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Abstract
	In this work, optical and electrical properties of tin-oxide thin-films were   investigated for broadband photosensing and photovoltaic applications. The GLancing Angle Deposition (GLAD) and Reactive Gas Pulsing Process (RGPP) techniques were used during the deposition of the tin-oxide thin-films, in order to study the effects of the oxygen ratio variation and angle deposition on the optoelectronic and photovoltaic properties. The deposition angle of the particle flux was kept at 80° and the injected oxygen gas concentration was tuned during the deposition process. A rectangular signal was used and the oxygen flow pulsing time was systematically changed from 0 to 20 s. The impact of the pulsed oxygen concentrations and glancing angle on the electrical and optical properties of the deposited films were then characterized using the appropriate experimental facilities such as XRD, SEM, UV–Visible spectroscopy, Hall effect and current-voltage measurements. It is found that the material band gap increases from 0.9 eV to 3.56 eV when the oxygen content increases. The deposited tin-oxide films exhibited improved and tuned optoelectronic properties, demonstrating their potential applications for developing alternative broadband multispectral photosensing layers and eco-friendly all-oxide solar cells. In this regard, MSM SnOx-based multispectral photosensor and all-oxide SnOx solar cell structures were developed using the deposited thin films. It is revealed that the recorded photoresponsivity and photovoltaic properties could be tuned via controlling the injected oxygen rate and deposition angle, where the photosensing and photovoltaic Figures-of-Merit (FoMs) were greatly improved through using combined GLAD and RGPP techniques.  
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1. Introduction
	Recently, the development of new eco-friendly and low-cost semiconductor materials has received a great deal of attention due  to  their  potential for use in clean and low-cost energy generation systems such as photovoltaic, thermal energy, high-power energy conversion and light-harvesting devices [1-4]. In this context, Metal oxide semiconducting materials have been emerged as attractive absorber layer alternatives for efficient cost-effective thin-film solar cells and multispectral photo detectors [5–8]. Currently, binary metal oxide (BMO) semiconductors have been extensively studied, where numerous research works focused on the enhancement of their optoelectronic and photovoltaic characteristics [6-10]. This is mainly due to their extraordinary flexibility in optoelectronic properties, such as material band gap and conductivity, and their low-cost fabrication processes at room temperature conditions [1]. In this context, numerous metal oxide films have been investigated using DC and RF reactive sputtering techniques since these processes are attractive paths to efficiently develop dielectric and semiconducting materials [11-13]. Moreover, the use of binary metal oxides such as ZnO, TiO2, SnO2, WO3, V2O5, MoO3, NiO as effective buffer, transparent electron and hole electrode layers for optoelectronic and photovoltaic devices has also been reported and investigated. However, some binary metal oxides show a great potential to for broadband multispectral absorber layers which can be used for developing thin-film photovoltaic and photosensing devices. In this perspective, there are just a few metal oxides with good absorption coefficient over a wide spectral range and tunable conductivities and band gaps [14-16]. Iron oxide (FeO), Cobalt oxide (CoO), and Copper oxide (CuO) are among the few metal oxide semiconductors which are able to absorb photons associated with visible solar spectrum radiation. Nevertheless, the use of these metal oxides in elaborating optoelectronic devices is challenging because of the need for thermal budget (600 oC for the deposition of CuO films) and costly elaboration processes using MBE and ALD techniques [17]. Therefore, new eco-friendly binary metal oxides and low-cost fabrication procedures should be developed for broadband photodetection and photovoltaic applications. Particularly, tin oxide-based compounds (SnO, SnO2, Sn2O4,… ) are considered highly versatile industrial materials that can offer new perspectives for the development of thin-film gas sensors, solar  cells, photocatalysts, buffer layers and  transparent  electrodes [17-20]. This is due to their fascinating electrical, optical and chemical characteristics as well as they require low deposition temperatures and affordable fabrication procedures [17]. Tin-dioxide (SnO2) semiconducting material shows high electron mobility, improved conductivity and high carrier concentration. This material has been widely used as building-block in various application, including flexible sensor and transparent electrodes, photonic devices, photovoltaic, electro-catalysis and photosensing applications [17-21]. Tin-oxide (SnO) semiconducting material demonstrates a p-type conductivity due to considerable amounts of native acceptors [17]. Some research groups have investigated the properties of this material by introducing new DFT-based models and elaboration techniques for developing advanced microelectronic devices, such as thin film transistors (TFTs), hole transport electrodes, organic and thin-film solar cells [17]. Optical and electrical properties tuning in tin-oxide-based alloys can be achieved using several techniques such as strain engineering, chemical doping, inducing lattice disorder and changing the elemental composition. The latter technique is considered as a potential low-cost and effective approach to tune the optoelectronic properties, where it was revealed that the material band gap, carrier concentration and mobility, transparency are significantly affected by changing the elemental composition ratio in the SnOx-based BMO [17, 22].  Therefore, the impact of oxygen content and growth technique on the optical and electrical characteristics of SnOx should be studied to open new path ways in developing high-performance and eco-friendly microelectronic and photovoltaic devices.  
	In this work, SnOx thin-films were elaborated using combined GLancing Angle Deposition (GLAD) and Reactive Gas Pulsing Process (RGPP) techniques. The deposition angle was kept at 80° and the injected oxygen gas concentration was tuned during the deposition process, where a rectangular signal was used with varied oxygen pulsing time in a specific range of [0 s-20 s]. The effects of inclined structure and the injected oxygen rate on the film morphology and optoelectronic characteristics were studied via appropriate measurement techniques (SEM, XRD, Hall effect and UV–Visible spectroscopy). It was found that oriented columnar SnOx thin-films were obtained by combining GLAD and RGPP techniques. MSM (Metal-Semiconductor-Metal) multispectral photodetectors and SnOx-based solar cell with tuned photoresponsivity ranges and photovoltaic properties were developed using the deposited SnOx thin-films. A gradual transition from UV to broadband multispectral photoresponse and improved photovoltaic FoMs were demonstrated through using the strategic combination of GLAD and RGPP techniques. 
2. Experimental details
	SnOx thin-films were grown on glass and (100) silicon (Si) substrates. Before the deposition process, glass and Si substrates were cleaned up by using the standard RCA sequence process and then dried in an oven at 60 °C. SnOx thin-films were grown by DC reactive sputtering technique from high purity metallic tin (Sn) target (99.9 at. %) in a 40 L vacuum chamber evacuated at 10-5 Pa of pressure. The Sn (2 inch diameter) target was sputtered with a constant current density of 50 Am-2 [23]. The main objective is to assess the impact of combined RGPP and GLAD techniques on the SnOx film characteristics. To achieve this goal, two basic manufacturing steps were systematically performed. The first one consists of depositing SnOx thin-films using DC sputtering and RGPP. To do so, an argon (Ar) atmosphere with a sputtering pressure of 0.3 Pa was considered, while the oxygen was periodically injected based on the rectangular signal illustrated in Fig.1. The latter consists of ON and OFF pulsing times (tON and tOFF) of oxygen flow rates. In this context, the pulsing period (P) was fixed at 20 s and the highest and lowest oxygen flow rates were respectively set at 2.4 sccm and 0 sccm. These values enable setting the compound mode over tON, whereas keeping the metallic growing mode during tOFF. The oxygen injection time was varied from 0 s (stopped oxygen injection) to 20 s (continuous oxygen flow rate) with 4 s change step. The resulted SnOx thin-films represent the first series of samples, where the oxygen concentration was controlled using RGPP. 
	The main idea behind the second fabrication step was to implement GLAD method, where a home-made substrate holder enabling the possibility to control the particles flux angle (α) from 0 to 90° was used. The experimental setup used for DC sputtering inclined SnOx thin-films using GLAD method is shown in Fig.1. The cornerstone of this technique is the use of an inclined incident flux of particles from the normal to the substrate during the sputtering process, resulting in inclined columnar structure [9, 25-28]. Accordingly, the incident angle was fixed at α = 80°. In addition, RGPP based on a rectangular signal was implemented as shown in Fig.1. Pulsed oxygen flow rates were injected following the same deposition conditions utilized for the elaboration of the first SnOx sample series. Therefore, the obtained samples consist of inclined SnOx thin-films with controlled compound compositions, which were produced using the strategic combination of GLAD technique and RGPP. The sputtering parameters were adjusted to get 400 nm of SnOx film thickness, which was confirmed using profilometer measurements (Alpha-step IQ, KLA-Tencor Corporation). To elaborate SnOx-based photodetector devices, E-Beam evaporation technique was exploited to fabricate top electrodes shaped via a shadow mask with surface = 2.6 mm2 and distance between contacts of L = 8 mm. 
	Experimental characterizations were carried out to analyze the structural, electrical and photoresponse properties of the produced series of samples. In this framework, the morphology of the developed SnOx layers based on combined GLAD technique and RGPP were investigated using field emission gun scanning electron microscope (FEG-SEM) (Jeol JSM-7800F). Moreover, the films crystallographic properties were analyzed using X-ray diffraction (XRD) technique (ARL Equinox 300 diffractometer). UV-Vis spectrometry measurements were carried out and transmittance and absorbance spectra were measured for all prepared samples using F10-RT-UV-based spectrophotometer. The electrical parameters of SnOx thin-layers were extracted using Hall measurements. Afterwards, (I-V) characteristics of the elaborated SnOx-based PDs were measured under dark and illumination conditions using a semiconductor characterization system (Keithley 4200-SCS) and LED lamps. 
3. Results and discussions 
	3.1 Morphological, structural and optical properties
		The morphological properties of sputtered SnOx thin-films based on combined RGPP and GLAD techniques are investigated by SEM technique. In this context, Fig.2 shows micrographs of the prepared samples with high magnification, where (a) and (b) depict cross-sectional images of SnOx films with tON = 8 s at α = 0° and prepared thin-film via GLAD technique at α = 80°, respectively. Observing these micrographs, we can notice the formation of inclined rods distributed laterally following the oblique incident particles flux. This is because of self-shadowing effect resulted from the use of obliquely oriented deposition to the particle flux at α = 80°. Fig.2 (c) and (e) show the top-surface SEM images associated with SnOx thin-films produced at α = 0° and using RGPP with tON = 8 s and tON = 16 s. The sputtered films show continuous and granulated surface characteristics. In addition, Fig.2 (e) indicates the formation of sphere-like grains with lower size. This is mainly due to the use of long oxygen pulsing period, which leads to a rapid oxidation process of the sputtered Sn particles and thereby the formation of Sn-O bounds at the top-surface. This can lead to significant changes of the SnOx film morphology. Fig.2 (d) and (f) depict the top-surface micrographs of the deposited films at α = 80° and using RGPP with tON = 8 s and tON = 16 s. Particularly, Fig.2 (d) shows porous morphological properties when oblique deposition process using GLAD technique is implemented. This is ascribed to due to the development of columnar structure, where more or less connected columns are clearly observed. Despite the use of oblique deposition condition, Fig.2 (f) demonstrates that the increase in the oxygen pulsing time (tON = 16 s) leads to the development of denser thin-films in comparison with the sputtered SnOx film at tON = 8 s. This phenomenon can be explained by the rapid oxidation process when oblique deposition method is combined with high oxygen flow rate. In other words, the use of GLAD technique results in columnar morphology with voided regions between columns. This can in turn allow better penetration of the oxygen when the oxidation mode is activated during tON of the reactive gas pulsing process. Therefore, the strategic combination between both GLAD technique and RGPP process can allow better control of the oxidation process and the morphological characteristics of the sputtered layers.   
		Fig.3 shows XRD patterns of (a) the planar SnOx thin-films and (b) obliquely deposited films with a deposition angle of 80° at various oxygen pulsing periods of 0 s, 8 s and 20 s. The latter figure demonstrates presence of Sn material in the elaborated samples with and without GLAD technique at tON = 0 s. In this context, XRD peaks corresponding the tetragonal phase of Sn matching well with the standard pattern (ICDD card no. 00-004-673) are observed. Whereas, diffraction peaks from (101), (200), (211) and (220) facets with lower intensity are observed for the prepared sample at tON = 0 s and an oblique deposition process at α = 80°. For such deposition conditions, pure Sn has been sputtered in an argon atmosphere leading to a polycrystalline structure of as-deposited thin films. This long-range order of Sn films prepared with α =0° could be expected since no external heating has been used during the growth (substrate at room temperature Ts = 293 K) and due to the low melting temperature of Sn (Tm = 505 K). As a result, the homologous temperature defined as the Ts/Tm ratio is about 0.58, which corresponds to zone III (equiaxed grains) of the typical structure zone model [29]. For Sn films prepared with α = 80°, the model proposed by Mukherjee and Gall for GLAD process also suggests a well-crystallized structure of Sn films since surface and bulk diffusion overcome the showing effect [30].
		On the other hand, Fig.3 (a) and (b) show that when the oxygen gas is pulsed with 8 s and 20 s, the sputtered SnOx thin-films with and without GLAD technique exhibit amorphous states. There results can be explained by the effect of the oxidation procedure using RGPP. In other words, the pulsed injection of the reactive gas induces a periodic alternation of the reactive process between a metallic sputtering mode and a poisoned one. Diffusion phenomena of sputtered species impinging on the substrate and growing film are disturbed and the deposition of crystalline phases in the prepared SnOx thin-layers is hindered whatever the tON time values [27-28]. 
		The optical characteristics of SnOx thin-films produced using combined RGPP and GLAD techniques are investigated by UV-Visible spectrophotometery. In this context, Fig.4 (a) depicts the measured transmittance spectra of the sputtered films using RGPP with tON values of 8 s, 16 s and 20 s at α = 0° and α = 80°. It can be seen that films transparency increases when large oxygen pulsing periods are used for both planar and obliquely deposited SnOx-based samples. This optical behavior can be attributed to the high oxygen flow rate, enabling superior oxygen level in the SnOx film and thereby enhanced visible transparency. In other words, tON increment leads to vary tin and oxygen contents in the SnOx compound, inducing changes from sub- to over-stoichiometric tin-oxide-based thin-film. It can be confirmed from Fig.2 that the use of GLAD technique combined with RGPP process can promote new pathways for achieving enhanced transparency even at low oxygen pulsing periods. This advantage is mainly due to the enhanced oxidation process, where the presence of voids between the inclined columns facilitates the penetration of oxygen particles within the sputtered films during the oxidation mode of the RGPP process. To get a profound idea concerning this optical behavior, Fig.4 (b) shows the optical band gap (Eg) change versus tON for DC sputtered SnOx samples with and without the GLAD technique. The optical band gap values are calculated by assuming direct transitions from Tauc's plots. It can be noticed that Eg increases for the longest oxygen pulsing times increase for both planar and obliquely deposited films to achieve the highest value around 3.59 eV that corresponds to over-stoichiometric SnO2 alloy [31]. On the other hand, the use of GLAD technique allows achieving higher optical band gap values distinctively at low oxygen pulsing times. This confirms the rapid oxidation process of the inclined structure due to their high porous structure compared to SnOx films prepared by conventional sputtering process (α = 0°).

3.2 Performance assessment of SnOx-based multispectral PDs 
		To assess the effect of combined RGPP and GLAD techniques on the photodetection performances of the fabricated SnOx thin-films, I-V measurements were carried out for the prepared PDs based on inclined SnOx active-film using various tON values of 4 s, 8 s and 20 s. Fig. 5 (a) and (b) illustrate I-V curves under dark and UV-light exposure conditions, respectively. Fig. 5 (a) shows that the elaborated PD based on obliquely shaped SnOx thin-film pulsed at tON = 8 s offers the lowest dark current of 0.45 nA in comparison with samples elaborated using  tON = 4 s and tON = 20 s (63 nA and 23 nA). This behavior is attributed to the complex resistive behavior of the prepared SnOx active-layers when combined GLAD and RGPP techniques are used. To understand the main physical rules governing this complex electrical behavior, hall measurements were performed for the elaborated samples. It is found that the elaborated SnOx thin-film using GLAD technique and RGPP with tON = 8 s exhibits the highest resistivity of 48.4 Ω.m as compared to other prepared films. Besides, the elaborated SnOx thin-film using low tON of 4 s shows a low resistivity value of 5.42 Ω.m, which can be correlated with the presence of some metallic Sn acting to increase the film conductivity. Moreover, the elaborated films using RGPP illustrate conversion from n-type to p-type SnOx conduction. This is correlated with the tin ion alteration from Sn2+ (p-type conduction) to Sn4+ (n-type conduction) when the oxygen pulsing time is increased. In this context, low tON values of 4 s and 8 s lead to elaborate p-type SnOx, while the use of higher oxygen pulsing times (tON = 20 s) favors n-type SnO2 conduction. The prepared sample using continuous oxygen flow rate favors O-rich SnOx film and shows lower resistivity of 32 Ω.m as compared to that of SnOx layer pulsed at 8 s. This is correlated with its n-type nature and the high carrier concentration associated with typical of SnO2 material. The obtained electrical behavior is in agreement with previous works [32-34]. 
		Under UV light exposure, the fabricated PDs based on inclined SnOx active-layers and various tON periods provide a high photocurrent, indicating their high photoresponse properties. This achievement can be explained by the inclined columns, offering improved light-scattering effects. The implementation of GLAD technique promotes high surface roughness, resulting in porous structure as it is proved by the performed SEM micrographs illustrated in Fig.2. This nano-sculptured surface can induce light-trapping effects, which can increase photon absorption capability and thereby high photocurrent. Furthermore, we can notice that the prepared PD using a low pulsing time of 4 s exhibits the highest photocurrent value of 7.5 µA, which is correlated with the low resistivity of the corresponding SnOx film as it is above-outlined. 
		To better analyze the impact of the oxygen pulsing time on the photoresponse of the elaborated PDs based on inclined SnOx thin-films, the associated Figure of Merits (FoMs) parameters including responsivity and ON-to-OFF current ratio for different sensing ranges (UV and Visible) are extracted. Fig.6 illustrates the variation of the device responsivity and ION/IOFF ratio as a function of the oxygen pulsing times (a) under UV and (b) Visible illumination, respectively. Fig.6 (a) outlines that the device responsivity within the UV optical excitation decreases with the tON increase from 4 s to 12 s. The use of continuous oxygen flow rate (tON = 20 s) leads to an increase in the device responsivity. This enhancement can be attributed to the high oxygen content in the developed SnOx thin-films, promoting enhanced UV absorbance capability and maintains high visible transparency. Fig.6 (a) shows also that the increase of tON leads to enhance the current ratio and after the specific value of tON = 12 s, it slightly decreases to the value of 48 dB. This complex behavior is correlated with the electrical characteristics of SnOx thin-films elaborated using varied oxygen flow rates, where the increase of oxygen pulsing time induces band gap enlargement and conversion from p-type SnO to n-type SnOx conduction. As far as we are concerned, SnOx thin-film pulsed at 20 s is considered as the best choice for the design of highly-detective low-noise solar-blind PDs because of its high visible transparency, high UV-responsivity and relatively high current ratio. However, it can be demonstrated from Fig.6 (b) that the use of a specific tON of 8 s opens up the route for elaborating dual-band photodetectors, offering high photoresponse and superior current ratio over a wide UV to visible spectral range. The enhanced visible photoresponse is attributed to the role of using combined RGPP and GLAD techniques, offering the possibility for elaborating SnOx thin-films with broadband absorption capabilities. Therefore, the spectral sensing range can be tuned by simply considering inclined structure and using the appropriate oxygen flow rate during the oxidation mode of SnOx thin-film. Table 1 consolidates the comparison of FoM parameters associated with other UV and multispectral PD based on several design strategies such as microstructure and heterojunction [35-40]. The obtained current ratio and responsivity values are higher than other UV SnOx PDs, which is clearly associated with the use of combined GLAD and RGPP techniques. Particularly, the prepared PD based on inclined SnOx thin-film with continuous oxygen rate offers improved current ratio (ION/IOFF ratio = 48.1 dB), high detectivity (D* = 3.8×1011 Jones) and superior UV responsivity (R = 32.7 mA/W). The comparison also divulges the opportunity for designing high-performance UV and multispectral SnOx PDs using simple fabrication process and without the need of complex structures. Table.1 also compares the device detectivity from the SnOx PD elaborated in the present study with other reported PDs. The fabricated multispectral PD based on inclined SnOx thin-films pulsed at 8 s is found to exhibit higher UV and Visible detectivity values of D* = 1.6×1012 Jones and D* = 4.1×1011 Jones, respectively. This indicates its appropriateness for achieving low noise effects, while maintaining high multispectral photodetection capabilities. Therefore, the obtained photoresponse performances proves the key role of using combined GLAD technique with controlled RGPP method for the realization of tunable band-selective PDs based on low-cost SnOx active-layer. 
3.3 Performance assessment of SnOx-based thin-film solar cells
The use of metal-oxide materials as active layers can lead to the development of low-cost and eco-friendly all-oxide solar photovoltaics. Several solar cell structures based on metal oxides as p-type active layers, such as CuO, Cu2O and Fe2O3, have been investigated in recent years [46]. To the best of our knowledge, no investigations based on all-oxide n-SnO2/p-SnOx solar cells sputter-deposited by RGPP and GLAD techniques have been developed to evaluate the performances of SnOx TFSCs. For this purpose, the impact of the deposition angle of the particle flux and the injected oxygen gas concentration on the performance of the solar cell is investigated. The outstanding optoelectronic and structural characteristics of the sputtered SnOx thin-films have inspired implementing them in all-oxide SnOx-based TFSCs as prospective eco-friendly cost-effective absorber layers. The photovoltaic properties of the proposed TFSCs are investigated. The 3D descriptive structure of the proposed AZO/n-SnO2/SnOx TFSC is shown in Figure 7a. The main idea behind this solar cell structure resides in implementing the deposited SnOx thin-films as absorber layers instead of relatively high-cost and toxic composite materials, such as CIGS, CdTe and CZTS.  Moreover, n-type SnO2 ultra thin-film is introduced as a buffer layer to minimize the errors that may be generated from the interfacial lattice mismatching effects, which leads to a reduced structural defects and low carrier recombination losses at SnO2/SnOx interface.   Besides, an ultra thin layer of aluminum-doped zinc oxide (AZO) was used as transparent front contact, while Mo was used as back contact. Subsequently, SCAPS simulator was used to investigate the photovoltaic properties of the proposed all-oxide TFSCs [42]. This simulator can mimic the realistic photovoltaic behavior of several solar cell technologies owing to its capability to consider various optical and electrical effects [42-44]. Moreover, the accurateness of our numerical models is confirmed by calibrating the numerical simulator using CdS/CuO TFSC experimental data, reported in Ref. [41]. 	Comment by MARTIN Nicolas: Ref 41 ?
To evaluate the photovoltaic characteristics of proposed all-oxide SnOx-based solar cells, Fig. 7 (b) compares the associated I–V characteristics for an oxygen pulsing time tON = 8 s using different deposition angles (α = 0° and  α = 80°) with that of the conventional CuO-based TFSC [41]. It can be observed from this figure that the photovoltaic properties are greatly influenced by the oxygen pulsing time and the deposition angle, where the solar cells based on planar SnOx thin-films (α=0°) exhibited better photovoltaic properties as compared to that of obliquely deposited SnOx thin-films (α=80°). This is mainly attributed to the recorded higher optical band gap values distinctively at low oxygen pulsing times, which can be explained by the rapid oxidation process of the inclined SnOx structure as it is demonstrated in Fig.4 (b). Fig. 7 (c) shows the variation of the power conversion efficiency as a function of tON for DC sputtered planar and obliquely deposited SnOx-based solar cells. It can be noticed from this figure that the efficiency is greatly affected by the oxygen pulsing time and the deposition angle, where the solar cell based on planar SnOx thin-film pulsed at tON = 8 s offers the highest photovoltaic performance as compared to other samples. Therefore, the use of a specific oxygen pulsing time of 8 s paves the way for elaborating all-oxide SnOx-based solar cells, offering a good power conversion efficiency and superior short-circuit current of 14.9 mA and open circuit voltage of 0.48 V. Table. 2 consolidate the comparison of photovoltaic properties associated with other all-oxide solar cells [41], [45-50]. The obtained efficiency value is higher than other all-oxide solar cell structures, which is clearly attributed to the use of RGPP technique for developing the appropriate p-type SnOx thin-films. Therefore, we believe that the present work can provide new directions for the elaboration of efficient all-oxide thin-film solar cells, where further improvement of the photovoltaic properties can be achieved by introducing advanced designing strategies such as interface engineering, light-trapping management and plasmonic effects.	Comment by MARTIN Nicolas: Ref 51 &nd 52 are not cited in the article.
4. Conclusion
	In this paper, SnOx thin-films were DC sputtered by using GLAD technique at glancing angle of 80° and RGPP considering a rectangular signal with various oxygen pulsing times. The structural, morphological and optoelectronic properties of the elaborated samples were analyzed using XRD, SEM, UV-Visible spectroscopy and Hall effect characterizations. The morphological characteristics demonstrate the development of inclined columnar structure with nano-sculptured surface properties, favoring better oxygen insertion in the film using RGPP process. It is found that the optoelectronic properties of SnOx alloy can be tuned by controlling the RGPP and GLAD deposition conditions, where the material band gap can be changed from 0.9 eV to 3.59 eV. Interestingly, the DC sputtered SnOx thin-films were then realized as MSM PD and evaluated over a wide spectral band. It is revealed that the photodetection band depends on the oxygen pulsing time and glancing angle. Highly-detective visible-blind low-noise UV PDs can be elaborated by using the deposition angle of 80° and continuous oxygen flow rate (tON = 20 s), while dual-band UV-visible PDs can be prepared by using RGPP at tON= 8 s. Moreover, the deposited SnOx thin-films were used to investigate a new eco-friendly all-oxide SnOx-based TFSC. It is demonstrated that the photovoltaic properties are greatly influenced by the deposition angle and the oxygen pulsing time, where and a superior short-circuit current of 14.9 mA and a maximum efficiency of 3.41% are recorded for sputtered SnOx thin-film with tON = 8 s at α = 0° . Therefore, the strategic combination between GLAD and RGPP techniques can potentially be useful towards the fabrication of tunable band-selective SnOx PDs and all-oxide SnOx-based TFSC for the emerging multifunctional optoelectronic and eco-friendly photovoltaic devices.
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Figures caption: 
Figure.1: Schematic representation of the DC reactive magnetron sputtering system using to deposit tin-oxide thin-films combing GLAD and RGPP techniques. 
Figure.2: (a) and (b) the cross-sectional SEM images of the sputtered SnOx films with tON = 8 s at α = 0° and the prepared film using the GLAD technique at α = 80°. Top surface micrographs of the deposited tin-oxide thin-films for oxygen pulsing time of 8 s and with incident angles of (c) α = 0° and (d) α = 80°. (e) and (f) top surface micrographs of the sputtered SnOx thin-films with and without oblique deposition process, respectively, using tON = 16 s. The same scale bar of 500 nm was considered for SEM images (a-b), (c-d) and (e-f). 
Figure.3: X-ray diffraction patterns of the deposited SnOx thin-films with deposition angle of (a) α = 0° and (b) α = 80° with various tON periods of the RGPP process.
Figure.4: (a) Transmission and (b) Tauc plots of the elaborated SnOx films with deposition angle of α = 0° and α = 80° for various oxygen pulsing times. 
Figure.5: IV characteristics with deposition angle α = 80° for various tON periods (a) dark currents (b) under illumination.   
Figure.6: Device responsivity and ION/IOFF ratio of the prepared PD based on inclined SnOx thin-films versus tON under (a) UV illumination and (b) Visible-light exposure. 
Figure.7: (a) 3D structure of the proposed all-oxide SnOx-based solar cell. (b) IV characteristics with different deposition angles (α = 0° and α = 80°) for an oxygen pulsing time tON = 8 s. (c) Variation of the efficiency as a function of oxygen pulsing times for various glancing angles (α = 0° and α = 80°)      





Tables: 
Table.1: Performance comparison between the MSM PDs based on SnOx active-layers fabricated using combined GLAD-RGPP techniques and different UV and multi-band photodetectors. 
Table.2:  Photovoltaic performance comparison between the proposed planar SnOx-based solar cell (tON = 8 s) and other all-oxide TFSC structures with different absorber materials reported in the literature.   
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Table.1
	UV-Vis-NIR PD structures
	UV
(300-365 nm)
	Visible 
(515-580 nm)
	Ref.

	
	ION/IOFF (dB)
	R (mA/W)
	D* (Jones)
	ION/IOFF (dB)
	R (mA/W)
	D* (Jones)
	

	SnO2/CuZnS microwire  heterojunction
	62.2
	27.6
	4×1012
	-
	-
	-
	[33]

	SnO2Microwire/CsPbBr3Heterojunction
	35
	0.35
	1.6×1010
	35.5
	0.46
	1.2×1010
	[34]

	n-SnOx/p-diamond heterojunction
	8.1
	0.04
	-
	-
	-
	-
	[35]

	SnO2-NiO heterojunction
	22.3
	0.14
	8×108
	-
	0.04
	-
	[36]

	Si/SnOx/ZnO heterojunction
	-
	36.7
	1.5×1011
	-
	53.0
	2×1011
	[37]

	SnSe2/SnO2 heterojunction
	-
	47.9
	8×109
	-
	16.8
	2.7×109
	[38]

	ZnS/F: SnO2 heterostructure
	50
	24
	1.5×1011
	10.4
	0.37
	6.5×109
	[39]

	ZnO NWs/PbS QDs
	59
	51
	3.4×108
	39
	7.2
	4.9×107
	[40]

	Elaborated Au/SnOx @ tON = 20 s  α=0°
	55.3
	21.8
	5.8×1011
	-
	-
	-
	This work

	Elaborated Au/SnOx @ tON = 8 s, α=80°
	74.6
	19
	1.6×1012
	65.4
	5.4
	4.1×1011
	This work

	Elaborated Au/SnOx @ tON = 20 s,  α=80°
	48.1
	32.7
	3.8×1011
	-
	-
	-
	This work






























Table.2

	All-Oxide TFSCs 
	Isc[mA/cm2]
	Voc[V]
	FF[%]
	Efficiency [%]
	Ref.

	
	
	
	
	
	

	SnO2/CdS/CuO 
	6.65
	0.462
	41
	2.10
	[41]

	ZnO:Al/ZnO/Cu2O
	5.7
	0.64
	45
	1.65
	[45]

	ZnO:Al/a-ZTO/Cu2O
	7.25
	0.622
	63.1
	2.85
	[46]

	ZnMgO/Cu2O
	6.9
	0.650
	49.2
	2.2
	[47]

	Cu2O homojunction
	12.4
	0.287
	25
	0.89
	[48]

	Sn0.86Co0.14O2 /Cu2O
	1.43
	2.32
	36
	1.2
	[49]

	NiO/Cu2O/ZnO/SnO2
	3.5
	0.64
	50
	1.12
	[50]

	Proposed SnO TFSCs with
	
	
	
	
	

	AZO/SnO2/planar SnOx pulsed at tON=8s with α=0°
	14.53
	0.49
	47.9
	3.41
	This work

	AZO/SnO2/inclined-SnOx pulsed at tON=8s with α=80°
	8.6
	0.49
	26.1
	1.1
	This work



29

image1.tiff




image2.png




image3.png
W an | wo || ma® | —_—im
500KV | 43pA | 3.5mm | TLD | 0000 |0° “Tnstitut FEMTO-ST





image4.png
IR




image5.jpeg
p| W | cr e 500 1m
500KV | 43 pA 0nm FEMTO-ST





image6.png




image7.png
5 b 0
AN 24 -’s...:%u
an gt | wo | m 0
500KV | 43pA | TLD | 4.0mm  100000x | 0°

I.,





image8.png
FIMES mag B I e L —
500KV | 43 pA 100 000 x. FEMTO-ST





image9.wmf
20

30

40

50

60

70

80

90

 0 s

 

Angle 2

q

 (°)

a

 = 0°

(101)

(220)

(211)

(301)

(112)

(400)

(321)

(312)

l

l

l

l

l

l

l

l

l

 8 s

 

Diffracted signal (Arb. units)

 20 s

 

 


oleObject1.bin

image10.wmf
20

30

40

50

60

70

80

90

l

l

l

l

 0 s

 

Angle 2

q

 (°)

(200)

(101)

(220)

(211)

l

(301)

a

 = 80°

 8 s

 

Diffracted signal (Arb. units)

 20 s

 

 


oleObject2.bin

image11.wmf
200

400

600

800

1000

0

20

40

60

80

100

120

 

 

Transmittance [%]

Wavelength [nm]

Deposited SnO

x

 thin-films at various pulsing times (t

ON

) and 

deposition angles of 

           a=0° 

 8 s 

 16 s 

 20 s

       

a=80°

 

 8 s 

 16 s 

 20 s


oleObject3.bin

image12.wmf
8

10

12

14

16

18

20

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

 

 

 DC Sputtered SnOx thin-films

 Deposited SnOx thin-films 

         using GLAD technique

Band gap [eV]

t

ON

 [s]


oleObject4.bin

image13.wmf
-3.0

-2.5

-2.0

-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5

2.0

2.5

3.0

1E-13

1E-12

1E-11

1E-10

1E-9

1E-8

1E-7

SnOx PDs in darkness

fabricated using GLAD 

method with various 

pulsing times of

 4 s 

 8 s

 20 s

 

 

 

Current [A]

Voltage [V]


oleObject5.bin

image14.wmf
-3.0

-2.5

-2.0

-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5

2.0

2.5

3.0

1E-10

1E-9

1E-8

1E-7

1E-6

1E-5

SnOx PDs under UV-

illumination fabricated by 

GLAD method with pulsing 

times of

 4 s 

 8 s

 20 s

 

 

 

Current [A]

Voltage [V]


oleObject6.bin

image15.wmf
30

40

50

60

70

80

90

4

8

12

16

20

10

20

30

40

50

l=320

 nm

d

SnOx

=400 nm

 

 

 

Responsivity [mA/W]

t

ON

 [s]

Elaborated MSM PD based on SnOx thin-film 

sputter-deposited using combined GLAD and RGPP  

 Responsivity

 Current ratio

Photo to Dark current ratio [dB]


oleObject7.bin

image16.wmf
10

20

30

40

50

60

70

80

4

8

12

16

20

0

5

10

15

20

l=580

 nm

d

SnOx

=400 nm

 

 

 

Responsivity [mA/W]

t

ON

 [s]

Elaborated MSM PD based on SnOx thin-film 

sputter-deposited using combined GLAD and RGPP  

 Responsivity

 Current ratio

Photo to Dark current ratio [dB]


oleObject8.bin

image17.wmf
0.0

0.1

0.2

0.3

0.4

0.5

0

2

4

6

8

10

12

14

16

18

20

 

 

Cathode current [mA/cm

2

]

Anode Voltage [V]

Investigated all-oxide TFSCs

 AZO/SnO

2

/SnOx with t

ON

=8s

 AZO/SnO

2

/inclined-SnOx t

ON

=8s, 

a 

= 80° 

 SnO

2

/CdS/CuO [41]


oleObject9.bin

image18.wmf
4

5

6

7

8

9

10

11

12

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

 

 

Investigated all-oxide TFSCs based on 

 AZO/SnO

2

/SnOx structure 

 AZO/SnO

2

/inclined-SnOx structure with 

a 

= 80°

Efficiency [%]

t

ON

 [s]


oleObject10.bin

