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Abstract


In this study, remote plasma sputtering deposition of niobium-doped SnO2 transparent conductive oxides on glass substrates was carried out at ambient temperature with no post-deposition annealing. The microstructure, optical, electrical, and surface morphology of the thin films were characterized using a combination of advanced techniques, such as X-ray diffraction (XRD), UV-Vis spectrophotometer, Hall-effect measurements, as well as field emission scanning electron microscope (FESEM), high-resolution transmission electron microscopy, and high-resolution X-ray photoelectron spectroscopy. It was determined that the oxygen defects of the films have a substantial impact on their transparent conductivity. The crystalline films, which were crystallized by annealing at 450 °C, had higher resistivities due to a decreased concentration of oxygen vacancies, which restricted conduction. In comparison, the amorphous films exhibited remarkable conductivity. The best amorphous films (Nb:SnO2) exhibited a resistivity of less than 4.6 × 10−3 Ω·cm, with a 3 × 1020 cm−3 carrier concentration and a 4.4 cm2/(V·S) of Hall mobility. X-ray amorphous Nb:SnO2 films can be used to make conductive and transparent protective layers that can be used to shield semiconducting photoelectrodes used in solar water splitting. These layers can also be used with more conductive TCO films (ITO or AZO) when needed.
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1. Introduction


Transparent conducting oxides (TCOs) are utilized in a variety of applications, including flat panel displays, the touch screen of smartphones, tablet computers, solar cells, and light-emitting diodes [1,2]. Indium tin oxide (ITO) is the predominant TCO material due to its improved optical and electrical properties, but it has poor mechanical properties and a scarcity of resources [3]. Tin oxide (SnO2) is one of the most essential TCO materials due to its appealing characteristics, such as a wide band gap (Eg = 3.62 eV), high ultraviolet-visible (UV-vis) transmission, high electrical conductivity, high infrared (IR) reflectance, abundance in nature, lack of toxicity, and chemical stability [4,5]. Various processes, including pulsed laser deposition, chemical vapor deposition, magnetron sputtering, and chemical spray pyrolysis, have been employed to produce pure and doped-SnO2 thin solid films containing various dopants [2,6,7,8]. However, post-deposition annealing was required to increase the crystallinity of the films and acquire improved conductivity in these investigations. The films that were produced as a result exhibited poor electronic transport capabilities [9]. Recently, niobium-doped SnO2 systems were explored as an alternative material for ITO and FTO electrodes. Nb:SnO2 is expected to possess superior electronic and optical properties to ITO and FTO as TCO material. However, the Nb-doped SnO2 thin films are still not commercialized due to lack of exhaustive exploration of its electrical and optical properties by researchers [10]. To obtain a better understanding and helpful guidelines, the current paper, focused on the effects of oxygen defects on the structural, optical, and electrical properties of amorphous Nb-doped SnO2.



In this work, a systematic investigation into the deposition of X-ray amorphous, Nb-doped SnO2 films that were generated by remote plasma sputtering deposition from an alloy target is carried out. The depositions were conducted on substrates of unheated glass to investigate the potential of Nb:SnO2 films deposition on substrates sensitive to temperature (plastics) or underlying sensitive films or devices (photoelectrodes or solar cells with a thin film for water splitting). The impact of the flow rate of oxygen on the electrical characteristics of Nb:SnO2 films were thoroughly explored. These Nb:SnO2 films were designed for use as conductive and transparent protective layers for metal oxide semiconductive photoelectrodes in solar water splitting applications due to their improved chemical stability [11,12]. It can also be used as the back contact layer (electron transport layer) in different electronic and photovoltaic devices, such as diodes that emit organic light, electrochromic devices, perovskite organic-inorganic solar cells, and organic photovoltaics, due to its low electrical resistivity and high transparency [13,14,15,16,17,18].




2. Experimental


2.1. Materials and Methods


Thin films of Nb: SnO2 (Nb: 5.0 wt. %) were deposited on substrates of unheated glass (SAIL BRAND 25.4 mm × 76.2 mm and 1 mm thick) in an Ar/O2 atmosphere at room temperature by remote plasma sputtering deposition (HITUS) process at various oxygen pressures. Prior to deposition, all glass substrates were sequentially cleaned for 15 min at 50 °C with acetone, isopropyl alcohol, and deionized water in an ultrasonic bath to remove the organic contamination on the surface of the glass. The rates of gas flow for sputtering gas Ar and reactive gas O2 of 99.999% purity were 70 sccm and 0 to 5.0 sccm, respectively. The chamber pressure was adjusted to 4.0 × 10−3 mbar after tuning on the plasma source (PLS). The PLS power and the sputtering power applied were 500 W and 100 W, respectively. The distance between the target and substrate was kept at 35 cm. No external substrate heating occurred during the deposition procedure.




