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Abstract: This work aims to optimize the electrical conductivity of SnO2 thin films elaborated by sol-gel spin-coating 
coupled to Taguchi approach for electron transport in perovskite solar cells (PSC). An L9 (3³) orthogonal array with three 
factors: sol-gel solution concentration in Sn⁴⁺, spin-coating speed, and annealing temperature, each at three levels was used 
to design the experiments. Characterizations including structural (XRD), vibrational mode (Raman), surface (SEM/EDX), 
optical (UV-Vis), and electrical (two-point probe) analyses, as well as statistical evaluations (signal-to-noise (S/N) ratio 
and ANOVA), were conducted to identify an optimal synthesis condition (A3B1C3) for the SnO2 thin film. This 
combination Sn4+ concentration of 0.46 M, spin speed of 2500 rpm, and annealing temperature of 400°C for 2 hours 
represents a reproducible and economically viable protocol, yielding an electrical conductivity of σ = 9.005 × 10-2 S·cm⁻¹. 
Moreover, the optimized SnO₂ layer exhibits a compact rutile cassiterite structure with a homogeneous surface, an optical 
transparency of approximately 85.074% in the visible spectrum and a direct bandgap Eg = 3.642 eV. This combination of 
properties fulfills the essential criteria for efficient electron transport material (ETM) in flexible, low-cost, and 
temperature-sensitive PSC architectures. 

Keywords: SnO2, Taguchi L9 (3³), ETM, electrical conductivity, ANOVA.   

1. Introduction  

Perovskite solar cells (PSCs), while promising among third-
generation photovoltaic technologies, remain commercially 
constrained due to their limited long-term stability [1,2]. 
This instability is primarily attributed to environmental 
degradation (induced by humidity, oxygen, and UV 
exposure) and interfacial defects that hinder charge carrier 
mobility [3,4]. Optimizing charge transport properties 
particularly electron transport within the electron transport 
material (ETM) represents a key strategy for enhancing 
both the stability and performance of PSCs [5]. An ideal 
ETM should: i) possess high optical transparency, ii) have a 
conduction band well-aligned with that of the perovskite, 
iii) present a compact and homogeneous surface to 
minimize non-radiative recombination at the 
ETM/perovskite interface, iv) offer excellent thermal and 

chemical stability, v) be compatible with low-cost, 
moderate-temperature fabrication methods, and vi) exhibit 
high electrical conductivity for rapid electron extraction 
from the perovskite layer to the collecting electrode [6-8]. 

In the literature, titanium dioxide (TiO2) is commonly used 
as an ETM; however, tin dioxide (SnO2) has recently 
gained increasing attention as a competitive alternative to 
TiO₂, which remains the most widely employed material in 
PSC architectures [8,9]. Compared to TiO2, SnO2 offers the 
best optoelectronic properties [5,9], with a lower 
temperatures processing, rendering it suitable for flexible 
and heat-sensitive substrates [10,11]. SnO2 thin films can 
elaborated via various deposition techniques and 
preparation conditions. These techniques include sputtering 
[12], spray pyrolysis [13], chemical bath deposition [14], 
thermal evaporation [15], and the sol-gel method [16]. The 
latter is particularly attractive due to its simplicity, precise 
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stoichiometric control, and compatibility with low-
temperature processing. Combined with spin-coating 
deposition, the sol-gel method involves several interacting 
parameters that must be rigorously controlled [16,17]. 
Consequently, synthesis conditions must be meticulously 
managed to minimize structural defects, excessive porosity, 
or poor crystallinity, which could compromise the optical 
and electrical performance of the SnO2 thin film [17,18]. 
To optimizing these interdependent properties through 
controlled synthesis, several prior studies have investigated 
the isolated effects of precursor concentration, annealing 
temperature, post-annealing treatments, annealing duration, 
on SnO2 properties [13,19,20].  Although insightful, these 
approaches often overlook the simultaneous impact of 
factors and factor levels on the targeted property of the 
elaborated sample. To overcome such limitations, we 
employ the Taguchi method, which enables efficient 
exploration of multiple factors simultaneously using 
orthogonal experimental designs, thereby reducing the total 
number of required experiments compared to a full factorial 
design. This approach facilitates the identification of 
optimal parameter combinations for targeted responses. 
Indeed, several studies have successfully applied this 
method to optimize the properties (absorbance, surface 
morphology, electrophoretic deposition (EDP) effect, 
crystallite size) of thin films using various orthogonal 
arrays adapted to different numbers of factors and levels 
[21-23]. To our knowledge, few studies report the 
optimization of the electrical properties of SnO2 using the 
Taguchi method.  

