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Abstract. ZnO:Sb thin films with varying antimony (Sb) doping have been successfully
synthesized using the so;-gel spin coating method. The results of XRD analysis of ZnO:Sb
thin films with varying antimony (Sb) doping show a hexagonal wurtzite crystal structure
with crystallite sizes decreasing from 16.27 to 15.14 nm along with increasing antimony
doping concentration. The results of UV-Vis analysis show that increasing antimony (Sb)
doping concentration is accompanied by decreasing transmittance values and increasing
absorbance values of ZnO:Sb thin films. The energy band gap value of ZnO:Mg thin films
ranges from 3.38 to 3.41 eV.
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1. Introduction.

To improve the physical, optical, and electrical properties of ZnO, variations in film
thickness, heat treatment, and doping with metallic elements can be used. Some elements used
as dopants include magnesium (Mg).[1], aluminum (Al)[2], antimony (Sb)[3], and others. ZnO
thin films are also very promising because it has an energy bandwidth of 3.37 eV [4]and a
binding energy of 60 meV and have good optical, electrical and piezoelectric properties.[5]. To
improve the physical, optical, and electrical properties of ZnO, it can be engineered by varying
the film thickness, heat treatment, and by doping with metal elements. This ZnO thin film can
be synthesized with several very sophisticated equipment, such as molecular beam epitaxy
(MBE), metal organic chemical deposition (MOCVD), RF sputtering, spray pyrolysis, and pulse
laser deposition. However, the above methods have several disadvantages, such as expensive
equipment costs and a higher security system, considering the use of organic metals. Recently,
ZnO thin films were synthesized by the sol-gel spin coating method.[6]and electroplating [7].
The preparation of ZnO samples doped with metal elements using sol-gel spin coating has
shown significant progress. The efficiency of DSSCs made from ZnO-Mg only reached
3.53%.[8], ZnO-Cu reaches 2.03%][9], ZnO-Li[ 10], and others, which are generally still low and
need to be improved. Recently, we have tried doping ZnO with antimony (Sb) and showed
higher absorbance and transmittance values than ZnO with an Sb atomic concentration of around
3%. Therefore, researchers want to find parameters that produce maximum optical properties so
that they can improve the efficiency of ZnO:Sb DSSCs better.
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2. Method

ZnO:Sb thin films were synthesized using the sol-gel spin coating method. The
research materials used were Zinc Acetate Dehydrate, Sb, Isopropanol, and Diethanolamine,
each as a base material, solvent, and stabilizer. Acetate dehydrate {Zn(CH3COOH).2H20}
doped with antimony (Sb) is dissolved in isopropanol solvent, then stirred with a magnetic
stirrer, and after 10 minutes, it is added into the solution little by little. Diethanolamine (DEA).
The gel-like solution was then dripped onto an FTO glass substrate and rotated at a rotational
speed of 5000 rpm. The sample was then heated to the required heating temperature. Pre-heating
at 2500 °C for 5 hours and post-heating at 500°C for 5 hours with a heating holding time of 30
minutes. The ZnO:Sb thin film samples were then characterized by XRD and UV-Vis.

3. Results and Discussion
3.1. Crystal Structure of ZnO:Sb Thin Films with Variations of Antimony (Sb) Doping

ZnO:Sb thin film samples with varying Sb doping concentrations (2%, 2.5%, 3%,
3.5%, and 4%) which were characterized by XRD results, diffraction pattern shown in Figure
1. The results of the XRD pattern analysis for all samples have the same crystal planes, namely
(100), (002), and (101), with the main peak oriented on the (101) plane. The c/a ratio for all
samples has the same value as the ideal value for hexagonal cells c/a = 1.602 [10]. These results
indicate that the crystals are hexagonal wurtzite and are in accordance with the ZnO standard
data JCPDS card No. 36-1451. These results also show that variations in antimony doping
concentration do not change the crystal structure.
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Fig. 1. X-ray diffraction spectra of ZnO:Sb



The crystallite size of ZnO:Sb thin films with varying antimony (Sb) doping

concentrations, the results of which are shown in Table .1.

Table 1. Crystalline Size of ZnO:Sb Thin Films with Variation of Sb Doping

Samples Crystal Size (nm)
ZnO:Sb 2.0% 16.27
Zn0:Sb 2.5% 15.81
ZnO:Sb 3.0% 15.70
ZnO:Sb 3.5% 16.27
ZnO:Sb 4.0% 15.14

Based on Table 1, it can be seen that the crystal size is getting smaller from 16.27 to
15.14 nm. along with increasing antimony doping concentration. This is in accordance with
research results [11]. This result can be explained by the introduction of Sb into ZnO cells,
which causes the incorporation of Sb into ZnO, thereby increasing the stress and causing the
fracture of ZnO crystals, resulting in smaller crystallite sizes. Therefore, the small crystallite
size can cause quantum dot regime and Blue Shift events due to Sb doping, and is mostly
ascribed to the Burstein-Moss effect, which is the increase in the optical band gap energy value
of ZnO:Sb [12].

3.2 Optical Properties of ZnO:Sb Thin Films

Transmittance and absorbance spectra for ZnO:Sb with varying antimony (Sb) doping
concentrations, UV-Vis test resultsin the range of 300-700 nm shown in Figure 2.
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Figure 2a shows an increase in absorbance in the ZnO:Sb thin film as the Sb doping
concentration increases. The highest absorbance spectrum value is 0.89 au at an antimony (Sb)
doping concentration of 3.5% and the lowest is 0.83 au at an antimony (Sb) doping concentration
of 4.0%. In the transmittance spectrum (Figure 2b), it is seen that the ZnO:Sb thin film
experiences a decrease in transmittance as the antimony (Sb) doping concentration increases. A
higher transmittance spectrum is shown by the ZnO:Sb thin film with 2% Sb doping, this high
transmittance can be attributed to the reduction of defects and increased regularity of the ¢

Crystal structure due to Sb doping, which allows more light to pass through the thin film.
In contrast, there is a slight shift in the absorption edge and transmittance edge around 350 nm
to 380 nm towards shorter wavelengths as the Sb doping concentration increases, indicating a
change in the optical properties of the ZnO:Sb thin film. This indicates a change in the band gap
energy in the ZnO thin film with Sb doping.

For materials with a direct band gap, the relationship between absorbance and photon
frequency and based on the Tauc Plot method, and the energy band gap of ZnO:Sb thin films
with variations in antimony (Sb) doping is obtained as shown in Figure 3.
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Fig. 3. Energy Band Gap of ZnO:Sb

Based on Table 2, the band gap values of ZnO thin films and variations in Sb doping
show an interesting trend. The highest band gap value for ZnO:Sb with 2% antimony (Sb)
doping is 3.41, which is a typical characteristic of ZnO:Sb with a hexagonal wurtzite structure
according to SEM and HRD results. Increasing the antimony (Sb) doping concentration is
accompanied by a decrease in the band gap value to 3.38 eV, and increases to 3.40 eV at 4%
doping. This decrease can be caused by several factors, such as the appearance of crystal defects
or the insertion of excess Sb atoms into the ZnO lattice, which causes distortion of the crystal
structure. When the doping concentration is too high, the interaction between Sb atoms and the
ZnO structure can cause a decrease in crystal order and an increase in the number of defects,
such as Zn or oxygen vacancies. These defects can act as electron-trapping centers, reducing the
effectiveness of increasing the band gap [13] [14]. The decrease in the band gap value is likely
due to the stronger carrier scattering effect at high doping concentrations, which hinders electron
mobility and affects energy transitions [15].



Table 2. Energy band gap of ZnO:Sb

Sample Bandgap (eV)
ZnO:Sb (2.0%) 3.41
ZnO:Sb (2.5%) 3.40
ZnO:Sb (3.0%) 3.39
ZnO:Sb (3.5%) 3.38
ZnO:Sb (4.0%) 3.40

The successful synthesis of ZnO:Sb thin films via the sol-gel spin coating method
demonstrates the viability of this cost-effective approach for producing doped semiconductor
materials with tunable optical properties. The hexagonal wurtzite structure observed across all
doping concentrations confirms the structural stability of ZnO despite antimony incorporation,
which aligns with findings that Sb doping maintains the wurtzite crystalline phase without
inducing structural transformation [16]. The preservation of the crystalline structure while
varying dopant concentration is crucial for maintaining the fundamental electronic properties
that make ZnO attractive for optoelectronic applications.

The observed decrease in crystallite size from 16.27 nm to 15.14 nm with increasing Sb
doping concentration represents a significant structural modification that directly impacts the
material's optical behavior. This reduction can be attributed to the ionic radius mismatch
between Sb** (0.76 A) and Zn2* (0.74 A), which introduces lattice strain and disrupts crystal
growth. The crystallite size reduction mechanism in sol-gel derived ZnO is influenced by grain
boundary density and porosity, where dopant atoms preferentially segregate at grain boundaries
and inhibit further crystal growth [17]. Recent investigations on doped ZnO systems reveal that
structural features such as reduced crystallite size and increased grain boundaries directly impact
charge transport and dielectric response, which are critical for device performance [18]. The
accumulation of Sb atoms at grain boundaries can effectively inhibit grain growth during the
annealing process, leading to a refinement of the crystallite structure.

The quantum confinement effects arising from reduced crystallite sizes play a crucial
role in the observed optical properties. When crystallite dimensions approach the exciton Bohr
radius of ZnO (approximately 2.34 nm), quantum confinement becomes significant, leading to
modifications in the electronic band structure. Although the crystallite sizes in this study remain
above this threshold, the systematic reduction still influences the density of states and carrier
dynamics within the material. The blue shift observed in the absorption edge with increasing Sb
doping can be partially attributed to these size-dependent effects combined with the Burstein-
Moss effect.

The Burstein-Moss effect becomes prominent when Sb doping introduces additional
charge carriers into the conduction band, filling lower energy states and forcing optical
transitions to occur at higher energies [19]. This effect is particularly relevant at lower doping
concentrations (2.0-2.5%), where the band gap reaches its maximum value of 3.41 eV. Studies
on doped ZnO have demonstrated that increased carrier concentration shifts the Fermi level



upward in the conduction band, resulting in band filling which manifests as an increase in the
energy gap [20]. However, the subsequent decrease in band gap energy at higher doping
concentrations (3.0-3.5%) reveals competing mechanisms at play. The introduction of excessive
Sb atoms creates point defects, including oxygen vacancies and zinc interstitials, which form
localized states within the band gap. These defect states act as intermediate energy levels that
facilitate sub-band gap transitions, effectively narrowing the observed optical band gap.

The non-monotonic behavior of the band gap, where it decreases from 3.41 eV to 3.38
eV and then increases slightly to 3.40 eV at 4.0% doping, suggests a complex interplay between
quantum confinement, the Burstein-Moss effect, and defect-related phenomena. At optimal
doping levels (2.0-2.5%), the enhancement of carrier concentration dominates, leading to band
gap widening. However, as the doping concentration increases beyond 3.0%, the accumulation
of structural defects and the formation of Sb-related complexes begin to compensate for the
Burstein-Moss effect. Research indicates that the conductivity and band gap behavior in Sb-
doped ZnO are closely affected by dopant concentration, with variations in resistivity and lattice
parameters relating directly to carrier transport mechanisms [21]. This defect compensation
mechanism has been observed in heavily doped ZnO systems, where excessive dopant
concentration leads to clustering and secondary phase formation.

The transmittance and absorbance characteristics of ZnO:Sb thin films reveal important
insights for photovoltaic applications. The highest transmittance at 2.0% Sb doping indicates
optimal crystal quality with minimal defect scattering, making this composition particularly
suitable for transparent conductive oxide applications. Enhanced optical performance in
antimony-doped ZnO has been demonstrated for UV photodetector applications, where
maintaining the hexagonal wurtzite structure is crucial for device efficiency [22]. The increased
absorbance at 3.5% doping (0.89 au) suggests enhanced light-matter interaction, which could
benefit photon harvesting in solar cell applications. However, the trade-off between
transparency and absorption must be carefully balanced based on the specific application
requirements.

The slight blue shift in both absorption and transmission edges toward shorter
wavelengths with increasing Sb doping concentration indicates modifications in the electronic
structure that extend beyond simple band gap changes. This spectral shift can be attributed to
changes in the local electronic environment caused by Sb incorporation, which alters the crystal
field and spin-orbit coupling parameters. Spectroscopic investigations have revealed that
antimony incorporation produces strong optical transitions related to free-electron to acceptor
level transitions, which exhibit temperature-dependent behavior [23]. The optical properties
modification demonstrates the potential for band gap engineering through controlled Sb doping.

From a technological perspective, the results suggest that ZnO:Sb thin films with 2.0-
2.5% doping concentration offer the best compromise between optical transparency and band
gap optimization for photovoltaic applications. The relatively high band gap values (3.38-3.41
eV) make these materials suitable for UV photodetectors and transparent electronics. For dye-
sensitized solar cells (DSSCs), the moderate absorbance and high transmittance at lower doping
concentrations could facilitate efficient light penetration to the dye layer while maintaining good
electron transport properties.

The sol-gel spin coating method proves advantageous for producing ZnO:Sb thin films
with controllable properties at lower costs compared to vacuum-based techniques. The ability



to fine-tune optical properties through simple dopant concentration variation offers a practical
pathway for optimizing device performance in various optoelectronic applications.

4. Conclusion

The synthesis of ZnO:Sb thin films with varying antimony doping concentrations (2.0,
2.5, 3.0, 3.5, and 4%) has been successfully carried out using the sol-gel spin coating method.
The crystal structure of ZnO:Sb thin films with varying Sb doping is wurtzite hexagonal and
increasing antimony (Sb) concentration is accompanied by a decrease in crystal size from 37.5
to 15.8 nm. The highest absorbance spectrum value is 0.89 au at an antimony (Sb) doping
concentration of 3.5% and the lowest is 0.83 au at an antimony (Sb) doping concentration of
4.0%. The transmittance spectrum of ZnO:Sb thin films decreased with increasing antimony
(Sb) doping concentration. The transmittance spectrum was higher at 2% Sb doping. The largest
band gap value is at a Sb doping concentration of 2% and the smallest is at a Sb doping
concentration of 3.5%. The energy band gap ranges from 3.38 to 3.41 eV.
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