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Abstract. In this study, we used a pneumatic spray pyrolysis technique at 450°C to deposit Sn;_,Ni, O, thin films
(0.0 < x < 0.10) on glass substrates. The influence of doping content on the films structural, morphological, optical and
electrical properties was investigated. Structural characterization by X-ray diffraction indicated that the rutile phase of
SnO, is present in all thin films, and crystallite sizes are estimated to be in the range of 27—47 nm. Furthermore, structural
and microstructural analyses revealed that at x = 0.05, there is a solubility limit for (Ni/Sn) in the SnO, matrix. The
optical bandgap energy increases from 3.83 to 4.01 eV as the dopant content increases according to the Burstein-Moss
effect. Resistivity is affected by doping and the thickness of thin films. The figure-of-merit calculated for all samples
showed significant differences in the Ni-SnO; thin films. There was a difference between the doped thin films depending
on the thickness. The lowest resistivity of 1.32 x 107> Q cm and the maximum conductivity of 75 Q™" cm™" was found
at a Ni content of 2%. Seebeck coefficient of all the thin films developed had n-type conductivity, and the values of 76, 71,
133 and 69 p V/K for Ni-doped SnO, thin films at 0, 2, 5 and 10 at.%, respectively, were found to improve the

thermoelectric properties of SnO, by Ni doping.
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1. Introduction

As a result of their unique structural (suitable textured
morphology), electrical (relatively low resistivity, on the
order of 107> Q sq™"), and optical (high optical transmit-
tance) characteristics, transparent semiconductor oxide
(TCO) thin films have been the subject of intense research
for several years [1,2]. These materials are very important
from a technological point of view, and their applications
are extremely diverse; they are found in sectors such as
electronics [3], silicon solar cells [4], optoelectronics [1]
and photovoltaic conversion [5]. Tin oxide is one of these
chemicals (SnQO,).

Tin dioxide is the most common tin ore. It crystallizes in
a rutile-like structure in its native state (as casseterite). It
has the following lattice parameters: a = b = 4.74,
¢ =3.19 [6]. SnO, is a wide bandgap energy semicon-
ductor. It is transparent in the visible light. The gap of tin
oxide in thin films varies between 3.6 and 4.2 eV. Its
variances are due to the procedures that were used for its
development. On the other hand, this bandgap energy is
sufficiently large not to allow activation of the carriers at
high temperatures, a process that strongly decreases the
Seebeck coefficient. In this regard, inexpensive,
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environmentally friendly, non-toxic, and high-performance
thermoelectric materials are extremely requested, such as
SnSe [7], SnSe, [8], and SnTe [9].

The tin oxide bandgap is of direct type, the valence band
and conduction band extrema are on the same axis. Elec-
trons transitions from the valence band to the conduction
band are vertical, and free electron concentrations in tin
oxide range from 10" to 10°° cm™. It can be doped to
improve its electrical properties. Antimony (Sb), niobium
(Nb), indium (In), fluorine (F) or chlorine (Cl) doping can
improve the conduction characteristics of tin oxide [10].

SnO, is an n-type semiconductor [11]. The electrical
conductivity of this material is mainly due to the non-stoi-
chiometry of this material deposited in thin films, which
causes oxygen vacancies to appear during the synthesis of
these thin films. These gaps increase the conduction because
they create levels under the conduction band that ionize. Tin
oxide has a first ionization energy of 30 meV below the
conduction band. Interstitial atoms also participate in the
conduction of undoped TCO. This type of doping is done by
replacing metal or oxygen atoms. Such doping depends on
the size of the dopant and its solubility in the transparent
conducting oxide lattice [12]. The doping of tin oxide is
possible with elements such as fluorine (F), antimony (Sb),
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niobium (Nb), tantalum (Ta), as well as with some metals
such as copper (Cu), iron (Fe), cobalt (Co) and nickel (Ni).
As for zinc oxide, it is generally doped with aluminium (Al)
but also with gallium (Ga) and indium (In) [10,13,14].

Indeed, this type of material provides a good compromise
between transparency in the visible and good electrical
conductivity, but it is also known for its reflectivity in the
infrared and its applications to gas sensors [7], smart win-
dow technologies [3]. SnO,-based thin films are also used in
the manufacture of smart windows, thanks to the possibility
of modulating the transmitted light.

