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Optical and microstructural properties of pure and Ru
doped SnO, semiconducting thin films
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Pure and ruthenium (Ru) doped nanostructure SnO, (Ru-Sn0O,) semiconductor films were prepared by sol-gel technique on
glass substrates. The effect of Ru incorporation on microstructure and optical properties of SnO films was investigated.
Crystalline structure, orientations, morphological, optical properties of the films were investigated by using XRD, SEM, AFM,
VEECO profilometer, and UV spectrophotometer, respectively. The optical band gap, refractive index, extinction coefficient
and dielectric constants were calculated by using transmittance and reflectance spectrum of the films. The obtained
structural data indicated that all the films possess polycrystalline structure with tetragonal rutile SnO, and Ru incorporation
conducts to significant changes in the microstructure of the SnO; films. In addition to these, the highest average optical
transmittance value was obtained in the visible region for pure SnO; film. It was found that optical band gap of film was
decreased with the increase in Ru doping, and absorption edge shifted to higher wavelengths with incorporation of Ru.

(Received June 25, 2014; accepted November 13, 2014)

Keywords: Ru doped SnO,, Sol-gel, Microstructural properties, Optical bandgap

1. Introduction

Transparent  conducting oxides have certain
advantages when compared to other types of
semiconductors, such as low cost, simple construction,
small size and ease of placing the sensor in the operating
environment. Therefore they are the popular and useful
sensing materials for making inexpensive gas sensing
devices [1]. Tin (IV) oxide is a semiconductor with a wide
direct forbidden band gap of 3.6 eV and it is amenable to
n-type doping. It has attracted much attention for
applications involving transparent electrodes, solar cells
[6] and gas sensors since it is non toxic, inexpensive, and
highly abundant [3,4]. Sensors in the form of thin or thick
films are very attractive because they have shown distinct
advantages, such as small size, simple construction, low
cost and little weight [2]. SnO, films are prepared by
various fabrication techniques such as chemical vapor
deposition [1], spray pyrolysis [2, 3], thermal evaporation
[4], magnetron sputtering [5], and sol-gel method [6,7]. Of
these methods, the sol-gel process has recently attracted
considerable attention inasmuch as it is proving to be an
economical and energy saving method to deposit high
quality films on large areas [8].

Appropriate doping can affect the physical, optical
and electrical properties of SnO, films. Even though
extensive studies about the effects of dopants were carried
out, there are still remaining unclear points for dopants and
fabrication methods. In the literature various scientists
have previously demonstrated that different elements such
as Mg [9], Mn [10], Cu [11], F [12], Cs [13], Sb [14], In
[15] were doped into SnO2 to modify the electrical, optical
and structural properties of thin films.

The present study mainly aims to investigate the Ru
incorporation on the structural and optical properties of

SnO, films deposited by sol-gel method. To the best of our
knowledge, this is the first report on the understanding of
Ru incorporation on semiconducting SnO, films.

2. Experimental details

Undoped and Ru doped SnO, films were deposited on
glass substrate by sol-gel technique. Tin (I1) chloride
dihydrate (Aldrich) precursor was used as starting
material. The dopant source of ruthenium came from
ruthenium (111) chloride (Aldrich). These salts were first
dissolved in methanol at room temperature. Small amounts
of glacial acetic acid were added to all solutions as
chealating agent to form more than one bond to a metal
ion. The molar ratio of Ru/Sn was maintained 1:1. The
Ru/Sn nominal volume ratio was 10 %. The obtained
solution was stirred in an ultrasonic cleaner at room
temperature for 2 hours in air to obtain intended
homogeneity and turbidity. Glass substrates were cleaned
in methanol for 2 hours in an ultrasonic cleaner prior to
spin coating process. The solution was dropped onto glass
substrates rotated at 1500 rpm for 45 s. The deposited
films were then annealed at 600 °C for 1 hour in air.
Coating and heating procedures were performed by three
times.

