Vlaleology: International Journal of Medical

Anthropology and Bioethics
(ISSN 2995-4924)  VOLUME  ISSUE

TWO-STEP ANNEALED ZnAL;04:5Sn0O, THIN FILMS
VIA SOL-GEL/DIP-COATING: STRUCTURAL, SURFACE
AND ELECTRICAL CHARACTERIZATION

Ali Q. Tuama
Al-Kharkh University of Science, College of Science, Bagdad, Iraq

Abstract:

This work presents a reproducible and low-cost approach for preparing ZnAl>04:SnO2. composite
thin films on glass substrates using a sol-gel dip-coating technique followed by a two-step
annealing process. The films were synthesized from a Zn-Al-oxalate sol (Zn:Al = 1:2) with
SnO: nanoparticles incorporated at 3 and 6 wt%. Deposition was carried out at a withdrawal rate
of 60 mmemin' using two coating cycles, each separated by a soft-bake at 150 °C for 10 min.
The thermal consolidation involved sequential heating at 300 °C for 15 min and 480 °C for 30
min in air. Structural, chemical, and morphological properties were examined using FTIR, XRD,
and AFM analyses. FTIR spectra confirmed the spinel ZnAl:O4 band near 655 cm™, while XRD
patterns revealed a well-defined cubic spinel phase without secondary peaks. AFM images
showed uniform grains and controlled roughness depending on SnO: concentration. Optical
analysis indicated a slight redshift of the absorption edge with SnO: addition, and the electrical
characterization showed decreased resistance and increased capacitance in the doped films. The
obtained results confirm that combining ZnAl:Os4 with SnO: effectively tailors both structural
and functional characteristics of spinel-based thin films using a simple, entirely vacuum-free
process.
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Introduction

Introduction

Metal oxide thin films have gained wide attention in recent years for use in optoelectronic and
sensing applications because of their good chemical stability, optical transparency, and flexible
electrical behavior. Among these materials, zinc aluminate (ZnAl2O.) has a relatively wide band
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gap of about 3.8 eV, together with high thermal stability and resistance to corrosion. These
properties make it suitable for optical and protective coatings, as well as catalytic and sensing
uses [3,4]. The spinel structure of ZnAl.O4 allows different metal ions to substitute within its
lattice, giving the material adjustable surface and electrical characteristics [5].

Tin oxide (SnO2) is an n-type semiconductor that possesses high carrier mobility and sensitivity
to surrounding gases. Because of these properties, SnO- has been used widely in transparent
electrodes and in gas or environmental sensors [6,7]. When SnO: is combined with ZnAl:O4 in
the same film, the resulting composite can benefit from both the stability of the spinel and the
high surface activity of SnO.. Such combinations are known to improve charge transport and
interfacial behavior while maintaining good optical transmission [8-10].

The sol—gel dip-coating process is often preferred for preparing oxide films since it is simple,
low-cost, and does not require vacuum systems. It also provides good control over film
thickness, uniformity, and composition, making it convenient for small-scale laboratory
fabrication [11,12].

In our earlier works, we showed that introducing metal-oxide nanoparticles improves both bulk
and surface performance in polymer—ceramic materials. Adding magnesium oxide nanoparticles
into unsaturated polyester enhanced thermal diffusivity and interfacial heat transfer, while nano-
zirconia increased hardness and wear resistance of epoxy-based composites .These findings
highlight the role of oxide additives in improving bonding and energy transport.

Based on these results, the present study focuses on preparing ZnAl>04:SnO: thin films using a
sol—gel dip-coating method followed by two-step annealing. The aim is to analyze the structural
(FTIR, XRD), morphological (AFM), optical, and electrical characteristics of the prepared films
and to develop a reproducible, vacuum-free route for producing oxide composites with
controlled surface and functional properties.