In order to optimize the light entering the SnO, thin films,
the light absorption should be reduced, either via a low
carrier concentration, which is one of the main mechanisms
of free carrier absorption (FCA), or via a reduction of the
layer thickness. On the other hand, reducing the mobility of
the carriers in the TCO layer would decrease the recovery
efficiency of the current generated in the cell, as would a
thinner and therefore more resistive layer [3]. Among these
nickel-doping elements, Ni*" ions are inserted into the
SnO, lattice to enhance the carrier concentration of the
samples and cause disequilibrium in the full valence state of
the compound [15].

Several techniques are used to obtain SnO, films, but the
various processes present technical constraints on deposit-
ing sufficiently homogeneous layers. It was noted that the
physical properties of the thin films depend strongly on the
method of elaboration and the experimental conditions.
Among the deposition methods, we are interested in the
spray pyrolysis technique. This technique has several
advantages, such as the possibility of using high purity
precursors, the ease of deposition on large surfaces and
complex shaped substrates, and all this at low temperatures
and low cost [16]. The general principle of this technique is
based on the vaporization and the projection of a solution of
various reactive compounds, using an atomizer, on a heated
substrate. The temperature of the substrate allows the acti-
vation of the chemical reaction between the compounds.
The experiment can be carried out in air, and can be pre-
pared in a chamber (or in a reaction chamber) under a
vacuum reaction chamber with a vacuum of about 50 Torr.
The description of the film formation by the spray pyrolysis
method can be summarized as follows: (1) Formation of
droplets at the nozzle outlet. (2) Decomposition of the
precursor solution on the surface of the heated substrate by
pyrolysis reaction [17]. In general, the systems used to
produce a spray stream fall into two categories: Pneumatic
spray (PSP) technique: in this case, it is the effect of the
pressure of the carrier gas that causes the liquid to be
sprayed in fine droplets. Ultrasonic spray technique: in this
case, the atomization of the liquid is produced by ultrasonic
waves. Several studies have been using pneumatic spray
pyrolysis technique. Espindola-Rodriguez et al. [18]
obtained high-quality Cu,ZnSnS, thin films for photo-
voltaic applications. Also, Girtan et al. [17] prepared thin
films of indium oxide by this techniques. On the other hand,
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cathodoluminescent and photoluminescent layers of
terbium-doped ZrO, have been successfully synthesized by
PSP deposition process [19].

The objective of this work is to improve the thermo-
electric properties of the elaborate thin films based on
undoped SnO, and doped with nickel (SnO,/Ni at.%) for
various content levels (2, 5 and 10 at.%) deposited on glass
substrates at 450°C, by the pneumatic spray pyrolysis
method. On the other hand, to study the influence of doping
on the structural, optical and electrical properties of the
films.

2. Experimental
2.1 Films preparation

The thin films of pure and nickel-doped tin oxide at 2 at.%,
5 at.%, and 10 at.% of Ni were prepared by pneumatic
spray pyrolysis on a glass substrate, using tin chloride
dehydrate content [SnCl,-2H,0] (purity: 99.99%) as a
precursor, and nickel chloride [Ni] (purity: 90.00%) as a
doping source.

The sputtering solution was prepared from a mixture of
tin chloride [SnCly, 2H,0O] (Fulka 99.9%) (0.6 g) dissolved
in 10 ml of distilled water (resistivity = 18.2 MQ cm) and
10 ml of methanol (CH;OH) (Merck 99.5%) with a source
of nickel (NiCl,—6H,0) (Fulka 99.9%) for different doping
concentrations (2, 5 and 10 at.%). This solution was agi-
tated for 1 h using a heated magnetic stirrer at room tem-
perature. The thin films are deposited onto microscope
coverglass substrates (76.2x25.4x1.2 mm3) uheated at
450°C, with a flow rate of 20 ml h™! and a pressure of
1.5 atm with a distance samples—nozzle of 25 cm during a
30 min deposition time.

2.2 Characterization techniques

After the elaboration of pure and nickel-doped tin oxide
films (figure 1), it is necessary to carry out various char-
acterizations, that allows to observe and optimize the
influence of doping concentration.

The phase purity and crystallographic structure of the
examined films were investigated using X-ray diffraction
(XRD; PANalytical Empyrean diffractometer) at room
temperature and Cu-Kal radiation (4 = 1.54056 A) in the
20 range 20-80°. We studied the surface morphology of the
obtained films using a scanning electron microscope (SEM,
a JEOL JSM 7500F microscope) equipped with energy
dispersive X-ray spectroscopy (EDAX) to determine the
elemental composition of the films. By means of a Thermo-
Nicolet instrument, Fourier transform infrared (FTIR)
spectra were recorded in the 4000—400 cm™"' region. The
transmission spectra (7%) for optical properties were
measured using a Perkin Elmer UV-VIS-NIR Lambda 19
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Figure 1.
thin films.

Digital images of SnO,, 2%Ni—SnO, and 5%Ni—SnO,

spectrophotometer in the 190-1800 nm spectral range.
Concerning the electrical properties, the standard four-point
probe method was used. The Seebeck coefficient was
established based on the detected Seebeck voltage and the
gradient temperature from O to 200 K with an interval of
20 K.

3. Results and discussion

3.1  Structural analysis

The XRD spectra of SnO,, Sn;_,Ni, O, [0.00 < x <0.10]
thin films, obtained by the pneumatic pyrolysis technique, is
shown in figure 2. This shows that all the films crystallize
into a rutile-like tetragonal structure of SnO, according to
JCPDS card no: 77-0452, by the presence of peaks with
directions (110), (101), (200), (211), (310) and (301) [20].
Moreover, the XRD spectra confirm the absence of any
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Figure 2. XRD patterns of Ni-doped SnO, sprayed thin films.
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other diffraction peak related to metal clusters and/or oxide
impurity phases such as NiO, NiO,, which confirm the
insertion of Ni into the SnO, lattice.

The intensity of the peaks varies with the doping content.
It is also observed that the most intense peak (200) is
located around the angle of 38.01° [21]. The intensity of
peak (101) increases with the increase of Ni content, which
indicates an improvement in the crystallinity of SnO,, due
to the similarity between the ionic radii of Sn** (69 A) and
Ni2* (69 A), which is preferable to Ni occupying the Sn
sites [22]. In addition, a weak shift of the diffraction peaks
towards smaller diffraction angles was observed with
increasing Ni concentration. Therefore, Ni could expect
alterations in the tetragonal structure of the SnO, host lat-
tice due to the replacement of Sn, so we can conclude that
the doping with nickel changes the structure of the elabo-
rated films [23].

Moreover, the intensity of peaks (211) reaches its maxi-
mum intensity for a doping content of 5 at.%, and then
decreases for a doping content of 10 at.%, which can be
explained by the existence of the solubility limit of (Nig,)
into the SnO, matrix at x = 0.05 and the assembling
between the two ionic radii of Sn** and Ni**.

The lattice parameters (a) and (c) of SnO, and Ni-SnO,
thin films were obtained from the following formula [24]:

1 (P+i) P |

dikl N a? + c? (1)
where dyy is the inter-planar distance, (hkl) the indexes of
Miller and the constants ‘a’ and ‘c’ of the lattice.

The Scherrer formula was used to determine the crys-
tallite size (D) of these thin films [25,26].

kA
~ Pcosd

(2)

In which D is the average crystallite size, k the Scherrer
constant, here taken to be equal to 0.9, A represents
the X-ray wavelength (Cu Ko = 0.15406 nm), 6 denotes
the Bragg angle, and f expresses the total width of the
diffraction line at half-maximum intensity (FWHM).

