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Introduction

Because of its advantages such as combustion efficiency and low density, hydrogen (H2) could be classified as a source of clean and sustainable energy [START_REF] Mirzaei | An overview on how Pd on resistive-based nanomaterial gas sensors can enhance response toward hydrogen gas[END_REF]. However, the storage and transportation of H2 raised significant concerns, especially its leakage from pipelines [START_REF] Abdalla | Hydrogen production, storage, transportation and key challenges with applications: A review[END_REF]. The large explosive concentration range of dihydrogen [START_REF] Korotcenkov | Review of Electrochemical Hydrogen Sensors[END_REF]and the difficulty of its detection by human sensory organs [START_REF] Kabcum | Ultra-responsive hydrogen gas sensors based on PdO nanoparticle-decorated WO3 nanorods synthesized by precipitation and impregnation methods[END_REF] make it a threat for environmental safety. Therefore, an evaluation of H2 concentration in the air, with a suitable gas sensor is required. Previous studies were conducted to evaluate the efficiency of H2 sensors [START_REF] Esfandiar | Pd-WO3/reduced graphene oxide hierarchical nanostructures as efficient hydrogen gas sensors[END_REF][START_REF] Annanouch | Aerosol-Assisted CVD-Grown PdO Nanoparticle-Decorated Tungsten Oxide Nanoneedles Extremely Sensitive and Selective to Hydrogen[END_REF]. However, a sensor that detects H2 with a minimum detection/recovery time, high selectivity, and sensitivity is still needed. To ensure high sensor performance factors, semiconductor materials were suggested as the best alternatives in gas sensors technology [START_REF] Mizsei | Forty Years of Adventure with Semiconductor Gas Sensors[END_REF]. Many semiconductor oxides like SnO2 [START_REF] Hijazi | Ambient temperature selective ammonia gas sensor based on SnO2-APTES modifications[END_REF], TiO2 [START_REF] Alev | Gas Sensor Application of Hydrothermally Growth TiO2 Nanorods[END_REF], and NiO [START_REF] Nakate | Ultra thin NiO nanosheets for high performance hydrogen gas sensor device[END_REF] have been studied, besides ZnO with its promising properties desired in many fields like photovoltaic energy [START_REF] Zang | Enhanced fluorescence imaging performance of hydrophobic colloidal ZnO nanoparticles by a facile method[END_REF], Bio-imaging or LEDs [START_REF] Boyadjiev | Preparation and characterization of ALD deposited ZnO thin films studied for gas sensors[END_REF], and the detection of liquid or gaseous species [START_REF] Boyadjiev | Preparation and characterization of ALD deposited ZnO thin films studied for gas sensors[END_REF][START_REF] Chi | Control of hydrophobic surface and wetting states in ultra-flat ZnO films by GLAD method[END_REF].

ZnO can be synthesized using physical and chemical processes. In the physical deposition with the steam phase, the material's deposition is the result of condensation on a substrate by the jets of neutral or ionized molecules and atoms. Among the main physical processes used to develop thin layers, we cite: Sputtering [START_REF] Singh | Tuning the optical and electrical properties of magnetron-sputtered Cu-ZnO thin films using low energy Ar ion irradiation[END_REF], Pulser-laser Deposition [START_REF] Köseoğlu | A simple microwave-assisted combustion synthesis and structural, optical and magnetic characterization of ZnO nanoplatelets[END_REF], and other techniques that present a distinct advantage providing a high composition control, film thickness, and sharp transition. Despite all previous qualities, and in addition to the high operating system cost required by this process, other drawbacks remain, such as the need of the cooling system and skilled control of vacuum and temperature. For this purpose, researchers were attracted by chemical methods for their simplicity and low cost, besides the good adhesion of the layers and the porosity of the treated surfaces which is the basic quality needed for a better gas detection. In this category we cite: Sol-Gel [START_REF] Tiwari | The effects of Sn-In co-doping on the structural, optical, photoluminescence and electrical characteristics of the sol-gel processed ZnO thin films[END_REF] and Spray Pyrolysis [START_REF] Sree | Enhanced UV light induced photocatalytic degradation of Methyl Orange by Fe doped spray pyrolysis deposited ZnO thin films[END_REF].