X ray diffraction (XRD, Rigaku D/MAX 2200/PC)
patterns of the films were determined to identify phase
structure by means of a diffractometer with a CuKa
irradiation. The surface properties and topographies of the
films were examined using scanning electron microscopy
(SEM, JEOL JSM 6060) attached with energy dispersive
spectroscopy (EDS) and atomic force microscopy (AFM,
Nanosurf Easy Scan) respectively. The film thickness was
determined with VEECO profilometer. Shimadzu 2450
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UV spectrophotometer was used for optical measurements
in the wavelength range between 350 and 800 nm.

3. Results and discussion
3.1 Structural and morphological properties

XRD patterns of undoped and Ru doped SnO2 thin
films deposited on Si substrates were represented in Fig. 1.
Bragg peaks due to the presence of SnO2 rutile phase were
observed in both of the films. In Ru doped SnO2 film,
both SnO2 and RuO2 peaks were obtained. Bragg peaks
for RuO2 phase were found to be at smaller intensities if
compared to SnO2 peaks. This result also notes that
substitution of Ru into tetragonal rutile structure was
successfully applied.

0:Sn0,

Intensity (a.u)

2 theta

Fig. 1. XRD patterns of undoped and Ru doped SnO,
nanostructure thin films on glass substrates.

Sol-gel deposition is a wet chemical route and the film
quality is directly related to various parameters such as
substrate interaction, pH, humidity and temperature. In
order to produce crack-free and pinhole-free, oriented and
homogenous films, optimization of these parameters and
the control of experimental conditions are found to be very
important.

Sn0O2 semiconducting thin films which are the one of
the strong candidate for electronic sensor device must
obtain all properties mentioned in the above paragraph. By
this way any crack or inhomogenity on the surface could
destroy the electronic structure of the films. Fig. 2
represents microstructure and morphology of the smooth
and crack-free undoped and Ru doped SnO2 films. In
order to support SEM results and determine surface
roughness of the films, AFM analyses were applied. AFM
results were depicted in Figs. 3a and 3b for undoped and
Ru doped SnO2 films respectively. AFM image of the film
represents nanoscale surface roughness between 1 and 20
nm. It is clear from SEM and AFM micrographs that
higher part of region represent white region.

(b)
Fig. 2. SEM images of (a) undoped and (b) Ru doped
SnO, nanostructure thin film.
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Fig. 3. AFM images of (a) undoped and (b) Ru doped
SnO, nanostructure thin films.
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3.2 Opttical properties of the undoped and Ru
doped SnO, films

The transmittance and reflectance spectra of the films
were measured in the range of 350-800 nm, as shown in
Figs. 4a and 4b, respectively. For the longer wavelengths
(A > 400 nm), all thin films become transparent and no
light is scattered or absorbed as non absorbing region (i.e.
R + T = 1). The inequality (R + T < 1) at shorter
wavelengths (A < 400 nm) known as absorbing region is
due to the existence of absorption. The average
transmission of the undoped and Ru doped SnO2 films is
97 % and 89 % for the visible region. It is seen that the
transmittance is limited only by the surface reflectance
between 3.7 % and 8.5 % in the visible region. This
suggests that the film has a high transparency and good
optical quality due to low scattering or absorption losses.
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Fig. 4. (a) Optical transmittance and (b) reflectance
spectra of SnO, and Ru-SnO; films.

The absorption edge also shifted slightly to higher
wavelengths with addition of Ru doping. This decreasing
in transmittance and reflectance may be due to
incorporation of Ru as well as formation of bigger crystals
and increased scattering at the grain boundaries due to the
presence of Ru [16, 17].

The refractive index of the films is an important
parameter for optical device design. Equation 1 can be
used to calculate the refractive index at different
wavelength.

1+R 4R
n:( ]+I k2

1-R ﬂ{l—R]: )

where n is the refractive index and k (=0A/4m) is extinction
coefficient. When the thickness of film is known, then the
computation can be carried out and the optical constants
can be calculated. A variation of the refractive index
values with respect to wavelength for undoped and Ru
doped SnO, thin films are shown in Figure 5. The average
refractive index of the Ru doped SnO, film is bigger than
the SnO, film in the measured wavelength range. The
rising refractive index with Ru incorporation can be
attributed to the density and the surface roughness [18].
The refractive index and absorption coefficient values of
undoped and Ru-SnO, films at 400 nm are given in Table
1. As seen from table, absorption coefficient of the SnO,
film also increases with Ru incorporation.