Materials and Methods
Material

All the materials that were used in this work were of analytical grade. Zinc nitrate hexahydrate
(Zn(NOs)2:6H20) and aluminum nitrate nonahydrate (AI(NOs:);-9H20) were used as the main
precursors. Oxalic acid was added as a complexing agent, and absolute ethanol was used as the
solvent. Tin oxide (SnO:) nanoparticles with an average size of around 20 nm were used for doping.
Polyvinylpyrrolidone (PVP) was added in a small amount (0.2 wt%) to help in dispersing the
nanoparticles. Soda-lime glass slides were used as substrates because they are smooth and can
tolerate the annealing temperatures easily [13].

Sol Preparation

To prepare the sol, zinc and aluminum nitrates were dissolved in ethanol at a molar ratio of 1:2
(Zn:Al). After that, oxalic acid was added slowly while stirring. The molar ratio between total metals
and oxalate was around 1:1. The mixture was stirred for about one hour until it became clear, then
left to age at room temperature for 12 hours. For the doped samples, SnO: nanoparticles were first
mixed in ethanol containing PVP and ultrasonicated for 15 minutes before being added to the sol.
Two different loadings of SnO2 were used, 3 wt% and 6 wt%, based on the total solid content [14,15].

Film Deposition

Before coating, all the glass slides were cleaned carefully using acetone, ethanol, and deionized
water, and then dried in air. The deposition was done by the dip-coating technique at a withdrawal
speed of 60 mm/min. Each sample was coated twice to obtain a uniform layer. After each coating, the
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films were dried at 150 °C for 10 minutes to remove solvent and improve adhesion. The samples
were labeled as ZAO-0 (undoped), ZAO-3 (3 wt% Sn0O-), and ZAO-6 (6 wt% SnO-) [16].

The coated glass slides were placed in an electric furnace and heated in two stages. The first stage
was at 300 °C for 15 minutes to burn out organic residues. The second stage was at 480 °C for 30
minutes to complete the crystallization process. The heating and cooling rates were kept around 5
°C/min to avoid cracks in the films. The two-step annealing method helped in forming a dense and
stable spinel phase [17,18].

Characterization

FTIR measurements were carried out in ATR mode in the range of 4004000 cm™ (Shimadzu 8400S)
to detect the spinel vibration near 650-660 cm™ and the —OH bands around 3400 and 1630 cm™.
XRD analysis (Cu Ka, 26 = 20-70°, step size 0.02°) was done to identify the crystalline phase and to
calculate the crystallite size using the Scherrer equation [19]. AFM images (tapping mode, 5x5 pm)
were taken to examine the surface roughness and grain size [20]. For humidity sensing, gold and
silver electrodes with a gap of 2-3 mm were deposited on the film surface. The measurements were
carried out at room temperature inside chambers of fixed relative humidity (MgCl. = 33%, NaCl =
75%, K2SO4 = 97%) under a DC bias of 1-2 V. The response was calculated using [21,22]:

(G=1/R)
Results and Discussion

Figure 1 shows the FTIR spectra of undoped and SnO:-doped ZnAl:Os thin films in the range of
4000400 cm™. All samples display a clear absorption band near 650—660 cm™, which corresponds
to the stretching vibration of Zn—O-Al bonds inside the spinel lattice [23]. This confirms the
successful formation of the ZnAl:O4 phase after annealing. A broad band around 3400 cm™ together
with a weak feature at 1630 cm ™' appears mainly in the undoped sample; both are attributed to —OH
stretching and H-O—H bending of adsorbed moisture [24]. The intensity of these bands decreased
gradually with SnO: loading, indicating that doping improved film densification and reduced surface
hydroxyl groups.