In a recent research works, Kumar et al. [START_REF] Kumar | UV-light enhanced high sensitive hydrogen (H2) sensor based on spherical Au nanoparticles on ZnO nano-structured thin films[END_REF] detected H2 gas with a high percentage at 1000 ppm of the gas concentration, using ZnO thin films decorated by Au nanoparticles. Another work reported by Gaspera et al. [START_REF] Gaspera | Enhanced optical and electrical gas sensing response of sol-gel based NiO-Au and ZnO-Au nanostructured thin films[END_REF] stated that the nanostructured ZnO doped thin films showed a higher response compared to intrinsic zinc oxide. Generally, doping exhibits a significant influence on the optoelectronic properties of materials [START_REF] Papagiorgis | The Influence of Doping on the Optoelectronic Properties of PbS Colloidal Quantum Dot Solids[END_REF]. In particular, and based on previous reports, the addition of Sn dopant increases the electrical conductivity of the host ZnO material.

Free electrons are released without creating a huge lattice distortion during the substitution of Zn by Sn. Al dopant exhibited a similar influence on ZnO thin films and improved the sensing properties of the gas sensor by improving its response and reducing its response/recovery time as reported by Yoo et al. [START_REF] Yoo | Highly sensitive gas sensor based on Al-doped ZnO nanoparticles for detection of dimethyl methylphosphonate as a chemical warfare agent simulant[END_REF].

Our work aims to improve ZnO sensors using a straightforward experimental process. The basic outcome is to assess and improve hydrogen detection through the addition of Sn and Al. The experimental gas testing of Sn-doped ZnO exhibited high sensing performance compared to Al-doped ZnO. Along with the experimental efforts, we performed density functional theory (DFT) calculations to understand, at the atomic scale, experimental results such as the poor response of Al-doped ZnO and the mechanism of H2 gas detection by ZnO and explain how the Sn and Al affect the sensitivity of ZnO to reducing gas. The accuracy of DFT is sufficient to predict and understand interactions between organic molecules and solids in general ZnO-based gas detection mechanisms in particular [START_REF] Zhang | Al doped narcissus-like ZnO for enhanced NO2 sensing performance: An experimental and DFT investigation[END_REF][START_REF] Khalidi | Behavior of NiO thin films sprayed at different annealing time[END_REF][START_REF] Jabraoui | Ab initio screening of cation-exchanged zeolites for biofuel purification[END_REF][START_REF] Khalil | Selective Capture of Phenol from Biofuel Using Protonated Faujasite Zeolites with Different Si/Al Ratios[END_REF][START_REF] Khalil | Biofuel purification: Coupling experimental and theoretical investigations for efficient separation of phenol from aromatics by zeolites[END_REF]. The outcome and the novelty of our work is to assess and improve the hydrogen detection through the addition of Sn and Al to ZnO thin films.

Our goal is to reach a high sensor response and interpret theoretically the low response observed for Al doped ZnO. Herein, the experimental gas testing of Sn-doped ZnO exhibited high sensing performance reaching 200 at 500 ppm, for 400°C compared to Al-doped ZnO, ZnO, and other previous works from literature. The low Al doped ZnO response was evaluated by the density functional theory (DFT) calculations and provided an atomic understanding of H2 gas trapping by ZnO and explained how the Sn and Al affect the sensitivity of ZnO to reducing gas. The response we reached in our work, was higher at low gas target concentration, compared to some reports from literature such as Drmosh et al [START_REF] Drmosh | Hydrogen sensing properties of sputtered ZnO films decorated with Pt nanoparticles[END_REF], who reached a response between 80-95, at the operating temperature of 300˚C, under a high gas concentration of about 1200 ppm. The other research work [START_REF] Mokrushin | Chemoresistive gas-sensitive ZnO/Pt nanocomposites films applied by microplotter printing with increased sensitivity to benzene and hydrogen[END_REF], that was recently published, the authors claimed that the gas response was around 13, with lower operating temperature 250˚C, but the gas concentration was above 1500 ppm.

