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Abstract

This work employed a design-of-experiments (DoE) strategy, specifically a 23 full factorial
design, to assess how suspension concentration (0.001–0.002 g/mL), substrate temperature
(60–80 °C), and deposition height (10–15 cm) influence tin dioxide (SnO2) thin films pro-
duced by ultrasonic spray pyrolysis (USP). The response variable was the net intensity of
the principal diffraction peak, used as an operational metric for detecting the deposited
phase. All patterns matched the SnO2 phase cassiterite reference without impurity peaks.
Statistical analyses (ANOVA, Pareto and half-normal plots, and response surface method-
ology, RSM) identified suspension concentration as the most influential factor, followed
by significant two- and three-factor interactions. The model exhibited a high coefficient
of determination (R2 = 0.9908) and low standard deviation (12.53), validating its predic-
tive capability. The optimal deposition process was achieved at the highest suspension
concentration (0.002 g/mL), lowest substrate temperature (60 °C), and shortest deposition
height (10 cm). These results demonstrate the utility of full factorial DoE for quantifying
and controlling deposition outcomes in USP and provide a robust statistical framework to
guide the synthesis of SnO2 thin films.

Keywords: modeling; processing and manufacturing; ultrasonic spray pyrolysis; x-ray
diffraction; tin dioxide; thin films

1. Introduction
The deposition of semiconducting materials in thin film form has attracted consid-

erable attention over the years due to its demand in areas such as microelectronics [1],
display technologies [2], energy conversion [3], and storage systems [4]. Among these
materials, tin(IV) oxide (SnO2) thin films have been particularly attractive due to their
electron transport capacity [5], and their environmental stability [6]. The SnO2 is an n-type
semiconductor with tetragonal crystalline geometry, characterized by a wide band gap
of approximately 3.6 eV, high intrinsic donor density, and thermal stability [7–10]. These
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properties make SnO2-based composite films highly suitable for a range of technological
applications, including solar cells [11], memory devices [12], gas sensors [13], optoelectron-
ics [14], and spintronic applications [15]. In many of these applications, the performance of
SnO2 thin films is closely linked to their crystallographic structure, which in turn is strongly
influenced by the deposition parameters [16,17]. Therefore, controlling and optimizing
deposition parameters is essential to tailor film properties to meet specific functional re-
quirements [18,19]. Traditionally, the one variable at a time (OVAT) method has been used
to investigate the influence of individual deposition parameters [20]. Although straightfor-
ward, this approach is inefficient, time-consuming, and incapable of detecting interaction
effects between variables, which are often critical in complex deposition processes [21].
To overcome these limitations, design of experiments (DoE) methodologies have been
increasingly adopted as statistically rigorous approaches for evaluating and optimizing
multiple variables simultaneously [22]. DoE approaches enable efficient experimental
planning, minimize the number of required experiments, and provide insights into both
main effects and interaction effects among process parameters [23]. This makes them
particularly suitable for guiding material synthesis in systems where multiple interdepen-
dent variables influence the outcome [24]. Several researchers have successfully applied
DoE methodologies to SnO2 thin film deposition processes. For instance, Pinheiro [25]
utilized a fractional factorial design to identify optimal spray volume and fluorine-to-tin
precursor ratio in the fabrication of fluorine-doped tin oxide films via spray pyrolysis for
photovoltaic applications. Patel, Vaghela, and Gohel [26] employed a Box-Behnken design
oriented multi-response optimization of spray-coated SnO2 thin films, utilizing response
surface methodology (RSM) to model and predict deposition results. In another study,
Cruz et al. [27] applied a Taguchi design to investigate the effect of deposition parameters
on the physical and chemical properties of SnO2 films used in dye-sensitized solar cells.
Similarly, Chianeh and Basiri [28] adopted a Box–Wilson also called central composite de-
sign (CCD) to model and evaluate the influence of process variables on the efficiency of azo
dye removal using nano-SnO2 film depositions while Tilebon and Norouzbeigi [29] used
ANOVA-based statistical analysis to identify significant factors affecting the wettability
of surfaces deposited with SnO2. Despite these studies demonstrate the effectiveness of
design of experiments (DoE) in optimizing various SnO2 deposition techniques, limited re-
search has been conducted on its application to ultrasonic spray pyrolysis (USP), a method
that stands out for its operational simplicity, low cost, and compatibility with environ-
mentally benign precursors compared to conventional techniques such as atmospheric
pressure solvothermal (APS) [30], electron beam physical vapour deposition (EBPVD) [31],
and chemical bath deposition (CBD) [32] To address this research gap, the present study
investigates the effects of three key deposition parameters, suspension concentration, sub-
strate temperature, and deposition height, on the structural characteristics of SnO2 thin
films fabricated via ultrasonic spray pyrolytic deposition. A 23 full factorial DoE was em-
ployed to analyze the individual and interaction effects of these variables on the developed
film. The results revealed that the concentration of the suspension was the most influen-
tial parameter, exhibiting a strong positive correlation with with the response variable,
as quantified by the net peak intensity in the X-ray diffraction (XRD) profiles. Substrate tem-
perature and deposition height showed weaker but statistically significant effects, and their
interaction produced a synergistic contribution. A significant three-factor interaction was
also identified, indicating the nonlinear nature of the process. The developed statistical
model achieved a high coefficient of determination (R2 = 0.9908), confirming its predictive
accuracy. These findings suggest that optimizing the USP process requires not only ad-
justing individual parameters, particularly the concentration of the suspension, but also
managing their interactions. The results contribute to a more comprehensive understanding
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of the deposition process and offer a quantitative framework for synthesizing SnO2 films
with controlled crystallographic properties suitable for advanced functional applications.

