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In this work, we studied the influence of the dopant elements concentration on the properties of SnO, thin films deposited by
pulsed laser deposition. X-ray diffraction (XRD), field emission scanning electron microscopy (FE-SEM), Hall effect
measurement and UV-Vis studies were performed to characterize the deposited films. XRD results showed that the films had
polycrystalline nature with tetragonal rutile structure. FE-SEM micrographs revealed that the as deposited films composed
of dense microstructures with uniform grain size distribution. All the films show n-type conduction and the best transparent
conductive oxide (TCO) performance was obtained on 6 wt% Sb,0Os doped SnO, film prepared at pO, of 60mtorr and Ts of
500 °C. Tts resitivity, optical transmittance, figure of merit are 7.8 x 10* Q cm, 85% and 1.2 x 102 Q, respectively.
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Introduction morphology was analyzed by using field emission
scanning electron microscope (FE-SEM) images. The
Transparent conducting oxides (TCOs) have wide optical properties of films were studied by the UV-
range of application areas in transparent electrode for visible transmittance. The electrical properties were
display devices, transparent coating for solar energy investigated by the Hall measurements. Figure of merit
heat mirrors, solar cells and gas sensors [1-4]. It is well were computed from spectral transmittance and film
known that widely-used TCO thin films such as ZnO, thickness dependent resistivity data.
SnO,, ITO are n-type because of the existence of
intrinsic  defects (oxygen vacancies and/or metal Experimental
interstitials). As compared with indium tin oxide (ITO)
which is more widely used, SnO, films are inexpensive, The SnO, : dopants (tri-valent, penta-valent) films
chemically stable in acidic and basic solutions, thermally were deposited on the glass substrates by PLD
stable in oxidizing environments at high temperature, technique. A sintered doped SnO, ceramic target was
and also mechanically hard [5]. Various deposition prepared by the solid state reaction method. The

methods have been employed for the preparation of stoichiometric amount of highly pure SnO, (99.99%)
TCO films. Among them, pulsed laser deposition and dopants (99.9% purity) powders were mixed. The

(PLD) has attracted much attention because the contents of the dopant added to the used target was
fabrication process is quite suitable for optoelectronic 0 ~ 10 wt%. Finally, the samples were ground to fine
devices using the SnO, as a transparent electrode [6-8] powder, pressed into pellet form, and sintered at
Furthermore, the composition of films grown by PLD 1250 °C for 12 hrs followed by slow cooling (at 4 °C/
is quite close to that of the target, and it is true even for min). During the deposition, laser energy density at the
a multi component target. target surface was kept at 2 J/em® and laser frequency

In this study, transparent conducting SnO, films with at 2 Hz. The focused laser beam was incident on the
various dopant (tri-valent, penta-valent) contents, and target surface at an angle of 45° The target was
thickness were deposited by pulsed laser deposition rotated about 10 rpm and the substrate was mounted
process at a fixed oxygen pressure (60 mtorr) and opposite to the target at a distance of 45 mm. After the
substrate temperature (500 °C) on the glass substrates. deposition, the thin films were cooled down slowly to
The structural properties of electrodes were studied by the room temperature at a rate of 5 °C/min. The film

observing the X-ray diffraction (XRD) patterns and the thickness was measured by a stylus profilometer. The
structural properties of the films were analyzed by X-

*g"lffeﬁggg‘éi;l%ﬁ%’]ﬁ ray diffraction (XRD, Cu Kal, A =0.154 nm) and the
FZx; +82 55262 6486 scans were performed with 0.02 °6 step size in the 20
E-mail: bhkoo@changwon.ac.kr range of 20-80 °. Morphology of the deposited films

5394



Effect of dopants(Tri-valent, Penta-valent) on the electrical and optical properties of SnO, based transparent electrodes 5395

was analyzed by field emission scanning electron
microscopy (FE-SEM; MIRA I, Tescan). Electrical
properties were checked by a four-point probe sheet
resistance (MitsbishiLoresta MCP-T610 TFP probe)
and Hall measurement. The optical properties of the
films were studied at room temperature with a UV-
VIS-NIR spectrometer in the wavelength range of 300-
800 nm. The figure of merit is calculated on the optical
transmittance for the range of 400-800 nm and the
sheet resistance Rs.