For the doped films, a small shoulder between 550 and 580 cm™ becomes more visible, which is
associated with Sn—0O vibrations [25]. The position of the main spinel band remained nearly constant,
suggesting that the incorporation of SnO: nanoparticles occurs mainly at the grain boundaries or the
surface rather than forming a new crystalline phase. Overall, the FTIR spectra confirm that the spinel
framework of ZnAl.O. was maintained for all compositions, and the addition of SnO- only caused
minor changes related to surface chemistry and moisture adsorption.
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Fig. 1 Adjusted FTIR transmittance spectra of ZnAl>O4:SnO: thin films (undoped, 3 wt%, and 6
wt%) showing the main spinel vibration at ~655 cm™ and —OH features around 3400 cm™
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Figure 2 shows the XRD patterns of ZnAl:O4:SnO: thin films prepared with different SnO:
concentrations. All the samples display diffraction peaks located around 31.3°, 36.8°, 44.8°, 55.6°,
59.3° and 65.2°, which correspond to the (220), (311), (400), (422), (511), and (440) planes of the
cubic spinel ZnAlxOs phase (JCPDS card No. 05-0669). No extra peaks related to SnO: or any other
impurities were detected, confirming that the SnO. nanoparticles were uniformly distributed inside
the ZnAl-O4 matrix without forming a separate phase [26,27].

A small shift of the main peaks toward higher angles was noticed when the SnO: content increased
from 0 wt% to 6 wt%. This behavior is usually attributed to internal strain or a partial interaction of
Sn** ions with the ZnAl:Os lattice. The peaks also became slightly broader with higher SnO-
loading, indicating a minor decrease in crystallite size and the presence of more grain boundaries
[28].

The estimated crystallite size values are listed in Table 1, where the average size decreased from
about 25 nm for the undoped film (ZAO-0) to nearly 22 nm for the 6 wt% SnO. sample (ZAO-6).
This small reduction suggests that SnO2 nanoparticles restrict the grain growth during annealing.

Overall, the XRD results confirm that all films have the same spinel ZnAl>Oa structure with good
crystallinity and no secondary SnO: peaks. The minor shift in the diffraction angles and the slight
broadening of peaks with SnO. addition indicate that doping mainly affects the lattice edges and
interfaces without altering the overall crystal phase.
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Fig. 2 XRD patterns of ZnAl204:SnO: thin films (ZAO-0, ZAO-3, and ZAO-6) showing the cubic
spinel reflections

Table 1. Main diffraction peaks and calculated crystallite sizes of ZnAl204:SnO: thin films

Zno 20 Main | cvupv | 9 | Crystallite
sample ID | () Plane ©) spacing | oo (nm) Remarks
(hkI) (A) |
Undoped |36.80| (311) | 035 | 2.445 25 Pure Z“ﬁ};ﬁ“ spinel
. Slight peak shift and
3 wt% SnO- | 36.83 | (311) 038 | 2443 23 moderats broadening
6wi% SnO: | 36.85 | (311) | 041 | 2.442 22 More broadening,
smaller crystallite size

Figure 3 presents the AFM 3D surface images of ZnAl:O4:SnO: thin films with different SnO-
contents. All the films show a uniform grain distribution without visible cracks or voids, confirming
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that the dip-coating and annealing processes produced smooth and continuous layers. The surface of
the undoped film (ZAO-0) appears relatively compact and fine-grained, while the addition of SnO-
leads to slightly larger and more distinct grains.

For the 3 wt% SnO: sample (ZAO-3), the grains are well separated and evenly distributed, as shown
in Figure 3(b). This composition exhibits moderate surface roughness, which is beneficial for
improving the surface activity during humidity sensing. When the SnO: content was increased to 6
wt%, the surface became a bit rougher and contained more pronounced features, suggesting that the
nanoparticles tend to accumulate at the film surface during the final annealing stage [29].

The average roughness values (Ra) increased from around 9.4 nm for the undoped film to 10.6 nm
for ZAO-3 and 11.2 nm for ZAO-6, as summarized in Table 2. These small changes indicate that
the incorporation of SnO: slightly modifies the topography without deteriorating the film quality.
The AFM observations agree well with the XRD results, where smaller crystallite sizes and broader
peaks were detected for the doped films.

Fig. 3 AFM 3D surface morphology of ZnAl:04:SnO: thin films: (a) ZAO-0, (b) ZAO-3, and (c)
ZAO-6.

Table 2. Surface roughness parameters of ZnAl:O4:SnO: thin films.

Zn0 Sample Ra Rq (nm) | Grain Size (nm) Surface Description
ID (nm)
Undoped 94 12.1 78 Smooth andﬁcr?err;]p;?; S’surface with
3 wt% SnO» 10.6 13.4 el Uniform grain distribution,
moderate roughness
6 Wt% SnO, 11.2 14.0 66 Coarser surfacci‘ﬁs\;\grtg larger grain

Figure 5 shows the electrical response of ZnAl:O4 thin films with and without SnO: addition at
room temperature. The measurements were carried out in the frequency range of 75 kHz to 1 MHz,
and the results show that all samples exhibit a characteristic semicircular behavior, which indicates
that the charge transport is mainly controlled by the grain interior of the films.

The diameter of each curve represents the overall resistance of the material, while the slope near the
high-frequency end reflects the capacitive behavior of the film. It is observed that the curves for the
doped samples are smaller compared with the undoped one, meaning that the total resistance
decreases as SnO: is introduced. This behavior suggests an improvement in electrical conductivity
due to the presence of Sn*" ions and the formation of additional oxygen vacancies within the oxide

network [30].
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The extracted electrical parameters are listed in Table 3. The resistance (R,) values decreased from
about 75.9 Q for the undoped film to 51.9 Q for the 3 wt% SnO: sample and 56.2 Q for the 6 wt%
SnO: sample. At the same time, the capacitance increased from 2.69 nF to approximately 5.9 nF,
indicating better charge storage and polarization capability in the doped films. These results confirm
that SnO: enhances the charge transport pathways within the ZnAl:Os4 matrix, which may be
beneficial for sensor or dielectric applications.
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Fig. 5 The electrical response of ZnAl:Oa thin layers with undoped and SnO.-doped compositions,
where the frequency varies from 75 kHz to 1 MHz at ambient temperature

Table 3. Electrical parameters of ZnAl:04:SnO: thin films obtained from the fitted curves.

ZnO Sample R, C .
ID Q) (nF) fmax (kHz) Observation
Undoped 75.9 | 2.69 770 High resistance, low capacitance
3 wi% SnOs 519 | 595 595 Lowest resistance, highest
capacitance
Slight increase in resistance
0
6 wt% SnO: 56.2 | 5.59 510 compared to ZAO-3
Conclusion

In this study, ZnAl>:O4:SnO2 composite thin films were successfully prepared using a simple sol—gel
dip-coating method followed by a two-step annealing process. The obtained results confirm that the
preparation route is reliable and reproducible for producing uniform and crack-free coatings without
the need for a vacuum system.

FTIR spectra verified the formation of the Zn—O-Al vibration band near 655 cm™!, while XRD
analysis revealed that all samples maintained a single cubic spinel ZnAlO4 phase with no secondary
SnO: peaks. The addition of SnO: slightly reduced the crystallite size from about 25 nm to nearly
22 nm, indicating minor lattice strain. AFM images showed smooth surfaces with homogeneous
grain distribution, and the roughness increased slightly with SnO. concentration.

The optical measurements confirmed that the films are highly transparent in the visible range, with
a small redshift of the absorption edge upon SnO- addition, leading to a minor decrease in the band
gap from 3.80 eV to 3.68 eV. The electrical results demonstrated that SnO. doping decreased the
total resistance and enhanced the capacitance of the films, suggesting improved charge transport
and dielectric behavior.
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Overall, the study demonstrates that combining ZnAl:Os with SnO: provides a practical way to tune
both structural and functional characteristics of spinel-based thin films. These features make the
prepared materials potential candidates for future optoelectronic or sensor-related applications..
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