The paper is organized as follows: first, we detail our experimental and computational procedures, then, the obtained results with both experimental and DFT tools are presented and discussed focusing on the explanation of the high and low sensitivity of Sn and Al-doped ZnO, respectively. Finally, we outline the main conclusions of our study.

Materials and methods

Experimental section

The chemical reagents used in the experiments are zinc chloride (Cl2Zn, 98%), aluminum nitrate extra pure Al (NO3)3.9H2O and tin (II) chloride dehydrate, extra pure Ph Eur, DAB (SnCl2.2H2O) brought from SIGMA-ALDRICH. The deposition of thin films was performed using a cost-effective chemical spray pyrolysis method. The substrate preparation and the deposition process were similar to our previous work [START_REF] Khalidi | Behavior of NiO thin films sprayed at different annealing time[END_REF]. Three aqueous solutions were prepared, containing distilled water and 0.05 M of zinc oxide powder. The first solution contains pure zinc oxide, the second and the third solutions containing respectively, zinc oxide with the ratios [Sn 4+ ]/ [Zn 2+ ] = 4% and [Al 3+ ]/ [Zn 2+ ] = 4% as precursors. Each solution was agitated for 30 min at 60°C.

Characterization of the elaborated thin films

The structural characterization of the samples was established with a monochromator X-Ray Diffraction (Diffractometer system = XPERT-PRO) using Cu-Kα radiation and a wavelength of 0.15406 nm. The voltage was maintained at 20 kV, the measurements were obtained according to Bragg's law, and the detector used was point on arm. The surface morphology of the thin films was identified using scanning electron microscopy (FEI Quanta 650 FEG Environmental). Scanning Electron Microscopy (SEM) system was set at an acceleration voltage of 25 kV. We used a HORIBA monochromator iHR320 to measure the Raman spectra. The system was configured at room temperature using a grating of 1800 gmm -1 , connected to a Peltier-cooled Synapse CCD. The He-Cd laser (442 nm) was targeting the sample by a fiber coupled optical microscope at 100× magnification. We selected the wavelength of 200-800 cm -1 range. A detailed description of the equipment are described concisely in our previous work [START_REF] Khalidi | Behavior of NiO thin films sprayed at different annealing time[END_REF]. We used High Resolution Transmission Electron Microscope 100 kV (TEM 100) to perform additional structural analysis. TEM (JEO-JEM-1010) measurement conditions were 2.5 kV at various magnifications. The X-ray photoelectron spectroscopy is (XPS, SPECS GmbH) type, using AlKα X-rays with the same XRD wavelength.

Computational methodology

The detection performance of pure ZnO and Al/Sn doped ZnO surfaces to H2 gas was investigated through the periodic density functional theory (DFT) [START_REF] Hohenberg | Inhomogeneous Electron Gas[END_REF][START_REF] Sham | One-Particle Properties of an Inhomogeneous Interacting Electron Gas[END_REF]. Vienna Ab initio Simulation Package (VASP) is used to run our DFT calculations [START_REF] Kresse | Efficient iterative schemes for ab initio total-energy calculations using a plane-wave basis set[END_REF][START_REF] Kresse | Ab initio molecular dynamics for liquid metals[END_REF] , with a plane-wave basis set and projector augmented wave (PAW) [START_REF] Blöchl | Improved tetrahedron method for Brillouin-zone integrations[END_REF][START_REF] Kresse | Norm-conserving and ultrasoft pseudopotentials for first-row and transition elements[END_REF] pseudopotential. The functional of Perdew, Burk, and Ernzerhof (GGA-PBE) [START_REF] Perdew | Generalized Gradient Approximation Made Simple[END_REF] was combined with the Tkatchenko-Scheffler scheme with iterative Hirshfeld partitioning (TS/HI) [START_REF] Jabraoui | Ab initio screening of cation-exchanged zeolites for biofuel purification[END_REF][START_REF] Jabraoui | Adsorption of volatile organic and iodine compounds over silver-exchanged mordenites: A comparative periodic DFT study for several silver loadings[END_REF] correction to account for dispersion forces. The total energy convergence for the self-consistent [START_REF] Kohn | Self-Consistent Equations Including Exchange and Correlation Effects[END_REF] iterations was set to 10 -6 eV.