Results and discussion

In order to find the effect of doping element, we have
studied the resistivity with using various doping
elements in SnO,. The variation in the resistivity of tri-
valent and penta-valent elements doped SnO, films at
500 °C as a function of concentration (0 ~ 10 wt%) is
shown in Fig. 1(a-b). It is clear that the resistivity of
the SnO, films doped with all the trivalent elements
such as Bi203, A1203, Y203, Ga203 and Sb203 first
decrease and then increase with the increase of dopant
concentration. Interestingly, 6 wt% Bi,O; doped SnO,
film shows higher resistivity, while 6 wt% Sb,0; doped
SnO, film shows lower value of resistivity. In the case
of pentavalent elements such as Nb,Os, Ta,Os and
Sb,0s5 doped SnO, films (Fig. 1(b)), similar decreasing
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Fig. 1. Variation of electrical resistivity as a function of (a) tri-
valent doped SnO, thin films with different doping level and (b)
penta-valent doped SnO; thin films with different doping level.

and increasing trend of resistivity with the increase of
dopant content was observed. The lower value of
resistivity was observed for 6wt% Sb,Os doped SnO,
film, while 6 wt% Nb,Os doped SnO, film showed
higher value of resistivity. Doping with Sb,O; and
Sb,0s, the SnO, films have significantly decreased in
resistivity. The decrease in resistivity is due to the
substitution of Sn by Sb as their ionic radii are matching
[9]. It is observed that this substitution increases the
carrier concentration and thereby decreases resistivity. In
comparison with Sb,O; to Sb,Os, we observed the
lowest value of resistivity of 7.84 x 10* Q cm for the
doping f 6 wt.% Sb,Os at 500 °C substrate temperature.
This is due to the substitutional incorporation of Sb>*
ions at Sn*" cation sites or incorporation of Sb ions in
interstitial positions. The excess Sb doping interoduces
Sb*" ions, which act like acceptors that compensate for
the donor levels created by the Sb>* ions. Thus, the
excess Sb doping decreases the carrier concentration in
the film and consequently increases the resistivity [10].

The electrical properties of SnO; : Sb films strongly
depends on the parameters such as Sb,Os content,
substrate temperatures, film thickness and oxygen
partial pressures. The electrical resistivity (p), carrier
concentration (n), and Hall mobility (p) of the films
were measured at room temperature using the four
probe point method. Fig. 2 shows the variation of the
electronic transport parameters (p, n, ) of SnO, : Sb
films with Sb,Os content in the targets used for
deposition. The carrier concentration gradually increases
until 4 wt.% of Sb,Os content because of the substitution
of Sb* by Sn*" as their ionic radii are matching (Sn**
0.071 and Sb>* 0.065nm) or incorporation of Sb>*
cations in interstitial position and then above 4 wt.%,
the saturation in the carrier concentration occurred. The
value of resistivity decreased from doping level of 0 to
6 wt.% due to the increase in free carrier concentrations
as a result of the donor electrons from the dopant (Sb).
This result is similar to the earlier reported results on
the doped SnO, films [11]. However, it is indicating
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Fig. 2. Resistivity (p), mobility (1) and carrier concentration (n) as
a function of composition for Sn,Os doped SnO; thin films.
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Fig. 3. FE-SEM image (a) in planer and (b) cross-sectional view
for Sb-doped SnO, film (6 wt % of Sb content) deposited at
substrate temperature of 500 °C.
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Fig. 4. XRD patterns of the SnO, thin films deposited at 500 °C as
a function of doping elements.
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that Hall mobility decreasing with increasing Sb
content caused by grain boundary scattering and
ionized impurity scattering. Therefore, at a 6 wt. % of
Sb content, the resistivity reached the lowest value and
then increased with a further increase of Sb content.

