


Eco-Friendly Bio-Carbon Doped ZnO Thin Films: Structural, Optical, and Humidity Sensing Properties
Abstract
     Thin films of zinc oxide doped with bio carbon extracted from pomegranate peels were deposited on glass substrates using thermal spraying. The effect of the bio carbon doping percentage (0-7.5 wt%) on the structural, morphological, optical, and humidity-sensing properties was investigated. X-ray diffraction (XRD) results showed that all films possessed the hexagonal morphological structure of zinc oxide without secondary phases, with a decrease in crystal size from (29.5 to 25.4 nm) and an increase in microscale stress and dislocation density with increasing carbon content. Scanning electron microscopy (SEM) and atomic force microscopy (AFM) results showed a decrease in grain size and an increase in surface roughness from (5.2 to 9.8 nm). FTIR spectroscopy confirmed the successful incorporation of bio carbon into the ZnO, matrix and the presence of surface interactions between the carbon functional groups and the zinc oxide surface. Optical measurements showed, an improvement in absorbance and a decrease in the optical band gap from (3.28 to 3.09 eV) with increasing doping percentage. The humidity sensing results also showed a significant improvement in performance, with the sample doped with 7.5%, achieving the highest sensitivity of 82%, and the shortest response and recovery times of (14 and 18 seconds), respectively, within a relative humidity range of (20-90%). These results, indicate that bio carbon extracted from pomegranate peels is an environmentally friendly, and effective doping agent for enhancing the structural optical, and sensing properties of zinc oxide membranes, making it a promising candidate for low cost, high performance humidity sensor applications
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1. Introduction
     Semiconductor thin films are important materials in many modern technological applications, such as solar cells, optical sensors, chemical sensors, and environmental sensors, due to the ability to control their structural, electrical, and optical properties through the selection of the substrate material and appropriate preparation techniques. Among these materials, zinc oxide (ZnO), has garnered significant attention due to its wide energy gap (3.37 eV), high excitonic binding energy (60 meV), chemical stability, high transparency, low cost, and non-toxicity, making it a promising material for numerous electronic optical, and sensing applications [1,2].
    The efficiency of ZnO, films depends largely on their structural and morphological properties, which can be enhanced through various doping processes. Carbon doping is an effective method for modifying the electronic, structure of zinc oxide (ZnO), and improving its optical and surface responses. It introduces, additional energy levels into the forbidden gap, and increases the number, of active adsorption sites on the surface which positively impacts the material's performance in sensing applications. While, numerous studies have addressed carbon doping of ZnO, using conventional chemical sources, current research trends focus on using sustainable and environmentally friendly carbon sources within the framework of green chemistry and reducing the environmental impact of industrial materials [3, 4].
Agricultural waste is a rich source, of bio carbon. It has garnered increasing attention in recent years due to its abundance, low cost, and potential for conversion into value-added functional materials.               Among these wastes, pomegranate peels stand out for their high content of carbon compounds and organic elements that can be converted into bio carbon with a high surface area and active functional groups that can directly influence the surface and optical properties of nanomaterials [5, 6].
    At the same time, the demand for low cost, fast response, and high accuracy humidity sensors is increasing due to their importance in environmental, industrial, medical, and agricultural monitoring systems. ZnO based, nanomaterials are among the most widely used materials in this field, due to their high sensitivity to water molecules and the ease with which their surface properties can be modified. Therefore, incorporating bio carbon with ZnO, represents a promising strategy for improving the performance of humidity, sensors by increasing the effective surface area and enhancing adsorption and charge transfer processes on the membrane surface. Accordingly this work aims to prepare thin films of zinc oxide, doped with biocarbon extracted from pomegranate peels, and deposited on glass substrates using thermal spraying technology. It also investigates the effect of the biocarbon doping ratio on the structural, morphological and optical properties of these films as well as evaluating their potential use as high performance and environmentally friendly humidity sensors.
2. Experimental Work
2.1 Materials
    Zinc acetate dihydrate [Zn(CH3COO)2·2H2O] was used as the zinc precursor for the preparation of ZnO thin films. Absolute ethanol served, as the solvent while monoethanolamine (MEA), was employed as a stabilizing agent. Bio carbon powder extracted from pomegranate, peel was utilized as the carbon dopant. Distilled water was used throughout the experimental procedures. Microscope, glass slides were selected as substrates for thin film deposition.2.2 Preparation of Bio-Carbon from Pomegranate Peel
    Fresh pomegranate peels were thoroughly washed with distilled water to remove dust and impurities. The cleaned peels were dried in an electric oven at 80 oC for 24 h until complete moisture removal. The dried material was then ground into a fine powder using a laboratory grinder. The obtained powder was subjected to thermal carbonization in a muffle furnace at 500 oC for 2 h under limited oxygen conditions. After cooling to room temperature, the resulting black carbonaceous material was collected and finely ground to obtain homogeneous bio-carbon powder suitable, the sieved using a 75 μm mesh, for use as a dopant in ZnO thin films. 