Gaussian smearing with a smearing width of 0.05 eV was considered for Brillouin-zone integrations on a 2×2×1 k-mesh. The geometry optimization was performed until the forces were smaller than 0.02 eV/Å per atom [START_REF] Kresse | Efficient iterative schemes for ab initio total-energy calculations using a plane-wave basis set[END_REF]. The adsorption energies of gaseous molecules on the ZnO surface have been calculated at 0 K according to the following equation, the same trend has been used in many works [START_REF] Jabraoui | Ab initio screening of cation-exchanged zeolites for biofuel purification[END_REF][START_REF] Kohn | Self-Consistent Equations Including Exchange and Correlation Effects[END_REF][START_REF] Hessou | Ab initio screening of zeolite Y formulations for efficient adsorption of thiophene in presence of benzene[END_REF][START_REF] Jabraoui | Atomic Insights into the Events Governing the Borosilicate Glass-Water Interface[END_REF][START_REF] Hessou | Adsorption of Toluene and Water over Cationic-Exchanged Y Zeolites: A DFT Exploration[END_REF]:

= ( ) -( + ) (1) 
where E(ZnO-gas) is the energy of the ZnO (0002) surface with the adsorbate, EZnO and Egas are the energies of the ZnO surface and the isolated molecule in the gaseous phase, respectively. The charge density difference (Δρ) and Bader charge [START_REF] Tang | A grid-based Bader analysis algorithm without lattice bias[END_REF][START_REF] Sanville | Improved grid-based algorithm for Bader charge allocation[END_REF][START_REF] Henkelman | A fast and robust algorithm for Bader decomposition of charge density[END_REF] difference (ΔQ) have been determined

to further improve our understanding of the interaction of molecules with pure and Al-or Sndoped ZnO. To visualize the charge density difference (Δρ) (using VESTA [START_REF] Momma | VESTA: a three-dimensional visualization system for electronic and structural analysis[END_REF]) introduced by the adsorption of H2 and O2 onto ZnO surfaces, we combine the three charge densities namely the density of the complex ρZnO-gas, the density of the clean ZnO surface ρZnO, and the density of the isolated molecule in the gaseous phase ρgas, as shown in the equation below [START_REF] Hessou | A first principle evaluation of the adsorption mechanism and stability of volatile organic compounds into NaY zeolite[END_REF]:

= - - (2) 
To get the difference in Bader charge ΔQ, the following equation was used:

= - (3) 
where Q ZnO-gas is the Bader charge of all atoms upon adsorption and Q ZnO&gas is the Bader charge of the separated clean ZnO surface and the separated isolated molecule in the gaseous phase.

Results and discussions

The structural characterization of the samples is described in the XRD patterns The structural identifications of the samples can be determined by calculating the lattice constants a and c [START_REF] Lin | Calculation of the lattice constant of solids with the use of valence electron structure parameters[END_REF] (Eq. 4), the crystallite size Dhkl [START_REF] Patterson | The Scherrer Formula for X-Ray Particle Size Determination[END_REF] (Eq. 5), and the dislocation density δ

[47] (Eq. 6):

= 4/3 + (4) D = 0.9 ! " # (5) δ = $ (6) 
where (λ = 1.54 Å) is the incident radiation wavelength, θ represents the Bragg angle and β is the full width at half maximum (FWHM).

The results of the structural analysis are given in (Table 1) from which we observe that the dislocation is increasing while the crystallite size and lattice constants values are decreasing upon doping. This could be explained by the variation in the structure after the doping process, which leads to altering the film's crystallinity and the creation of mechanical stress caused by the substitution of Zn 2+ with lower size Al 3+ and Sn 4+ ions [START_REF] Aslan | Preparation of c-axis-oriented zinc-oxide thin films and the study of their microstructure and optical properties[END_REF]. To confirm the XRD data, Raman spectroscopy characterization was performed to identify the vibrational modes in our samples. From (Figure 2), we can observe the existence of the conventional modes related to ZnO nanoparticles, precisely at 233, 289, and 338 cm -1 in the range from 200 to 400 cm -1 . The ZnO wurtzite mode is observed at 437 and 456 cm -1 according to the E2 polar mode [START_REF] Pal | Synthesis and optical properties of ZnO nanostructures with different morphologies[END_REF]. The Optical Longitudinal (OL) E1 observed at 550 and 556 cm -1 , is attributed to the oxygen deficiency, where the multiphoton processes and resonance lead to wellresolved Raman peaks [START_REF] Mead | The temperature dependence of the raman effect in some wurtzite type crystals[END_REF].

