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Abstract

:

This work reports on the role of structure and composition on the determination of the performances of p-type SnOx TFTs with a bottom gate configuration deposited by rf magnetron sputtering at room temperature, followed by a post-annealed step up to 200 °C at different oxygen partial pressures (Opp) between 0% and 20% but where the p-type conduction was only observed between in a narrow window, from 2.8% to 3.8%. The role of structure and composition were evaluated by XRD and Mössbauer spectroscopic studies that allows to identify the best phases/compositions and thicknesses (around 12 nm) to be used to produce p-type TFTs with saturation mobility of 4.6 cm2 V−1 s−1 and on-off ratio above 7 × 104, operating at the enhancement mode with a saturation voltage of −10 V. Moreover, a brief overview is also presented concerning the present state of the existing developments in processing SnOx TFTs with different methods and using different device configurations.
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1. Introduction


Oxide electronics are a promising alternative to amorphous silicon (a-Si:H) and organic semiconductors to build reliable Thin Film Transistors (TFT) and more complex electronic circuits, addressing the challenges of flexible electronics and of the low cost and disposable electronics. In spite of the earlier work made during the 60s concerning the processing of n-type TFT [1,2], only forty five years later, with the work of Hosono [3], Wager [4], Carcia [5] and Fortunato [6], a significant worldwide interest materialised, especially for the active matrix for organic light emitting diodes (AMOLED) technology, exploiting their electronic properties, such as high saturation mobility, excellent uniformity and homogeneity, together with a high reliability associated with a low or room processing temperature [7].



However, there is no report on p-type oxide TFTs that are processed and cured at low temperatures with a performance similar to n- type, due to the low hole mobilities so far achieved in running stable and reliable devices [8]. The achievement of reliable p-type TFT, with performances similar to n-type TFT is of great importance for shaping electronics challenges towards the production of complementary metal oxide semiconductors (CMOS), a key device for analogic and digital electronic systems, thanks to their low power consumption. This is a noticeable relevant CMOS property for low cost flexible electronics. To this end, we could use organic semiconductors, aiming to exploit the advantage that they can be processed at low temperatures.



Concerning organic p-type TFTs, most device performances on stability and mobility (<2 cm2 V−1 s−1) are low [9,10,11,12], while the n-type organic TFT still exhibits low mobilities (≤1 cm2 V−1 s−1) and requires a high absolute on voltages to switch it on [13,14].



An alternative to this is the inorganic oxide TFT, which is robust but in most cases requires high process temperatures. So far, most of the reported oxide TFTs are n-type, processed either on rigid or flexible substrates in which exists a consolidate set of results for films processed via physical or chemical methods [1,2,3,4,5,6,7,8,15,16]. For p-type, the transport due to holes is associated wirh oxygen p asymmetric orbitals, which severely limit the carrier mobility and therefore the TFT performances. In spite of Cu2O being a p-type oxide with mobility >100 cm2 V−1 s−1 [17,18], the TFT based on these thin films or their compositions as Cu:NiO, exhibit mobilities and On-Off current ratios of <1.5 cm2 V−1 s−1 and 104 respectively [17,18,19,20,21]. Other materials have been also reported, such as NiOx processed/annealed at 300 °C, exhibiting mobilities above 25 cm2 V−1 s−1 [22].



Tin oxide has been studied as an alternative material to produce p-type oxides, with similar performances as those obtained in n-type oxides. The structure, morphology and ambipolar characteristic of these films are well known for oxides processed by reactive sputtering using metal targets and heat treated at 400 °C [23]. Indeed, it is known that SnO has an indirect band gap structure specifically controlled by the divalent tin (SnII), in a layered crystal structure [24,25] with major contributions from Sn 5s and O 2p orbitals near the valence band maximum (VBM) and Sn 5p orbitals towards the conduction band minimum (CBM). The p-type behaviour is mainly attributed to the Sn vacancy and the O interstitial where tin is in Sn2+ oxidation state [24,25]. The excess oxygen in the film transforms some cations in Sn3+ to maintain electrical neutrality. This process is considered to be Sn2+ capturing a hole and forming weak bonded holes, located inside the bandgap, near the top of the valence band as localized acceptor states [26,27]. This means that the final free carriers’ behaviour of the films process is highly dependent on how oxygen is bonded and how it may compensate for defects.



Here, the contributions from Sn 5s states to VBM offer appreciable hole mobility in this material, without using a high processes temperature [28,29]. This leads also to the production of TFT with different geometry configurations [30] or using, besides metallic targets, ceramic ones on films grown by rf magnetron sputtering, heat treated at 400 °C [31].



In Table 1 we present the set of developments obtained concerning the performances of p-type SnO TFTs produced by Radio Frequency Magnetron Sputtering (RFMS) in the last 10 years [28,32,33,34,35,36,37,38,39,40,41,42,43,44,45,46,47,48,49]. There, we also present the architecture selected (SBG: staggered bottom-gate; STG: staggered top-gate; CBG: coplanar bottom-gate; CTG: coplanar top-gate; DG: double-gate), the process temperature, the oxygen partial pressure (Opp) and the type of dielectric used.



Overall, we notice that the only devices processed at room temperature using the RFMS technique are those developed by the present group [28,33]. Here, it is also relevant to mention that the presence of low oxygen partial pressure during the deposition process enables the production of more stable devices [35,48,49]. Apart from that, the configuration most used is the staggered bottom-gate, while the most common dielectric used is the silicon dioxide. Apart from that, most of the substrates used are rigid (glass or silicon wafer), except that referred to as CMOS devices integrating p-type TFT based on SnOx made on paper [33].



Besides stability and reproducibility issues, the data presented show that the device with the best mobility (5.53 cm2 V−1 s−1, with Perovskite-Mediated Photogating [47]) does not correspond to the device with the highest On/Off (Ion/Ioff) ratio (5.2 × 106, using argon-plasma surface treatment [45]). Apart from that, most of the TFT studied does not work on the enhancement mode, as desired for application purposes.



Moreover, we noticed that the thickness of the channel layer, together with the state of the surface (degree of roughness and surface defects), determine the electrical characteristics presented by TFT and its stability.



In Table 2 we present the most significant data achieved in the last ten years concerning the production of SnOx p-type TFT using different processing techniques such as: Pulsed Laser Deposition (PLD); Electron-Beam Evaporation (EBE); Thermal Evaporation (TE); direct current magnetron sputtering (DCMS); PVD: Physical Vapor Deposition (PVD); Atomic Layer Deposition (ALD); Spin-Coating (SC). As in Table 1, the different type of device configurations are also shown (SBG: staggered bottom-gate; STG: staggered top-gate; CBG: coplanar bottom-gate; CTG: coplanar top-gate; DG: double-gate); Oxygen partial pressures (Opp); dielectrics and process temperatures used.



Overall, the best p-type TFTs fabricated so far have been those processed by DCMS, exhibiting a mobility of 6.54 cm2 V−1 s−1 and an On/Off ratio of 105, working in the depletion mode [30]. Moreover, the p-type TFT processed by PVD and using a STG configuration exhibit the highest recorded On/Off ratio (9.6 × 106) [56].



From the present state of the art, we saw that there are several parameters that impact on the electrical performance presented by p-type TFT SnOx based, most of them connected to the process parameters used, the structure of the films obtained, as well as the dielectric and the geometry configuration used.



In this paper, we report the fabrication of p-type SnOx TFTs deposited by RFMS technique at RT that are post-annealed up to 200 °C, turning the process compatible with the use of low-cost flexible substrates as paper [7]. In this study, we aim to better understand the role that the structure, surface finishing and oxygen play during the growing process of SnOx in order to define a process window that allows the production of reliable and high stable p-type TFT with high electronic performances, such as field effect mobility and On-Off- current ratios.




2. Materials, Methods and Results


2.1. Experimental Details


Films Preparation


SnOx thin films (5–100 nm) were deposited on glass substrates with an r.f. magnetron sputtering system at room temperature, using a metallic tin target (99.999% pure). Depositions were carried out in a controlled atmosphere of oxygen and argon, using an r.f. power of 40 W and 4 substrates of 1 inch ×1 inch placed in the substrate holder were rotated at a speed of 40 rpm, aiming to get high uniform films overall substrate area. Experiments were performed by varying Opp (Opp = PO2/(PO2 + PAr), between 0% and 20%, where PO2 and PAr are partial pressures of oxygen and argon, respectively, keeping the total deposition pressure constant at 0.2 Pa. Moreover, the argon gas flow was kept constant—around 50sccm—while the oxygen gas flow varied from 0 to 12.5 sccm. At these conditions, the deposition rate was 40 Å/min. After deposition, the films were annealed under standard environment conditions at temperatures around 200 °C, for different times inside a tubular furnace.





2.2. Structure Morphology, Composition and Electro-Optical Data and Analysis


Prior to processing the TFT devices, the material in which the channel is based was deposited on glass substrates and their structure, morphology, composition and electro-optical properties were fully analysed, aiming to determine the best conditions in which to grow the channel layers of the TFT. The structure of the films was studied by X-ray diffraction (XRD) using a PANalytical X’Pert PRO (Cambridge, MA, USA) with Cu Kα radiation (λ = 1.540598 Å) while the morphology was assessed by scanning electron microscopy (SEM) with a ZEISS SEM/FIB AURIGA (Jena, Germany) operated at 2 kV, with an aperture size of 30 µm and a working distance of 5.2 nm. The surface roughness of the films was analysed using atomic force microscopy (AFM) with an Asylum MFP-3D instrument (Oxford Instruments, Oxford, UK) in non-contact mode.



The optical transmittance (T%) was measured between 300 to 2500 nm, using a double-beam UV–vis-NIR spectrometer (Lambda 950, San Dimas, CA, USA).



The electrical resistivity (ρ), Hall mobility (µ) and free carrier concentration and their nature (electrons or holes) were determined by Hall effect measurements in Van der Pauw geometry in a Biorad HL 5500 equipment (York, England) using a constant magnetic field of 0.5 T. The electrical properties of the samples were measured at room temperature.




2.3. Structure Data and Analysis


Figure 1 shows the XRD and Mössbauer and CEMS spectra of as-deposited and annealed SnOx films with Opp = 3.0% and Opp = 3.6% Opp, respectively, as the limits of the interval where a p-type transport behaviour is observed, as proven by Hall effect measurements (a positive Hall coefficient obtained for all samples evaluated, after annealing).



The XRD data show that the films as deposited are amorphous, turning crystalline after annealing at 200 °C.



Figure 1a shows that the XRD pattern of films are 120 nm thick as deposited, where we can see that the metallic tin dominates over the SnO phase. It also shows the XRD diffractograms for SnO powder and metallic Sn, to be taken as references.



Room temperature transmission Mössbauer and 119Sn conversion-electron Mössbauer spectroscopy (CEMS) were performed on the set of samples prepared, before and after annealing, using a proportional backscatter detector RIKON-5 (Wissel) in flowing 5% CH4-95% He gas mixture (see Figure 1b). The spectra were collected using a conventional constant acceleration spectrometer and a 5 mCi Ca119mSnO3 source. The velocity scale was calibrated using a 57Co (Rh) source and an α-Fe foil. The Sn isomer shifts (IS) are given relative to BaSnO3 reference material at 295 K (RT) and obtained by adding 0.031 mm/s to the IS relative to the source. The spectra were fitted to Lorentzian lines using a non-linear least-squares method. The set of extrapolated parameters extracted are presented in Table 3.



The Mössbauer spectra of Sn, SnO and SnO2 samples were also taken as reference samples in order to compare with those of the phases detected in the films by CEMS. The spectra of the reference samples reveal the typical spectra corresponding to β-Sn, α-SnO and SnO2, respectively [59,60]. The α-SnO spectrum reveals the typical air contamination due to the higher recoilless fraction of Sn4+ in SnO2 as compared to Sn2+ in α-SnO [61,62], besides the presence of the α-SnO [60,61,62,63]. The spectra recorded were fitted by three contributions connected to isomer shifts (IS) of Sn4+, Sn2+ and metallic Sn (see Table 1). The absorption peak due to metallic Sn is similar to that of the β-Sn, confirming its presence, which agreed with the XRD data. Moreover, the IS quadrupole splitting (QS) and the line widths of Sn2+ in the films before annealing are higher than the corresponding parameters for bulk α-SnO. After annealing, the widths of Sn2+ decrease, reaching values close to those of crystalline α-SnO. This suggests that the Sn2+ oxide present is amorphous before annealing, transforming into the crystalline form after annealing at 200 °C for at least 30 minutes. These data agree with those obtained from XRD for the same samples, showing that the films as-deposited are mainly composed of amorphous SnO and metallic β-Sn, with residual amounts of SnO2, which were only detected by CEMS. The SnO2 IS and quadrupole splitting (QS) deduced differs from those of bulk SnO2 which we attribute to the low degree of crystallinity of the films. Assuming that the recoilless factors of β-Sn, SnO and SnO2 in films are not different for the same species in the different samples, the fraction of Sn atoms in each phase should follow the same trend, with annealing or with Opp used. Indeed, the data recorded reveal that the fraction of Sn present as β-Sn is lower in the film deposited at higher Opp (3.6%), than in those deposited at 3.0%. After annealing at 200 °C, the films crystallize leading to the formation of a strong α-SnO phase which also contributes to the oxidation of β-Sn. Under these conditions, the SnOx with 1 < x < 2, is the dominant phase of the channel layer with a small contribution from metallic tin, explaining the p-type transport behaviour observed.




2.4. Electrical Data and Analysis


Hall Effect measurements were performed to identify the charge carrier and carrier mobility in the material. As we are in the presence of ambipolar material, as it is the case of SnOx [64], electrons and holes will pile up at the same side of the sample and consequently the measured Hall voltage depends on the relative mobilities and concentrations of holes and electrons. Hall mobility for an ambipolar semiconductor is thus given by,


μHall=n⋅μn2−p⋅μp2n⋅μn+p⋅μp



(1)




where n, p, µn and µp represent electron density, hole density, electron mobility and hole mobility respectively. This leads to a reduction in the Hall mobility, compared to the mobilities of the charge carriers.



In the present study, the samples as deposited exhibit fluctuations in the sign and magnitude of the Hall coefficient, where the average mobilities of carriers were of about 10−1 cm2 V−1 s−1. After annealing up to 200 °C for 30 minutes, films prepared with 2.8% < Opp <3.8 show a positive Hall coefficient. This suggests a considerably large density of holes compared to the density of electrons, resulting in a positive Hall voltage with typical Hall mobility of 2 cm2 V−1 s−1 associated to the materials’ evaluated.



Figure 2 shows the resistivity variation of SnOx films for different Opp, as deposited and after annealing at 200 °C, for different annealing times.



The data show that the resistivity of the films processed tends to saturate around 30–40 Ω·cm, for annealing times above 30 mn. The lowest annealing time is for samples processed with Opp above 3.20%, while the highest time (above 60 mn), for samples prepared with 2.80%< Opp <3.20%.



Annealing at temperatures above 200 °C cause again a decreasing tendency in material resistivity (not shown here) that can be associated with the phase transformation of the material from SnO (p-type) to SnO2 (n-type). These data are consistent with those depicted in Figure 1b.




2.5. Optical Data and Analysis


Figure 3a shows the optical transmittance data of the films processed for 2.80%< Opp <3.20%, as deposited (RT) and after annealing at 200 °C, during 30 mn. The data depicted show that as Opp increases the films become more transparent, as expected. As deposited, independent of Opp used, the data depicted show, on average, transmittances below 20% in the visible region. These low values are attributed to the presence of large concentration of metallic tin in the films. By annealing the films, the optical transmittance in the visible region increases up to 55%, function of the Opp used.



The optical band gap Eg of the films were determined by the relationship:


α⋅h⋅ν=const⋅(h⋅ν−Eg)r



(2)




where α is the absorption coefficient, hν denotes the photon energy and r a constant depending on the type of optical transition expected. The Eg value is then obtained by linearly extrapolating the plot of (α⋅h⋅ν)1/r versus h⋅ν and finding the intersection with the abscissa.



The optical data in Figure 3a were analysed with r = ½ (direct transition, for SnO, expected to be Eg ~2.5 eV and for SnO2Eg ~3.6 eV, see Figure 3b) and r = 2 (Indirect transition, for SnO Eg ~1 eV). For the different Opp used, as deposited the direct band gap varies between 1.5 eV and 1.8 eV, while the estimated indirect band gap is kept around 0.6 eV. These values reflect the quasi metallic state of the films produced. After annealing, the films are better oxidized and the structure changes, as observed in Figure 1. Overall, we estimate a direct band gap with 2.6 eV <Eg <2.75 eV, while the indirect band gap is 1.6 eV < Eg < 2.2 eV (see Figure 3c,d). These values are close to the reported bandgap values for SnO films, showing for the range of Opp used the SnO2 phase does not dominate the optical characteristics of the films produced. Small variations in these values could be understood on the basis of fractional variations of various phases (metallic tin, SnO and SnO2) in the films.





3. Devices Results and Analysis


Taking into a count the set of results obtained during the evaluation of the films processed, we centred our attention in evaluating the devices performances by using tin oxide channel layers processed close to the extremes of the Opp window in which a clear p-type behaviour was observed after annealing, respectively for Opp = 3.0% (≈1.57 sccm) and Opp = 3.6% (≈1.78 sccm). To reduce the channel conductance, thus allowing a better modulation of the same, we reduced the channel layer thickness to values around 12 nm. A batch of more than 40 devices were evaluated and the devices performances varied within a standard deviation of about ± 7% from the average.



3.1. Devices Structure, Geometry, Fabrication and Characterization Conditions


Bottom gate TFTs were fabricated on glass substrates coated with 150 nm thick layer of sputtered ITO and a 220 nm thick layer of aluminium-titanium oxide (ATO). SnOx channel layer (width/length = 50 nm/50 nm and 12 nm thick) was deposited over this coating by r.f. magnetron sputtering at RT, using the same process conditions as reported before. Drain and source electrodes were based on Ni/Au (9 nm/60 nm) stack layers deposited by electron beam evaporation. After deposition, the devices were annealed in air up to 200 °C for 30 minutes.



Figure 4a–d show the SEM and AFM images of the surface morphology of the TFT channel layer 12 nm thick. The data depicted show that the shape of the microstructure of the grains obtained are similar, slightly increasing as Opp increases, while the roughness decreases, respectively from 4.6 nm to 4.3 nm.



Figure 4e is a schematic of the SnOx TFT with a bottom gate configuration. Figure 4f shows the cross-section SEM image of the TFT prepared at 3.0% Opp, revealing a perfect step coverage of the deposited layer (channel and drain/source contacts), highly compact, uniform and homogeneous, without visible defects.



TFT electrical characterization was performed with an Agilent 4155C semiconductor parameter analyzer (Santa Clara, CA, USA) and a Cascade Microtech M150 microprobe station (Livermore, CA, USA) inside a dark box at ambient atmosphere. By doing so, we avoid problems that may arise from persistent photoconductive effects [65].




3.2. Capacitance Measurements Data and Analysis


In order to better understand the role of the interfaces as well as of the dielectric on the TFT performances, CV measurements were directly performed on the TFTs by performing measurements between the gate electrode and drain and source short-circuited. The data were interpreted using an electrical model consisting of a contact resistance RC (the same value for drain and source regions) in series with a combination of two parallel RC resonators as shown in the sketch of Figure 5a. One of the resonators represents the semiconductor channel capacitance (CS) that varies dynamically, depending on the extension of the accumulation/depletion layer. The other component is the interface trap capacitance (Cit) in series with the corresponding associated interface resistance Rit, both depending on the interface defects given by:


Cit=ρ(V)dVdx=εε0ρ(V)Q=q2Dit1+ω2τit2



(3)




where Dit is the interface trap density, τit = Rit × Cit is the trap response time. Finally, we have in series the insulator geometric capacitance (Cox). As the frequency tends to a steady state condition, we have almost Cit in parallel with Cs and the resulting capacitance in series with Cox. Therefore, for non-perfect semiconductors (basically, the amorphous ones), by using a frequency modulation less than the relaxation frequency of the semiconductor (fr=12πRBCs=12πρBεSε0, where RB is the channel bulk resistance), we expect that capacitance will be influenced by the number and nature of the interface defects, their length and depth extension which determines the way in which the structure responds to the electrical stimulus in the low frequency regime. On the other hand, at very high frequencies, Cs dominates and Cit ≅ 0, being now relevant the role of Rit in parallel with Cox. In this case the capacitance-voltage curves can be distorted due to charging effects, leading to a decrease or even to a not well-defined flat capacitance maximum (Cmax), as observed in the normalized C-V plots of Figure 5b for different frequencies and on the behaviour of Cmax with the frequency, depicted in Figure 5c. Figure 5b also shows the transfer characteristics of the TFT under analysis, where the hysteresis behaviour recorded is visible, which we associate with the role of interface defects.



Figure 5c shows the dependence of the maximum capacitance recorded on the frequency. There, we notice that at frequencies below 100 Hz the capacitance tends to reach flat behaviour while the hysteresis voltage shift is enhanced, following a similar trend as that of the I-V TFT transfer characteristics. We associate this behaviour with interface localized states that respond at frequencies below fr.



The analysis of the C-V plots shows that the minimum capacitance is not fully flat. This behaviour is attributed to the small thickness of the semiconductor (≤ 12 nm), which limits the extension of the depletion region. As the possible maximum width of depletion region is 12 nm (the semiconductor thickness), this means that the minimum capacitance of the system will not be much lower than the total capacitance. We also estimate the flat band voltage shift and the oxide charge density.



Figure 6 shows the dependence of these parameters on the frequency, for the upward and downwards sweeps, in order to take into account the hysteresis observed. For the set of calculations performed, it was considered that the level of acceptor concentration (Na) was in the range of 1017 cm−3 with a good work function match between the gate electrode and the semiconductor.



Overall the data depicted show an enhancement on the flat band voltage and on the oxide charge density as the frequency decreases.




3.3. TFT Electrical Data and Analysis


Figure 7 and Figure 8 show the TFT electrical characteristics of the two extreme cases evaluated, as processed, and after 50 days as a way to determine their stability (devices ageing effects).



Figure 7a shows the output characteristics (IDS-VDS) of such TFT produced at Opp = 3.0%. The gate voltage was varied from 0 V to −50 V in −10 V steps. Very small IDS at zero gate voltage indicates an almost closed channel. On increasing the gate voltage to higher negative values, holes accumulated at the channel-insulator interface forms a conduction path between source and drain. These TFTs exhibit hard saturation at large VDS, which is similar to pinch off in the usual field-effect transistors, revealing the high quality of the devices fabricated.



Figure 7b shows the transfer characteristics of the same TFT, as above, but now using two different thicknesses for the channel layer, 12 nm and 28 nm respectively. The data depicted reveal that by decreasing the channel thickness the On/Off ratio improves from ~102 to 7 × 104, while the subthreshold swing voltage (the slop of the transfer curve when the current goes from the Off state to the On state) is reduced by more than a factor of 3. This allows us to select 12 nm as the best device thickness as stated before.



Figure 7c shows the plot of the square root of the absolute value of the drain current, at VDS = −30 V as a function of VGS, for the same samples depicted in Figure 7b, for evaluating saturation mobility and threshold voltage, respectively. The data depicted show that irrespective of the channel layer thickness, the saturation mobility achieved is around 4.6 cm2 V−1 s−1, while the threshold voltage is shifted from 8.1 V to −10 V on reducing the channel thickness from 28 nm to 12 nm, respectively. Negative threshold voltage indicates the enhancement mode operation of the p-channel TFTs, as required to keep the channel closed when no voltage is applied to the gate.



Figure 7d shows the dependence of the absolute value of IDS [ABS(IDS)] as a function of VGS for devices fabricated using Opp equal to 3% and 3.6%, respectively and heat treated at 200 °C during 30 mn and 60 mn, respectively. Table 4 shows the TFT parameters extracted from Figure 7d, where the dominant phase composition of the films processed is also shown, as revealed by the difractograms in Figure 1. The data show that the most stable devices with the best device performances are achieved when using an Opp of about 3% and an annealing time of around 30 minutes, where the main dominant phase is just attributed to α-SnO. On the other hand, the films processed at Opp ≥ 3.6% reveal a growing role of the β-SnO phase and so increase the ambipolar behaviour of the films processed.



Figure 8 shows the transfer curves of TFTs fabricated using Opp = 3% and Opp = 3.6%, measured along consecutive 50 days after their fabrication. The data show that that the TFTs are very stable in operation, without any significant variation on On/Off ratio, threshold voltage and mobility.





4. Discussion of the Results


The analysis of the structure, composition and morphology of the films processed, together with the evaluation of their electrical and optical performances, allow us to select the best process conditions to produce high stable and reliable p-type tin oxide films by RFMS at RT, surpassing the existing state of the art knowledge, as shown in Table 1. The data shown in Figure 1 reveal a structure in which the metallic tin dominates over the SnO phase, as also confirmed by Mössbauer spectroscopy data. This suggests that in the α-SnO phase, the Sn2+ oxide present is amorphous. After annealing in air, the metallic tin (β-Sn) is oxidized leading to the SnOx (1 < x <2) phase formation, where now the Sn2+ oxide present is crystalline, with a strong α-SnO phase for which the minimum heat treatment time required is of about 30 min. To reach this goal Opp of ≥2.8% is needed which corresponds with the use of an oxygen gas flow above 1.46 sccm.



Below an oxygen gas flow of 1.46 sccm, films are metallic in nature and adhesion to the glass substrate was very poor.



On the other hand, if Opp > 3.8%, which corresponds with the use of an oxygen gas flow above 1.89 sccm, the films are highly resistive (>108 Ω·cm), decreasing substantially after annealing, with SnO2 being the dominant phase. In these conditions, films exhibit an n-type conduction behaviour. This clearly favours the ambipolar behaviour, as broadly observed [38,42,51,53].



Since we used a metallic tin target for sputtering, very low Opp was not sufficient to oxidize the film. The experimental data show that a stable SnO phase is only obtained if used during the deposition process of an oxygen gas flow in the range of 1.46–1.89 sccm (2.8% < Opp <3.8%.), after heat treatment at 200 °C for 30 minutes. This corresponds to producing films with a resistivity in the range of 30–40 Ω.cm (see Figure 2). On the other hand, the use of high oxygen gas flow (more than 1.89 sccm) favours SnO2 formation. That is, we can use the same material and, by proper control of the process parameters such as Opp and gas flow, turn it into an n-type or p-type semiconductor [51,53].



The optical data shows that the transparency in the visible range for films as deposited is below 20%, increasing as Opp increases. Moreover, the heat treatment enhances the optical transparency by about 3 times, proving that under these conditions the oxidation phase dominates over the metallic one (see Figure 3). The estimated bandgap value for the films deposited using oxygen flow in the range of 1.46–1.89 sccm was around 2.6 eV (see Figure 3). This agrees with the reported direct bandgap value of 2.7 eV, associated with the SnO dominant phase.



The study described above allowed us to select the best process conditions to grow p-type tin oxide films as being those for which Opp = 3%. Moreover, allow us also to observe that the thickness of the films plays a relevant role in determining the electrical modulating behaviour of the channel, as also observed in other works [48]. This led us to select the proper thickness of the channel layer as being 12 nm, as shown in Figure 4.



The analysis of the capacitance measurements realized on the TFT (pad contact area of about 100 μm × 100 μm) shows that the capacitance reaches a flat maximum for frequencies below 100 Hz, which corresponds to a value of about 23.8 nF/μm2. This allowed us to infer the saturation mobility [15]. Here, the reduced channel thickness (≤ 12 nm), limits the extension in which the channel is depleted and also its modulation extension. The hysteresis observed is attributed to the role of interface localized states in responding to electrical stimulus below the relaxation frequency fr. Moreover, from these measurements we could estimate the flat band voltage shift and the oxide charge density (see Figure 6) as being in the range from 13–15 V and 5 × 1012–6 × 1012 C/cm3, for the low frequency regime, shifting towards 9–10 V and 3.5 × 1012–4 × 1012 C/cm3, respectively for the high frequency regime, where shallow states do not respond to the electrical stimulus [15].



The analysis of the electrical characteristics of the TFT depicted in Figure 7 and Figure 8 show that p-channel oxide TFTs manufactured at RT, followed by intentional heat treatment at 200 °C, using a narrow process window associated with the oxygen gas flow used are highly reproducible, reliable and stable. In addition, they all work in the enhancement mode, exhibiting very good electronic performance, translated by high mobility and On/Off ratio, together with a relative low threshold voltage. The annealing temperature used is suitable for fabricating these devices on plastic or even on paper substrates [7], which cannot be the case when using heat treatment much above 200 °C [29,30,31,32]. The data depicted clearly show that the films developed throughout this study are among the best ever produced, as can be seen in Table 1 and Table 2, irrespective of the process technique used. Moreover, the very high On current of these devices makes them ideal for fabricating active matrix OLED driving circuits, where a TFT must supply sufficient hole current to the anode of the OLED. Use of an n-channel TFT results in a voltage drop over the OLED, which affects the drain current of the TFT. However, it does not affect the drain current of a p-channel TFT in the saturation mode.




5. Conclusions


In summary, we have fabricated highly reproducible high-performance p-channel oxide TFTs on glass substrates using an SnOx channel layer, for which the proper process conditions were selected. The SnO phase was identified and quantified by two independent techniques, XRD and Mossbauer spectroscopy, corroborating the p-type oxide semiconductor behaviour obtained, for films grown at low Opp (around 3%), where the dominant phase is due to α-SnO. The TFTs fabricated show typical saturation mobility of 4.6 cm2 V−1 s−1 and On-Off ratio > 7 × 104, with threshold voltages of about −10 V, indicating that the devices work in the enhancement mode. This is one of the best stable electrical performances achieved so far for p-type oxide TFTs processed at RT and heat treated at temperatures around 200 °C, as the survey conducted concerning the present state of the art in producing p-type TFT based on tin oxide shows (see Table 1 and Table 2). This will enable the fabrication of fully transparent CMOS either on rigid or flexible substrates, associated with all the advantages offered by transparent/oxide electronics.







Author Contributions


Conceptualization, E.F. and K.J.S.; methodology, R.M.; Structure, morphology, electrical and optical characterization, R.B., P.B.; Mössbauer spectra analysis J.C.W.; validation, E.F., P.B., R.B., K.J.S.; formal analysis, R.B., P.B., L.P.; resources, E.F., R.M.; data curation, P.B., R.B.; writing—original draft preparation, K.J.S.; R.M.; writing—review and editing; overview on the present state of art on p-type TFT SnO based, E.C., R.M.; visualization, E.F., R.M.; supervision, E.F.; project administration, E.F.; funding acquisition, E.F.




Funding


This work was partially supported by the European Commission under project INVISIBLE (Advanced Grant from ERC nº 228144); BET-EU (H2020-TWINN-2015, GA 692373); TREND (ERC-StG-2016, grant GA 716510); 1D Neon (H2020-NMP-2015-IA, grant 685758-21D). We also acknowledge the FEDER funds through the COMPETE 2020 Program under the project UID/CTM/50025/2013). The authors K. J. Saji thanks Portuguese Ministry of Science and Technology (FCT-MCTES) for offering research grants through the fellowships SFRH/BPD/62942/2009.




Acknowledgments


The authors would like to thank Joana Pinto for the support given in measuring the XRD of the films processed as well as the support given by the CENIMAT technical and administrative staff throughout the present study.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Klasens, H.A.; Koelmans, H. A Tin oxide Field-Effect Transistor. Solid-State Electron. 1964, 7, 701–702. [Google Scholar] [CrossRef]

	



Boesen, G.F.; Jacobs, J.E. ZnO Field Effect Transistor. Proc. IEEE 1968, 56, 2094. [Google Scholar] [CrossRef]

	



Nomura, K.; Ohta, H.; Takagi, A.; Kamiya, T.; Hirano, M.; Hosono, H. Room-temperature fabrication of transparent flexible thin-film transistors using amorphous oxide semiconductors. Nature 2004, 435, 488. [Google Scholar] [CrossRef] [PubMed]

	



Hoffman, R.L.; Norris, B.J.; Wager, J.F. ZnO-based transparent thin-film transistors. Appl. Phys. Lett. 2003, 82, 733. [Google Scholar] [CrossRef]

	



Carcia, P.F.; McLean, R.S.; Reilly, M.H.; Nunes, G. Transparent ZnO thin-film transistor fabricated by rf magnetron sputtering. Appl. Phys. Lett. 2003, 82, 1117. [Google Scholar]

	



Fortunato, E.; Barquinha, P.; Pimental, A.; Goncalves, A.; Marques, A.; Pereira, L.; Martins, R. Fully transparent ZnO thin-film transistor produced at room temperature. Adv. Mater. 2005, 17, 590. [Google Scholar] [CrossRef]

	



Martins, R.; Ferreira, I.; Fortunato, E. Electronics with and on paper. Phys. Status Solidi-RRL 2011, 5, 332–335. [Google Scholar] [CrossRef]

	



Fortunato, E.; Martins, R. Where science fiction meets reality? With oxide semiconductors! Phys. Status Solidi-RRL 2011, 5, 336. [Google Scholar] [CrossRef]

	



Senanayak, S.P.; Sangwan, V.K.; McMorrow, J.J.; Everaerts, K.; Chen, Z.H.; Facchetti, A.; Hersam, M.C.; Marks, T.J.; Narayan, K.S. Self-Assembled Photochromic Molecular Dipoles for High-Performance Polymer Thin-Film Transistors. ACS Appl. Mater. Interfaces 2018, 10, 21492. [Google Scholar] [CrossRef] [PubMed]

	



Kim, J.Y.; Kim, J.W.; Lee, E.K.; Park, J.I.; Lee, B.L.; Kwon, Y.N.; Byun, S.; Jung, M.S.; Kim, J.J. Cross-linked poly(hydroxy imide) gate-insulating materials for low-temperature processing of organic thin-film transistors. J. Mater. C 2018, 6, 13359–13366. [Google Scholar] [CrossRef]

	



Street, R.A. Thin-Film Transistors. Adv. Mater. 2009, 21, 2007. [Google Scholar] [CrossRef]

	



Dimitrakopoulos, C.D.; Malenfant, P.R.L. Organic thin film transistors for large area electronics. Adv. Mater. 2002, 14, 99. [Google Scholar] [CrossRef]

	



Chen, F.Z.; Jiang, Y.; Sui, Y.; Zhang, J.D.; Tian, H.K.; Han, Y.; Deng, Y.F.; Hu, W.P.; Geng, Y.H. Donor-Acceptor Conjugated Polymers Based on Bisisoindigo: Energy Level Modulation toward Unipolar n-Type Semiconductors. Macromolecules 2018, 51, 8652–8661. [Google Scholar] [CrossRef]

	



Kumagai, S.; Nakano, M.; Takimiya, K.; Takeya, J. Solution-crystallized n-type organic thin-film transistors: An impact of branched alkyl chain on high electron mobility and thermal durability. Org. Electron. 2018, 62, 548–553. [Google Scholar] [CrossRef]

	



Fortunato, E.; Barquinha, P.; Martins, R. Oxide Semiconductor Thin-Film Transistors: A Review of Recent Advances. Adv. Mater. 2012, 24, 2945–2986. [Google Scholar] [CrossRef] [PubMed]

	



Fernandes, C.; Santa, A.; Santos, A.; Bahubalindruni, P.; Deuermeier, J.; Martins, R.; Fortunato, E.; Barquinha, P. A Sustainable Approach to Flexible Electronics with Zinc-Tin Oxide Thin-Film Transistors. Adv. Elecron. Mater. 2018, 4, 1800032. [Google Scholar] [CrossRef]

	



Fortin, E.; Weichman, F.L. Hall effect and electrical conductivity of Cu2O monocrystals. Can. J. Phys. 1966, 44, 1551. [Google Scholar] [CrossRef]

	



Matsuzaki, K.; Nomura, K.; Yanagi, H.; Kamiya, T.; Hirano, M.; Hosono, H. Epitaxial growth of high mobility Cu(2)O thin films and application to p-channel thin film transistor. Appl. Phys. Lett. 2008, 93, 202107. [Google Scholar] [CrossRef]

	



Deuermeier, J.; Fortunato, E.; Martins, R.; Klein, A. Energy band alignment at the nanoscale. Appl. Phys. Lett. 2017, 110, 051603. [Google Scholar] [CrossRef]

	



Liu, A.; Nie, S.B.; Liu, G.X.; Zhu, H.H.; Zhu, C.D.; Shin, B.; Fortunato, E.; Martins, R.; Shan, F. In situ one-step synthesis of p-type copper oxide for low-temperature, solution-processed thin-film transistors. J. Master. Chem. C 2017, 5, 2524. [Google Scholar] [CrossRef]

	



Liu, A.; Zhu, H.H.; Guo, Z.D.; Meng, Y.; Liu, G.X.; Fortunato, E.; Martins, R.; Shan, F.K. Solution Combustion Synthesis: Low-Temperature Processing for p-Type Cu:NiO Thin Films for Transparent Electronics. Adv. Mater. 2017, 29, 1701599. [Google Scholar] [CrossRef] [PubMed]

	



Shan, F.K.; Liu, A.; Zhu, H.H.; Kong, W.J.; Liu, J.Q.; Shin, B.C.; Fortunato, E.; Martins, R.; Liu, G.X. High-mobility p-type NiOx thin-film transistors processed at low temperatures with Al2O3 high-k dielectric. J. Mater. Chem. C 2016, 4, 9438–9444. [Google Scholar] [CrossRef]

	



Stedile, F.C.; Debarros, B.A.S.; Leite, C.B.; Freire, F.L.; Baumvol, I.J.R.; Schreiner, W.H. Characterization of Tin Oxide Thin Films depopsited by reactive sputtering. Thin Solid Films 1989, 170, 285–291. [Google Scholar] [CrossRef]

	



Togo, A.; Oba, F.; Tanaka, I.; Tatsumi, K. First-principles calculations of native defects in tin monoxide. Phys. Rev. B 2006, 74, 195128. [Google Scholar] [CrossRef]

	



Allen, J.P.; Scanlon, D.O.; Parker, S.C.; Watson, G.W. Tin Monoxide: Structural Prediction from First Principles Calculations with van der Waals Corrections. J. Phys. Chem. C 2011, 115, 19916. [Google Scholar] [CrossRef]

	



Pan, X.Q.; Fu, L. Tin oxide thin films grown on the ((1)over-bar012) sapphire substrate. J. Electrocer. 2001, 7, 35. [Google Scholar] [CrossRef]

	



Batzill, M.; Diebold, U. The surface and materials science of tin oxide. Prog. Surf. Sci. 2005, 79, 47. [Google Scholar] [CrossRef]

	



Fortunato, E.; Barros, R.; Barquinha, P.; Figueiredo, V.; Park, S.H.; Hwang, C.S.; Martins, R. Transparent p-type SnOx thin film transistors produced by reactive rf magnetron sputtering followed by low temperature annealing. Appl. Phys. Lett. 2010, 97, 052105. [Google Scholar] [CrossRef]

	



Caraveo-Frescas, J.A.; Jesus, A.; Nayak, P.K.; Al-Jawhari, H.A.; Granato, D.B.; Schwingenschlogl, U.; Alshareeft, H.N. Record Mobility in Transparent p-Type Tin Monoxide Films and Devices by Phase Engineering. ACS Nano 2013, 7, 5160. [Google Scholar] [CrossRef] [PubMed]

	



Zhong, C.W.; Lin, H.C.; Liu, K.C.; Huang, T.Y. Improving Electrical Performances of p-Type SnO Thin-Film Transistors Using Double-Gated Structure. IEEE Electron. Device Lett. 2015, 36, 1053–1055. [Google Scholar] [CrossRef]

	



Shih, C.W.; Chin, A.; Lu, C.F.; Su, W.F. Remarkably High Hole Mobility Metal-Oxide Thin-Film Transistors. Sci. Rep. 2018, 8, 889. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Yabuta, H.; Kaji, N.; Hayashi, R.; Kumomi, H.; Nomura, K.; Kamiya, T.; Hirano, M.; Hosono, H. Sputtering formation of p-type SnO thin-film transistors on glass toward oxide complimentary circuits. Appl. Phys. Lett. 2010, 97, 072111. [Google Scholar] [CrossRef]

	



Martins, R.; Nathan, A.; Barros, R.; Pereira, L.; Barquinha, P.; Correia, N.; Costa, R.; Ahnood, A.; I Ferreira, I.; Fortunato, E. Complementary Metal Oxide Semiconductor Technology with and on Paper. Adv. Mater. 2011, 23, 4491. [Google Scholar] [CrossRef] [PubMed]

	



Hsu, P.-C.; Chen, W.-C.; Tsai, Y.-T.; Kung, Y.-C.; Chang, C.-H.; Hsu, C.-J.; Wu, C.-C.; Hsieh, H.-H. Fabrication of p-Type SnO Thin-Film Transistors by Sputtering with Practical Metal Electrodes. Jpn. J. Appl. Phys. 2013, 52, 05DC07. [Google Scholar] [CrossRef]

	



Chiu, I.C.; Li, Y.-S.; Tu, M.-S.; Cheng, I.C. Complementary Oxide–Semiconductor-Based Circuits With n-Channel ZnO and p-Channel SnO Thin-Film Transistors. IEEE Electron Device Lett. 2014, 35, 1263. [Google Scholar] [CrossRef]

	



Myeonghun, U.; Han, Y.; Song, S.; Cho, I.; Lee, J.; Kwon, H.-I. High Performance p-type SnO thin-film Transistor with SiOx Gate Insulator Deposited by Low-Temperature PECVD Method. J. Semicond. Technol. Sci. 2014, 14, 666. [Google Scholar]

	



Caraveo-Frescas, J.A.; Khan, M.A.; Alshareef, H.N. Polymer ferroelectric field-effect memory device with SnO channel layer exhibits record hole mobility. Sci. Rep. 2014, 4, 1. [Google Scholar] [CrossRef] [PubMed]

	



Luo, H.; Liang, L.Y.; Liu, Q.; Cao, H.T. Magnetron-Sputtered SnO Thin Films for p-Type and Ambipolar TFT Applications. ECS J. Solid State Sci. Technol. 2014, 3, Q3091. [Google Scholar] [CrossRef]

	



Khan, M.A.; Caraveo-Frescas, J.A.; Alshareef, H.N. Hybrid dual gate ferroelectric memory for multilevel information storage. Org. Electron. 2015, 16, 9. [Google Scholar] [CrossRef]

	



Han, Y.; Choi, Y.; