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In this study, the coating technique was used to prepare thin layers of nickel and aluminum-codoped tin oxide (SnO,: Ni; Al). This
study is aimed at exploring the influence of aluminum (Al) dopant on the structural, optical, and electrical properties of the
elaborated films. X-ray diffraction (XRD) studies discovered that all deposited films (Ni-doped and Al-Ni-codoped SnO,) were
polycrystalline with tetragonal (quadratic) structure and exhibited [110] preferential orientation. The optical measurements
exposed that all prepared films have presented good transparency. The transmittance of Ni-Al-codoped SnO, thin films in the
visible and near-infrared regions varied between 80% and 90%; this was dependent on the concentration of dopant. The band
gap was determined via the equation related to the absorption coefficient. It was deduced that the optical band gap values of
thin films gradually decreased from 4.084eV to 3.991¢V, as an effect of Al content. In addition, it was concluded that the
thickness values of the films pass from 571.374nm to 694.036 nm as an effect of Al content. Moreover, the extinction
coefficient decreases with the wavelength in the UV region and then varies slightly towards longer wavelengths. Moreover, the
electrical resistivity was determined using the four-point probe; it was determined that the electrical resistivity decreases from
1.35%10°(Q-cm) to 0.14 x 10*(Q - cm) with aluminum concentration increasing from 0at. % to 7 at. %. The elaborated films
of SnO, codoped with Ni and Al present were highly transparent; therefore, these thin layers look promising in the use of the
window layer in PV solar cells.

1. Introduction

In the recent years, a lot of studies aimed at transparent con-
ductive oxides (TCOs) were conducted; this included tin
dioxide (Sn0O,), zinc oxide (ZnO), indium oxide (In,0O5), iron
oxide (Fe,0,), and titanium oxide (TiO,). These studies refer
to a class of materials, which present the visible wavelength
range, high optical transparency, and high reflectance in the
infrared (IR) one with good electrical conductivity of nearly

semimetallic regime. These optical and electrical properties
make them suitable for several applications such as photoca-
talysis [1-5], liquid crystal displays [6], photothermal con-
verters [7], transparent electrodes in solar cells [8-10], flat
panel displays [11], light-emitting diodes [12], heated mir-
rors [13], gas sensors [14, 15], and other optoelectronic
devices [16-18]. In this work, we will be presenting tin oxide
SnO, known under the name of cassiterite in natural state,
which is crystallized in the tetragonal crystalline structure


https://orcid.org/0000-0002-1140-6837
https://orcid.org/0000-0002-5172-5306
https://orcid.org/0000-0002-3337-0388
https://orcid.org/0000-0002-6446-6980
https://orcid.org/0000-0002-2822-1468
https://orcid.org/0000-0003-0168-9965
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2021/5556441

[7], belonging to the P42/mnm space group [19]. It is an n-
type semiconductor [20, 21] and is the first transparent con-
ductor widely marketed. In addition, it has a large band gap
energy value varying between 3.6 and 4eV [7, 16, 19]. Due
to its properties such as low electrical resistivity, high optical
transmittance [12, 21], and the big reflectivity in the infrared
region, it can be used as, although anode in lithium-based bat-
teries, a conductive electrode of thin layers of photovoltaic
cells. The SnO, thin layers have been extensively prepared
by employing different procedures like dual-beam pulsed laser
deposition (DB-PLD) [22], spray pyrolysis [23], magnetron
sputtering [24], molecular beam epitaxy (MBE) [25], and
sol-gel method [26], which will be used with the spin coating
to prepare our thin films; the reason this was chosen was
because of its several advantages: its simplicity, low cost, and
its ability to generally obtain uniform films with good adher-
ence and reproducibility [27]. Until now, impurities for dop-
ing SnO, thin films have been applied by other researchers
such as fluorine (F), antimony (Sb), copper (Cu), nickel (Ni),
cobalt (Co), aluminum (Al), and Indium (In) [28-34].

