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Abstract

:

The influence of O2 flow rate on the compositional, optical and electrical characteristics of silicon oxide (SiOx) thin films (x < 2) were studied in this work. The SiOx thin films were obtained by pulsed direct current (DC) magnetron sputtering (PMS) onto n-type Si wafers (and also on glass substrates) at a vacuum of 3 × 10−3 Pa. Rutherford backscattering spectrometry (RBS) was used to check the compositional elements of deposited films and its oxidized states were analysed via Fourier-transform infrared (FTIR) spectroscopy. The optical properties of as-deposited SiOx thin films were investigated from transmittance measurements at room temperature in the wavelength range of 250–800 nm. The obtained data reveal that the Urbach energy (a measure of the band tail extension, Eu) decreased from about 523 to 172 meV as the rate of oxygen gas flow increased. On the contrary, the optical energy band-gap (Eg) increased from 3.9 to 4.2 eV. Conduction and valance band positions (relative to the normal hydrogen electrode) were also evaluated. The observed behavior is probably associated with the degree of disorder and defects presented in the as-deposited SiOx thin films, probably due to the presence of newly inserted oxidized OnSiHy species resulting from some contamination with water vapor desorbed from the walls of the deposition vacuum chamber. After deposition of a gold top electrode, the electrical characteristics of the fabricated Au/SiOx/n-Si system (i.e., a metal/insulator/semiconductor structure—MIS) were studied via characteristic I-V curves and their dependence upon the O2 flow rate are reported. It was observed that the Au/SiOx/n-Si structure behaves like a Schottky-diode exhibiting a very good diode rectifying performance with a rectification ratio of at least 300 and up to 104, which refers to the samples produced with the lower and higher O2 flow rates, respectively. It was also found that the O2 flow rate influences the rectifying performance of the SiOx/n-structures since both the diode ideality factor, n, and the diode series-resistance, RS decreases with the increase of O2 content, possibly reflecting a closer approximation to a full stoichiometric condition.
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1. Introduction


In recent years, silicon oxide (SiOx) based coatings (a combination of stoichiometric oxide (SiO2) with a non-stoichiometric sub-oxide (SiOx, x < 2) [1]) have been studied due to their technological importance in numerous applications, including microelectronics [2], communication [3], pharmaceutical, food and packaging industries [4,5]. The use of silicon oxide coatings as a dielectric insulator of electronic switches and sensing devices such as thin-film transistors (TFTs), metal-insulator-semiconductor (MIS) switching devices, optical coatings and optoelectronic applications or even in processes associated with the fabrication of micro-electromechanical-systems (MEMS), serving for example, as etch masks in bulk micromachining or as sacrificial layer in surface micromachining processes [6,7,8,9] is particularly noteworthy due to its properties, as SiOx compounds are known to have good abrasion resistance, electrical insulation, high thermal stability and also being insoluble in the majority of acids. There are several techniques to produce silicon dioxide films among which one of the most common is the thermal oxidation method [10,11,12]. However, this thermal technique presents some drawbacks such as high temperature, which is usually higher than 900 °C, highly clean surface required for diffusion process, low deposition rate (it may need hours for moderately thick coatings) and also the requirement of silicon wafer as the only substrate. Fortunately, there are other deposition techniques that can be used to produce SiOx coatings such as direct current (DC) reactive magnetron sputtering (MS) [13,14], electron beam evaporation with ion assistance [15,16,17], low-pressure chemical vapour deposition (LPCVD) [18], hot filament chemical vapour deposition (HFCVD) [19] and plasma-enhanced chemical vapour deposition (PECVD) [20]. However, since LPCVD, HFCVD, and PECVD deposition techniques require high temperature, these techniques are not suitable for materials with low melting point.



Sputtering techniques are clearly suitable to deposit silicon dioxide thin films. The utilization of MS technique to deposit metal oxides coatings can lead to the generation of arcs and plasma instability. On the other hand, reactive pulsed DC magnetron sputtering (PMS), besides being able to reduce or even eliminate arcs, this technique can also be used to deposit at low-temperature metal oxide-based coatings with high-quality characteristics [21,22] and also, when compared with radio frequency (RF) sputtering, PMS technique is a relatively more competitive and attractive deposition method because it implies low-cost in industrial settings for mass production.



Although in recent years most of the research work performed in the field of physical deposition of metal oxide-based coatings has been devoted to RF sputtering technique, it appears that much fewer studies have been reported on the development and characterization of silicon oxide-based thin films by produced by PMS technique. In this sense, the main motivation and contribution of this work is to complement the investigation, study and estimation of some other optical and electrical properties of SiOx thin films, which have not been exposed in previous literature studies, which mainly refers to Urbach’s parameters [23] and Schottky-diode [24,25,26] rectifying characteristics of SiOx/n-Si structures (after the deposition of a Au top electrode onto its surface) produced by PMS deposition method. In particular, our goal is to discuss the correlation between these parameters (band tail width, Eu, energy band-gap, Eg, diode ideality factor, n, and diode series-resistance, Rs) with the different amounts of O2 gas flow utilized in the fabrication of SiOx/n-Si structures.