Fig. 3 displays the surface and the cross-sectional
FE-SEM images of the Sb-doped SnO, (6 wt% of Sb
content) film deposited on the glass substrate. The Film
was deposited at a substrate temperature of 500 °C.
Fig. 3(a) shows that the film possesses a uniform grain-
size distribution with dense microstructures. The cross-
sectional view of the film also reveals the dense
microstructure as shown in Fig. 3(b).

Fig. 4 shows the XRD patterns of SnO, thin films
doped with tri-valent and penta-valent elements. The
XRD patten of the SnO, powders is indexed to the
tetragonal rutile structure with lattice constants of
a=0.473 nm and ¢ =0.318 nm from JCPDS card (41-
1444). Although some secondary phase such as Sn;O,
and SnO could be contained [12], however, the
samples in this study had no secondary phases. The
XRD patterns of the SnO, films are identical to that of
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Fig. 5. (a) The optical transmittance spectra of SnO, thin films
with different doping elements and (b) The Tauc plots (n = 1/2) of
SnO; thin films with different doping elements.
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Fig. 6. Variation of figure of merit for the different doping
elements. SnO, thin films deposited with different deposition
dopant content.

the SnO, powders, indicating that these films are
indeed SnO,. All the films show a polycrystalline
nature with orientations along [110], [101], [200] and
[211] planes.

Fig. 5 shows the transmittance spectra of the films
deposited at 500 °C and 60 m Torr of oxygen pressure
with different dopants in the visible region (300 nm
~ 800 nm). The average transmittance in the visible
region was observed between 86% and 83%.
Consequently, all the films exhibited high transparency
in the visible region. The optical band gap of the films
was derived from the plots (inset of Fig. 5) of (athv)1/2
vs hv, where a is the absorption coefficient and hv is
photon energy. It was observed that optical band gap
slightly increase from 3.65 to 3.67 eV. This increase in
band gap is attributed to slight increases in the
crystallinity of the films.

The figure of merit is a significant factor for estimating
TCO thin films in relation to their applications.
Conductivity and transmittance are inversely proportional
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Fig. 7. The figure of merit of the different elements doped SnO,
thin films as functions of films thickness.

to each other and should be as high as possible for
effective usage. The figure of merit is widely used to
compare the performance of various transparent
conductors as first defined by Haacke [13] is, @ = Tr10
/Rs where Tr is the optical transmittance for the range
of 400-800 nm and Rs is the sheet resistance. In Fig. 6,
the effect of dopant elements and concentration in the
figure of merit is observed. The maximum value of
figure of merit (® TC) is observed to be 12.6 x 10~ ¢/
cm for the SnO,:Sb,Os films deposited with 6%
dopant content. This value is higher than the SnO : Sb
thin film obtained from previously reported paper [11].

Fig. 7 show a plot of the figure of merit vs.
deposition thickness of the different elements doped
SnO,. The figure of merit increases consistently with
the increase in films thickness. This can be explained
as follows: usually in thin films the resistivity depends
on the film thickness. In bulk, the resistance to the
charge carrier is usually caused by photon scattering,
impurity and defect scattering. In the case of thin film,
there is an additional scattering from the surface. [14]
We can therefore conclude that Sb,Os doped SnO, thin
film having very low resistivity and high transparency
may be used an alternative for transparent conductive
electrodes.

Conclusions

In summary, high quality transparent conducting
SnO, : Sb films have been successfully grown on the
glass substrates by PLD technique. The structural,
electrical and optical properties of the SnO, : Sb films

were investigated as a function of doping level and
film thickness at fixed substrate deposition temperature
and oxygen pressure. For a 300 nm SnO,: Sb film
deposited at Ts=500°C and 60 mtorr of oxygen
pressure, an electrical resistivity of 7 x 10 Q - cm with
an average optical transmittance of 84% in the visible
range (400~ 800 nm) was observed. The maximum
value of figure of merit (@ TC) was observed
12.6 x 107 Q/cm for the SnO, : Sb,Os films. This study
shows the ability to grow SnQO,:Sb films with low
resistivity, high optical transmission and high figure of
merit by PLD method. This is important for the
fabrication of high quality transparent electrodes
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