technique
was studied. It is shown that plasma processing weakly influences on absorption in the near IR range of
Sn0O, films synthesized by sol-gel technique indicating the absence of tin nanoparticles in these films due
to their high stoichiometry. In contrast, the observable reduction of a transparency in near IR range after
short-term processing of ZnO films by oxygen plasma indicates a formation of fine metal nanoparticles
which size could be insufficient for formation of Zn crystallites, but sufficient for growth of IR absorption.

It was shown, that the structure of as-deposited ZnO film is more granular in comparison with the
same of SnO, film. Since the ZnO grains are large (20-100 nm), it is likely that the grains consist of
crystallites. The treatment in oxygen plasma leads to the reduction of the both crystallite and grain sizes
and the processing by hydrogen plasma cause the insignificant growth of the same sizes. Growth of a
roughness of a surface SnQO, films after plasma processing leads to increasing, as against ZnO films to
light absorption.
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The possibility of increasing the efficiency of carrier generation in solar cells using plasma treatment
TCO front contact or intermediate reflector SnO and ZnO films for better scattering of incident light and
the multiple reflections of photons can be applied.

The discovery size-morphology correlations in thin oxide films might open new avenues ultimately
leading towards deeper insight into unsolved problems of evaluation of optimal technological conditions
for thin oxide film designing.
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30JIb-T'EJIb O JICIMEH CUHTE3AEJII'EH SnO, )XOHE ZnO X¥KA TUVIEHKAJIAPJIbIH KACHUETIHE
OTTEI'T )KOHE CYTEI'TIUIASMACBIMEH 6HJAEY JITH ©CEPI

Kyka SnO, sxone ZnO 1miIeHKANIaps! 307Ib-TENb dAiciMeH cuHTe3Aeal. COHAH COH IDICHKAIAP COJFBIH Pa3PsAThI
O- sxone H-mna3maceiMeH eHaeni. KypblIbIMbL, ONTHKANBIK 9HE MOP(OIOTHAIBIK CHIIATTAMATIAPHI ©JIIICHAL KIHE
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Tanaanapl. Kpuctammrrepain enmeMi MEH MOP(OTIOTHSUIBIK CHITATTAMACHIHBIH, APACHIHIAFbl KOPPEILIIHS CKAHHP-
Jeymi 30HATHIK MHKPOCKONTHIH (C3M) nepeKkTepiHiH MATPHIIACHIH KOMITBIOTCPIIIK TAlJAYAbIH HETI31HIAC AJbIH/BL.
PeHTreHOIK CIICKTPIICPAl JKOHE ONTHKABIK OTKI3YMIH CHCKTPJICPIH OMMICY KOMIBIOTCPIIK HOTIXKCICPAL JONICIACI.
KyKa TOTBIKTBIK IUICHKANAPABI CHHTE3ACY YINIH JXKYKA TOTBHIKTHIK IUICHKAIApAAa Meimuep-Mop(oiorws KOPPEii-
IUACHH Ta0y THIMII TEXHOJIOTHSABIK JKaFJaiIel OaFaay JsIH MOCEICCIH 6TC TCPCH YFBIHYFA OKSIIC .

Tipex ce3aep: OTTETi XKIHE CYTET] MIA3MAChI, 30JIb-TIb 3iCI, MBIPBIMI TOTHIFBI, KAJTaHbI TOTHIFBL.
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“KasaxcTancko-BpHTaHCKuit TeXHHUIECKHI yHIBEpCHTET, AMaTsl, PecryGmmka Kaszaxcran)

BJIMSIHUE OBPABOTKU BOJIOPOIHOM K KUCJIOPOJHOM ITJIABMOM HA CBOMICTBA
TOHKUX TUIEHOK SnO, U ZnO, CUHTE3UPOBAHHBIX 30J1b-I'EJIb TEXHOJIOTUEMN

Tonkue mrerkn SnO, 1 ZnO OBUM CHHTE3HPOBAHBI 30Ib-TEIb METOAOM. 3aTeM IUICHKH ObIn 00padoTtans! O- u
H-mnasmamu Treromero paspaga. CTpyKTypa, ONTHYSCKHE H MOP(OTOTHICCKHE XaPaKTEPUCTHKA ObLIH H3MEPSHBI U
MPOAHATA3HUPOBAHBL. Koppesiuusa MeKIy pasMepaMH KPHCTAILIATOB H MOP(OJOTHUYSCKHMH XapaKTCPHCTHKAMH
ObLIH BBIBCACHBI HA OCHOBC KOMIIBIOTCPHOTO AHAIW3ad MATPUIBI JAHHBIX CKAHHPYIOLICTO 30HAOBOTO MHKPOCKOIIA
(C3M). U3mepeHnst peHTTEHOBCKUX CIEKTPOB H CIIEKTPOB ONTHYECKOTO IPOITY CKAHMS MTOATBEPIMIN KOMITBIOTCPHBIC
pesynsratel. OOHAPYKCHHC KOPPCAIHMH pa3Mep-MOp(OIOTHH B TOHKHX OKCHIHBIX IDICHKAX BCOCT K Oosce
Ty 60KOMy ITOHHUMAHHIO np06neM OIICHKH ONTHMAJBHBIX TCXHOJOTHYCCKHUX YCJ'IOBI/Iﬁ A1 CHHTC3HPOBAHMA TOHKHUX
OKCHAHBIX IINICHOK.

KaroueBsie ciioBa: KHCIOPOIHAS H BOAOPOIHAA IIa3Ma, 30J1b-T¢Ib TEXHOIOTHA, OKCH 0JIOBA, OKCHJ UHKA.
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