2. Experimental Details


2.1. Deposition of SiOx Thin Films by Pulsed DC Magnetron Sputtering


Traditionally, DC reactive magnetron sputtering can be separated into three different modes, namely (I) the metallic, (II) the transition and (III) the compound (or reactive) mode. These operation ‘regimes’ are a function of the amount of used reactive gas during deposition [27]. By using reactive pulsed DC magnetron sputtering technique, it is possible to minimize or even suppress the generation of arcing events in the target surface, which result from its poisoning during the compound mode. Specific details of PMS deposition method have already been described in our previous work [28]. Briefly, in PMS deposition method there are two different parameters that are experimentally adjusted in the voltage waveform, which refer to the pulsed frequency, f and the reverse time, tr.



These two parameters are related to the so-called reverse phase, τr through the following relation: τr (%) = (tr × f) × 100, where f is the frequency of the applied pulse. It should be noted that most commercial available pulsed sources limit the reverse voltage (i.e., the target positive voltage, Vr) to a value that typically corresponds to 10% of the negative applied voltage, V0. This practice is sufficient to effectively dissipate the charged regions and thus prevent arcing events. In this work, the SiOx thin films were deposited on n-type 380-μm-thick (100) Si wafers by using a homemade PMS system).



It is important to mention that, in order to perform transmittance spectroscopy over the SiOx thin films, glass substrates were also used in the same deposition conditions. The target used in this work was a Si disk (purity 99.99%) with a diameter of 70 mm and the used target-to-substrate distance (z) was z = 70, 80 and 90 mm in which the shortest distance (z = 70 mm), was utilized to deposit samples with the highest O2 gas flow and the largest one (z = 90 mm) was selected to produce samples with the lowest O2 gas flow. After evacuating the chamber to a base pressure lower than 3 × 10−3 Pa, the target surface was firstly etched (during 15 min) by Ar+ ion bombardment while the shutter was kept closed to prevent contamination of the substrate with any undesirable material. After the etching step, O2 gas was injected into the chamber through a 6 mm gas ring opening located at about 100 mm from the magnetron-sputtering source. The sputtering of target surface proceeded at a working pressure of about 1.4 × 10−1 Pa and under a constant current of 0.35 A (current density of 9.1 mA/cm2). A mass-flow controller (Bronkhorst, Suffolk, UK) was used to measure the Ar and O2 flows. For all produced samples, the argon flow was kept at a constant value of 8 sccm while the flow of O2 gas was varied in order to obtain SiOx coatings grown under three different O2 gas flows, corresponding to samples that from now will be identified (ID) as @1.4, @1.6 and @2.0. The deposition time for all the produced SiOx coatings was 60 min. The main deposition parameters are shown in Table 1.




2.2. Film Characterization


Fourier transform infrared (FTIR) spectroscopy was used in order to obtain structural information for the as-deposited SiOx thin films. FTIR spectra were acquired on an IR Affinity-1S spectrophotometer (Shimadzu, Kyoto, Japan) in a frequency range from 380 to 4000 cm−1. Rutherford backscattering spectrometry (RBS) measurements were carried out at the CTN/IST Van de Graaff accelerator with detectors placed at 165° to the beam direction using a 2 meV 4He+ beam. Normal incidence was used in the experiments and the obtained data were analyzed with the IBA Data Furnace [29].



Optical studies were performed to determine the absorption coefficient α(λ), the band tail width quantified by the so-called Urbach energy (Eu) and the optical gap (Eg). These optical parameters were obtained by using transmission T(λ) measurements performed with a UV-3101PC UV–Vis-NIR spectrophotometer (Shimadzu, Kyoto, Japan). The transmittance signal was collected from 250 to 800 nm with a resolution of 1.0 nm. The film’s surface morphology was obtained by scanning electron microscopy (SEM) (NanoSEM—FEI Nova 200 (FEG/SEM) equipment, FEI, Hillsboro, OR, USA).



In order to investigate the electrical characteristics of the SiOx/n-Si system, current-voltage (I-V) characteristic curves were measured by means of a Keithley 487 picoammeter (Keithley, Cleveland, OR, USA)/voltage source under a voltage range from −1.0 to 1.0 V in steps of 0.1 V. It is important to note that before acquiring the I-V characteristic curves, gold and aluminum contacts were firstly deposited as top and back electrodes, respectively on the SiOx/n-Si heterostructure (see Figure 1), which resembles a Schottky diode structure [24].



The Au top electrode was deposited with a circular shadow mask (1.0 mm diameter) on the SiOx surface by resistive thermal evaporation of 34 mg of gold (from an Au wire with 0.5 mm diameter) previously placed inside a tungsten boat. Complete evaporation of the Au wire was attained by applying a current of 200 A under a voltage of 1.0 V for 1 min, which ensured the deposition of an Au layer of about 150 nm (estimated from SEM analysis).





3. Results and Discussion


3.1. Target Voltage Control Method and Hysteresis Effect


The most used and reliable technique in controlling reactive sputtering processes is the so-called target voltage control method, a simple and low-cost procedure. Figure 2 shows the target voltage as a function of the oxygen gas flow rate [O2/(O2 + Ar)]%, which presents a hysteresis loop.