2. Materials and Methods
2.1. Deposition Process

In this study, SnO2 powder was used as the starting material for the suspension at
concentrations of 0.001 and 0.002 g/mL and distilled water was employed as the auxiliary
liquid agent. All reagents were purchased from Sigma-Aldrich (Burlington, MA, USA).
The suspension was homogenized at room temperature using a planetary micro ball
mill (Fritsch Pulverisette 7 Classic Line, Pittsboro, NC, USA), with a 12 mL agate (SiO2)
container and six agate balls (10 mm diameter, 1.39 g each, total mass of 8.34 g). The milling
parameters were set to a rotational speed of 300 rpm, with each cycle lasting 5 min, followed
by a direction reversal. A total of 11 cycles were conducted, resulting in 60 min of effective
milling time. For the two levels of suspension concentration (0.001 and 0.002 g/mL)
and a working volume of 12 mL, the solid masses were 0.012 g and 0.024 g, respectively,
corresponding to ball-to-powder ratios (BPR) of ≈695:1 and ≈348:1. Agate was used as
it is a chemically inert material, minimizing contamination. The deposition process was
carried out at a spray rate of 50 mL/h, with a working power of 2 W and a frequency of 108
kHz. These parameters were kept constant, as they are part of the technical specifications
of the ultrasonic generator used in the deposition system. The substrate used was SiO2

with dimensions of 25 × 75 × 1.3 mm. The substrate temperature was varied between 60 °C
and 80 °C, the nozzle-to-substrate distance was set to either 10 cm or 15 cm, and the SnO2

concentration was maintained at either 0.001 or 0.002 g/mL, according to the experimental
design. The response variable was defined as the intensity (a.u.) of the main diffraction peak
in the X-ray diffraction (XRD) profiles of the deposited films. XRD analyses were performed
using a PANalytical Empyrean diffractometer (Malvern, UK) in grazing incidence mode,
employing CoKα radiation (λ = 1.78901 Å) at an operating voltage of 40 kV and a current
of 40 mA. Data were collected over a 2θ range of 20–100°, with an omega angle of 0.2°,
a step size of 0.02°, and a counting time of 10 s per step in continuous scan mode.

2.2. Experimental Design

The optimization of the process parameters for obtaining the films was carried out
using a statistical approach based on a full factorial 2k design. In this study, a 23 factorial
design with two replicates was employed (resulting in a total of 16 samples), considering
three critical factors: suspension concentration (g/mL) (X1) , substrate temperature (°C)
(X2), and deposition height (cm) (X3). A summary of the experimental factors involved
in the ultrasonic spray pyrolysis (USP) process, along with their assigned low and high
levels, is provided in Table 1. For each combination of process settings, the intensity of
the main peak in the X-ray diffraction (XRD) patterns of the 16 films was recorded as the
response variable.

Table 1. Factors and levels of the 23 full factorial design.

Variable USP Process
Factors Units Low Level

(−1)
High Level

(+1)
X1 Concentration g/mL 0.001 0.002
X2 Temperature °C 60 80
X3 Height cm 10 15

In this study, the 23 full factorial design demonstrated a high statistical power of 95.6%,
calculated using two replicates and a signal-to-noise ratio (S/N) of 2.
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3. Results
3.1. Response Variable (X-Ray Diffraction)

The diffraction profiles obtained by grazing incidence for the 16 films synthesized
under varying process conditions are shown in Figure 1.

Figure 1. Diffraction profiles of the 16 films obtained via ultrasonic spray pyrolysis.

The reference diffraction pattern from ICDD PDF # 98-010-7228 for SnO2 was used to
confirm the phase composition of the samples. No secondary phases or impurity peaks
were detected in any of the films, indicating successful deposition of pure SnO2 across all
experimental conditions. For each profile, the principal diffraction peak corresponding
to SnO2 was identified, and its net peak height expressed in arbitrary units (a.u.) was
determined. The net peak height of the intensity, determined from the baseline to the
maximum using a parabolic fitting method, was selected as the response variable for the
experimental design.

3.2. Design Disposition

Table 2 summarizes the design disposition, including the encoded levels of the process
factors and the response variable, Intensity (a.u.) (Y), recorded for each process setting
combination with its replicate (totaling 16 films).

Table 2. Full factorial 23 design disposition for the parameters.

Run X1 X2 X3 Y

Intensity (a.u.)

1 −1 1 −1 103.9
2 −1 1 1 80.2
3 −1 −1 −1 135.4
4 −1 −1 1 127.8
5 −1 −1 −1 130.8
6 1 −1 1 175.4
7 1 −1 1 177.4
8 −1 1 −1 148.5
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Table 2. Cont.

Run X1 X2 X3 Y

Intensity (a.u.)

9 −1 −1 1 117.9
10 1 1 1 213.6
11 1 −1 −1 396.6
12 1 −1 −1 400.2
13 −1 1 1 81.6
14 1 1 −1 206.9
15 1 1 −1 195.5
16 1 1 1 229.6

3.3. DoE Analysis

The Figure 2 shows a correlation grid for the preliminary analysis of the design of
experiments (DoE), which considers the three factors and the response variable. The grid is
color-shaded to visually represent the degree of correlation between each variable, where
red indicates a strong positive correlation and blue indicates a negative correlation. The nu-
merical values in each cell provide an accurate quantification of the correlation coefficients.

Figure 2. Correlation grid among the three process factors and the response variable.

Among the evaluated factors, the concentration of the suspension (X1) exhibits the
strongest correlation with the response variable, with a coefficient of 0.721, indicating
a notable direct association between the two. In contrast, substrate temperature (X2)
and deposition height (X3) present lower correlation coefficients of −0.271 and −0.347,
respectively. The factors exhibited distinct trends, concentration had a positive effect,
while substrate temperature and deposition height displayed negative effects. An increase
in the concentration of the suspension is likely to raise the amount of cassiterite (SnO2)
delivered to the substrate, promoting denser packing or preferred orientation, which in
turn increases the measured XRD peak intensity. By contrast, higher substrate temperatures
can accelerate solvent evaporation before or at impact, yielding less uniform coverage and
a reduction in the observed intensity. Subsequently, scatter plots were plotted to investigate
the relationship between the response variable (Intensity) and the concentration of the
suspension, while also accounting for stratification according to two critical process factors,
specifically the deposition height and the substrate temperature, as illustrated in Figure 3.
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(a) (b)

Figure 3. Scatter plots showing the relationship between intensity and suspension concentration,
with color indicating (a) deposition height and (b) substrate temperature.

Each point on the plots corresponds to the measured intensity associated with a specific
combination of experimental conditions, with color differentiation used to indicate the
respective levels of height (Figure 3a) and substrate temperature (Figure 3b). In Figure 3a,
where color represents deposition height, a clear stratification is observed at both low
(0.001 g/mL) and high (0.002 g/mL) concentrations. Films deposited at the shorter nozzle–
substrate distance (10 cm) exhibit higher intensities than those at 15 cm, consistent with
greater delivered mass/coverage of cassiterite (SnO2) and/or stronger preferred orientation
at reduced spray distances. This trend is attributable to more efficient delivery of solids
to the substrate and reduced loss of deposit during transport, which favor continuous
coverage and texture development. In contrast, Figure 3b) displays stratification based
on substrate temperature. At lower concentrations of the suspension, films deposited
at 60 °C exhibit slightly higher intensity values compared to those synthesized at 80 °C.
At higher concentrations, although the difference becomes less pronounced, a general
trend of decreasing intensity with increasing substrate temperature remains evident. This
behavior likely reflects changes in evaporation kinetics and surface redistribution at higher
temperatures that lessen local continuity and attenuate the diffracted signal. Nevertheless,
these scatter plot observations represent a preliminary assessment; a more comprehensive
analysis of the factor interactions will be discussed subsequently. Figure 4 presents the
half-normal probability plot for the standardized effects of the process factors (X1 = A,
X2 = B, X3 = C) and their interactions on the response variable (Intensity).

This graphical tool assists in distinguishing significant effects from random experi-
mental noise based on their deviation from the reference line. In the plot, green triangles
represent pure error estimates, while the colored squares denote the main effects and factor
interactions. Data points deviating markedly from the red reference line are considered to
have substantial influence on the response. Among the evaluated factors, the concentration
of the suspension (A) exhibited the strongest effect, located furthest from the reference line,
highlighting its dominant positive impact on intensity value. This finding is consistent with
the preliminary correlation analysis, where concentration showed the highest correlation
with net intensity of the principal diffraction peak. Regarding the interactions of two factors,
AB, AC, and BC were observed, with the BC interaction (temperature and height) standing
out, though its magnitude was smaller compared to factor A. The positive standardized
effect of BC suggests that the simultaneous increase of temperature and height results
in higher diffracting intensity. In contrast, AC and AB interactions exhibited negative
standardized effects, implying that a concurrent increase in concentration with height or
temperature leads to decreased intensity values. Although AC and AB lie closer to the
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baseline, they remain distinguishable from pure error, indicating moderate but notable
influences. The three-factor interaction ABC also appears among the significant terms,
suggesting that the simultaneous variation of concentration, temperature, and height plays
a role in determining the final intensity values. The presence of higher-order interactions
highlights the complexity of the ultrasonic spray pyrolysis process, emphasizing that the
behavior of the response cannot be fully understood without considering the interdepen-
dence between process variables. To visualize the magnitude of all the effects of the process
and their interactions on the crystal structure of SnO2 films, a Pareto chart was created,
as shown in Figure 5.

Figure 4. Half -normal probability plot of standardized effects.

Figure 5. Pareto chart illustrating the magnitude of the effects.

The chart arranges the effects according to their absolute t values, a dimensionless
metric that normalizes each effect relative to its associated standard deviation. This rep-
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resentation allows for a direct comparison between the individual parameters and their
interactions. As expected, concentration (A) appears as the most influential parameter,
in agreement with the results obtained from the correlation analysis and the half-normal
plot. The interaction involving all three factors ABC also shows a considerable magnitude,
indicating that the combined variation of concentration, substrate temperature, and de-
position height contributes significantly to the structural characteristics of SnO2 films.
While individual effects such as deposition height (C) and substrate temperature (B) are
less pronounced, their interactions in particular BC demonstrate the complex nature of
the deposition process, in which the response is influenced by the interaction of multiple
variables, rather than by isolated parameter changes alone.

The statistical evaluation of the effects included in the predictive model was conducted
through an analysis of variance (ANOVA), as presented in Table 3.

Table 3. Analysis of variance (ANOVA) for selected factorial model.

Term Coefficient SS df Mean Square F-Value p-Value *

Model 1.360 × 105 7 19434.06 123.72 <0.0001
b0 182.58
X1 66.82 71,435.93 1 71,435.93 454.79 <0.0001
X2 −25.11 10,085.18 1 10,085.18 64.21 <0.0001
X3 −32.14 16,531.53 1 16,531.53 105.25 <0.0001
X1X2 −12.89 2659.98 1 2659.98 16.93 0.0034
X1X3 −18.26 5332.65 1 5332.65 33.95 0.0004
X2X3 25.92 10,748.51 1 10,748.51 68.43 <0.0001
X1X2X3 34.68 19,244.63 1 19,244.63 122.52 <0.0001
Pure Error 1256.60 8 157.08
Corrected Total 1.373 × 105 15

Std. Dev. 12.53 R-Squared 0.9908
Mean 182.58 Adj R-Squared 0.9828
C.V.% 6.86 Pred R-Squared 0.9634

PRESS 5026.42 Adeq Precision 35.826
* p-Values less than 0.05 indicate model terms are significant.

The F-value associated with the model is 123.72, with a corresponding p-value of
0.0001, indicating that the model is statistically significant and that the likelihood of such a
result arising from random variation is less than 0.01%. All investigated terms, including
the individual factors (X1, X2, X3), the two-factor interactions (X1X2, X1X3, X2X3), and the
three-factor interaction (X1X2X3), exhibit p-values below 0.05, confirming their statistical
significance and relevance to the response variable. The model also shows strong predictive
performance, as evidenced by an adjusted R-squared value of 0.9828 and a predicted R-
squared of 0.9634. The small difference between these values (less than 0.2) reflects the
robustness of the model and the absence of overfitting. Additionally, the model’s adequate
precision value of 35.826 far exceeds the commonly accepted minimum of 4, indicating a
high signal-to-noise ratio and reinforcing the model’s capacity to effectively navigate the
design space. The final equations in terms of coded factors were:

Y = 182.58 + 66.82X1 − 25.11X2 − 32.14X3 − 12.89X1X2 − 18.26X1X3 + 25.92X2X3 + 34.68X1X2X3 (1)

Also, the cube plot in Figure 6 displays the model’s predicted response as a function
of the three significant factors: X1, X2, and X3.
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Figure 6. Cube plot of the coded model.

The highest predicted diffracted intensity (398.4 a.u.) occurs at the combination X1+,
X2−, and X3− (lower right front corner). This outcome is interpreted as a larger amount
of cassiterite phase effectively deposited and/or a stronger preferred orientation on the
substrate. On the other hand, response surface methodology (RSM) and contour plots in
Figure 7 illustrate the influence of the suspension concentration, substrate temperature,
and deposition height on the intensity of the diffracted peak, used as the response variable.

(a) (b)

(c) (d)

Figure 7. Response surface and contour plots for intensity as the response variable. (a) Response
surface plot showing the interaction between the concentration of the suspension and the substrate
temperature at a lower deposition height (10 cm). (b) Response surface plot showing same inter-
action at a higher deposition height (15 cm). (c) Contour plot illustrating the interaction between
concentration and deposition height at lower temperature (60 °C). (d) Contour plot illustrating same
interaction at higher temperature (80 °C).
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In 3D Surface plots (a) and (b), where the interaction between suspension concentration
and substrate temperature is evaluated at two fixed heights (10 cm and 15 cm), a consistent
trend is observed: higher diffraction intensities are associated with increased suspension
concentration, particularly at lower substrate temperatures and reduced deposition heights.
This indicates that more concentrated microdroplets deliver a greater amount of SnO2

(cassiterite) to the substrate. In the contour plots (c) and (d), which examine the interaction
between concentration and deposition height at fixed substrate temperatures (60 °C and
80 °C), the response surface shows a stronger gradient at 60 °C, where intensity increases
markedly with decreasing height and increasing concentration. At 80 °C, the response
surface becomes flatter, reflecting reduced sensitivity of the deposited phase intensity
under faster solvent evaporation conditions. These results confirm that concentration is the
dominant factor, while substrate temperature and deposition height act as modulators of
deposition efficiency and texture development in USP-grown SnO2 films.

4. Conclusions
This study, based on a 23 full factorial design of experiments (DoE), enabled the rigor-

ous evaluation and optimization of the effects of suspension concentration (X1), substrate
temperature (X2), and deposition height (X3) on the structural properties of SnO2 thin films
deposited via ultrasonic spray pyrolysis (USP). All conditions confirmed the preservation of
a single-phase cassiterite structure without secondary phases or impurities. Statistical anal-
yses consistently identified suspension concentration (X1) as the dominant factor, showing
a strong positive correlation with intensity (r = 0.721), an ANOVA F-value of 454.79, and a
highly significant p-value (<0.0001). This effect is primarily associated with the greater
solid load delivered by concentrated droplets, which enhances the effective coverage and
texture of the deposited layer. In contrast, substrate temperature (X2) and deposition height
(X3) exhibited weaker individual effects, with negative correlation coefficients (r = −0.271
and −0.347, respectively), yet both significantly modulated deposition efficiency through
their interactions. In particular, the X2X3 interaction showed a strong positive influence
(F = 68.43, p < 0.0001), indicating that higher temperatures can counterbalance evaporation
losses at larger spray heights, improving effective deposition. The three-factor interaction
(X1X2X3) was also significant (F = 122.52, p < 0.0001), highlighting the nonlinear complex-
ity of the process where the optimal effective amount of deposited material depends on
the combined tuning of all three parameters. The Pareto and half-normal plots confirmed
that suspension concentration (X1) and the three-factor interaction (X1X2X3) were the most
influential contributors to the variation in deposited phase intensity. Model validation
yielded a high coefficient of determination (R2 = 0.9908) and a low standard deviation
(12.53), confirming its predictive capability. Response surface methodology (RSM) indi-
cated that the optimal condition for maximizing XRD intensity was achieved at the highest
suspension concentration (0.002 g/mL), lowest substrate temperature (60 °C), and shortest
deposition height (10 cm). These results demonstrate that the efficiency of SnO2 deposition
via USP and the resulting XRD response, are primarily governed by the concentration
of the suspension and modulated by the coupled effects of substrate temperature and
deposition height. This study establishes a quantitative framework for controlling and
optimizing ultrasonic spray pyrolysis of SnO2 films to meet diverse technological require-
ments and serves as a point of departure for extending the DoE approach to SnO2-based
composite architectures.
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