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Abstract P-type Gallium doped tin oxide and Antimony co-doped Gallium-tin oxide thin films have been prepared on
blue plus microscope glass substrates using the sol-gel dip-coating method. In this paper, Optical and electrical properties of
the prepared thin films are presented. The obtained transmittance spectrum of the undoped (pure) SnO, thin film is
transparent with an average transmittance ranging between (61.1-81.1) % at a wavelength range of 400 nm to 900 nm
respectively. The SnO,:Ga films indicate an average transmittance of about (50.4-72.6) % at a wavelength range of between
400 nm to 900 nm respectively. The Sh-co-doped SnO,:Ga thin films indicates a variation in the average transmittance of
about (53.6-78.1) % at a wavelength range of 400 nm to 900 nm respectively. A reduction in the average transmittance with
increase in doping levels is observed for all the Ga doped and Sbh-co-doped thin films. Undoped (pure) SnO, thin film has a
direct bandgap value of 3.89 eV while SnO,:Ga thin films band gap values of between 4.07 eV to 4.15 eV was measured. The
Sb-co-doped SnO,:Ga thin films has band gap values of between 4.10 eV to 4.16 eV. Highest band gap value of 4.15 eV was
obtained for the SnO,:Ga thin film and 4.16 eV for Sb-co-doped SnO,:Ga thin film. Optical band gap widening and then
narrowing were observed for all the Ga doped and Sh-co-doped thin films. Conductivity types of the thin films indicate an
n-type charge for the undoped SnO, thin film. All SnO,:Ga thin films are p-type conductive. Low co-doped levels of
Sh-co-doped SnO,:Ga thin films are p-type conductive while higher level co-doping of Sb shifted the thin films to n-type
conductive. I-V characteristics demonstrate an ohmic behaviour for all the films as the concentrations of Ga and Sb increased.
The Sb-co-doped SnO,:Ga thin films shows improved I-V characteristics.
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This facilitates low electron effective mass hence high
electron mobility. On the contrary for p-type TCOs, the
Valence Band Maximum (VBM) which is the transport path
for holes is localized and anisotropic in nature. This results
in a large hole effective mass thus making hole mobility
low [7], [8]. This difficulty has led to an obstacle in forming
p-n junctions for various optoelectronic applications [9].
Following the chemical design principle of the cations
existing in oxide materials, a series of p-type TCOs have
been discovered. Such TCOs include the copper-bearing
oxides (CuMO,, M=Al, Ga, In), binary copper oxides (CuO
and Cu,0) and zinc spinel oxides. Among these, a highly
transparent p-type TCO consisting of Copper Aluminium
oxide (CuAlO,) have been developed. However, the films
remain in question since the magnitude of its resistivity is
greater as compared to that of n-type indium tin oxide [10],
[11]. Zinc is also another p-type TCO especially when
doped with or deposited under certain conditions. Due to
the self-compensation effect, there still exists difficulty in

1. Introduction

The transparent conductive oxides (TCOs) are a special
class of materials which exhibit appreciable level of electrical
conductivity, high optical transparency in the visible range
and high infrared reflectivity [1]. Due to the uniqueness of
the properties of these materials, many advances in technology
like the touch screen displays, solid-state sensors, organic
light emitting diodes (OLEDs), liquid crystal displays and
photovoltaic cells largely rely on their applications [2], [3].
However, compared to the n-type conductive TCOs, suitable
p-type TCOs have not been well established [4], [5], [6].
The difficulty in achieving a variety of p-type TCOs comes
about from the unique electronic configuration of the oxide
materials. For n-type TCOs, Conduction Band Minimum
(CBM) which is the transport path for electrons is mainly
composed of spatially spread and delocalized orbitals.
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manufacturing the TCO thereby decaying rapidly for any
use [12].
Many transparent electronic devices especially the solar
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cells which is the current world’s clean energy focus has
been affected. This is because of the current p-type TCO
unsatisfactory performance. As a result, many industries
have substituted it with semi-crystalline metallic organic
materials which have otherwise affected the stability of the
device and registering low efficiency as well. If there would
be suitable p-type TCOs, transparent p-n junctions could
be fabricated for various applications in the transparent
electronic industry [9], [13], [14].