As can be observed, for low values of O2 gas flow rate (region I), the sputtered “metal” gathers almost all the available reactive gas because target voltage has practically no changes and the deposited film is under the so-called “metallic” mode (“metal”-rich). However, as the reactive gas flow rate continues to increase until it reaches a certain critical value, one can observe a sharp decrease in the target voltage, which corresponds to the point where the target becomes poisoned (the compound mode, i.e., region III). Under this condition, the sputtered “metal” does not fully gather the flow rate of the reactive gas entering into the deposition chamber, thus the deposited films should be reactive gas-rich. It is noteworthy that the variations of the target voltage depend on changes in target surface composition as it determines the amount of secondary electrons emitted by ion bombardment on the target surface [30]. Once the target is poisoned, its voltage does not change following the same path to return to the “metallic mode”, as the level of O2 reactive gas remains still high until the compound layer, which was previously formed on the target surface, is entirely removed uncovering original target material.



Therefore, according to the deposition parameters presented in Table 1, the sample identified as @1.4, having been deposited at the lower limit of the compound mode, is expected to lead to a silicon-rich and oxygen-deficient coatings. The samples coded as @1.6 and @2.0 are likely to be O2 richer and hence, possibly closer to the stoichiometric condition.



It is important to refer that, for the same deposition times, the use of different O2 gas flow directly influences the thickness (d) of the SiOx films, unless the target-to-substrate distance is suitably varied. In this work, the thickness d ≈ 500 nm (determined from SEM) of the as-deposited SiOx films is basically the same and this was achieved through an empirical adjustment (trial and error) of the target-to-substrate distance.



The thickness of a coating produced by magnetron sputtering is related to its growth rate, which in turn is influenced by the sputter yield (Y) and also on the mean free path of target atoms. Considering elastic binary collisions, only kinetic energy is exchanged, while the potential energy is conserved as it mainly resides within the electronic structure of the colliding atoms, ions, molecules, etc.) [31]. Taking elastic binary and central collisions between atoms, and assuming that one of the atoms is initially stationary, the well-known result is


χ = (E2E1) = 4m1m2(m1 + m2)2



(1)




where m1 and m2 refer to the mass of incident and target atoms, respectively, whereas E1 is the initial kinetic energy of the incident atom and E2 is the energy of target atom after collision. The quantity 4m1m2/(m1 + m2)2 (or E2/E1) is known as the energy transfer function, χ.



For example, if m1 = m2 then χ = 1, that is, after collision the initial moving atom is stopped, and its kinetic energy is totally transferred to the second atom, which moves away. In this work, the incident “particles” are argon atoms (Ar ≈ 39.9 amu) and taking the target composed by silicon atoms (Si ≈ 28.08 amu), its energy transfer function is χSi = 0.969, which is quite close to unity and thus, resulting in a safe arrival of Si atoms to the substrate. On the other hand, if the target surface is poisoned with the oxygen reactive gas (i.e., the silicon atoms are shielded by O atoms), the energy transfer function for oxygen (O ≈ 15.99 amu) is χO = 0.817. This means that, during collisions, argon atoms transfer much less energy to the oxygen ones. In this sense, any eventual collision occurring between Ar and O during the path of the O atoms from the target to the substrate will result in moving away the O atoms because in general, they may not have gained enough energy to overcome the target-to-substrate distance. This condition leads to a decrease in the amount of oxygen in the substrate, which has direct repercussions on the thickness (decrease) of the deposited coating. Meanwhile, the sputter yield is the number of atoms (or molecules) ejected from a target surface per incident atom (ion) and is a measure of the efficiency of sputtering [31]. The sputter yield is proportional to the energy transfer function and varies inversely with the surface binding energy (Eb) of a particular atom [32]


Y∝χE2E1



(2)







It is interesting to evaluate the order of magnitude for the ratio between the sputter yields for silicon and oxygen. The binding energies for silicon and oxygen are 4.73 and 6.79 eV, respectively [33]. The application of Equation (2) predicts that the oxygen sputter yield is almost half that of the silicon, that is, YO/YSi = 0.587. This is the reason why that, in this work, the target-to-substrate distance was slightly varied, since the shortening of the target-to-substrate distance represents a strategy to counteract the effect of a lower sputtering yield. Since all the produced samples were essentially deposited under the same working pressure (1.4 × 10−1 Pa), then the mean free path for each sputtered atom is basically the same. Therefore, a smaller target-to-substrate distance decreases the probability of sputtered atoms to be scattered by incident argon ions, and thereby causing an increase of the growth rate and, consequently, in the achieved thickness.



In this sense, one can expect that for elements having lower sputter yields and sputtered with lower target-to-substrate distances would form coatings with thicknesses similar to those formed by elements that have been sputtered with higher sputter yields, but at longer target-to-substrate distances.