The variation of intensities and the translation in E1 and E2 modes from pure to doped ZnO can be explained by the increase in Al and Sn concentrations, with their ions occupy and substitute those of zinc in the lattice. This mechanism can be ascribed to the active and inactive Raman phonons regarding the lattice caused by Raman shift disorder. From HRTEM image at a higher magnification, Sn doped Zn surface showed some disorder, and this might be due to oxygen vacancies. X-ray photospectroscopy (XPS) was performed to investigate the chemical state of the surface elements. From (Figure . 4, P), the intense peak located at 530.0 ± 0.1 eV is assigned to lattice oxygen bonded as O 2-ions in the ZnO matrix in our samples [START_REF] Nefedov | Electronic structures of MRhO2, MRh2O4, RhMO4 and Rh2MO6 on the basis of X-ray spectroscopy and ESCA data[END_REF]. This means that the peak around 530 eV in O1s core level spectra corresponds to oxygen vacancies and the area under this peak gives feedback on vacancies. In this regard, Sn doped ZnO is found to have the largest surface area which means higher oxygen vacancies followed by ZnO and ZnO doped Al. The electrical measurements were also carried out using 4-point probe technique. We passed a current through two outer probes and reported the voltage through the inner probes. The electrical conductivity, resistivity, and conductance were calculated and presented in Table 2.

Figure 4. EDS mapping of ZnO (a,b), and ZnO:Sn (e, f, g). HRTEM images of ZnO at 5nm (d). TEM images of ZnO (c), ZnO:Sn (h). SAED patterns of ZnO:Sn (m). ZnO:Sn at 10nm (n), 5nm (O). XPS O1s spectrum for all films (p).

The electrical resistivity was calculated using the following equation:

= %& '/( (7) 
where B = π / ln2, V is the voltage across inner probes, I is the current in outer probes, and t is the thickness of the thin films. From the table we can observe the decrease in the resistivity after doping with Sn. This decrease in resistivity is probably due to the number of free electrons from the Sn donor ions incorporated in the substitutional or interstitial locations of the Zn cations. Small amounts of the dopant (Sn) introduce into the ZnO network a large number of free carriers and in this case decrease the resistivity.

Application of gas sensors

Device fabrication

The thin films were deposited on alumina substrates to form the sensor device.

Interdigitated contacts and the heaters were deposited to measure the resistance and conductance of the oxide materials. The adhesion layer was deposited by magnetron sputtering (70W argon plasma, 7 SCCM argon flow, 5.5 10 3 mbar at room temperature). The platinum contacts were placed using the same conditions to deposit the adhesion layer, and the device test was maintained in the temperature range (200˚C -500˚C).

Sensor measurements

The response of the gas sensor was performed in an isolated chamber, the humidity was set at 50% with a gas flow reaching 200 sccm at 20˚C. The temperature of each sample was controlled, each target gas was added to a synthetic air (SIAD, Italy) to fix the target concentration. The voltage between (1V-10V) was applied to measure the conductance of the devices. The sensors were heated during 10 hours before introducing the gas, then, we expose them to the desired gas and concentration.

To measure the resistance of the sensor under the analyte gas, we deposit two or more electrodes on metal oxide materials. According to the type of the adsorbed gas and the charge carrier, the resistance may increase of decrease. For our n-type devices, a high amount of oxygen is adsorbed on the sample surface and accept electrons from the material, decreasing its electron density and increasing its resistance.

The determination of the conductance variation is determined by the following expression:

S i = ∆* ∆[,] . (8) 
Si is the sensitivity of the gas, R the response of the sensor (the output of the sensor, resistance, or conductance, ...), [B]i is the concentration of the gas i.

The functional ZnO sensor device is presented in Figure 6. The films were exposed to H2 flux, the conductance of the films increases due to the increase of the gas concentration. The sensor's response (Figure 7) is considered high under H2 target gas, Sn doped ZnO shows a high response compared to pure ZnO for both low and high temperatures (Figure 8), followed by Al-doped ZnO that exhibited a very low response. The optimal working temperature under 500 ppm of H2 gas is 350°C for ZnO and 400°C for Sndoped ZnO.

The variation of response/recovery time was calculated and presented in Table 3. Sn-doped ZnO showed lower values compared to literature [START_REF] Aslan | Preparation of c-axis-oriented zinc-oxide thin films and the study of their microstructure and optical properties[END_REF], where the authors observed response/recovery times fluctuating between 312 s and 349 s using other dopants such as Pd and In2O3 [START_REF] Pal | Synthesis and optical properties of ZnO nanostructures with different morphologies[END_REF]. The addition of 4 wt.% of Sn altered the sensing characteristics of the gas sensor, but the addition of Al decreased the response of the sensor. To explain this, we refer to the interpretation of the results detailed in the theoretical part.

DFT calculations

In this work, DFT calculations are employed to explain how the Sn and Al doping affect the sensitivity of ZnO (0002) towards H2. The Zn-terminated polar ZnO (0002) surface was modeled by repeated slabs containing six ZnO double layers separated by a 20 Å vacuum slab along the (0002) direction (Figure 9). To avoid any artificial charge transfer between the bottom oxygen layer and the top zinc layer (i.e., metallization effect), Hydrogen atoms with a nuclear charge of Z= 0.5|e| and an electron charge of 0.5 e were introduced to saturate the broken surface bonds on the bottom of the oxygen layer. The same procedure has been used by Kress [START_REF] Sankar Ganesh | Influence of Al doping on the structural, morphological, optical, and gas sensing properties of ZnO nanorods[END_REF]in his study of novel stabilization mechanisms on the ZnO (0001)-Zn polar surface.

The top three ZnO layers including the adsorbates have been relaxed, while the bottom four ZnO layers are kept fixed at their initial optimized bulk positions, with the equilibrium lattice constants of a = 3.281 Å and c = 5.306 Å (c/a=1.617; ideal hexagonal structure shows c/a =1.633). This is in good agreement with the experimental lattice parameters a=3.245 and c=5.210 (Table 1), and with values found by S. J. Pearton a= 3.249 Å and c = 5.206 Å [START_REF] Nguyen | High response and selectivity toward hydrogen gas detection by In2O3 doped Pd@ZnO core-shell nanoparticles[END_REF].

Figure 9. Illustrations of the supercells of ZnO (0002)-Zn

Color code: Zn is gray, and Oxygen is red.

Pure ZnO (0002) surface

The operating mechanism of gas sensors is mainly based on the change in electrical conductivity of the sensor caused by the transferred charge between the sensing materials and the gas molecules. The flow of electricity inside the sensing material is determined by the number of free electrons. It has been shown experimentally that when the sensing material is in clean air, the oxygen molecule (O2) is adsorbed on the sensor surface, and the free electrons are extracted from the conduction band. This results in the creation of O anion species, causing a change in the electrical conductance of the sensor. This means that the resistance of the sensor will increase, resulting in a decrease in the flow of electrons within the sensing material. Therefore, in the presence of reducing gases such as H2, when it reacts with oxygen, the electrons generated upon adsorption of oxygen are released back into the sensing material. As a result, sensing resistance decreases, allowing more current.

The process involved in detecting H2 gas at the ZnO (0002) surface can be described by the following reactions:

O2 (air) → O2 (adsorbed) (9) 
O2 (adsorbed) + 2e (ZnO free electron)

→ 2 O - (10) 
2H2 (reducing gases) + 2O -→ 2H2O + 2e (ZnO free electron) [START_REF] Zang | Enhanced fluorescence imaging performance of hydrophobic colloidal ZnO nanoparticles by a facile method[END_REF] We first investigated the interaction of O2 and H2 with the surface of ZnO (0002). The DFT calculations revealed that the H2 molecule is mainly adsorbed by dispersion forces with a 54% dispersion contribution in total interaction energy of -19 kJ/mol, it was observed that the H2 molecule interacts with the surface at 2.86 Å, leading to a charge transfer of only 0.08 |e| between the molecule (H2) and the surface (Zn). However, when the O2 molecule is adsorbed on the ZnO surface, a complex is created involving three Zn atoms from the surface, resulting in total interaction energy of -32.6 kJ/mol. We found that the interaction between O and Zn atoms presents a significant electron transfer of 0.58 |e| and an average interaction distance of 1.98 Å (Figure 10). This demonstrates that an oxygen anion layer is formed on the ZnO (0002) surface and therefore the formation of H2O molecule is occurring (Eq.9). Due to this, a small release of trapped electrons to the surfaces of ZnO (0002) of 0.14 |e| is observed, which proves the potential of this material as a gas sensor. However, the responses are expected to be low, which implies a modification of the ZnO material. 

Al and Sn-doped ZnO

To account for direct contact between the dopants and the molecules, we have substituted a Zn atom of the upper layer by either Al or Sn atoms. After the relaxation of these two structures, we found that aluminum and tin are bound to oxygen atoms with an average distance of 1.81 Å (See Figure 11), 2.15 Å (See Figure 12) respectively, compared to that of Zn-O (1.92 Å).

Al-doped ZnO

Concerning the adsorption of H2 molecule, the total interaction energy is (-121 kJ/mol), this high energy is caused by the dissociative adsorption of the molecule. The difference in charge density revealed that no interaction persists between the two H2 atoms upon adsorption (Figure 10). This means that even in the absence of O2 in the air, the H2 molecule can extract electrons from the conduction band of the Al-doped ZnO, resulting in the cancellation of the electrical conductance.

In the presence of oxygen molecules, we found that the aluminum atom of the surface strongly interacts with the O2, leading to its dissociation into two oxygen ions. The electron density (Δρ)

and Bader charge (ΔQ) differences revealed that this dissociation presents a significant electron 

Sn-doped ZnO

On the Sn-doped ZnO surface, the adsorption of the H2 molecule showed similar behavior to that of pure ZnO. Herein, the total interaction energy is -17 kJ/mol, with an interaction distance of 3.10 Å between hydrogen and Sn atoms. Comparing to H2, the O2 

Conclusion

ZnO doped Al and Sn sensors were successfully synthesized. The experimental characterization showed the adequate surface for the adsorption phenomenon, especially for ZnO doped Sn followed by ZnO and ZnO doped Al that exhibited the lowest response. This low response was analyzed by the theoretical calculations using DFT. The influence of Sn and Al on the sensitivity of the Polar ZnO (0002) surface toward H2 gas was studied experimentally and by DFT theoretical calculations. We observed that no H2O formation has occurred on ZnO-Al surface and the charge transfer analysis showed that H2 reaction with the oxygen molecule adsorbed on Al-doped ZnO can only release a 0.08 |e| back to the surface. Thus, H2 gas cannot be detected. After Sn doping on the surface of ZnO (0002), it levels up from the surface and extends its Sn-O distance to reach 2.15 Å compared to that of pure Zn (1.92 Å). Then O2 molecules of air are adsorbed on the ZnO-Sn surface weakening the O-O bond which makes it a favorable site for H2 gas attack and H2O formation leading to a full release of the trapped electrons. thus, an important enhancement in the detection of H2 gas is observed, this agrees with the experimental results.

(

  Figure.1). We observe multiple peaks corresponding to the wurtzite structure as indicated in (JCPDS card 36-1451)[START_REF] Alim | Micro-Raman investigation of optical phonons in ZnO nanocrystals[END_REF]. The highest electrons density is translated by the highest intensity along (002) direction, which is the preferred orientation of the polycrystalline ZnO. Other peaks related to ZnO such as (220) and (222) appeared within the patterns, the other peaks proving the addition of Sn and Al are (511) and Sn (112) respectively.

Figure 1 .