In this context, the present study aims to maximize the 
electrical conductivity of SnO2 thin films synthesized via 
sol-gel method combined with spin-coating, based on a 
Taguchi experimental design.  

Initially, nine SnO2 thin films were fabricated based on a 

Taguchi L9 (33) experimental design involving three 
synthesis parameters studied at three levels (Sn4+ precursor 
concentration, spin-coating speed, and annealing 
temperature), thereby reducing the number of experiments 
compared to a full factorial design. Secondly, the electrical 
conductivity of these films, evaluated after phase 
identification by Raman spectroscopy, was used as the 
response variable for a statistical analysis combining 
signal-to-noise (S/N) ratio and ANOVA, in order to 
determine the optimal deposition conditions and assess the 
influence of each parameter. Finally, a SnO2 thin film was 
synthesized under the optimized conditions, and its 
structural, morphological, and particularly electrical 
properties were analyzed to validate the relevance of the 
Taguchi approach, within a reproducible, low-temperature, 
and cost-effective process. 

2. Materials and methods  
2.1. Materials 

The reagents used for the chemical synthesis of SnO2 
nanoparticles are: the tin precursor SnCl2, 2H₂O, acetic acid 
(CH3COOH) as a pH adjuster, ethanol (C2H5OH) as the 
solvent, and distilled water. Unlike most similar studies, 
which generally use SnCl4 and HCl, this study favors SnCl2 
and CH3COOH [15]. 

2.2. Taguchi orthogonal array 

The orthogonal array (OA) L9 (33) employed for 
experimental design corresponds to three factors, each 
evaluated at three levels. Table 1 presents the investigated 
factors along with their respective levels. Table 2 presents 
rather the possible experimental combinations generated 
using JMP Pro version 17.0 software according to the 
Taguchi methodology. 

Table 1: Factors and their levels for SnO2 preparation conditions. 
 

Symbol 
 

Factors 
Levels 

Level 1 (-) Level 2 (0) Level 3 (+) 
A 
B 
C 

concentration of Sn⁴⁺ : [Sn4+] 
spin-coating speed : rpm 
annealing temperature : Tannealing 

0,26 M 
2500 
300°C 

0,36 M 
3000 
350°C 

0,46 M 
3500 
400°C 

Table 2: Experimental combinations based on the Taguchi L9 (3³) design. 
Experiences A B C Configuration Samples codes 

1 
2 
3 
4 
5 
6 
7 
8 
9 

0,26 
0,26 
0,26 
0,36 
0,36 
0,36 
0,46 
0,46 
0,46 

2500 
3000 
3500 
2500 
3000 
3500 
2500 
3000 
3500 

300 
350 
400 
350 
400 
300 
400 
300 
350 

---- 
-00 
-++ 
0-0 
00+ 
0+- 
+-+ 
+0- 
++0 

HYSn1 
HYSn2 
HYSn3 
HYSn4 
HYSn5 
HYSn6 
HYSn7 
HYSn8 
HYSn9 
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2.3. Sample preparation and characterization 

The experiments were conducted under the conditions 
summarized in Table 2. The sol-gel solutions were prepared 
over two hours at 55 ± 2 °C. An initial solution consisting 
of SnCl₂·2H₂O dissolved in ethanol at a molar ratio of 1:18, 
was obtained after 15 minutes of reflux stirring. Distilled 
water was then slowly added (H₂O:Ac-act = 1:0.63), 
forming solution S1 after a few minutes of gentle stirring. 
The pH of each sol-gel solution was stabilized at 
2.42 ±	0.10 by adding glacial acetic acid. The films were 
deposited onto pre-cleaned ordinary glass substrates by 
spin-coating for 30 sec (acceleration: 700 rpm/s), with 1 to 
4 coating cycles, each followed by a pre-heating step. The 
thermal treatment included a pre-baking stage at 120 ± 2 °C 
for 15 ± 1 min and an annealing step for 120 min. Each 
experimental condition was duplicated. The resulting thin 
films were characterized by Raman spectroscopy (100-900 
cm⁻¹, λ = 532 nm) and their electrical properties were 
measured using the two-point probe method. Figure 1 
provides a schematic overview of the synthesis and 
characterization process based on the Taguchi design. 