3.2. Film Characteristics


It is well known that infrared spectroscopy (IR) is a powerful tool to monitor the change of oxidized states due to its high sensitivity to molecular structures. The IR absorption spectra of the SiOx films deposited with three different flow rates of O2 reactive gas were measured by using FTIR covering a wavenumber range from 380 to 4000 cm−1. In order to compare the oxidized states of the as-deposited SiOx thin films with the fully stoichiometric silicon dioxide (or silica/SiO2), a IR absorption spectrum was also performed on pure silica, in its powder form (0.5 μm particle size), previously purchased from Sigma-Aldrich (Saint Louis, MO, USA). Figure 3 shows the IR absorption spectra of SiOx films (and also of silica for comparison) acquired in the low-frequency region (380 to 1400 cm−1). Table 2 presents the peaks’ position of the Si–O bonds.



Three main absorption characteristic peaks of Si–O–Si group, namely 461 cm−1 for the Si–O vibration rocking mode, 810 cm−1 for the Si–O bending mode and 1082 cm−1 for the Si–O stretching mode can be identified by analyzing the IR spectra [34,35]. In fact, the main information extracted from the examination of IR spectra refers to a downward shift toward a lower wavenumber that occurs for the generality of the peaks’ position of Si–O bonds as the O2 gas flow is decreased. For example, the strongest absorption peak is ascribed to the Si–O stretching vibration mode where its position shifted from 1082 cm−1 (stoichiometric SiO2) towards a lower frequency of 932 cm−1, which corresponds to SiOx thin films produced under the lower O2 flow rate. These results indicate that the decrease of O2 content promotes a change in the oxidation state of the as-deposited films, from an oxygen excess to a more silicon-rich thin films (non-stoichiometric) where the Si–O bonds are progressively replaced by Si–Si bonds [37]. Additionally, it is also observed that the shoulder (1203 cm−1) existing in stoichiometric SiO2, assigned to the out of phase stretching (or asymmetric stretching mode) mode of Si–O–Si [34,35], changes to a prominent peak, which slightly moves toward a lower frequency as O2 gas flow rate is decreased. Moreover, it was also calculated the ratio of absorption intensities between the peaks associated with the in-phase and out of phase stretching modes. The ratio for stoichiometric SiO2 is 0.38, whereas for the as-deposited SiOx films, it decreases as the O2 gas flow also decrease, namely from 0.23, 0.19 to 0.17, corresponding to the samples @2.0, @1.6, and @1.4, respectively. These results reveal that as the O2 gas flow is reduced, the obtained ratios are further away from that of the stoichiometric SiO2. According to the results shown in Table 2 and also in Figure 4, it is suggested that the main physical reason for the shift of the characteristic dipole-active vibration modes towards lower frequencies (Si-rich films) with the increase of the deviation from stoichiometry, δ is related to the increase in the average bond length, so it becomes less stiff.



In addition, Figure 3 also shows a weak absorption peak at 648 cm−1 detected for the SiOx film deposited under the lower oxygen content (i.e., the @1.4 sample), which has been identified as being associated with Si–H wagging bonds [38]. The surprising appearance of hydrogen atoms has raised our interest in extending the FTIR spectra to the region of high frequencies. Figure 4a presents the IR absorption spectra for the SiOx films deposited under different O2 gas flows in the range from 1400 to 4000 cm−1. The FTIR spectra show four distinct Si–H stretching vibrations at 1980, 2025, 2162, and 2376 cm−1, which can be ascribed to the –OSi–H, –OSi–H2, –OSi–H3, and –O2Si–H partially oxidized structures [39], respectively. The geometries of these structures [39] are shown in Figure 4b and the corresponding vibration modes of those different oxidized states are presented in Table 3.



The weak but broadband absorptions shown in Figure 4a around 3650 cm−1 are due to the presence of H2O and are attributed to the O–H stretching vibrations. This suggests that during the high vacuum phase of the deposition process, some amount of water vapor was desorbed from the walls of the vacuum chamber. Therefore, the “atmosphere” within the chamber was undesirably contaminated with hydrogen and additional oxygen atoms during the deposition process. Under this scenario, it has been pointed out that the presence of water promotes oxidation acceleration, once H2O is capable of attacking and breaking a Si–Si bond, thus producing extra SiH and SiOH species [40]. These newly inserted SiHx species are now quite likely to experience further oxidation to form OnSiHx species (where n = 1 to 3 and x = 1 to 3) [39]. In this condition, the presence of H2O acts as an additional and contaminating source of hydrogen atoms. In this sense, it is suggested that hydrogen atoms are capable of competing with the reactive O2 gas to form bonds with the silicon atoms that have been sputtered by Ar+ ion bombardment. Thus, it will be quite improbable to obtain a stoichiometric SiO2 film and instead, non-stoichiometric silicon oxide SiOx films should predominate in the presence of another type of partially oxidized species in the form of OnSiHx species.



Figure 5 shows the RBS spectrum for the @1.4 sample, with a composition of 33.7 at %, 65.9 at % and 0.4 at % of Si, O, and residual Ar, respectively.



Figure 6 shows the evolution of Si atomic concentration (at %) for the as-deposited SiOx films as a function of the different O2 gas flows, which also includes the variation of the O/Si ratio.