Table 1. Average transmittance and reflectance values in
the visible region, and optical constants of both films at A

=400 nm.
i Tave Rave ol ><:|.05
Film %) (%) n (m?) Eq (eV)
Sno, 97 3.7 2 2.1 3.76
Ru:Sn0O, 89 8.5 2.75 4.3 2.98
3,5-
3,01
o 251
2,0
1,5

400 500 600 700 800
wavelength (nm)

Fig. 5. The variation of refractive index of the SnO, and Ru-SnO,
films.

The fundamental electron excitation spectra of the
films were described by means of a frequency dependent
of the complex dielectric constant. The complex dielectric
constant function is expressed by the following relation,

e(w)=e(0)tigi(w) )

where g;and ¢; are real and imaginary parts of the dielectric

constant, respectively and these values were calculated
using the formulas [19],

e(w)=nY(0) K(0) and &(w)=2n(w)k(o (3)

Figs. 8a and 8b show &, and ¢; values dependence of
photon energy for both undoped and Ru-SnO, films,



Optical and microstructural properties of pure and Ru doped SnO, semiconducting thin films 1309

respectively. The g, value of the SnO, film increases with
Ru doping due to the increase in refractive index. It can be
seen that the real and imaginary part of the dielectric
constant values decrease with increasing wavelength in the
visible region.
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Fig. 6. The variation of real (¢,) and imaginary (&;) parts
of the dielectric constant of (a) SnO, and (b) Ru-SnO,
films.

The analysis of the dependence of absorption
coefficient on photon energy in the high absorption
regions is carried out to obtain the detailed information
about the energy band gap of the SnO,. The optical band
gap the films is determining by the following relation [20].

(ohv)=A(hv-Eg)" (4)

where A is an energy independent constant between 10’
and 10° m?, m is an index that characterizes the optical
absorption process and it is theoretically equal to 2 and 1/2
for indirect and direct allowed transitions and Eq is the
optical band gap of the material. It is evaluated that the
optical band gap of the nanostructured films has a direct
optical transition [21]. It is well known that direct
transitions across the band gap are feasible between the
valence and the conduction band edges in k space. In this
transition process, the total energy and momentum of the
electron photon system must be conserved. Figs. 7a and 7b
shows the plot of (ahv)? vs. hv of the undoped and Ru
doped SnO, films. The optical band gap values of the
films were determined from the intercept of (ahv)? vs. hv
curves and these values were found to be 3.76 eV and 2.98
eV for undoped and Ru doped SnO, films, respectively. In
the literature, the optical band gap of SnO, film was
calculated in between 3.4 eV and 4.6 eV depending on

fabrication procedures and conditions [22-28]. The
inconsistency in the optical band gap is due to Burstein-
Moss effect reported in earlier studies [29]. According to
this theory, doping causes the variation of the band gap.
The band gap in this study decreased considerably for
films with doping of SnO, with ruthenium. This decrease
is attributed to the shrinkage effect of the optical band gap.
Since the strong exchange interactions between d electron
of Ru, and s and p electrons of SnO, cause the broadening
of valence and conduction bands of the film, the optical
band gap of SnO, film decreases [30]. This result is in
agreement with literature with using different elements for
doping and also using different fabrication methods [31-
32].
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Fig. 7. Plots of (ahv)? vs. Energy of (a) undoped SnO,
and (b) Ru-Sn0O, films.

4. Conclusions

Undoped and Ru doped semiconducting SnO2 films
were deposited on glass substrates by sol-gel technique.
Structural, morphological and optical properties were
significantly altered with Ru doping into SnO, films. XRD
results revealed that all the films have tetragonal rutile and
Ru incorporation affects the crystalline structure of the
film. It was observed that surface was smoother with
adding Ru. It was found that absorption edge shifted to
higher wavelengths with incorporation of Ru, and optical
band gap of SnO, film was decreased with the increase in
Ru doping. The Ru doped semiconducting SnO,



1310 Omer Mermer, Hande Sozbilen

transparent film is very useful for solar cell applications
due to high transparent of visible light and low optical
band gap.
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