The review of the literature revealed that SnO, doped
with metal elements and followed by an annealing process
[16] could give birth to the ideal electronic device where
the crystalline, electrical conductivity, and morphological
properties of doped SnO, layers are improved compared to
the corresponding undoped layers and more of other TCO
films [12, 14, 35-37]. In this context, the most important
parameter that improves and significantly influences the
electrical and optical properties is the doping with different
metals, which have been mentioned previously. Moreover,
many types of research for the modification of band gap
are possible also with the doping of different transition metal
cations that we have reported before. Among all metal cat-
ions, Ni has prominence due to its grain growth inhibition
in the SnO, matrix [38]. In addition, the nickel (Ni) dopant
in SnO, showed a decreasing particle size and to be improv-
ing the luminescent emission of the SnO,, and it conducted
a decrease in the band gap, particle size, and crystallinity. [39].
Furthermore, the AI’" radius is equal to 0.54 A, which is
smaller than that of Sn** (0.71 A). Therefore, Al ions can be
substituted at the Sn** site in the SnO, system. Substitution
of Al in the position of Sn** creates oxygen vacancies due to
charge imbalance generating free electrons in the conduction
band [40, 41]. Therefore, Al-doping slightly changes the
nature of chemical bonding in its neighborhood. It becomes
more ionic due to an increase of both positive and negative
atomic charges of Sn and O atoms, respectively [42].

To our knowledge, the study of the properties of Ni- and
Al- codoped SnO, thin films has not been mentioned in pre-
vious literature. Because of this limitation, in this paper, we
have investigated the structural, optical, and electrical
properties of SnO, thin films doped at 2% of Ni and x% of
Al elaborated by spin coating.

2. Materials and Methods

2.1. Preparation of the Thin Films by a Sol-Gel Spin Coating
Technique. The Ni-doped and Ni-Al-codoped SnO, thin
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films have been prepared by the sol-gel spin coating (SGSC)
technique. Analytical reagent grade chemicals, such as etha-
nol, 2-methoxyethanol (ME), hydrochloric acid (HCI), tin
chloride dehydrate (SnCl,, 2H,0), nickel chloride (NiClL,),
and aluminum chloride (AICl,), were used as starting mate-
rials without any further purification. Firstly, SnO, (1 M)
was prepared by dissolving tin chloride dehydrate
(SnCl,-2H,0) in 50ml ethanol. Secondly, we have added a
little hydrochloric acid (107> ml) [43], which ensures the
maximum dissolution of SnClL,-2H,O solvent, and 2-
methoxyethanol (C;H,0,) which stabilizes the viscosity of
the solution on the glass substrates. The mixture was well
stirred by a magnetic agitator at room temperature for 20
minutes. Nickel chloride (NiCl,) was then added into the
solution as a dopant source with a ratio of [Ni*2]/[Sn**] =2
%. A magnetic agitator for 20 min also agitated this solution
until it became homogeneous. Then, aluminum chloride
(AICL;) was also added to the solutions as a second dopant
with different concentrations divided in the ratio of
[AI"]/[Sn**] which was varied from 1 to 7at. %. The glass
substrates were cleaned in ethanol and acetone using an
ultrasonic cleaner. The coating solution was deposited on
the glass substrate (Corning 2947), which was rotating at
2500rpm for 30 seconds. Then, the films were dried at
120°C while 10 min to eliminate the organic residues. This
process of spin coating and drying was repeated ten times
to obtain a layer with significant thickness. Finally, the
obtained thin films were then annealed at the temperature
of 500°C in a programmable furnace for 1h at the rate of
2°C-min’' to obtain the desired layers. Figure 1 illustrates
the detailed schematic representation of the experimental
sol-gel spin coating procedure as reported in [44].

2.2. Characterization. The crystalline structures of the Ni-
doped and Al-Ni-codoped SnO, thin films were determined
using an X-ray diffractometer (XPERT-PRO) by using CuKa«
radiation (CuKa = 0.15406 nm) with 26 between 10° and 70°.
The study of the optical properties of tin oxide thin films was
carried out using a SHIMADZU 3101 PC UV-VIS-NIR
spectrophotometer, being the spectral range extending over
a range of 220 nm to 2400 nm. This nondestructive method
consisted of recording the experimental spectral transmit-
tance of the layers as a function of the wavelength and makes
it possible to determine the value of the energy of the forbid-
den band or optical gap (Eg) of the layer (characteristics of a
semiconductor), the refractive index of thin layers, and their
thicknesses. The electrical resistivity measurements in the
thin films were studied with a four-probe setup under nor-
mal conditions and at room temperature, using a JANDEL
model RM3 digital multimeter. The thickness measurements
of the thin films studied have been made by cross-sectional
scanning electron microscopy (SEM).