2.3 Preparation of Carbon Doped ZnO Thin Films
A 0.1 M precursor solution was prepared by dissolving zinc acetate dihydrate in 250 mL ethanol. The mass of zinc acetate was calculated as follows:

where m: is the required mass in g, C: is the molar concentration in mol/L, V: is the solution volume in L, and Mw: is the molecular weight of zinc acetate dihydrate, equal to 219.5 g/mol.

Therefore, 5.49 g of zinc acetate dihydrate were dissolved in 250 mL ethanol.
MEA was added as a stabilizer at a molar ratio of zinc acetate : MEA = 1 : 1.
                                               …………………..….(2)
where n: is the number of moles in mol.
                              
                                                ……..(3)
where: Mw(MEA) = 61.08 g/mol.
                                 m(MEA) = 0.025 × 61.08 = 1.527 g
                                                ….(4)
where ρ(MEA) = 1.01 g/mL.
V(MEA) = 1.527 / 1.01 = 1.51 mL
Thus, 1.51 mL of MEA was added dropwise. The solution was stirred at 60 °C for 2 h and aged for 24 h. The solution was divided into five equal portions of 50 mL. Since each portion contains 1.098 g of zinc acetate, bio-carbon was added at 0, 1.5, 3.5, 5.5, and 7.5 wt.% according to:
                        ….(5)
mC​ : required bio carbon mass (g), mZnAc: zinc acetate mass, in each 50 mL portion (1.098 g).
The corresponding bio-carbon masses were:
Table 1. Weight percentage and calculated bio carbon mass added to the ZnO precursor solution for the preparation of ZnO:C thin films.
	Sample
	Wt%
	Mass (gm)

	CZ0
	0
	0

	CZ1
	1.5
	0.016

	CZ2
	3.5
	0.038

	CZ3
	5.5
	0.060

	CZ4
	7.5
	0.082



Each solution was stirred for 1 h and ultrasonicated for 30 min.
Glass substrates were ultrasonically cleaned in distilled water and ethanol for 15 min each, dried with hot air, and heated at (100 °C for 10 min). The films were deposited by spray pyrolysis at (450 °C). The nozzle-to-substrate distance was (30 cm). The deposition process included 25 spray cycles; each cycle consisted of 10 s spraying followed by a 60 s pause. Approximately (40 mL) of solution was consumed for each sample. The films were then annealed in air at (500 °C for 1 h).

3. Characterization Techniques
XRD was used to study the crystal structure using CuKα radiation with wavelength λ = 1.5406 Å over the range 20°-80°. Crystallite size was calculated using: D = Kλ / (β cosθ), where D is the crystallite size, K is Scherrer’s constant equal to 0.9, λ is the X-ray wavelength, β is the full width at half maximum in radians, and θ is the Bragg angle. Microstrain was calculated using: ε = β cosθ / 4, where ε is the microstrain, β is the FWHM in radians, and θ is the Bragg angle. Dislocation density, was calculated using: δ = 1 / D2, where δ is the dislocation density and (D) is the crystallite size. (FESEM) was used to study surface morphology, EDX was used to determine elemental composition, and AFM was used to analyze surface roughness and grain distribution. FTIR spectra were recorded in the range (400-4000 cm-1) to identify chemical bonds and confirm carbon-related functional groups. UV-Vis spectroscopy was used to record absorbance and transmittance spectra in the range (300-1100 nm). The absorption coefficient was calculated using: α = 2.303 A / t, where α is the absorption coefficient, A is absorbance, and t is film thickness. The optical band gap was calculated using the Tauc relation: (αhν)2 = B(hν - Eg), where α is the absorption coefficient, hν: is the photon energy, B: is a constant, and Eg: is the optical band gap. A schematic flowchart summarizing the preparation of bio carbon synthesis of carbon-doped ZnO, thin films deposition conditions  annealing process, and characterization techniques is presented in Figure 1.

Figure 1. Experimental flowchart for the fabrication and characterization of bio-carbon doped ZnO thin films.
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3. Result
3.1 X-ray diffraction analysis
Figure 2 shows XRD patterns of ZnO and ZnO:C nanocomposites with various C contents. It is worth noting that all the ZnO:C samples present the hexagonal wurtzite structure; no other phases formed during growth. All of the characteristic XRD peaks were in good agreement with the described standard data for ZnO powder (space group P63mc, JCPDS no. 36-1451) [7], and no preferential orientation was observed. The ZnO:C nanocomposites tended to become more amorphous as the C content increased. The XRD signal exhibited It showed a decrease in intensity with an increase in carbon content to 7.5 wt.%, indicating that the nanocomposite contained of disordered material in the form of amorphous carbon. The of the (100) and (002) peaks shows that the full width at half maximum (FWHM) increases as the carbon concentration increases. Using Debye-Scherrer’s formula and the FWHM of the (100) peak, As shows in figure (3) we found that the crystallite size decreased from 29.5 to 25.4 nm as the C content increased from 0 to 7.5 wt.%. A shift in the peak positions toward lower angles was noted after C was introduced, indicating its effective incorporation into the ZnO crystal. Micro-stress and dislocation density increased with increasing carbon content and decreasing crystal size, with micro-stress increasing from 1.178 x 10-3 to 1.368 x 10-3, and dislocation density increasing from 11.58 x 1014 to 15.604 x 101 m-2. This is attributed to the fact that carbon addition inhibits the uniform growth of crystals and introduces localized distortions within the crystal lattice. As the carbon concentration increases, the number of crystal defects and grain boundaries also increases, leading to internal stresses and distortions in the crystal lattice, reflected as an increase in the width of the X-ray diffraction peaks (FWHM). Consequently, the microscopic stress values ​​increase. A decrease in crystal size means an increase in the number of crystal grains per unit volume and a higher proportion of atoms at grain boundaries, resulting in increased defect density and crystal dislocations. These results indicate that doping ZnO with bio carbon introduces additional structural defects and lattice distortions that affect the crystal structure and limit crystal growth [8].
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Figure 2: X-ray diffraction analysis of bio-carbon doped 
ZnO thin films.
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Figure 3: Crystal size, micro-stress, and dislocation density of 
bio-carbon doped ZnO thin films.
3.2 FESEM Analysis
Figure 4 shows (FESEM) images of pure ZnO, films doped with different concentrations, of bio carbon extracted from pomegranate peels. All samples exhibit a homogeneous surface composed, of closely packed spherical grains distributed evenly across the entire film surface without any observed cracks or large voids. This indicates successful, deposition and the production, of films with good surface quality. For the pure film (CZ0) the surface structure, consists of closely packed spherical nanoparticles, with an average size of approximately(33nm), exhibiting good crystallinity and granular compactness. Upon the addition of bio carbon to the ZnO system a gradual decrease in grain size was observed, reaching approximately 30 nm for sample CZ1 and (29 nm), for sample CZ2, then 26 nm and 23 nm for samples CZ3, and CZ4 respectively. This gradual decrease in grain size is attributed to the effect, of bio carbon in inhibiting crystal growth during annealing. The carbon increases, the number of crystallization centers and reduces the grain growth rate is reduced, resulting in the formation of a greater number of smaller crystals. Furthermore the presence of carbon at grain boundaries limits the fusion of adjacent crystals and hinders complete crystal growth [9]. This is consistent with X-ray diffraction results which showed a decrease in crystal size, and an increase in both microscopic stress and dislocation density with increasing grafting.
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Figure 4: FESEM Analysis of bio-carbon doped ZnO thin films.

3.3 AFM Analysis
The surface topography of pure ZnO, films and those doped with bio-carbon was examined, using atomic force microscopy (AFM) as shown in Figure 5. The two-dimensional and three dimensional images reveal a clear change in surface characteristics as the carbon doping ratio increases from (CZ0 to CZ4). The pure ZnO, film exhibited a relatively, homogeneous surface composed of distinct nano grains, with an average grain size of approximately (78.4 nm), and roughness values of Ra = 5.20 nm and Rq = 6.50 nm, respectively. With the addition of bio carbon the average grain size, gradually decreased to (73.6, 69.2, 63.8, and 58.7 nm) for samples (CZ1, CZ2, CZ3, and CZ4), respectively. This decrease, is attributed to the role of carbon in inhibiting grain growth, and limiting grain fusion during annealing. Surface roughness, also increased gradually with increasing carbon content with Ra rising from 5.20 nm, for sample CZ0 to 9.80 nm for sample CZ4, and Rq increasing from 6.50 nm to 12.30 nm. This behavior, indicates that the introduction, of bio-carbon led to increased surface, irregularity and the formation of a greater number of ridges and grain boundaries, thus increasing the effective surface area.
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Figure 5: AFM Analysis of bio-carbon doped ZnO thin films. 




3.4 FTIR Analysis
     Fourier transform infrared spectroscopy (FTIR) was used to study the effect of (ZnO) grafting with bio carbon extracted from pomegranate peels and to investigate the presence of chemical interactions or surface bonds between ZnO and the bio carbon functional groups. Figure 6 shows the FTIR, spectra of pure and grafted films with different concentrations of bio-carbon. The spectrum of pure ZnO (CZO), showed a broad absorption band at approximately 3400 cm-1, attributed to the (O-H), hydroxyl group vibrations resulting from the adsorbed water molecules and the hydroxyl groups attached to the ZnO, surface [10]. A peak was also observed at approximately, 2920 cm-1, attributed to the tension vibrations of the (C-H) groups while the peak at 1630 cm-1 is attributed to the bending vibrations of the adsorbed water molecules on the film surface, [11]. Peaks were also observed in the 1000-1450 cm-1 range attributed, to vibrations of oxygen carbon bonds such as (C-O) and (C-C), which are associated, with organic residues from the bio carbon synthesis process [12]. The peak near 470 cm-1 is attributed to Zn-O, bond vibrations characteristic of the zinc oxide crystal structure confirming the successful, formation of ZnO films [13]. As the bio carbon ratio increased from CZ1 to CZ4, a gradual increase in the intensity of the absorption bands associated with the carbon groups was observed particularly, at (3400, 2920, 1384, 1250 and 1020 cm-1), with slight changes in the positions of some peaks and, a decrease in permeability at these locations. These changes indicate an interaction between the ZnO, surface and the bio-carbon functional groups demonstrating the successful, incorporation of carbon into, the surface structure of the films. The fact that the Zn-O peak, remained clear in all samples with no additional peaks of secondary phases appearing indicates, that carbon doping did not lead to the formation, of new compounds or a change in the crystalline phase of zinc oxide but ,rather its effect was limited to modifying the chemical, and surface environment of the grains. 
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Figure 6: FTIR Analysis AFM Analysis of bio-carbon doped
 ZnO thin films.

3.5 Absorption and Optical Gap Analysis
    To investigate the effect of bio carbon addition on the optical properties of zinc oxide films, the absorption spectra of pure and bio carbon doped films were recorded, as shown in Figure 7 (a). All samples exhibit high absorption in the ultraviolet region, which gradually decreases with increasing wavelength towards the visible and near-infrared regions. This is a characteristic feature of zinc oxide as a wide-bandwidth semiconductor [14]. The figure shows that the absorbance, intensity gradually increases with increasing, bio-carbon content from sample CZ0 to sample CZ4, with sample CZ4 exhibiting the highest absorbance values. This behavior is attributed, to the introduction of new local energy levels, resulting from the presence of bio-carbon within the (ZnO), crystal structure. This increases the probability, of electron transfer, and enhances the interaction of the material with incident photons. Furthermore the gradual decrease, in crystal size confirmed by X-ray diffraction, and scanning electron microscopy results led to an increase, in the number of grain boundaries, and crystal defects, which further contributed to enhanced light absorption [15].
[image: ]     To determine the optical band gap, Tauc relation for the allowed direct transitions was used by plotting (αhν)2 as a function of the photon energy (hν), as shown in Figure 7 (b). Extrapolating, the linear portion of the curves towards the photon energy axis yielded, optical band gap values, of (3.28, 3.24, 3.19, 3.14, and 3.09 eV), for samples (CZ0, CZ1, CZ2, CZ3, and CZ4), respectively. The gradual decrease, in the band gap with increasing bio- carbon content indicates a modification, in the electronic structure of the zinc oxide, films resulting from the interaction between the ZnO, matrix and the bio-carbon components. This is attributed, to the formation of intermediate energy levels, within the forbidden band gap due to crystal defects, and surface states associated with the carbon atoms which reduces, the energy required for electrons to transition from the valence band, to the conduction band. The increase in micro stress and dislocation density, associated with the decrease, in crystal size, contributes to the emergence of additional energy levels, within the forbidden gap which explains, the gradual shift of the absorption edge towards larger wavelengths.
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Figure 7: (a) absorption spectra, (b) optical band gap of pure
 and bio-carbon-doped films.




3.6 Humidity Sensing Characteristics 
The performance of pure and bio-carbon-doped ZnO, films as relative humidity sensors ,was evaluated by studying the changes, in electrical resistance sensitivity, response times and recovery times, at different relative humidity (RH), levels as shown in Figures 8 (a, b, c, and d).
     Figure 8 (a) shows, the relationship between electrical resistance, and relative humidity of the prepared films. It is observed, that the resistance of all samples gradually, decreases with increasing, relative humidity from 20% to 90% RH which is the expected behavior, for zinc oxide based humidity sensors. This is attributed, to the increasing number of water molecules, adsorbed onto the film surface with increasing humidity. Initially a chemical adsorbed layer, of hydroxyl groups forms followed by multiple physical layers, of water at higher humidity levels. These layers, facilitate proton transport via the Grotthuss proton hopping mechanism which increases, electrical conductivity, and leads to a decrease in resistance [16]. It is also observed that resistance values decrease, further with increasing bio carbon content. Sample CZ4, exhibited the lowest resistance, across all humidity levels indicating improved charge transport pathways, and an increase in active sites for water molecule adsorption.
Figure 8 (b) shows, the change in sensor sensitivity with increasing bio-carbon content. The sensitivity gradually, increased from approximately, 38% for sample CZ0 to over 80% for sample CZ4. This improvement, is attributed to the combined effect of bio-carbon, and the nanostructure of the ZnO, films. The reduced particle size increased surface, roughness and increased specific surface, area, providing a greater number of active sites for water molecule adsorption. Furthermore the presence of bio-carbon contributed to an increased density, of surface defects and improved, charge transport between the particles, enhancing the sensor's response to changes in ambient humidity.
Figure 8 (c) also shows that the sensitivity increases almost linearly with increasing relative humidity for all samples. The slope of the curves, increases gradually from CZ0 to CZ4, demonstrating that the effect of humidity, becomes more pronounced with increasing bio -carbon content. This behavior indicates improved, surface adsorption efficiency, and increased interaction between water molecules, and the membrane surface leading to a greater change in the sensor's electrical properties, when exposed to moisture. Regarding the dynamic properties, Figure 8 (d) shows that the response, and recovery times gradually, decrease with increasing bio-carbon content. The response time decreased from approximately, 42 seconds for sample CZ0 to about 14 seconds, for sample CZ4, while the recovery time decreased from approximately 51 seconds, to about 18 seconds. This improvement, is attributed to the porous nature of the bio-carbon-doped membranes and the increased surface, roughness, which facilitates, the diffusion adsorption and removal of water molecules, within the membrane layers more rapidly. Furthermore the reduction in the optical band gap, and the increased density of surface states resulting, from the addition of bio carbon contribute, to accelerating charge transfer processes thus improving the sensor's, response speed and recovery to its original state.
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Figure 8: Humidity sensing characteristics of pristine and bio carbon doped ZnO thin films, (a) electrical resistance as a function of relative humidity, (b) effect of bio-carbon concentration on sensitivity, (c) sensitivity versus relative humidity, and (d) response and recovery times.
Table 2. Comparison of the humidity sensing performance of the present bio-carbon doped ZnO thin films with previously reported semiconductor-based humidity sensors.
	Materials
	Performance
	Synthesis method
	Ref.

	ZnO/SnO2
	Lower hysteresis between 11-95% RH
	Solvothermal
	[17]

	Al-doped ZnO-coated/Al-doped ZnO nanorod
	7.38 sensitivity ratio at 40-90% RH
	Spin coating
	[18]

	AFZO nanostructure
	247 sensitivity ratio at 40-90% RH for AFZO-010
	Sol-gel
	[19]

	Ag/ZnO nanoparticles
	151,800% sensitivity at 11-95% RH, smaller lag error (3%), fast response/recovery time (36/6 s)
	Hydrothermal
	[20]

	SnZO nanorod/SnO2 nanowire
	67.8 sensitivity ratio at 50-90% RH
	Two-step immersion
	[21]

	Bio carbon doped ZnO thin films
	82% sensitivity at 20-90% RH, response/recovery time of 14/18 s
	Spray pyrolysis
	Present work



4. Conclusions
Bio-carbon doped ZnO thin films were prepared using bio-carbon derived from pomegranate peels, and the effects of dopant concentration on structural, morphological, optical, and humidity-sensing properties were examined. XRD analysis confirmed that the films retained the hexagonal wurtzite structure of ZnO, while increasing bio-carbon content reduced the crystallite size from 29.5 to 25.4 nm and increased microstrain and dislocation density. FESEM and AFM observations showed compact granular surfaces, with reduced grain size and increased surface roughness as the bio-carbon concentration increased. FTIR analysis indicated the presence of Zn–O bonds and carbon-related functional groups. Optical measurements showed enhanced absorbance and a gradual decrease in band gap from 3.28 to 3.09 eV. The humidity-sensing response improved with increasing bio-carbon content, and the 7.5 wt.% doped film showed the best performance among the tested samples, with 82% sensitivity and response/recovery times of 14 s and 18 s over 20–90% relative humidity.
Limitations
This study has some limitations. The bio-carbon was prepared from pomegranate peels, but its detailed composition, surface area, particle size distribution, and degree of carbonization were not fully characterized. The incorporation of carbon into ZnO was mainly inferred from structural, optical, and FTIR results; additional analyses such as Raman spectroscopy, XPS, or elemental mapping would provide stronger confirmation. Film thickness and detailed sensor-fabrication parameters were not clearly reported, although they are important for optical and sensing calculations. Long-term stability, repeatability, hysteresis, and selectivity of the humidity sensors were also not fully evaluated.
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Figure 1. Experimental flowchrt for the synthesis, characterization, and humidity sensing application of bio-carbon doped ZnO thin films.
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