 1 Figure 1. X-Ray Diffraction patterns of ZnO, Al-doped ZnO, and Sn-doped ZnO thin films.

Figure 2 .

 2 Figure 2. Raman patterns of ZnO, Al-doped ZnO, and Sn-doped ZnO thin films.

Figure 3 .

 3 Figure 3. SEM illustrations of a) ZnO, b) Al-doped ZnO, and c) Sn-doped ZnO thin films, and the corresponding grains diameter distribution (d, e, f).

Figure 5 . 8 (

 58 Figure 5. EDS spectrums of a) ZnO: Al and b) ZnO: Sn.

Figure 6 .

 6 Figure 6. The functional chemical sensor device of ZnO film.

Figure 7 .

 7 Figure 7. Responses of Sn-doped ZnO and ZnO sensors under H2 (100-250-500 ppm) at 400°C with corresponding humidity of 40% at 20°C.

Figure 8 .

 8 Figure 8. Variation of response with the temperature of ZnO, ZnO: Sn, and ZnO: Al towards hydrogen (500 ppm) with corresponding humidity of 40% at 20°C.

Figure 10 .

 10 Figure 10. Difference in electronic density (Δρ) induced by the adsorption of a) H2 b) O2 on pure ZnO (0002) surface, c) the attack of H2 on the adsorbed O2. The blue (yellow) zones correspond to the increase (decrease) in density.

transfer of 1 .

 1 31 |e| between the O and Al atoms. Therefore, the approaching H2 gases cannot extract the strongly adsorbed oxygen, and only 0.08 |e| is released back to the surface. Hence, no H2O formation will occur. This weakens the H2 detection signal and explains the extremely low response of ZnO-Al to hydrogen (Figures 8).

Figure 11 .

 11 Figure 11. Difference in electronic density (Δρ) induced by the adsorption of a) H2 b) O2 on ZnO (0002) doped aluminum surface, c) the attack of H2 on the adsorbed O2. The blue (yellow) zones correspond to the increase (decrease) in density.

  molecule is more adsorbed by around 20 kJ/mol. This adsorption led to a significant expansion of the O-O bond, from 1.20 to 1.52 Å, weakening this bond and proving the ability of Sn to facilitate the O2 ion formation on the surface. All this occurs with a charge transfer of about 0.31 |e| and -0.63 |e|, respectively for Sn and O, which makes it favorable for hydrogen attack.In the presence of the reducing gas, the H2 molecule interacts with the adsorbed O ions, leading to the formation of the water molecule. Charge transfer analysis revealed that this process led to a full release (0.30 |e|) of the trapped electrons to Sn atoms. This indicates weak adsorption of H2O on Sn-doped ZnO surface, and a significant increase of the doped material sensitivity toward H2 gas, in line with the experiment.

Figure 12 .

 12 Figure 12. Difference in electronic density (Δρ) induced by the adsorption of a) H2 b) O2 on ZnO (0002) doped tin surface, c) the attack of H2 on the adsorbed O2. The blue (yellow) zones indicate density increase (decrease).

  

Table 1 :

 1 Structural

	Sample	dhkl (002)	D(nm)	δ*10 5 (nm) -2	Lattice constants a(Å) c(Å) c/a
	ZnO	2.6031	22.19	203.08	3.245 5.210 1.6055
	ZnO:Al	2.6035	12.49	641.02	3.006 4.964 1.651
	ZnO:Sn	2.6025	8.98	1240	3.001 4.942 1.646

parameters of ZnO, Al, and Sn doped ZnO. JPCDS card N°: 36-1451 (a = 3.250 Å and c = 5.207Å).

Table 2 :

 2 Resistivity and conductivity of ZnO and Sn doped ZnO thin films.

	Samples	Resistivity (Ω.cm)	Conductivity (Ω.cm) -1
	ZnO	63.01x10 -4	158.7
	ZnO:Sn	62.39x10 -4	160.28

Table 3 :

 3 Response and recovery times of the sensors ZnO, Al-doped ZnO and Sn-doped ZnO.

	Sample	Response time	Recovery time
	ZnO	81	99
	Sn-doped ZnO	50	80
	Al-doped ZnO	79	101