3. Results and Discussion

3.1. Structural Properties. In order to study the effect of Al
concentration on the structural properties of Al-Ni-
codoped SnO, thin films, XRD analysis of the samples was
performed. The obtained patterns are illustrated in
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FIGURE 1: Schematic presentation of the experimental procedure of sol-gel spin coating.
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FI1GURE 2: X-ray diffraction patterns of Al-Ni-codoped SnO, thin
films with various aluminum-doping concentrations (0%, 1%, 3%,
5%, and 7%).

Figure 2. As revealed in Figure 2, the diffraction peaks were
observed at 20 =26.71°, 34.01°, and 51.94° which corre-
spond, respectively, to the reticular planes (110), (101), and
(211). It is interesting to note that all peaks of X-ray diffrac-
tion have the same peaks as the undoped SnO, sample. The
prepared samples have the (110) diffraction peak as the most
intense one, indicating that the (110) peak is the preferential
growth direction [45] and has the (101) and (211) minor dif-
fraction peaks reflecting the polycrystallinity of the structure
of the undoped layers, which is in good agreement with the
data from the JCPDS reference file (N°, 41-1445) which con-
firm the tetragonal cassiterite (rutile) structure crystal of our
films [46]. The results explicate that Ni and Al incorporation
does not change the tetragonal rutile-type structure of SnO,.

No characteristic peaks of impurities were observed within
the diffraction pattern of the samples, indicating that alumi-
num was substitutionally incorporated into the SnO, lattice.
With the increase of the concentration of aluminum, the
intensity of the peaks reduces. This can be explained by a
disorder caused by the precipitation of aluminum in the
grain boundaries. In addition, the diffraction peaks became
broader due to crystallite size reduction.

The structural strain can be one of the most decisive
negative factors, which consecutively affect the crystalline
structure. The slight shift of the peak diffraction (110) of
the Al-Ni-codoped SnO, thin films has resulted in the
created structural strain associated with Al doping, which
is calculated by the following formula [47]:

- Ay,
S o tang(6yy)

(1)

where ¢, is the structural strain; A8, is the width at half
height expressed in radians (it is calculated compared to
SnO, taken as origin); and 0, is the diffraction angle.
Figure 3 displays the structural strain of Ni-doped and
Al-Ni-codoped SnO, films as a function of the aluminum
concentration. We can see that the structural strain of the
prepared films is decreasing slightly when the aluminum
concentration goes from 0 to 3at. % Al indicates that the
AI’" ions enter the lattice both substitutionally and intersti-
tially. When the concentration of aluminum increases, 5at.
% Al, the structural strain of the prepared films also
increases. This growth results in deterioration and deforma-
tion in the SnO, crystal lattice structure. More particularly,
this one is explained by the substitution of Sn*™ ion by that
of Al because of its weak ionic radius (0.054 nm) compared
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F1GURE 3: The structural strain of SnO, thin films codoped with Al-
Ni as a function of the aluminum concentration.

to that of Sn™ (0.071 nm); it decreases rapidly when the alu-
minum concentration exceeds 5 suggesting that most of the
AP’" jons incorporated in the lattice segregate in the grain
boundaries. The lattice parameters “a” and “c” of the unit
cell are calculated from the peak positions using the formula
of the tetragonal system (equation (2)) [48]. The values are
found to be a =4.7383 A and c=3.1866 A, which are close
to those published in the literature [49].

a
Ay = , (2)
W+ k* + (a2/c2)

where dy; is the interplanar distance, (hkl) are the Miller
indexes, and “a” and “c” are the lattice constants.

The modification of the lattice parameters as the content
of aluminum can be found in Table 1. There is a slight
decrease of “ a” lattice parameters for all doping of alumi-
num in comparison with the lattice parameters of SnO,
pure. It may be due to deformations which are produced
by a weak compression in the crystal due to the substitution
of ions Sn** of the largest ionic radius (0.71 A) by the ions
Al of the low ionic radius (0.54 A). This result is a good
agreement with the previous studies in the literature [49].