The results obtained are presented in table 1. The
parameters of the lattice are found to increase as the Ni
rate increases. It takes maximum values for a doping
content of 2 at.% and then decreases to a doping content
>5 at.%, but still remains higher than that of SnO,. The
rise of the lattice parameters with the increase of Ni could
be explained by the incorporation of Ni ions into the SnO,
matrix. On the other hand, a reduction in the FWHM with
an increase in the intensity of the peaks suggests that the
incorporation of Ni in the SnO, lattice leads to an
increase in the grain size of the doped thin films. It can
also be mentioned that the doping content (5 at.%) pre-
sents the solubility limit of (Nig,) into SnO, matrix at
x = 0.05 in our case, which is in agreement with other
studies [16].
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Table 1. Microstructural parameters of the studied Sn;_,Ni, O, thin films.
Lattice constants (A)
Sample Planee (hkl)  20mq (©)  dipacing A) B () a c D (nm) (%) 6 (x10° lines.mm 2)
SnO, (110) 26.61 3.349 3.542 4.7364 3.1830 27.62 0.443 1.410
101) 33.92 2.642 3.542
(200) 38.06 2.364 2.952
(211) 51.68 2.768 4.133
Sng 9gNig.020> (110) 26.52 3.359 1.467 4.7503 3.1825 45.86 0.373 0.475
(101) 33.02 2.644 3.542
(200) 37.94 2.366 3.542
(211) 51.68 1.768 1.771
Sng 95Nig 050, (110) 26.54 3.357 1.771 4.7483 3.1893 47.28 0.320 0.447
(101) 33.85 2.647 2.362
(200) 37.87 2.375 2.362
(211) 51.66 1.769 2.066
Sng goNig.100- (110) 26.54 3.358 2.362 4.7489 3.1935 32.25 0.328 0.961
(101) 33.81 2.650 3.542
(200) 38.02 2.366 3.542
(211) 51.67 1.768 2.952

The dislocation density (¢) and lattice strain () were
calculated using equations (3 and 4), respectively [27,28].

B
®= Jtan0 (3)
1
0= 2 4)

The results of the strain (¢) and the dislocation density (J)
illustrated in table 1, increased with the increase of Ni
concentration, confirm the amelioration of crystallinity.

3.2 Surface morphology

We performed microstructural studies of pure and nickel-
doped SnO, thin films to highlight some effects due to the
change in doping content. Scanning electron microscopy
(SEM) micrographs of the surface of Sn;_,Ni, O, layers
(x =0.02, 0.05 and 0.10) are shown in figure 3a-—d,
respectively. The SEM observations showed that the
Ni—SnO, layers have tightly packed regular grains with an
almost smooth grain surface, fine and small grain size dis-
tribution, with no pin-holes and fissures.

3.3 Compositional analysis

Figure 4 shows the EDAX analysis of SnO,, Sn;_Ni, O,
[x = 0.02, 0.05 and 0.10] films obtained by spray pyrolysis,
revealing the presence of tin, nickel and oxygen in nearly
stoichiometric amounts, which clearly shows the absence of
any impurity elements in the obtained samples. The
remaining peaks that appear in the EDAX spectra, except

Figure 3. SEM images of nickel-doped SnO, sprayed thin
layers: (a) 0 at.%, (b) 2 at.%, (¢) 5 at.% and (d) 10 at.%.

for those of Sn, Ni and O, are due to elements that compose
the glass substrate, such as Si, Mg and P [13].

Consider that the films are stoichiometric of the form
Sny_Ni, O, [x = 0.02, 0.05 and 0.10]. Here the stoichio-
metric of the films is found from the Ni and Sn signals only.
From the relation equation (5) [29].

x=r/r+1 (5)

In this study, x is the atomic Ni content and r is the ratio
of Sn to Ni EDAX signals (table 2). Figure 5 represents the
relationship between the Ni and Sn EDAX signals and the
estimated value of the Ni atomic content both plotted
against the ‘expected’ Ni content of the deposit. It can seem
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Figure 4. EDAX elemental composition analysis of (a) SnO,,
(b) SnO:Ni 2 at.%, (c) SnO,:Ni 5 at.% and (d) SnO,:Ni 10 at.%
thin films.

that the incorporation of Ni into the lattice is very evident
for all dopant levels.

3.4 FT-IR spectroscopy

Figure 6 shows the FT-IR spectra of the prepared pure and
Ni-doped SnO, film by spray pyrolysis. The presence of a
band around 633 cm™'may be associated with the vibration
of Sn—O and Ni-O bonding [30-32]. However, this band is
shifted with the doping concentration, and in addition, the
intensity of this band is decreased and almost disappears for
a doping content of 10 at.%. That confirms the substitution
of Ni in the host lattice of SnO,. It is also noticed that the
FT-IR spectrum of the Sng 95Nig osO, sample is well defined
due to the crystallinity improvement, confirming that 5 at.%
doping presents the existence of the solubility limit of
(Nig,) into the SnO, matrix at x > 0.05 in our case. In

addition, there is a peak located around 1640 cm_l,
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corresponding to the bending vibration O-H oscillators in
the adsorbed water molecules and in the alcohol, respec-
tively, while another band at 3444 cm™' can be attributed to
the stretching vibration O-H [29].

3.5 Optical properties

Figure 7 shows the variation of the transmittance as a
function of the wavelength in the range [190-1100 nm] for
the undoped and Ni-doped SnO, samples prepared at dif-
ferent contents (2, 5 and 10 at.%). It can seem that all the
layers show good optical transparency in the visible range,
with a transmission value that varies between 76 and 82% in
the visible range after doping. This result shows that Ni
doping improves the optical properties that have an
important role in photovoltaic devices [33,34]. It is also
noted that the 10 at.% Ni-doped layer has the highest
transparency in the visible range.

In addition, the transmission edge shifts to lower wave-
lengths (blue shift) with the doping, resulting in an increase
in the bandgap energy.

Based on the model of Wemple [35-38], relying on the
study of a single oscillator, it is possible to determine the
different dispersion parameters of our Ni-doped SnO, thin
films. In figure 7, the continuous line represents the fitting
curve and the symbols are the experimental data. The values
obtained are listed in table 3.

An increase in the optical bandgap energy is noticed at
values of 3.83, 3.98, 3.99 and 4.01 eV for the SnO,,
SHO.ggNiO.()zOz, SHO.gsNiO_osoz and Sno_goNio_]()Oz thin ﬁlms,
respectively. This increase can be explained by the distor-
tions caused in the crystallographic lattice of SnO,. It can
also be found that the introduction of more Ni gives an
increase in the optical bandgap energy. This increase is
often reported in the literature and is referred to as the
Burstein-Moss effect [39]. This can be due to the increase in
the number of charge carriers (electrons) from the donor
Ni** ions that are incorporated into the substitutional or
interstitial locations of the Sn*" cation. This rise in the
optical bandgap energy values confirms the incorporation of
Ni%* ions into the SnO, host lattice, which is in agreement
with the XRD results.

The calculated refractive index spectra (n) [40,41] for the
elaborated Sn;_,Ni,O, layers are presented in figure 8. The

Table 2. Composition and stoichiometry of the SnO,, Sn;_Ni, O, [x = 0.00, 0.02, 0.05 and 0.10] thin films obtained by statistical

analysis of EDS spectra.

Sn,_,Ni, 0, [x = 0.00, 0.02, 0.05 and 0.10]

‘Nominal’ Ni content (at.%) Sn (at.%) O (at.%) Ni (at.%) x (Ni) ‘EDS’ Ni content (at.%)
Sn0O, 82.68 17.32 — —

Sng.0gNig 0202 62.40 36.03 1.57 0.0244

Sng 95Nig 0502 72.52 23.40 4.08 0.0532
Sng.9oNig.1002 63.41 30.01 6.49 0.1012
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Figure 6. FT-IR spectra of the SnO,, Sng9sNig 050, [x = 0.02,
0.05 and 0.10] samples.

refractive index values decrease with a further increase in
Ni content. This decrease in refractive index can be attrib-
uted to the existence of defects and impurities in the thin
films resulting from Ni doping.

The calculated thicknesses (d) [40,41] of Ni-doped SnO,
thin films obtained by spray pyrolysis are reported in
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Table 3. Dispersion parameters of the SnO,, Ni-SnO, films
extracted by fitting the experimental data.

Samples Thickness (nm) E, (eV) nat 598 nm n,
SnO, 712 3.83 1.80 1.74
2% Ni—SnO, 349 3.98 1.74 1.75
5% Ni-SnO, 520 3.99 1.79 1.70
10% Ni-SnO, 234 4.01 1.79 1.74
2.2
SnoO,

o 2% Ni_SnO,
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Figure 8. Refractive index of SnO,, SnggsNigosO, [x = 0.02,
0.05 and 0.10] films.

table 3. It is our understanding that, in fact, the thickest thin
films diffuse a minimal amount of light. This is evident in
all our results, for example, the thin films doped at
x = 10 at.% have the minimum value of thickness and the
highest value of transmittance.
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3.6 Electrical properties

The electrical properties of SnO, thin films are of consid-
erable interest, especially with respect to the applications
envisaged in the optoelectrical field. We recall that our main
objective is to improve and optimize the electrical con-
ductivity (o) of the films while maintaining high optical
transparency with doping [42,43]. The effect of nickel
doping on the resistivity (p) of SnO,:Ni films are presented
in table 4. To further test the homogeneity of our samples,
the electrical sheet resistance (Rgnee), average optical
transmittance at 550 nm wavelength, and merit figure (dyc)
are presented in table 4. From these results, the increase in
sheet resistance with the increase in Ni content is due to the
impurity scattering effect of Ni.

The FOM (¢TC) is a valuable means to evaluate the
performance of transparent conductive films with different
resistivity and transparency, was calculated utilizing the
following equation (6) [44],

¢TC = TIO/RSheel (6)

where T is the optical transmittance (at 550 nm), and Rgce
is the sheet resistance. The highest FOM was obtained for
2%Ni-SnO; films at 349-nm thick sample due to its high
transmittance  (0.716) and low sheet resistance
(380 Q sq~'). The lowest FOM was observed for undoped
SnO, films at 712 nm. It was caused mainly because of very
low transmittance (0.596). We found that the smallest FOM
was obtained for the thinnest film in our study for undoped
SnO, films, which indicates that doping with Ni ameliorates
the transmittance value and the thinnest. In the present
study, this ) value is smaller than that reported in the lit-
erature for FTO thin films synthesized by the spray pyrol-
ysis method, such as SnO,:In (ITO) 6.4 x 1073 0Q7! [45];
SnO,:Ti 5 x 1073 Q7! [46]; ZnO:Al (AZO) 1.518 x
107 Q7' [47]; ZnO:Ga (GZO) 4.57 x 107> Q™" [48];
Zn0:Si 4.15 x 107 Q' [49]; ZnO:Al and In(AIZO) 4.09
x 1073Q 7! [50]; TiO, 3.8 x107°Q7! [51] and
BaSnO;:La 5 x 1072 Q7! [52].
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The resistivity (p) and conductivity (¢) values of the
films are grouped in table 4. It is noticed that the conduc-
tivity increases by 64, 75, 32 and 40 Q cm™', while
the resistivity decreases by 1.56, 1.32, 3.12 and
2.50x 1072 Q c¢m, with the content of doping (0, 2, 5 and
10 at.%), respectively. In other words, the decrease in
resistivity (increase in conductivity) as a function of doping
content is probably due to the decrease in thickness of the
thin films prepared.

The lowest resistivity was found in the case of the 2 at.%
Ni film (p,,;, = 0.0132 Q cm). This decrease in resistivity
is possibly due to the replacement of the Sn** cation by
cations from doping (Ni** ion) in substitutional or inter-
stitial locations. The presence of a small percentage of Ni*"
jons relative to Sn*" ions is desirable to accentuate the
decrease in resistivity.

Such behaviour can be interpreted by the increase of
defects, introducing the formation of intermediate states in
the bandgap [53,54]. This result is in very good agreement
with the optical properties, more precisely with the inter-
pretation proposed in the decrease of transmittance, have
interpreted a similar decrease in SnO, thin films doped with
Ni with the increase in crystallite size and, consequently, a
reduction in the size of grain boundaries. From the results, it
is also noticed that there is an increase in resistivity at
5 at.% Ni content. It can be assumed that an increase in
electrical resistivity is attributed to the decrease in charge
carrier mobility.

3.7 Seebeck coefficient

The evolution of the Seebeck coefficient ISI at gradient
temperatures (0 to 200 K) is shown in figure 9. All these
samples have a negative Seebeck coefficient, which con-
firms that they are n-type semiconductors [55].

The insertion of Ni into the SnO, mesh leads to a change
in the Seebeck coefficient of the samples. The Seebeck
coefficient of the samples x = 0.02 and x = 0.10 is
decreased in comparison with that of the undoped SnO,

Table 4. Electrical properties of the SnO,, Sn;_,Ni, O, [x = 0.00, 0.02, 0.05 and 0.10] films.
Resistance Merit of
(Rgheet) Average transmittance figure, Resistivity, (p) (x 1072, Conductivity (o)

Samples Qsq! at 550 nm O Q cm Q'em™
SnO, 220 0.596 2.57x107° 1.56 64
2%Ni— 380 0.716 9.31x107° 1.32 75

SHOZ
5%Ni— 600 0.682 3.62x107° 3.12 32

SHOZ
10%Ni— 500 0.713 6.79%107° 2.50 40

Sn02
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Figure 9. Seebeck coefficients for SnO,, SngogsNigosO»

[x = 0.02, 0.05 and 0.10] thin films.

sample. The Seebeck coefficient decreases as a function of
the Ni content; nevertheless, this variation is not very sig-
nificant. This result is in agreement with the result reported
by Yanagiya et al. [56]. However, for a doping content of
10 at.%, the Seebeck coefficient is nearly twice as large as
that of pure SnO,.

The Seebeck coefficient decreases as a function of the
doping concentration, i.e., with the increase of charge car-
riers. For x = 0.02 and 0.10, the evolution of the Seebeck
coefficient as a function of the Ni content is difficult to
interpret directly. As previously stated, since the solubility
limit is about x = 0.05, a phase with high electrical resis-
tivity (3.12x107% Q cm), can be formed at the joints of
doped SnO, grains once x = 0.05. This impurity may be the
cause of the increase in the Seebeck coefficient for x = 0.05
doped samples.

The carrier concentration can be obtained from the fol-
lowing equations [57]: when ISI> 75 uV K™

R 3n N 2/3
S G 2| -0.17
s 2kBT{16ﬁ <e"p[<ks/e> ] )}
(7)
and, when IS| > 75 pvV K™

3h2 |S‘ 3’171_1 2/3 (8)
8n2kgT (kg/e) \ ©

*_
ms—

where e is the charge of the carriers, kg the Boltzmann
constant, T represents the absolute temperature, h corre-
sponds to the Planck constant, and mg*(mg* = 0.216mg)
indicates the effective return mass of SnO, and » the carrier
concentration. According to table 5, the increase in carrier
concentration should result in both an increase in ¢ and a
decrease in ISI. In this study, the carrier concentration
increases for the entire sample, on the contrary to the
conductivity, which is sensitive to the change in thickness.
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Table 5. Seebeck coefficients values of the SnO,, Sn;_,Ni,O,
[x = 0.00, 0.02, 0.05 and 0.10] films.

Samples S, wv K! n, cm™? Eg, meV
Sn0, ~76 1.96 x 10" 96
2% Ni-SnO, 71 6.17 x 10*° 103
5% Ni-SnO, ~133 6.66 x 10'8 55
10% Ni-SnO, —69 6.44 x 10" 106

Ni could relate the increase in n to the substitution of Sn,
because it can be assumed that the substitution increases the
value of n because Ni is divalent and Sn is quadrivalent,
which results in the presence of additional electrons.

The degenerate character of our SnO,, Sn;_,Ni,O,
[x = 0.02, 0.05 and 0.10] thin films is verified by deter-
mining the Fermi energy level (Ef) by utilizing the
following relationship [58]:

ki T
F =
3lel|S]

©)

The Fermi energy calculation is between 55 and 106 meV
(figure 10). We notice that the Fermi energy level (Ep)
increases with Ni doping. This confirms the substitution of
the Sn*" ion by the Ni*" ion in the SnO, lattice. These
electrons occupy states in the conduction band, causing a
movement from the Fermi level to higher energy in the
conduction band. Furthermore, since all states below the
Fermi level are occupied states, the electron can only be
excited from the top of the valence band to the conduction
band above the Fermi level. The exclusion principle of
Pauli avoids the excitation of these occupied states.
Therefore, an increase in the bandgap energy was detected.
Due to this, the observed blue shift indicates an unimportant
improvement in the band structure of Ni-doped SnO, films

140 .

S > 75 iVIK

120 L——S < 75 liVIK
~0-8no,

100 | -O— 2% Ni_§nO,
~0— 5% Ni_$n0,

X i
%_ 80 F—O—10% Ni iSnO,
o g0l
40 } Er=96 meV
E= 103 meV
20 E= 55 meV
0 i L
1018 NC 1019 1020

Carrier concentration n (cm™)

Figure 10. Seebeck coefficients as a function of carrier concen-
trations for SnO,, SnggsNigsO, [x = 0.02, 0.05 and 0.10] thin
films.
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due to the incorporation of Ni** jons. For the reduction of
the Eg value for 5 at.% Ni—SnO, thin films, this confirms
the existence of the solubility limit of (Nig,) into the SnO,
matrix at x = 0.05.

These conclusions can be reinforced by calculating the
values of the effective density (N,) in the conduction band
and applying the relation [59], which enables interpolation
of the interval between non-degenerate and degenerate
semiconductors.

* 3/2
Ne — 2<2nmSkBT) /

2 (10)

We obtain a value for the effective density of SnO, that is
3.63x10"® cm™>. Figure 9 displays the degeneracy of SnO,,
Sny_,Ni,O, [x = 0.02, 0.05 and 0.10] thin films.

We noted that the thin films of SngogNigp,O, and
Sng goNig 100, are highly degenerated except for Sngos.
Nig 0505, which indicates that this element promotes elec-
tron formation, which confirms the substitution of ions in
the SnO, host lattice. However, in the case of doping with
the elements cobalt and nickel the product is less degener-
ated than SnO,, which indicates that these elements do not
promote electron formation, which confirms that these
elements entered the SnO, lattice as impurities. We find that
the thin films of SnO.ggNi().ozoz and Sno_goNi0_1002 are
highly degenerated, suggesting that this concentration
favours electron formation. However, for the thin films of
Sng 95Nig 05O, that are less degenerated, they can be inter-
preted in this way: At a low doping content, the introduction
of nickel can be in the form of impurities in the interstitial
sites, creating a disorder in the SnO, lattice. In addition, at a
doping content of (x = 0.05) the Ni*" ions will occupy all
the sites that make the lattice more stable, whereas at a
doping content of (x = 10 at.%), the layers will be strongly
degenerated due to the excess of electrons and thus more
movement resulting in the disorder.

This confirms two points: one is that Ni*™ ions are sub-
stituted in the lattice and the second is that the existence of
solubility limits (5 at.%) doping content. In addition, the
thermoelectrical study is more sensitive to the defects in the
nanomaterials and provides findings that cannot be indi-
cated by the XRD.

4. Conclusion

This study consisted of the elaboration and characterization
of SnO,, Sn;_Ni,O, [x =2, 5 and 10 at.%] thin films
deposited by the pneumatic spray pyrolysis technique in
order to study the influence of nickel doping on the different
structural, microstructural, optical and electrical properties
of the films obtained. The results of the XRD characteri-
zation show that all the films are polycrystalline with a
tetragonal structure of the rutile type. The increase in the
concentration of the Ni dopant clearly causes an increase in
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the intensity of the peaks. All the Ni-doped SnO, films
showed a preferential growth trend along the (200) direc-
tion. The average crystallite size varied between 27 and
47 nm. SEM revealed a smooth surface. The FT-IR analysis
shows an increase in the Sn—O peak intensities for the
2 at% Ni and 5 at.% Ni films, but this peak changes
squarely for a 10 at.% doping content. The UV-visible
spectrophotometer analysis represents an important feature
in evaluating the quality of the deposited films. The average
transmittance was found to be around 76-82% with the
presence of an interference fringe.

In the visible range, which indicates that our films are
homogeneous and smooth, in other words, the values of
optical bandgap energy obtained from our films are in the
range of 3.83-4.01 eV. The refractive index values are
strongly related to the optical bandgap energy. The elec-
trical characteristics of the films show that the resistivity
increases as the concentration of Ni dopants in the solution
increase, moreover, the minimum resistivity of
1.32x107% Q cm is obtained for the 2 at.% Ni-doped SnO,
thin films. Performance of Ni-SnO, thin films was com-
pared for each thickness using FOM. This investigation has
shown that 2%Ni—-SnQO, thin film with thickness of 349 nm
has the highest transmittance and simultaneously the high-
est FOM. The Seebeck coefficient values varied as a func-
tion of doping concentration. This result is interpreted by
the increase in the number of charge carriers (electrons)
from Ni*" donor ions incorporated into the substitutional or
interstitial locations of Sn*" cations.
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