2.2. Material Characterization


Thin-film structural characterization was examined using X-ray diffraction (XRD) on a Rigaku Corporation (Ultima IV) operated in theta-2theta geometry with a monochromatized Cu Kα radiation over the scan range from 20° to 80°. At room temperature, an ultraviolet-visible spectrophotometer (UV-3600) was utilized to measure the optical transmittance from 300 to 800 nm. The electrical transport characteristics of the film, such as Hall mobility, carrier density, and resistivity, were investigated at room temperature using a Hall measuring device (Hall 8400) and the van der Pauw method. The cross-sectional microstructure, thickness, particle size, and surface morphology of a film were assessed using a field emission scanning electron microscope (FESEM Sirion-200). The electron binding energy and surface composition of Sn 3d, Nb 3d, and O 1s orbit were examined utilizing an X-ray photoelectron spectrometer (XPS, Thermo K-Alpha) with Al-Kα X-ray (1486.6 eV) at 100 W and 15 kV, and C 1s was selected at 284.8 eV as a standard for calibration when interpreting the data. To examine the morphology, as well as the grain size, scanning electron microscopy (SEM) was carried out using a FESEM that was equipped with energy-dispersive spectroscopy (EDS). Photoluminescence spectra that were temperature-dependent were obtained by using a fluorescence spectrophotometer (Edinburgh FLS-920) with a xenon lamp (300 W) as the excitation source. We employed nearly the same excitation power for measuring the PL spectra of samples stimulated at different wavelengths by varying the incidence slit width. This implies that the PL intensities obtained were comparable. To calibrate the sensitivity factor for oxygen, a pristine sample of SnO2 (Aladdin) was used as a reference. The short-range structure and vibration modes were analyzed by Raman spectroscopy (HORIBA Scientific LabRAM HR Evolution) with a laser excitation wavelength of 325 nm (spot size: ∼1 um in diameter).





3. Results and Discussion


3.1. Characterization of Structure and Morphology


Figure 1a illustrates the XRD patterns of the as-deposited films at varying oxygen flow rates. The absence of diffraction peaks supports the amorphous nature of these X-ray films. The Raman spectra (not shown) of as-deposited Nb:SnO2 films exhibited only weak, wide characteristics that correspond to the glass substrates. Raman spectroscopy is capable of detecting structural characteristics and phases for crystallite sizes in the few nm range, which is lower than what is attainable using XRD; therefore, it was determined that the films of Nb:SnO2 are truly amorphous [19]. Figure 1b shows the XRD patterns of the produced thin films of Nb:SnO2 after being post-annealed at 450 °C for 15 min. It is clearly indicated that amorphous films transform into rutile tin dioxide (PDF#41-1445) [20]. The thin-film diffraction peaks revealed sharp (110) and minor (101), (200), (211), and (301) orientations [21]. Moreover, the partial pressure of oxygen during deposition affected the crystallinity. No peaks for the SnO, Sn2O3, or Sn phases were detected, showing that the thin films were completely oxidized. The XRD patterns revealed no Nb oxide phases, indicating that Nb replaced Sn in the tetragonal lattice.



Figure 2a presents the morphology for the Nb:SnO2 sample deposited at room temperature. The surface of the sample exhibits relatively smooth and dense. Based on the cross-sectional SEM image presented in Figure 2b, it was determined that the film had an average thickness of around ∼240 nm. EDS mapping was also carried out on a selected film area, as illustrated in Figure 2c–e. These spectra clearly confirm the existence of Sn, Nb, and O elements on the surface of Nb doped SnO2 thin films. The Nb, Sn, and O EDS signals appear to be uniformly dispersed across the entire film. The average Nb/(Nb + Sn) ratio is about (0.05 ± 0.01) measured from different area of several films, which corresponds to about 5 at% of Nb incorporation into SnO2 in Nb:SnO2 thin films.




3.2. Optical and Electrical Properties


In the visible region (300–900 nm), Figure 3a depicts the transmittance spectra of the as-deposited films with varying oxygen flow rates. The films became increasingly transparent in the visible spectral range as the flow rate of oxygen increased. Optical transmittance increased from 75% to 92% when oxygen flow was increased, which might be explained by an increase in crystallite size and a decrease in grain boundary scattering. The edge of absorption moves to shorter wavelengths. The film optical band gap was determined by plotting (inset of Figure 3a) (ahv)2 against hv, where a denotes the absorption coefficient and hv denotes the photon energy. The optical band gap increased slightly with increasing oxygen flow rate, from 3.80 to 4.02 eV. This enhancement in the energy of the optical band gap is attributable to the Burstein–Moss effect [20].



Figure 3b depicts the Hall mobility, concentration of carrier, and electrical resistivity of as-deposited Nb:SnO2 films as a function of O2 flow rate. It demonstrates that the O2 flow rate had a significant impact on the film’s resistivity and carrier concentrations. The quantity of oxygen vacancies correlates with the Nb:SnO2 film carrier concentrations deposited under a partial pressure of oxygen. The vacancy of one oxygen produced two more electrons in the film; hence, oxygen vacancies were the primary source of free electrons. The concentration of carriers increases as the number of oxygen vacancies increases. Deficiencies (oxygen vacancies) developed first and subsequently decreased as the oxygen flow rate increased. In general, a semiconductor’s electrical conductivity is driven by the Hall mobility and concentration of carriers, as shown below: ρ = 1/eμn, where ρ denotes the resistivity, n denotes the number of charge carriers, e is the carrier’s charge, and μ is the mobility. An oxygen flow rate at which a minimum resistivity is achieved results in a local maximum in the concentration of carriers and a maximum Hall mobility. As a result, the resistivity reduces as the flow rate of oxygen increases from 3.0 to 4.0 sccm, achieves a minimum at 4.0 sccm (4.3 × 10−3 Ω·cm), and subsequently increases for oxygen flow rates greater than 4.0 sccm.




3.3. XPS Analysis


XPS measurements were performed on amorphous and annealed Nb:SnO2 thin films to assess the electrical structure and oxidation state of Nb and Sn, respectively. The high-resolution spectra of as-deposited and annealed thin films of Nb 3d are shown in Figure 4a,b. Both spectra revealed two extremely symmetric peaks caused by spin-orbit splitting, revealing a single oxidation state designated as Nb5+. The binding energies of 206.53 and 206.92 eV can be assigned for the d 5/2 lines, which is 1 eV greater than that of the tetravalent state (205.7 eV). This finding is consistent with the previously reported data, demonstrating that the majority of Nb is already in its most oxidized state at the time of deposition. As a result, we estimate that the lower valence Nb species were oxidized during thermal treatment. No metallic bonds, such as Sn–Nb, were present in the films. It has been shown that much of Nb can ionize into Nb5+ and substitute Sn4+ so that one free electron can be contributed from each Nb atom [22]. According to DFT calculations, it is difficult for the substitutional state of Nb Sn to form under an O-rich situation (annealed films) because its formation energy is substantially higher than that for a native defect such as the Sn vacancy (VSn) [23].



Figure 4c shows the fitting peaks of the Sn 3d spectrum from the as-deposited Nb:SnO2 thin films. As evidenced by the fluctuating proportion of the two detected components, the peak deconvolution process revealed a crucial feature of the surface chemistry of the samples. The surface of the Nb:SnO2 film showed mostly Sn4+ (B.E. of 486.29 eV for 3d 5/2 and 494.75 eV for 3d 3/2) and a small amount of Sn2+ (B.E. of 485.38 eV for 3d 5/2 and 493.90 eV for 3d 3/2). There was no evidence of elemental Sn0 atom contribution at B.E. around 485 eV [24]. Since there was less oxygen in the sputtering process, the entire sputtering system would be in an oxygen-deficient environment, resulting in incomplete oxidation of the Sn. This is also the primary reason why tin occurs in a low-valence state. The binding energies of the fitted peaks were in good agreement with other reports in the literature. Figure 4d shows a highly symmetric Sn 3d peak for annealed Nb:SnO2 thin films, indicating one single oxidation state which is identified as Sn4+ from the binding energy of 494.77 eV and 486.3 eV [25]. The low formation energy of the acceptor-like Sn vacancy (VSn) can assist in scavenging electrons from their ionization, hence decreasing the film conductivity in annealed films (O-rich condition). On the other hand, the high formation energy of VSn prevents the spontaneous development of native electron killers and, thus, increases the film conductivity in the as-deposited films (O-poor condition).