The preferred orientations of the Al-Ni-codoped SnO,
thin films are evaluated by the texture coefficient (T),
calculated from the X-ray data using the well-known
formula [50]:

I(hkl)/I, (hkl) .
(1/N) g (K1) /T (hKI) (3)

T (hkl) =

where T (hkl) is the texture coeflicient of the (hkl) plane, I
is the measured or normalized intensity, I, is the corre-
sponding standard intensity given in JCPDS data [46], and
N is the number of reflections. The preferred orientation
of the film will be the (hkl) plane for the higher value of
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T (hkl). Figure 4 presents T (hkl) values calculated (as
seen in Table 1) from the above equation for the reflections
(110) and (101) of the tetragonal Al-Ni-codoped SnO, thin
films at the examined doping range. For codoped samples,
it is noted that at the aluminum rate equal to 3at. % Al,
the (110) diffraction peak has the highest texture coefficient.

The average crystallite size (D) of the Al-Ni-codoped
SnO, thin films is estimated from the X-ray diffraction pat-
terns using the Scherrer formula [51]:

kA
P Beos () “

where D is the average crystallite size, A is the X-ray wave-
length of incident CuKe radiation (A =1.5418 A), k is the
shape factor (k=0.9), 0 is the Bragg angle of the intense dif-
fraction peak (110), and f is the experimental full-width at
half-maximum of the (110) plane.

Using the average crystallite size values, the dislocation
density (84;), defined such as the length of dislocation lines
per volume unit of the crystal, was calculated by employing
the standard Williamson and Smallman formula [29]:

6= . (5)

The results of the crystallite size (D) and the dislocation
density (dy;) are presented in Table 2. We observe a slight
increase in the crystallite size as an aluminum concentration
increases from 0 to 7 at. % in comparison with that of thin-
film SnO, pure, except at 3%, which has a minimum crystal-
lite size of 2.37 nm. The increase of the crystallite size with
the incorporation of Al in SnO,: 2% Ni can be attributed
to the improvement of the crystalline quality. However, the
dislocation density (&) decreases with the integration of Al
in Ni-doped SnO, thin films, except Al at 3%, in comparison
with the SnO, thin film pure. This behavior can be explained
by the change of the particle’s size (D) with the concentra-
tion of aluminum. Indeed, the smaller crystallites allow
deposition in relatively large amounts and possibly the
appearance of some linear defects (dislocations) and their
development throughout the growing structure.

3.2. Optical Properties. The transmission spectra of the Ni-
and Al-codoped SnO, thin films deposited on the glass sub-
strates by spin coating with a heat treatment temperature of
about 500°C are shown in Figure 5. It is a remark clearly that
all thin layers have a higher value of the transmittance in the
light-visible region and the near-infrared region; it is around
the value of 80% and 90%, indicating that Ni- and Al-
codoped SnO, samples have good optical properties for
applications in photovoltaic devices. This behavior is similar
to the study of structural and optoelectronic properties of F-
and Ni-codoped SnO, sprayed thin films, which present a
good transmission in the light visible range [29]. It is seen
that the transmission depends on the aluminum-doping
rate. The high average transmittance in the visible and
near-infrared region belongs to 2% Ni- and 1% Al-
codoped SnO, thin films. Aluminum 5at. %-doped thin
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TaBLE 1: Texture coefficient and lattice parameters of the Al-Ni-codoped SnO, thin films (ASTM of SnO,).
Samples Texture coefficient a=b(A) ¢ (A)

P T (110) T (101) Calculated ASTM Calculated ASTM
SnO, pure 1.100 1.095 4.7424 4.7382 3.1925 3.1871
SnO,: 2% Ni, 0% Al 1.108 1.093 4.7357 4.7382 3.1609 3.1871
SnO,: 2% Ni, 1% Al 1.058 1.056 4.7224 4.7382 3.1818 3.1871
SnO,: 2% Ni, 3% Al 1.139 1.104 4.7383 4.7382 3.1955 3.1871
SnO,: 2% Ni, 5% Al 1.075 1.063 4.7363 4.7382 3.1778 3.1871
SnO,: 2% Ni, 7% Al 1.064 1.039 4.7154 4.7382 3.1866 3.1871
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FIGURE 4: T (110) and T (101) plotted against the aluminum
concentration.

TABLE 2: Average crystallite size and dislocation density of Al-Ni-
codoped SnO, thin films prepared at different concentrations of
aluminum.

Samples D (nm) 8 (x1072 nm™?)
SnO, pure 2.51 15.87
SnO,: 2% Ni; 0% Al 3.95 6.41
SnO,: 2% Ni; 1% Al 3.39 8.70
SnO,: 2% Ni; 3% Al 2.37 17.80
SnO,: 2% Ni; 5% Al 2.96 11.41
SnO,: 2% Ni; 7% Al 2.96 11.41

films show a slight decrease in transmission compared to
undoped in the visible and near-infrared regions. This can
be explained by the increase in the optical absorption of
the charge carriers, following an increase in their density
by the doping effect.

The average transmission of the Al-Ni-codoped SnO,
thin films decreases with increasing Al concentration. The
lower transmittance in the Al-Ni-codoped SnO, thin films
can be due to the increase in scattering centers (grain bound-
aries, defects, etc.). It is observed that the SnO, films show
transparency between 80% and 90% by incorporating an
appropriate amount of aluminum, and the transmittance is

— $n0O,:2% Ni, 3% Al

FIGURE 5: Transmission spectrum of Al-Ni-codoped SnO, thin
films with Ni=2at. % and different Al concentrations (0%, 1%,
3%, 5%, and 7%).

best at 90%, while Al doping concentration is 1at. %, the
results indicate that a certain doping level of aluminum
could improve the transparency of the SnO, thin films.
When Al doping concentrations exceed 1% at., the transmis-
sion decreases; it may be due to the weakening of the crystal-
lization, which could be observed in XRD spectra, increasing
the scattering centers for the high concentration of alumi-
num doping [52, 53], resulting in the enhance of scattering
and absorption of light transmission in the thin films. These
results of the transmission spectra for SnO, thin films are in
good agreement with those that are attained from the previ-
ous studies [54].

In addition, it is well known that the relation between
the absorption coeflicient («) and the incident photon
energy (hv) given by Tauc relation allows us to estimate
the optical band gap energy values (E,) of Ni-doped and
Al-Ni-codoped SnO, thin films [55]:

(ahv) = A(hv - E,) v (6)

where A is a constant, « is the absorption coefficient, hv is
the photon energy, and E, is the energy gap.



6 International Journal of Photoenergy
TaBLE 3: The optical band gap for the Al-Ni-codoped SnO, thin films.
Samples  SnO,: 2% Ni; 0% Al SnO,: 2% Ni; 1% Al SnO,: 2% Ni; 3% Al SnO,: 2% Ni; 5% Al SnO,: 2% Ni; 7% Al
Eg (eV) 4.084 4.003 3.978 3.800 3.991
The values of the optical band gap of the Al-Ni-codoped 700
SnO, thin films are reported in Table 3. The obtained optical
band gap values of Ni- and Al-codoped SnO, thin layers in 650 -
the present work are in good agreement with the reported
values in the literature [56]. It can be seen that the band ~ 600
gap (E,) of the SnO, deposited thin films decreases when E
the aluminum-doping rate goes from 1% to 5%. This g
decrease may be explained by other studies that have £ 550 1
reported a similar behavior [57]. Besides, this reduction in £
band gap energy may be due to the decrease of hole concen- 500 4
tration with the increase of Al doping in the codoped SnO,
thin films. On the other hand, the increase of the band gap
energy when the [Al]/[Sn] ratio equals 0.07 has resulted in 450 1
the reduction of the tail in the valence and conduction band.

Finally, the codoping of the SnO, thin films by Al and Ni
may be used to enhance their electrical conductivity.

The thickness of the Al-Ni-codoped SnO, thin layers can
be calculated using the transmittance data shown in the
interference pattern, according to Swanepoel [11], as follows:

P L, Y 7
2( Ay = Ayny)

where d is the calculated film thickness; A, and A, are the
wavelengths at each peak (or valley); and n; and n, are the
refractive index of a thin layer for each wavelength of A,
and A,.

The refractive index (1) of SnO,-Ni-Al layers can be
calculated using the following equation:

n=1/N+/N?-n2,

Ty-T, n2+1

+
YT T, 2

(8)
N=2

>

where #; is the refractive index of the substrate (in this case,
the glass substrate refractive index =1.52). Ty, and T, are
the maximum and minimum transmittances at a wavelength
where the transmittance peak or valley occurs.

Figure 6 shows the thickness of the thin layer of Al-Ni-
codoped SnO, as a function of aluminum concentration.
This thickness of the elaborated films varies from 571 to
694 nm for 2% Ni-doped SnO, towards 7% Al and 2% Ni-
codoped SnO,. This variation in the calculated thickness of
the films is similar to that obtained experimentally by
cross-sectional scanning electron microscopy (SEM), in
which the value of the thickness of the thin films varies from
598 to 617nm. It is clear that the highest thickness is
obtained for Al=7at. %. Moreover, it is well known that
in reality, the thin films, which have the highest thickness,
transmit a small amount of light. The thin films were pre-
pared at Al =7 at. % which have a low value of transmittance

0 1 2 3 4 5 6 7

Al concentration (at %)
- Thickness

FIGURE 6: Variation of the thickness of Al-Ni-codoped SnO, thin
films as a function aluminum-doping rate.

in comparison with the others. This behavior is a good sim-
ilarity with the other previous work [18]. The increasing
thickness of Al-Ni-codoped SnO, thin films when the con-
centration of aluminum goes from 0% to 7% (except 5%
Al) can be explained to decrease the transmission of our thin
films as indicated in Figure 5.

Urbach energy is defined as an important parameter,
which characterizes the material disorder. In the optical
energy band gap, the available localized states affect the
behavior of the optical transitions. This effect is known as
the Urbach tail, indicating the density of localized states of
the band edges. In this context, the absorption coeflicient
of the films showing Urbach tail associated with the disorder
in the films is given by the standard relation [58]:

a =« exp (hv/E,), (9)

where « is a characteristic parameter of the material, hv is
the incident photon energy, and E, presents the Urbach
energy, which matches the width of the band located near
the conduction or valence bands; from this equation (9),
we have explained the optical transition between occupied
states in the valance band tail to the unoccupied states of
the conduction band [59, 60].

The Urbach tail occurrence is owing to the structural
disorder caused by the defects and doping in the films. The
Urbach energy values are determined from the slope of In
(a) versus (hv). The calculated values of E; are found to
be 228.452, 248.945, 251.327, 290.955, and 223.432 meV
for 0, 1, 3, 5, and 7 at. % of aluminum, respectively. Accord-
ing to the obtained results, Urbach energy increases with the
increase of Al doping concentration introduced in the Ni-
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FIGURE 7: Energy band gap and Urbach energy of Al-Ni-codoped SnO, thin films as a function of the aluminum concentration.

doped SnO, thin films. There is an inverse relationship
between the optical band gap and the Urbach energy, which
is a general result [58, 61]. The obtained values of the band
gap and Urbach energy were plotted as a function of the
aluminum doping concentration as seen in Figure 7. In addi-
tion, the increase of broadband tail (Urbach energy) can
cause the narrowing of the band gap due to the extension
of band tails inside the gap.

The extinction coefficient (K) for Ni-doped and Al-Ni-
codoped SnO, thin films has been calculated using the
values of the absorption coeflicient and the wavelength by
the following relation [62]:

al
=_ . 1
k o (10)

Figure 8 displays the variation of the extinction coeffi-
cient of the Ni-doped and Al-Ni-codoped SnO, thin films
as a function of wavelength. It is seen that the values of the
extinction coeflicient decrease in the wavelength range of
275-360nm and then vary slightly towards longer wave-
lengths. This increase is attributed to an increase of the
absorption coeficient due to the direct electronic transitions
at the absorption edge region. However, the decrease in
extinction coefficient (k) can be correlated with the decrease
of defects and absorption centers in films. It is attractive to
see that the transmittance increases slightly with increasing
doping of Al this is due to the decrease of extinction coeffi-
cient compared to the increase of refractive index. The reflec-
tive index and other dispersion parameters have an important
role in identifying the electronic properties of semiconductor
materials, and consequently, they consider the main parame-
ters for device design [58]. Therefore, it is a matter of impor-
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FiGURE 8: Variation of the extinction coefficient (k) of all Al-Ni-
codoped SnO, thin films.

tance to study the effect of aluminum doping on the
refractive index of the investigated samples. The refractive
indices (1) of Ni-doped and Al-Ni-codoped SnO, thin films
were determined by the following relation [63]:

n:<1t§>+ %—kz, (11)

where R is the reflectance and k is the extinction coefficient.
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FIGURE 9: Evolution of the refractive index (1) of Al-Ni-codoped
SnO, thin films.
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FIGURE 10: Real part of dielectric constant of Al-Ni-codoped SnO,
thin films.

Figure 9 illustrates the dependence of refractive index ()
on the wavelength for Ni-doped and Al-Ni-codoped SnO,
thin films. The refractive index exhibits an oscillatory behav-
ior in the visible and near-IR regions between maximum and
minimum values of 2.25 and 2.85, respectively.

The dielectric parameters of Al-Ni-codoped SnO, were
determinate by using the values of refractive index and
extinction coefficient using the following formula [35]:

e=¢g +ig,, (12)
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where &, = n® — k? is the real part of the dielectric constant,
&, =2nk is the imaginary part of the dielectric constant,
and n and k are the refractive index and extinction coeffi-
cient, respectively. Figures 10 and 11 show the real and
imaginary parts of the dielectric constant depending on the
wavelength for the Al-Ni-codoped SnO, prepared using spin
coating technical. The real part of the dielectric constant pre-
sents an oscillatory behavior similar to the refractive index n
in the visible and near-IR regions between the maximum
and minimum values of 5.25 and 8.85, respectively. On the
other hand, the imaginary part of the dielectric constant
increases when the increasing of wavelength is observed. In
addition, as can be seen, the increment of Al concentration
in SnO,: 2% Ni results in an increase of the dielectric
parameters.

3.3. Electrical Properties. The resistivity measurement of Ni-
doped and Al-Ni-codoped SnO, is essential from an applica-
tion point of view.

The electrical resistivity of the films was measured using
the four-probe method at room temperature. The measure-
ment is realized by making four electrical contacts on the
sample surface. Two of the probes are used to measure the
current, and the other two probes are used to measure the
corresponding voltage. The electrical sheet resistance of the
thin layers investigated has been measured directly by the
device and calculated using the following equation [64, 65]:

N

R, is the sheet resistance, V is the voltage, and I is the
current.
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The electrical resistivity was estimated using the follow-
ing equation [66]:

p=txR,, (14)

where “t” is the thickness of the thin films prepared.

From the calculation of the electrical resistivity of the
thin films investigated, the electrical conductivity was
concluded using the following equation:

(15)

e

The electrical property measurement substantiated that all
our deposited films have the electrical resistivity in an order to
10° (ohm-cm). Mariappan et al. for Cd-doped SnO, reported a
similar value of the electrical resistivity [67]. Figure 12 shows
the electrical resistivity and conductivity of the Al-Ni-
codoped SnO, thin films as a function of the concentration
of aluminum. Firstly, we noted that the resistivity of the thin
films decreased rapidly from 1.35x 10° (Q-cm) to 0.14 x
10° (Q-cm) where the codoping concentration increased
from 0 to 7 at. %. The exact same results were reported earlier
for F- and Ni-codoped SnO, thin films synthesized by chem-
ical spray pyrolysis [18]. Moreover, it is apparent from
Figure 12 that the electrical conductivity of the thin films
increased with increasing aluminum codoping concentration
and reaches a maximum value of 52.15 x 107 (2 cm) ™" for
the same doping concentration (Al=7at. %). It is so that it
can be attributed that the AI’* ions were substituted Sn**

and by the increase of the grain size as it was confirmed from
the X-ray diffraction.

4. Conclusion

To sum up, the nickel- and aluminum-codoped SnO, thin
films on a substrate have been prepared by a sol-gel method
using the spin coating technique. The XRD study demon-
strated that all thin films Ni-doped and Al-Ni-codoped
SnO, were well crystallized and had a polycrystalline tetrag-
onal structure. X-ray diffraction showed that the thin layers
prepared were highly oriented along the (110) peaks. From
the optical measurements, it was found that the band gap
decreased while the content of Al went from 1% to 5% and
increased to 7% Al The films prepared exhibit a good trans-
mittance between 80% and 90% in the visible and near-
infrared regions of the electromagnetic spectrum. The
extinction coefficient decreased with the wavelength in the
UV region and then varies slightly towards longer wave-
lengths in the visible and near-infrared regions. The refrac-
tive index presented an oscillatory behavior in the visible
and near-IR regions. Electrical measurements showed that
the electrical resistivity of the thin films studied decreased
with increasing aluminum concentration. Also, the electrical
conductivity of the thin films investigated increased when Al
doping increased. The obtained high optical transmittance
of the Al-Ni-codoped SnO, thin films that presented a good
electrical conductivity around 10 (Q-cm)’ showed that
these thin layers of SnO,: (Al; Ni) were found to be promis-
ing in the various uses of optoelectronic applications, in par-
ticular, as window layer in PV solar cells.
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