2.4. Statistical analysis 

The selected optimization criterion was the signal-to-noise 

(S/N) ratio, using the "larger-the-better" approach, defined 
by equation (1) [22]: 

                                         (1) 

Where: r is the experiment number, n is the number of 
measurements for experiment r, and Y(rj) is the j-th 
measured value in experiment r.  

2.5. Validation test 

Based on the statistical analysis results (S/N ratio and 
ANOVA) obtained from the Taguchi methodology, the 
optimal combination of synthesis parameters for SnO2 thin 
film fabrication was identified. To validate the Taguchi 
model and further optimize electrical conductivity, an 
additional series of characterizations was performed on the 
optimized SnO₂ thin film beyond the initial set of 
measurements. This included X-ray diffraction (XRD) 
analysis using Cu Kα radiation (λ = 0.15406 nm), scanning 
electron microscopy (SEM) coupled to energy-dispersive 
X-ray , and UV-visible spectroscopy in the range of 300 to 
900 nm. Figure 1 below provides a schematic illustration 
summarizing the sample synthesis and characterization 
process. 

 

Fig. 1: Schematic illustration the sample synthesis and characterization process. 

3. Results and discussion 
3.1. Raman results 

Figure 2 presents the Raman spectra of the nine (9) samples 
(HYSn1 to HYSn9) from the Taguchi table. The Raman 
analysis reveals the presence of the characteristic 
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vibrational mode of rutile SnO2 (the localized Sn-O 
vibration around 632 cm-1 with variable intensity) [24] in 
the majority of the synthesized SnO₂ semiconductors. 
Moreover, according to the synthesis conditions defined by 
the Taguchi L9 design, depending on the levels of factors 
used, for certain samples, the position of the main peak 

deviates from the reference value of 632 cm-1. The Raman 
peak shifts from 632 cm-1 are attributed to internal strain 
and defect states (oxygen vacancies, cation substitutions), 
which distort the Sn-O bonding and alter lattice vibration 
frequencies [24]. 

 
Fig. 2: Raman spectra of SnO₂ thin films for the nine samples (HYSn1 to HYSn9) 

3.2. Electrical conductivity of the samples 

Electrical resistivity is a fundamental physical property 
characterizing a material’s ability to oppose the flow of 
electric current. This parameter is essential for electron 
collection and transport in perovskite solar cells [9]. It is 
defined as the product of the sheet resistance and the film 

thickness, as expressed in equation (2) [17]: 

                                                                   (2) 

The electrical conductivity, which quantifies the material’s 
ability to conduct electric current, is inversely related to 
resistivity and is defined as follows equation (3) [16]: 

sheetR er = ´
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                                                                         (3) 

Based on the measured sheet resistance, directly obtained 
via the two-point probe technique, the values of and for 
each of the nine samples, and for both test repetitions, were 
calculated using equations (2) and (3). The results are 

presented in Table 3. 

Where: “r”(r = 1, 2) and “j”(1 to 9) respectively denote the 
number of experimental measurements and the 
corresponding experimental line.  

Table 3: Parameters 𝑅!" , 𝜌!" and 𝜎!"  for the nine samples (HYSn1 to HYSn9) 
 

Experiences 
Values of 𝑹𝐬𝐡𝐞𝐞𝐭	𝐫𝐣	; 	𝝆𝐫𝐣	𝒂𝒏𝒅		𝝈𝐫𝐣 

𝑹𝐬𝐡𝐞𝐞𝐭	𝟏𝐣 
(KΩ) 

𝝆𝟏𝐣 
Ω. cm 

𝝈𝟏𝐣 
10+,	S. cm+- 

𝑹𝐬𝐡𝐞𝐞𝐭	𝟐𝐣 
(KΩ) 