According to Figure 6, it is possible to infer that the higher Si atomic concentration (low oxygen content) corresponds to sample deposited with 1.4 sccm of O2 gas flow and it diminishes rapidly when the reactive O2 gas flow is increased to 1.6 sccm. However, the Si atomic content practically does not change when the O2 flow rate is increased again to 20%. On the other hand, it is also observed that the films deposited under 1.6 sccm and 2.0 sccm of O2 gas flows have essentially the same O/Si ratio, denoting oxygen-rich SiOx films. For the films deposited with a reactive O2 gas flow of 1.4 sccm, the O/Si ratio is 1.95, thus involving oxygen-deficient films and lower Si oxidation state. These results are totally in agreement with the ones obtained by FTIR, since in the lower frequency-region of the FTIR spectra, the lower O/Si ratio also caused a shift in characteristic dipole-active vibration modes towards lower frequencies, as shown in Figure 3 and Table 2. Knowing the film’s thickness, the optical absorption coefficient α(λ) was determined from the transmittance measurements by using the relation [41],


α(λ) = 1dln[(1 − R)2T(λ)]



(3)




where λ is the wavelength of the of incident photon, T(λ) is the transmittance at a particular wavelength, R is the reflectance (R ≤ 5%) and d ≈ 500 nm is the thickness of the as-deposited SiOx films measured by SEM.



In non-crystalline SiO2, although there is no long-range order, its electronic structure is similar to the electronic structure of α-quartz, the crystalline form of SiO2. However, the absorption spectra, as in any disordered material, extend to energies well below the absorption threshold of the crystalline counterpart. Even though the so-called Tauc plot [42] may be used to determine a kind of band-gap energy by extrapolation, this parameter not always is quite meaningful because its value depends very much on the choice of the (limited) spectral range used for extrapolation. Experimentally, the sub-gap absorption in many disordered materials is known to obey the Urbach rule [23,43],


α(λ) = α0exp[σℏω − EgkBT]



(4)




where α0 is a constant, ħ is the reduced Planck constant, Eg is an effective band-gap energy, ω = 2πc/λ is the frequency of the incident photon, kB is the Boltzmann constant, T is the temperature and σ is a dimensionless material parameter often called the steepness parameter. Note that the temperature dependence implies the participation of phonons [44]. The steepness parameter (σ) is connected with the Urbach energy (Eu) through the relation [45],


Eu = kBTσ



(5)







This energy may be interpreted as the band tail width: It is weakly dependent on temperature and describes localized states that exist in the bandgap of disordered materials [43,46]. Both Eg and Eu are usually considered as fitting parameters in Equation (4) [47].



The dependence of the optical absorption coefficient, α(λ), of the produced SiOx thin films upon the incident photon wavelength is depicted in Figure 7.



The analysis of the figure shows that, for all samples, the value of the absorption coefficient decreases with the increase of the incident photon wavelength till to a certain value, from which it becomes almost invariant. It is also observed that the decrease of α(λ), is much more pronounced for the samples produced with the O2 gas flows of 1.6 and 2.0 sccm, whose spectra are essentially overlapped with each other. For these samples, the absorption edge is about 290 nm whereas for the sample identified as @1.4 (i.e., Si-rich sample) it is shifted to a higher wavelength (≈325 nm), thus suggesting a lower energy bandgap than for other two samples.



Figure 8 shows the plot of logα versus photon energy (ħω) in the range of the Urbach tail.



The value of Eu can be obtained from the reciprocal of the slope of the straight line of plotting logα against the incident photon energy. On the other hand, Eu can be possibly estimated as the position of the point where the exponential behavior of α (in normal scale, according to Equation (4)) changes to a slower (potential function) increase with ħω. This estimation is demonstrated in Figure 8 through representation with dashed vertical lines. Anyway, after fitting the Urbach absorption tails with Equation (4), the obtained values of the Urbach energy, the band-gap energy, the α0 constant and the steepness parameter (σ) are listed in Table 4.



Figure 9 graphically compares the variation of Eu and Eg versus the O2 gas flow rate utilized in the fabrication of the SiOx thin films.



It can be observed that the Urbach energy comes opposite to the behavior of the energy bandgap. In fact, Figure 9 shows that the Eu value increased with the increase in the Si content (Si-rich SiOx films). This behavior can be explained and analyzed on the basis of Mott and Davis’s model [48,49] for disordered materials. The increase in the deviation from the stoichiometric structure (i.e., the increase of silicon content at the expenses of oxygen) may lead to the increase in the disorder and formation of some defects in the films, which could produce localized states in the material then resulting in the increment of the Eu value in the band structure and, consequently, the decreasing the Eg values for samples with higher Si content.



It is also important to note that for the sample deposited with the higher oxygen gas flow (2.0 sccm), the Eg value is far smaller than the well-established absorption edge in α-quartz, the crystalline form of SiO2, which occurs at ≈9 eV [50]. There are different opinions in the literature concerning details of the involved optical transitions. In one of the first calculations, Schulter and Chelikowsky [51] predicted a forbidden indirect lowest energy bandgap. However, in a subsequent computational work by Calabrese et al. [52], it was found that the band edge is direct forbidden (at ≈8.9 eV), followed by a direct allowed transition at ≈10.3 eV. Meanwhile, according to a recent review [47], the direct forbidden absorption edge of amorphous SiO2 (occurring in the K point) in terms of the Urbach model gives Eg ≈ 8.7 eV. Thus, the non-stoichiometric SiOx holds a wide bandgap that can be adjusted depending on the oxygen content. Starting at a bandgap of 1.7–1.9 eV for non-crystalline Si, the Eg value could theoretically be raised to ≈8.7 eV for stoichiometric SiO2 (see Figure 10).



For the SiOx coatings with x < 2 the valence band edge moves up, as the increased Si–Si bond states gradually overlap with the oxygen nonbonding states and lastly spread out into the Si valence band [50]. At the same time, the conduction band edge also moves down and, as a net result, a decrease in Eg is observed, as the Si concentration is gradually increased.



Butler and Ginley introduced a theoretical approach to estimate the position of band edges using the following relation [53,54],


ECB0= Ee−X+ 12Eg



(6)




where


X = [xSixxoy]1x+y



(7)




and


xel = 12(Ael+ Iel);el = Si, O



(8)




Here ECB0 is the conduction band potential, Ee is the energy of free electrons on the normal hydrogen electrode (NHE) scale (4.5 eV), X is the Sanderson electronegativity of the as-deposited material, which is dependent upon the elements of its composition, that is, X is expressed as the geometric mean of the electronegativities of the constituent atoms. On the other hand, the electronegativities of the constituent atoms are defined as the arithmetic mean of the atomic electron affinity energy, Ael, and the first ionization energy, Iel (both in eV) in which the “el” index refers to a particular chemical element. The values of the affinity energies for Si and O elements are 1.39 and 1.46 eV, respectively, while the ionization energies for these elements are 8.15 and 13.62 eV, respectively.



The calculated values of the Sanderson electronegativity, the positions of both the conduction band and the valence band (EVB0) of SiOx thin films (relative to the NHE scale) are shown in Table 5 and represented in Figure 11.



It is observed that the positions of the conduction band and valence band of the as-deposited SiOx thin films were shifted toward more negative and more positive potentials, respectively by increasing the ratio of the oxygen content of the SiOx films.



Figure 12 refers to the cross-section SEM micrograph of the sample identified as @1.4. It is noteworthy that in order to carry out SEM analysis, the SiOx films were firstly deposited on aluminium substrates. This procedure makes easier to visualize and distinguish the different interfaces formed by the as-deposited SiOx thin film and the Al underlying substrate.



From the analysis of SEM micrograph, it can be clearly observed that the as-deposited SiOx thin film exhibits great compactness (thus, also being an excellent solution in coating’ applications for gas diffusion barriers) and presents a high leveling ability, as it exhibits great thickness uniformity along all the surface of the underlying Al substrate.




3.3. Current–Voltage Characteristics


Figure 13 shows the I-V characteristic of the Au/SiOx/n-Si structure (MIS structure) in both linear (Figure 13a) and semi-logarithmic scale (Figure 13b), measured in dark and at room temperature (T ≈ 300 K, a typical situation in Portugal characterized by high average ambient temperature). The plots in Figure 13, refers to the samples deposited with O2 gas flows of 1.4 and 2.0 sccm and does not include the sample coded as @1.6 because, for this sample, the corresponding characteristic curve practically overlaps with that of sample @2.0, a situation already observed for the case of FTIR measurements and also in optical analysis.



It is observed that the Au/SiOx/n-Si structure (behaving like a Schottky diode) exhibits a very good diode rectifying performance with a rectification ratio of 300 and up to 104, which refer to the @1.4 and @2.0 samples, respectively. These values were calculated by taking the ratio of IF/IR at 1 V, where IF and IR stands for the forward and reverse current, respectively.



For both samples, the forward current increases exponentially (see Figure 13a) till reaching the series-resistance (RS) limited region, which is characterized by a descending curvature (see Figure 13b). It is well-known that for an ideal diode the standard I-V characteristic curve can be expressed by the thermionic emission model [55]


I(V)= I0[exp(qVnkBT)−1]



(9)




where V is the applied voltage, n is the ideality factor, q is the electron charge and I0 is reverse saturation current due to the minority carriers, which can be given by:


I0=SA*T2exp(qφbkBT)



(10)




where  qφb is the apparent Schottky barrier height for zero-bias point at the interface, S is the area of the rectifier contact and A* is the effective Richardson constant.



The reverse current, IR, in Figure 13b (−1 < V < 0) V, provides valuable information about the device structure. As observed from Figure 13b the I-V curves quite differ from the linearity at high reverse bias voltage. The measured current values grow with the increase in reverse applied bias voltage and scale up gradually with the reverse bias without any influence of saturation for all the devices. In this case, non-saturating behavior of reverse current can be explained in terms of the image force lowering of the barrier height due to unstable O and H presence. Moreover, IR for the @1.4 sample is about two orders of magnitude greater than that for the @2.0 sample at −1 V. The measurements of IR values have been carried out under dark conditions, at room temperature, which may have been sufficient to promote the generation of thermal carriers, whose contribution for IR could differ from sample to sample and depends on the energy band characteristics. Noteworthy is that, in general, the higher values of reverse current were registered for sample @1.4, which is the one with the highest Urbach energy and the lowest bandgap value and also oxygen-deficient, thus eventually facilitating the excitation of charge carriers by thermal generation.



The equation that governs an ideal diode makes certain assumptions. Firstly, it assumes a low-level injection of carriers across the junction and also the resistance of the diode in different non-homogenous regions is neglected. However, for a real diode, a number of non-idealities are usually found and this should be taken into consideration to perform its characterization and the ideal diode equation is usually written in the form (9) with I0 → Iparts and n → nparts, applied to a limited range of V.



Such a relation is the so-called by-parts diode equation and highlights that some particular mechanisms play a dominant role in certain regions of the diode’s I-V characteristic curve. For most of cases, it is usual to analyze two different regions in the real diode’s I-V characteristic curve, in which certain mechanisms dominate the current flow. These two regions are the designated by diffusion region (where the dominant current mechanism is a diffusion process) and the Ohmic depletion region, which in turn, plays a dominant role where the forward current flow already takes much higher values [56]. The majority of effects occurring in the Ohmic region (also known as the high injection level regime) arise from changes in the majority carrier concentrations on both sides of the diode’s depletion region.



Thus, Iparts and nparts are characteristic values depending on the dominant mechanism the causing current flow in a real diode. It is important to refer that the ideality factor, nparts not only takes into account the different current flow mechanisms, but it also depends on unwanted defects eventually introduced at the SiOx/n-Si interface during the deposition process. According to Equation (9), the ideality factor of the Au/SiOx/n-Si structure was determined from the slope of the straight line taken in the diffusion region of the forward I-V characteristic curve plotted in the logarithmic scale, [qV/(nparts × kB × T)]. For the purpose of identifying the two abovementioned regions in an I-V characteristic curve of a real diode, Figure 14 shows the I-V characteristic for the forward-biased Au/SiOx/n-Si real diode referring to the sample identified as @2.0, which refers to the sample deposited with the higher O2 gas flow.



The series diode resistance, RS was determined by taking the reciprocal of the slope of the tangent to the corresponding I-V curve in the higher injection region, that is RS = (dI/dV)−1. Regarding the sample @2.0, the calculated values for the ideality factor and series diode resistance are 2.07 and 65.7 kΩ, respectively. For the sample @1.4 we have the values of n = 3.03 and RS ≈ 217 kΩ. Taking into account these findings (in particular, the excellent value of the ideality factor for sample @2.0), it is possible to state that the O2 gas flow has a crucial influence on the rectifying performance of the produced Au/SiOx/n-Si Schottky diodes since, both n and RS decrease with the growth of the oxygen content. It possibly reflects a closer approximation to the full stoichiometric condition. The increase of both n and RS of sample @1.4 may suggest eventual changes in the diffusion mechanism of charge carriers, which may be due to the presence of a greater number of defects and disorder in the SiOx/n-Si interface formed during the deposition process as well as some eventual contribution of the I-V setup employed. The high n values can also be the indication of the presence of an interfacial insulator layer patches at Au/SiOx interface or wide distribution of low Schottky barrier heights and distribution of interface states at the device interface.





4. Conclusions


A set of SiOx thin films were deposited by means of the target voltage control method, a simple procedure of reactive pulsed DC magnetron sputtering (PMS) at three different reactive gas (O2) flow rates. The use of the lowest O2 flow (@1.4) produced Si-rich thin films, while increasing the O2 gas flow facilitated the deposition of oxygen-rich films approaching stoichiometry (SiO2) as proven by IR absorption spectra. The results further suggest that it was the bombardment of the target with O2 gas that promoted a change in the oxidation state of the films being deposited, from silicon excess to a more stoichiometric structure, with Si–O bonds progressively replacing Si–Si bonds. Extending the FTIR spectra to the high-frequency region reveals the presence of H2O (O–H stretching vibrations) associated with the deposition and attributed to desorbed water from the walls of the vacuum chamber. The presence of H2O acts as an additional and contaminating source of hydrogen atoms, which possibly compete with the reactive O2 gas to form bonds with the silicon atoms that have been sputtered by Ar+ ion bombardment. In a future project, our deposition chamber will be improved by external application (along the entire diameter of its cylindrical body) of a thermal strap to prevent further contamination with unwanted water vapor.



The dependence of the film’s optical characteristics, namely the Urbach energy and energy bandgap, upon the oxygen content was demonstrated, since the lower O2 flow (@1.4) was proven to produce a Si-rich material with a larger Urbach tail and a narrower optical bandgap. It can be associated to the presence of more defects and a greater degree of disorder, which probably arises from an additional contamination source due to the presence of water vapor in the vacuum chamber during the deposition process.



Moreover, it is observed that the Au/SiOx/n-Si structure exhibits a Schottky diode rectifying behavior with a rectification ratio of about two orders of magnitude, between @1.4 and @2.0 samples, suggesting the device interface to be relatively free of interface states. Additionally, the above results have confirmed, that the PMS is a useful deposition method for SiO2 and the deposited thin film characteristics depend primarily on the O2 gas flow rate. Therefore, in a future article, the entire range of the O2 flow ratios shown in Figure 2 will be used to cover all the different deposition modes in order to study additional properties related to interlayers and barrier diffusion of SiOx thin films included under the scope of an on-going project.
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Figure 1. Experimental set-up for measuring of I-V characteristics and schematic representation of Au/SiOx/n-Si structure. 
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Figure 2. Hysteresis behaviors of target (cathode) voltage as a function of reactive O2 gas flow rate. 
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Figure 3. Fourier-transform infrared (FTIR) spectra for the as-deposited SiOx films and also for stoichiometric SiO2 (silica powder). δ is the deviation from stoichiometry. 
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Figure 4. Spectra acquired in high-frequency range for the as-deposited SiOx films (a) and structural geometries of the different oxidized states (b). 
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Figure 5. Rutherford backscattering spectrometry (RBS) spectrum of a SiOx layer (for sample @1.4). Arrows specify surface peaks of O, Si, and Ar. 
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Figure 6. Si atomic concentration (at %) and O/Si ratio measured by RBS as a function of the O2 gas flow. 
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Figure 7. The variation of the optical absorption coefficient for different SiOx thin films. 
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Figure 8. The variation of logα with the incident photon energy (ħω), from which the Urbach energy for SiOx thin films was obtained. 
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Figure 9. Variation of the Urbach energy and bandgap energy as a function of O2 gas flow for the as-deposited SiOx films. 
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Figure 10. Variation of the bandgap energy from 1.7–1.9 eV for a-Si to about 8.7 eV for stoichiometric SiO2, controlled by varying the oxygen concentration (here, qχ is the electron affinity and Φ is the electron work function). 
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Figure 11. The conduction and valence band energy potentials of the SiOx thin films. 
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Figure 12. Cross-section SEM micrograph referring to the @1.4 SiOx sample deposited on Al substrate. 
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Figure 13. Current–voltage characteristic curve of Au/SiOx/n-Si structure in dark. Linear (a) and semi-logarithmic (b) scale. 
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Figure 14. I-V characteristic curve for the forward-biased Au/SiOx/n-Si real diode (@2.0 sample). 
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Table 1. Parameters used in pulsed direct current (DC) magnetron sputtering of SiOx thin films.
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Sample ID

	
Current (A)

	
Voltage (V)

	
Reverse Time (µs)

	
Frequency (kHz)

	
Gas Flow (sccm)

	
Reverse Phase (%)




	
Ar

	
O2






	
@1.4

	
0.35

	
385

	
5.0

	
60.0

	
8.0

	
1.4

	
30.0




	
@1.6

	
217

	
1.6




	
@2.0

	
210

	
2.0
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Table 2. FTIR vibration modes for as-deposited SiOx films [34,35,36].
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Vibration Mode

	
Peak Position (cm−1)




	
Sample ID




	
@1.4

	
@1.6

	
@2.0

	
SiO2






	
Si–O rocking

	
397

	
438

	
440

	
461




	
Si–O bending

	
789

	
797

	
799

	
810




	
Si–O stretching (on phase)

	
932

	
1010

	
1013

	
1082




	
Si–O stretching out of phase

	
1140

	
1148

	
1150

	
1203




	
Si–H wagging

	
648

	
–

	
–

	
–











[image: Table]





Table 3. Frequencies and type of vibrations modes in high-frequency range for the as-deposited thin films [39].
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Group

	
Cluster

	
Peak Number

	
Vibration Type

	
Wavenumber (cm−1)






	
SiH3

	
OSiH3

	
(3)

	
s-stretching

	
2162




	
SiH2

	
OSiH2

	
(2)

	
a-stretching

	
2025




	
SiH

	
OSiH

	
(1)

	
stretching

	
1980




	
O2SiH

	
(4)

	
stretching

	
2376
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Table 4. The values of the Urbach energy (Eu), direct forbidden bandgap energy (Eg), steepness parameter (σ) and the pre-exponential constant (α0) for the as-deposited SiOx thin films.






Table 4. The values of the Urbach energy (Eu), direct forbidden bandgap energy (Eg), steepness parameter (σ) and the pre-exponential constant (α0) for the as-deposited SiOx thin films.





	Sample ID
	Eu (meV)
	Eg (eV)
	Steepness Parameter (σ)
	Constant, α0 (cm−1)





	@1.4
	523.45
	3.98
	0.049
	104.1



	@1.6
	178.48
	4.18
	0.145
	104.8



	@2.0
	172.85
	4.21
	0.150
	105.1
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Table 5. The values of the optical energy bandgap (Eg), the Sanderson electronegativity (X) and the positions of both the conduction and valence bands (relative to the normal hydrogen electrode (NHE) scale) for the produced SiOx thin films.






Table 5. The values of the optical energy bandgap (Eg), the Sanderson electronegativity (X) and the positions of both the conduction and valence bands (relative to the normal hydrogen electrode (NHE) scale) for the produced SiOx thin films.





	Sample ID
	Eg (eV)
	X (eV)
	ECB0 (eV)

(vs. NHE Scale)
	EVB0 (eV)

(vs. NHE Scale)





	@1.4
	3.98
	6.457
	−0.03
	3.95



	@1.6
	4.18
	6.534
	−0.06
	4.12



	@2.0
	4.21
	6.539
	−0.07
	4.15
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