Tin (IV) oxide is one such TCO highlighted to various
applications in optoelectronic industry and green energy
devices due to its unique performance. [3], [15], [16]. SnO,
is an n-type semiconductor with a direct band gap of 3.6 eV
to 4.0 eV. It is characterized with a rutile structure (a=b=
4,738 A, ¢=3.187 A) [17], [18]. It has been widely used in
various optoelectronic applications like gas sensors [19],
solar cells [20], LEDs [21], [22], transistors [22] and photo
detectors [23]. Various studies have shown much interest
in the fabrication of varieties of p-type tin-based films
especially using group (l11) elements of the periodic table
like Al and Ga. They are anticipated as a good p-type
source due to their unique different structures and sizes [24],
[25] i.e the radius of Ga (0.062 nm) is lesser than that of
Sn (0.069 nm) [7], [10]. This enhances the solubility of Ga
ions into the tin site as a result of the induced photo
catalytic activity and photo-induced charge separation
[25]-[31]. However, the main challenge for SnO; thin films
in realization of a p-type charge is having high resistivity
due to low intrinsic carrier density and mobility. Therefore,
co-doping with Sb is anticipated to produce highly stable
thermal-chemically resultant material. This is because Sb is
compatible with SnO, especially in a certain level of doping
where the Sb* acts as acceptor as compared to donors [32],
[33], [34].

Transparent Ga-doped SnO, p-type conductive thin
films have been previously been prepared on quartz glass
substrates by DC and RF magnetron sputtering technique.
Both groups demonstrated that the prepared films exhibited
a visible transmittance above 80.0%. [30], [35]. P-type
Ga-doped SnO, thin films have also been directly prepared
with no post-deposition oxygen annealing and reported
improved electrical properties [30].

A variety of deposition techniques have been employed
to prepare tin-based thin films both physical methods and
chemical-based methods. Such methods include; DC and
RF magnetron sputtering [35], spray pyrolysis technique
[36], chemical vapor deposition sputtering [37], thermal
evaporation [38], pulsed laser deposition [39] and the
sol-gel method [40]. The sol-gel method has demonstrated
a number of advantages over the other methods of coatings
and deposition such as, cost-effective, environmental
friendly, easy to control the underlying materials and
doping concentrations, it requires low temperature for film
densification and results to the formation of a homogenous
structure. [40], [41].

In this work, transparent p-type conductive thin film
of tin with Gallium doping and Sb-co-doping using the
sol-gel dip-coating method are presented and their optical
and electrical properties suitable for transparent electronic
applications are shown.

2. Experimental

2.1. Materials

Tin (IV) chloride of trace metal basis (99.95% purity)
Sigma Aldrich, Gallium (111) chloride, ultra dry, 99.999%
purity (metal basis) Sigma Aldrich, Ethanol and acetone
(solvents) Antimony (lI11) ethoxide, co-dopant, (99.999%
purity) Sigma Aldrich were used for sol preparations. The
blue plus microscope glass slides were used as the substrates for
sol coatings.

2.2. Methods

2.2.1. Preparation of SnO2:Ga Sol

GaCls-ultra dry, was dissolved in Acetyl acetone at room
temperature. Table 1 illustrates the concentration composition
values of SnO,:Ga and Sb-co-doped SnO,:Ga with the
obtained thin films. At various concentration weights; 0.25
g,0.5¢g,0.75 g and 1.0 g of Ga, the solution was refluxed at
70°C using a reflux set-up for 2 hours to ensure effective
homogenization. Hydrated SnCl, was then dissolved in
ethanol in another beaker with the help of a magnetic stirrer
at room temperature, cooled down and the solution added
drop wise to the Ga dissolved solution. The sol was then
aged in the dark room for 7 days [41] as in the flow chart in
Figure 1 which illustrates the dissolving, refluxing and
aging of the sol.

Table 1. The concentration composition values of SnO,:Ga and
Sh-co-doped SnO,:Ga

Thin Film name Concentration weight

Undoped (Sn) 1.2ml
A (Sn+ Ga 1.2ml+0.25¢g
B (Sn + Ga) 1.2ml+05¢
C (Sn + Ga) 1.2ml+0.75¢g
D (Sn + Ga) 1.2ml+1.0g

E(Sn+Ga+Sb
F (Sn + Ga + Sh)
G (Sn + Ga + Sh)
H (Sn + Ga + Sh)

1.2ml+0.25g+0.5ml
1.2ml+059g+1.0ml
1.2ml+0.75g+1.5ml
12ml+1.0g+2.0ml

2.2.2. Preparation of Sh-co-doped SnO,:Ga Sol

After preparation of the gallium oxide sol, Antimony (l11)
Ethoxide was added in various concentrations of 0.5 ml, 1.0
ml, 1.5 ml and 2.0 ml (Table 1). The solution was then aged
for 7 days to obtain the Sh-co-doped SnO,:Ga coating sols
as shown in flow chart (Figure 2) below;
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Figure 1. Flow chart of Preparation of SnO,:Ga sol
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Figure 2.  Flow chart of Preparation of Sb-co-doped Sn0O,:Ga sol
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Figure 3. Schematic of the dip-coating [45] and withdrawal of substrate [46]

2.3. Preparation of Glass Substrates

Microscope glass substrates were used for sol coatings.
The substrates were treated ultrasonically in ethanol and
acetone and kept in a dessicator, ready for film deposition
[43].

2.4. Film Deposition and Subsequent Treatment

Film deposition was carried out in air at room
temperature by the dip-coating method (Figure 3) using
the cleaned glass substrates. The substrates were left to
dry horizontally at 50°C in the oven to remove any organic
residuals. The coating-drying procedure was repeated 3-times
with an approximated withdrawal speed of 4 cm/min to
obtain the desired film thickness [44]. The films were
then annealed at 150°C (optimal temperature) for 5 minutes
and then cooled down at room temperature for crystal
formation.
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Figure 4. Transmission spectra for undoped (pure) SnO, and SnO,:Ga
thin Films (A-D)
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Figure 5. Transmission spectra for undoped (pure) and Sh-co-doped
Sn0,:Ga thin films (E-H)

3. Results and Discussions

3.1. Optical Characterization

Optical transmission data were obtained using
UV-Visible Scanning spectrophotometer (SHIMADZU
1800). The wavelength range was set at 200 nm-1100 nm.
OriginPro 8.5 software was used to index the transmission
data as shown in the spectra; Figure 4 and Figure 5.

Transmittance spectrum of the undoped (pure) SnO, thin
film is transparent with an average transmittance ranging
between (61.1-81.1) % at a wavelength range of between
400 nm to 900 nm respectively. The SnO,:Ga films
measures an average transmittance of about (50.4-72.6) %
at a wavelength range of between 400 nm to 900 nm
respectively. The Sh-co-doped SnO,:Ga thin films indicates
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Figure 8. Tauc plots for Sh-co-doped SnO,:Ga thin films (E)-(H)

A reduction in the average transmittance with increase
in doping levels is observed for all the Ga doped and
Sb-co-doped thin films. The Sb-co-doped SnO,:Ga thin
films measures a slightly higher average transmittance as
compared to the Ga-doped SnO, thin films.

The Ga-doped starting sol also indicated a shift of the
film colour from transparent to brown as the Ga concentration
increased while the Sb-co-doped films indicated a shift of
colour of the starting sol from transparent to light purple.

The 0.75 Ga-doped SnO, thin film C measure the highest
transmittance as shown in figure 4 while the 0.75 Ga-doped
with 1.5 ml Sb-co-doping thin film G, registered the highest
transmittance as shown in Figure 5.

A similar effect of reduction in transmittance with doping
is reported by Ramarajan et al [47] with spray-coated
Sb-co-doped SnO, with Ba thin films and Peddavarapus et
al [48] with sol-gel spin-coated Ga-doped films.

A reduction in average transmittance for all the doped
thin films can be linked to the intrinsic nature of the film.
This is due to dopant induced changes in the electronic structure
of SnO, and also the change in the surface morphology
which is usually manifested as change in its scattering.

The energy band gap is related to the optical absorption

coefficient in a Tauc relation;
(ahv)™ = B(hv — E,)

Where B is a constant and E is the optical bandgap [49],
[50].

The band gaps were computed from the extrapolation of
(ahv)? versus hv curves to the x-axis as shown in Figure 6,
Figure 7 and Figure 8.

Undoped (pure) SnO, thin film measures a direct bandgap
value of 3.89 eV. The SnO,:Ga thin films measures band
gap values of between 4.07 eV to 4.15 eV. Highest band
gap value of 4.15 eV obtained for 0.75 g Ga-doped SnO,,
thin film C as shown in Figure 9. The Sb-co-doped
Sn0,:Ga thin films measures band gap values of between
4.10 eV to 4.16 eV. Maximum band gap value of 4.16 eV
registered for 1.0 ml Sh-co-doped 0.75 g SnO,:Ga, thin film
G as shown in Figure 10.

The bandgap value of the undoped thin film is 3.89 eV
which corresponds to an absorption coefficient of 0.2073.
The band gap values of the SnO,:Ga thin films increases
rapidly from 4.07 eV of 0.25 g Ga-doped thin film to 4.13
eV of 0.5 g Ga-doped thin film and 4.15 eV for 0.75g
Ga-doped then decreases to 4.10 eV of 1.0 g Ga-doped thin
film which measures the highest absorption coefficient.
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Figure 10. Relationship between absorption coefficient and optical band gap for Sh-co-doped SnO,:Ga Thin films

A similar case is observed for the Sb-co-doped thin films.
The bandgap values increase from 4.12 eV of 0.5 mil
Sb-co-doped SnO,:Ga film to 4.16 eV of 1.0 ml
Sh-co-doped SnO,:Ga film, decrease to 4.13 eV of 1.5 ml
Sh-co-doped SnO,:Ga film and then 4.10 eV of 2.0 ml of
Sh-co-doped SnO,:Ga film which measures the highest
absorption coefficient.

A similar trend of bandgap widening and then narrowing
for higher doping concentrations is reported by Benamar et
al [51] for the ITO films prepared by spray pyrolysis,

Thirumoorthi et al [52] with ITO thin films prepared by jet
nebulizer spray pyrolysis technique, Vidhya et al [53] for
gallium doped tin films prepared by spray pyrolysis
technique and Nripasree et al [54] on the dopant induced
and gap broadening in spray pyrolysed ZnCaO thin films.

The widening of the optical band gaps is directly related
to dependance of the influence (coupling) of free carrier
concentration as explained by Moss-Burstein effect on the
fundamental absorption edge in the region of the near
ultra-violet (UV) [55].
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3.2. Electrical Characterization

Conductivity type of thin films was determined by a
simple hot probe arrangement (Table 2). The tip of hot
probe was heated to 120°C of the cold probe with a separation
distance of 15 mm placed on the surface of samples.

Table 2. Conductivity type of SnO,:Ga and Sh-co-doped SnO,:Ga thin
films in various concentrations

Thin film
Undoped (pure)

Charge type

n-type conductive

A p-type conductive

p-type conductive

p-type conductive

p-type conductive

p-type conductive

p-type conductive

n-type conductive

ITIO|MmmMm|O|O|®

n-type conductive

The undoped SnO, thin film is n-type conductive. This is
due to the creation of a native point-defect combination of
oxygen vacancy plus the tin interstitial (\V, + Sn;).

All the Ga-doped thin films are p-type conductive. A
similar result discussed by Peddavarapu et al [48] with the
influence doping of spin-coated Ga-doped SnO, thin films
and Vidhya et al [53] with Ga-doped thin films prepared by
spray pyrolysis method [53].

The Sh-co-doped thin films turned p-type at low
co-doping levels of Sh. This is due to the fact that there
are more of Ga®* vacancies and Sh** state which for this
case acts as acceptors hence creating more holes. Higher
Sh-co-doped SnO,:Ga thin films shifted to n-type conductive
and can be directly related to an increase in carrier
concentration attributed to high levels of Sb>* in the thin
film lattice and therefore creating shallow donor levels into
the conduction band. It therefore enhances shift of the film

to n-type conductive. The same trend of Sb behaviour while
in the two states was observed by Esro et al [34] on the
solution processed SnO,:Sbh.

However, Cao et al [56] reported a p-type conductivity of
sputtered Sh-GaN films at higher doping levels of Sh.

Current-voltage response was utilized to determine the
I-V characteristics of the thin films as shown in Figure 11
by a two point probe arrangement connected to a Keithley
6517B meter at room temperature with an applied input
voltage from 10 to 100 [26].

Current values with corresponding voltage values linearly
increase with the increase in Ga concentrations for the
Ga-doped thin films. The Sbh-co-doped thin films show
improved I-V characteristics such that, the current values
considerably increase with the increase in Sh-Ga
concentrations as illustrated in Figure 10 above. This refers
to a linear increase in conductivity of the films with the
increase in Sb-Ga concentrations. Therefore, the resistivity
of the prepared thin films is reduced.

This trend can directly be related to the ohmic behaviour
of thin films.

A similar trend is reported by Ramarajan et al [47] with
spin-coated Sh-co-doped BaSnO, thin films and Paul et al
[57] with Lithium-Sb-co-doping prepared through spray
pyrolysis method.

4. Conclusions

P-type Gallium doped tin oxide and Antimony co-doped
Gallium-tin oxide thin films have been prepared on blue
plus microscope glass substrates using the sol-gel dip-coating
method. Optical and electrical properties of the prepared
thin films were investigated. Transmittance spectrum of
the undoped (pure) SnO, thin film was transparent with an
average transmittance ranging between (61.1-81.1) % at a
wavelength range of 400 nm to 900 nm respectively. The
Sn0,:Ga films indicated an average transmittance of about
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(50.4-72.6) % at a wavelength range of between 400 nm to
900 nm respectively. The Sh-co-doped SnO,:Ga thin films
measured a variation in the average transmittance of about
(53.6-78.1) % at a wavelength range of between 400 nm to
900 nm respectively. A reduction in the average transmittance
with increase in doping levels is observed for all the Ga
doped and Sh-co-doped thin films. Undoped (pure) SnO,
thin film measured a direct bandgap value of 3.89 eV. The
Sn0,:Ga thin films indicated band gap values of between
4.07 eV to 4.15 eV. The Sh-co-doped SnO,:Ga thin films with
band gap values of between 4.10 eV to 4.16 eV. Highest
band gap value of 4.15 eV was obtained for the SnO,:Ga
thin film and 4.16 eV for Sh-co-doped SnO,:Ga thin film.
Optical band gap widening and then narrowing was
observed for all the Ga doped and Sh-co-doped thin films.
The measured conductivity types of the thin films indicate
an n-type charge for the undoped SnO, thin film. All the
Sn0,:Ga thin films are p-type conductive. Low co-doped
levels of Sh-co-doped SnO,:Ga thin films are p-type conductive
while for higher level co-doping of Sb a shift to n-type
conductive is observed. The measured I-V characteristics of
the thin films indicate a linear increase in current values
with the corresponding voltage values as the concentrations
of Ga and Sb increase indicating an increase in conductivity
of the thin films as the Sh-Ga concentrations increase. This
demonstrates a reduction in resistivity of all the prepared
thin films.

In overall, both the undoped and doped thin films register
a high average transmittance in the visible region with the
n-type SnO2 at 81.1%, SnO2:Ga at 72.6% and Sh-co-doped
Sn02:Ga at 78.1% good for use as transparent p-type
contacts in thin film solar cells. The observed direct, wide
band-gap values of the doped thin films with their
respective absorption coefficients and band energies
strongly depend on stoichiometric deviation and quantity of
dopants available in the tin (host) lattice. The increase in
voltage with current as the doping concentrations increases
refers to a high electrical conductivity of the obtained thin
film samples. Therefore, the improved optical and electrical
properties of the obtained thin film samples validate their
suitability in the solar cell applications.
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