Figure 4e displays the fitting peaks of the O 1s spectrum from the as-deposited Nb:SnO2 thin films. Since a simple visual study of the shape of the XPS O 1s peak revealed that it is wide and asymmetrical in this instance, it is apparent that it must comprise many components. The XPS O 1s peak decomposition of Nb:SnO2 thin films indicated that they are composed of three components. Specifically, the major O 1s peak appeared at 529.7 eV and was attributed to oxygen in the lattice [26]. The minor peak with the highest energy, 531.9 eV, belongs to hydroxyl species adsorbed to the surface [27]. The oxygen-deficient portions of the matrix of Nb:SnO2 were found to have a medium binding energy component, which was observed at 531 eV. This component was connected with O2−. The intensity of this peak may be linked to changes in the concentration of oxygen vacancies (VO) [28]. Native donor-like defects, such as VO, have lower formation energy, which can aid to prevent the spontaneous generation of native electron killers and, hence, lower the film resistivity. Figure 4f shows the fitting peaks of the O 1s spectrum from the annealed Nb:SnO2 thin films. The fit of the O 1s peak showed that the surface contains mostly lattice oxygen species (530.1 eV) and there is a higher proportion of surface adsorbed hydroxyl species (531.9 eV). No evidence was observed from the oxygen vacancy contribution, indicating that high-temperature annealing decreased the oxygen vacancies in the samples (sufficient oxidation) [29].



Overall, the low formation energy defects of NbSn, VO, and high formation energy of VSn aid in preventing the production of native electron killers in the as-deposited films. In contrast, it is difficult to form NbSn and VO due to the higher formation energy than VSn in the annealed films. VSn tends to act as an acceptor-like defect and will deteriorate the conductivity of the film. At the same time, NbSn and VO should also be eliminated due to the formation of deep donor transition levels.




3.4. Fluorescence Spectroscopy


It is generally known that the optical characteristics of oxide semiconductors are influenced by both intrinsic and extrinsic factors. To confirm the nature of defects, PL spectra were performed on as-deposited Nb:SnO2 thin films at varying oxygen flow rates. Figure 5a depicts the emission spectra at room temperature of films formed at varying oxygen flow rates. The broadly visible luminescence exhibited in Nb:SnO2 thin films is mostly due to self-trapped excitons and oxygen vacancy defect states. When the oxygen flow rate reached 4.0 sccm, the peak’s intensity increased significantly, indicating a significant increase in the concentration of native defects. When the flow rate was increased to 5.0 sccm, the peak’s intensity decreased. The drop in luminescence PL intensity at 715 nm was caused by a decrease in oxygen vacancy concentration. Recombination of in-diffused oxygen with oxygen vacancies reduces the concentration of oxygen vacancies [30,31]. The deconvolution of the peak was essential to acquiring a clear understanding of the factors that led to the broad PL emission (Figure 5b). The broad emission peak might be effectively described by two Gaussian bands centered at 748 nm and 695 nm, respectively. The peak at 748 nm may be ascribed to oxygen vacancy-associated trap states and self-trapped excitons, whereas the peak at 695 nm is probably associated with an intrinsic defect contribution [32].





4. Conclusions


Amorphous Nb:SnO2 films were deposited on glass substrates at low temperatures by remote plasma sputtering deposition. The electrical, mechanical, and optical properties of the as-deposited films were measured as a function of the O2 flow rate. The best amorphous Nb:SnO2 films had a resistivity of better than 4.6 × 10−3 Ω·cm with a carrier concentration of 3 × 1020 cm−3, and Hall mobility of 4.4 cm2/(V·S). This is due to the low formation energy of NbSn and VO and the high formation energy of VSn help to avoid the formation of these native electron killers. Due to its superior chemical stability, such Nb:SnO2 films are intended for applications as transparent and conductive protection layers for metal oxide semiconducting photoelectrodes for solar water splitting.
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Figure 1. The XRD patterns of the as-deposited thin films (a) and after annealing at 450 °C (b) under different oxygen flow rates. 
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Figure 2. FESEM (a) surface image and (b) cross-section image of the as-deposited Nb-doped SnO2 thin film. The elemental mapping of (c) Nb, (d) O, and (e) Sn. Nb:SnO2 thin films deposited at 4.0 sccm of oxygen flow rate. 
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Figure 3. (a) Optical transmittance of Nb:SnO2 thin films are plotted as a function of wavelength deposited at varying flow rates of oxygen, with an inset showing the fluctuation of band gap (Eg) at various oxygen flow rates. (b) The electrical characteristics of Nb:SnO2 films are plotted as a function of various flow rates of oxygen deposited at room temperature. 
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Figure 4. Deconvoluted XPS spectra of Nb 3d, Sn 3d, and O 1s of the as-deposited (a,c,e) and the annealed (b,d,f) Nb:SnO2 thin films deposited at 4.0 sccm of oxygen flow rate. 
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Figure 5. (a) The PL spectra of the Nb:SnO2 thin films as a function of O2 flow rate. (b) PL spectra of the thin films after fitting at the O2 flow rate of 4.0 sccm. All the spectra are excited by the 300 nm line of a xenon lamp. 
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