𝝆𝟏𝐣 
Ω. cm 

𝝈𝟐𝐣 
10+,	S. cm+- 

1 

2 

3 

4 

5 

6 

7 

8 

9 

823,45 

884,30 

976,08 

759,85 

842,20 

1066,92 

718,81 

850,13 

953,78 

16,05739999 

15,91740000 

15,61740001 

14,05739999 

14,31740001 

16,53740001 

13,65739999 

14,87739806 

15,73740000 

6,22765828 

6,28243306 

6,40311447 

7,11369101 

6,98450836 

6,04689975 

7,32203787 

6,72160458 

6,35428978 

816,27 

850,96 

971,08 

770,67 

850,43 

1084,99 

714,60 

837,56 

962,266 

15,917400002 

15,317399994 

15,537399993 

14,257400006 

14,4574 

16,817400014 

13,577400006 

14,65700006 

15,877400001 

6,28243306 

6,52852312 

6,43608326 

7,01390155 

6,91687302 

5,94622236 

7,36518037 

6,82249239 

6,29826042 

The values of electrical conductivity obtained for the two 
tests range from 5.946.10-2 S.cm⁻¹ to 7.365. 10-2 S.cm⁻¹, 
depending on the experimental combinations. 

3.3. Statistical analysis of Taguchi parameters 

3.3.1. Signal-to-Noise (S/N) ratio analysis 

The variance or standard deviation SD"	of the measured 
responses for a given test “i” and based on “r” repetitions is 
determined using equation (4) [21]: 

                                              (4) 

Where: 𝐲/6  represents the mean of the measured values and 
𝐲𝐢𝐣 denotes an individual measured value. 

Table 4 summarizes the parameters: y!" corresponding at 
the response to be optimized (i.e., the electrical 
conductivity σ!"); y16		the mean response of the electrical 
conductivity for the two trials; the standard deviation β"; 
and the signal-to-noise ratio (2

3
)", for each of the nine 

samples. The values  y16	, SD"	and	(
2
3
)"		are directly gives 

by software JMP pro version 17.0 after formular 
insertion. 

Table 4: Determination of parameters y!" ; y16   ; 𝑆𝐷" and B4
5
C
"
 

 
Experiences 

𝝈𝐫𝐣  
𝐲/6  

Ecart type 
SD" 

 
Ratio B𝑺

𝑵
C
𝐣
 𝐲𝟏𝐣 𝐲𝟐𝐣 

1 
2 
3 
4 
5 
6 
7 
8 
9 

6,22765828 
6,28243306 
6,40311448 
7,11369101 
6,98450836 
6,04689975 
7,32203787 
6,72160458 
6,35428978 

6,28243306 
6,52852312 
6,43608326 
7,01390155 
6,91687302 
5,94622237 
7,36518037 
6,82249239 
6,29826042 

6,2550456685 
6,4054780895 
6,419598866 
7,0637962815 
6,95069069 

5,9965610595 
7,3436091215 
6,772048487 
6,3262751005 

0,0335425 
0,1506987 
0,0201891 
0,0611083 
0,0414180 
0,0616520 
0,0264192 
0,0617809 
0,0343108 

15,924359923 
16,126223079 
16,150071925 
16,980113273 
16,840250834 
15,557127062 
17,318078634 
16,613678264 
16,022705974 

1/s r=

2
,

1

( )
1

n
r j j

j
r

y y
SD

r=

-
=

-å
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3.3.2. Determination of optimum factor levels 

Based on the results of the S/N ratio, the effects of each 
factor were analyzed and graphically represented to  

determine the optimal levels. Table 5 summarizes the effect 
of the various factors on the electrical conductivity of SnO₂, 
as obtained via the software JMP Pro version 17.0. 

Table 5: Calculation of factor effects on electrical conductivity. 
 

Factors 
Levels Effects of Factors 

∆𝐌𝐚𝐱+𝐌𝐢𝐧 1 2 3 
A 
B 
C 

16,0669 
16,7409 
16,0317 

16,4592 
16,5267 
16,3763 

16,6515 
15,9100 
16,7695 

0,5846 
0,8309 
0,7378 

The graph illustrating the mean S/N ratio as a function of the different factors is shown in Figure 3. 

 
Fig. 3: Graph illustrating the mean S/N ratio as a function of the different factors 

3.3.3. Determination of the optimal condition 

Based on the S/N ratio effect plots (figure 3), the optimal combination of factors was determined. It is located within the 
experimental domain A3B1C3, as presented in Table 6 below. 

Table 6: Optimal factor levels and synthesis condition. 
Controlled Factors Optimum levels Optimal conbinaison 
A A3 : 0,26M  

A3B1C3 B B1 : 2500 rpm 
C C3 : 400°C 

This deposition configuration represents the most robust 
setup in terms of mitigating variability due to 
environmental disturbances or experimental error. At 2500 
rpm, an optimal compromise is reached: the film is 
sufficiently thin to promote transparency while being dense 
enough to ensure efficient conductivity, as reported in 
previous studies [16,17]. An annealing temperature of 
400°C for 2 hours activates electron conduction 
mechanisms by reducing trap states and enhances adhesion 
to the substrate [25,26]. A temperature too low would lead 
to an amorphous, poorly conductive film, whereas a higher 
temperature could cause mechanical stress or degradation 
[20]. A too-low concentration results in a discontinuous 

film, while a relatively high concentration improves layer 
density [13]. Other researchers have obtained different 
optimal combinations depending on the experimental 
approach and desired properties [23,25]. Thus, estimating 
the effect of each parameter on the response is essential. 
We now employ analysis of variance (ANOVA) for this 
purpose. 

3.3.4. Analysis of variance (ANOVA) 

Table 7 presents the results of the ANOVA calculations: 
sums of squares, degrees of freedom (ddl), variances, F-
ratios, and contributions of each factor obtained directly 
using by JMP Pro version 17.0 software. 

Table 7: ANOVA, sums of squares and contributions of each factor. 
Factors Sums of squares ddl Variance F-Ratio Contribution (%) 

15.75

16

16.25

16.5

16.75

17

A1 A2 A3

Av
er

ag
e 

ra
tio

 S
/N

Factor A

15.75
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17
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A 0,5326314 2 0,2663157 3,1704 21,591933 
B 1,1165978 2 0,5582989 6,6463 45,2648958 
C 0,8175782 2 0,4087891 4,8664 33,1431712 

Error - - - - - 
Total 2,4668074 8 - - 100 

The ANOVA and contribution analysis show that spin 
speed is the most influential factor, followed by annealing 
temperature, and then Sn⁴⁺ ion concentration. The graph in 
figure 4 illustrates the contribution of each factor. 

 
Fig. 4: Contribution of each factor 

A small disparity in contributions is observed among the 
factors, indicating a high degree of interdependence. This 
means that optimization is not driven by a single factor, but 
by the joint adjustment of all three. The film thickness, 
controlled by rpm, directly impacts microstructure and 
compactness. The crystallinity is enhanced by annealing 
[20]; and the layer density is regulated by the precursor 
concentration [13]. This confirms the effectiveness of the 
Taguchi method, which maximizes performance using a 
limited number of experimental runs while accounting for 
cross-interactions. 

3.4. Validation of the Taguchi test 

3.4.1. Structural properties 

Figure 5a shows the X-ray diffraction (XRD) patterns, and 
Figure 5b presents the Raman spectrum of the sample 
synthesized under optimal conditions. 

 
Fig. 5: a) XRD patterns and b) Raman spectrum of the SnO₂ thin film synthesized under optimal conditions. 

Figure 5a displays the XRD spectrum of the SnO₂ thin film 
fabricated under optimal synthesis conditions, within the 2θ 
range of 20° to 60°. The film exhibits a polycrystalline 
structure, with peaks at 26.986°, 34.07°, 38.21°, and 
51.40°, corresponding respectively to the (110), (101), 
(200), and (211) planes according to JCPDS card No. 41-
1445 [14], all peaks correspond to the rutile phase of SnO₂, 
with no evidence of secondary phases. This confirms that 
the sol-gel solution was stoichiometrically stable and that 
crystallization at 400 °C for 2 hours was effective, 
supporting the purity and quality of the SnO₂ layer 
produced under optimal conditions.  

The texture coefficient  was calculated to 
quantify the degree of preferential growth along of the 
(110), (101), (200) and (211) planes by using Harris’s 
method (Equation 5) [13,14]. 

                                  (5) 

is experimental normalized intensity of the peak, 

is relative reference intensity from the JCPDS card 

( )TC hkl

0

01

( )
( )( )
( )

)
1

(

N

n

T

I hkl
I hklhkl
I hkl
I hkl

C

N =

=

å

( )I hkl

0 ( )I hkl
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(card no. 41-1445) and N is number of peaks used. 

The table 8 below summarizes the calculated texture 
coefficient  for each peak.  

Table 8: Summarizes of the calculated texture coefficient  for each peak. 
(hkl) planes Experimental intensity (I) JCPDS intensity (I) I/I₀ TC(hkl) 
(110) 220,64 100 1,103 2,08 
(101) 51,06 57 0,440 0,83 
(200) 24,88 26 0,478 0,901 
(211) 20,40 100 0,102 0,19 

The optimized SnO₂ film shows a preferred orientation 
along the (110) plane (TC(110) >1), consistent with reports 
from other authors [13]. This crystallographic orientation 
strongly influences conductivity by reducing grain 
boundary defects, which decreases carrier scattering and 
enhances mobility [17,19]. 

Furthermore, Figure 5b confirms the formation of a single 
cassiterite phase via the Raman spectrum, showing a 
characteristic A₁g mode at 632.479 cm⁻¹ [24]. The absence 
of bands associated with oxygen defects or secondary 
phases (SnO or metallic Sn) indicates good stoichiometric 

control during synthesis, aligning with the XRD results and 
suggesting a low structural defect density favorable for 
electronic conduction. 

3.4.2. SEM-EDX analysis 

Figures 6a, 6b, and 6c respectively present the Scanning 
Electron Microscope (SEM) images at a scale of 5 µm 
(10000×) and 3 µm (20000×), as well as the Energy 
Dispersive X-ray (EDX) spectrum of the SnO₂ 
semiconductor film fabricated using the optimal 
combination A3B1C3 on a glass substrate. 

 
Fig. 6:  a) SEM image 5µm b) SEM image 3µm c) EDX spectra of the optimal condition of the SnO₂ thin film. 

The SEM images obtained for Figures 6a and 6b reveal a 
smooth, homogeneous surface of the optimally fabricated 
SnO₂ thin film. No visible porosity or significant growth 
defects were identified, indicating that the selected spin 
speed (2500 rpm) allowed for uniform spreading of the 
solution and well-controlled drying. This homogeneity is 
crucial to: i) promote efficient lateral conduction by 

minimizing disruptions in the transport network, ii) reduce 
interfacial recombination by ensuring intimate contact with 
the active perovskite layer, and iii) improve adhesion to the 
substrate, which is essential for mechanical stability. The 
observed compact morphology is also favorable for 
reducing current leakage in solar devices, thereby 
enhancing the overall cell efficiency [8,27].  

( )TC hkl

( )TC hkl

(a)	

(c)	
	

(b)	
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The table 9 below presents the chemical composition of the optimal SnO₂ thin film obtained by EDX (figure 6c).  
Table 9: Elemental composition of the SnO2 thin film 

Chemical elements C O Na Mg Sn Al Si Cl Ca Total 
Weight (%) 0,80 32,33 3,90 2,24 38,53 0,70 18,40 0,20 2,90 100 
Atom (%) 0,4 42,08 9,50 3,80 23,21 0,50 17,51 0,30 2,70 100 

 

Fig. 7: Optimal SnO₂ condition: a) transmittance spectra b) absorbance spectra 

The EDX analysis reveals the predominant presence of tin 
(Sn) and oxygen (O) elements, with the atomic proportions 
of tin (Sn) and oxygen (O) corresponding to an O/Sn 
stoichiometry close to 2, confirming the expected formation 
of the SnO₂ compound. The low chlorine content (<1%) 
suggests an almost complete elimination of the chlorinated 
residue from the SnCl₂ precursor thanks to the thermal 
treatment at 400°C for 2 hours. Similarly, the observed 
traces of carbon (< 0.5%) are likely due to atmospheric 
contamination or organic residues on the surface, which is 

common in thin films prepared by the sol-gel method. The 
elements: silicon (Si), sodium (Na), and calcium (Ca) 
detected are related to the ordinary glass substrate used. 
These results are consistent with the data reported in the 
literature [13,20]. 

3.4.3. Electrical properties  

Table 10 presents the electrical characterization results 
(sheet resistance, electrical resistivity, and conductivity) of 
the optimized SnO₂ films, calculated based on equations (2) 
and (3). 

Table 10: Electrical parameters for the optimal SnO₂ condition. 
Optimal 
condition 

SnO2 

𝑹𝒔𝒉𝒆𝒆𝒕 
(K𝛀) 

𝝆 
(𝛀. 𝐜𝐦) 

𝝈 
(x	𝟏𝟎+𝟐	𝐒. 𝐜𝐦+𝟏) 

578,370 11,104 9,005 

The results obtained for the optimal SnO₂ condition (sheet 
resistance, electrical resistivity, and conductivity) were 
found to be superior to those obtained under other 
conditions [13,14,17]. The low resistivity indicates 
efficient ohmic transport, ensuring effective electron 
extraction toward the cathode. The electrical conductivity 
of 9.005 S/cm represents a significant improvement 
compared to typical values for undoped SnO₂ fabricated at 
low temperatures [13,14]. This value is considered 
suitable for ETL applications, especially when compared 
to intrinsic TiO₂ layers fabricated under similar conditions 
[9,15].  

3.4.4. Optical properties 

Studying the optical properties of the optimized SnO₂ thin 

film further validates the quality of the obtained layer. 

3.4.4.1. Transmittance and absorbance 

The transmittance (T) and absorbance A(λ) spectra were 
measured using a UV-Vis spectrophotometer. Figures 7a 
and 7b presents respectively the transmittance and 
absorbance A(λ) spectra for the optimal SnO₂ condition. 
The transmittance of the SnO₂ layer fabricated under the 
optimal condition A3B1C3 shows an average transmittance 
of approximately 85.408 % in the visible range (400 - 800 
nm) and 62.153% in the UV range (300 - 400 nm).  

These results, significantly better than those reported in 
certain studies [17,29], are suitable for solar cell 
applications where visible transmittance above 85% is 
recommended [12]. 3.4.4.2. Optical bandgap 

(a)	 (b)	
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The optical absorption coefficient α(λ) was calculated using 
the Beer-Lambert law, as expressed in equation (6) [28]: 

                                              
(6) 

A(λ) is the absorbance and e is the film thickness. 

The corresponding absorption coefficient is about 2.375 × 
10⁻⁶ cm⁻¹ in the UV and 6.090 × 10⁻⁷ cm⁻¹ in the visible. 
The direct optical bandgap (Eg) was determined using the 
Tauc relation defined by equation (7) [29]: 

                                                  (7) 

A is a constant, hʋ is the photon energy, and α is the 
absorption coefficient as defined in equation (6). The 
values of Eg were estimated from the linear extrapolation 
of (αhʋ)2 versus hν plots to the hν axis. Figure 8 illustrates 
the (αhν)2 versus hʋ curve for the optimal SnO₂ condition. 

 

 
Fig. 8: Optimal condition SnO₂ : a) absorption coefficient 
spectra b) (α hʋ)2 versus hʋ curve. 

The extracted direct bandgap of 3.642 ± 0,1 eV agrees well 
with the reported value for rutile-phase crystalline SnO₂. 
This value ensures optimal alignment of the intrinsic SnO₂ 
ETM with the energy levels of the perovskite active layer, 
as reported in the literature [6,8,29] is consistent with 

results from other studies using more complex fabrication 
techniques [28]. 

4. Conclusion 

The optimization of electrical conductivity of tin oxide 
(SnO₂) was successfully investigated by using a sol-gel 
spin-coating method combined with a Taguchi L9 (3³) 
approach. The best performance was achieved with the 
parameter combination A3B1C3, corresponding to a 
precursor concentration of 0.46 M, a spin speed of 2500 
rpm, and an annealing temperature of 400°C for 2hours. 
This configuration led to the formation of a compact 
cassiterite-phase rutile SnO₂ thin film with a homogeneous 
surface. A significantly improved electrical conductivity of 
approximately 9.005 S/cm was obtained, confirming the 
effectiveness of the optimization strategy under cost-
effective synthesis conditions. Complementary analyses 
revealed a high optical transparency (>85%), an optical 
bandgap of 3.642 eV± 0,1 eV. The SnO₂ thin film 
optimized demonstrate high potential to replace 
conventional TiO₂, offering advantages in terms of 
optoelectronic performance, thermal compatibility, and 
low-temperature fabrication for using as an electron 
transport material in perovskite solar cells. 
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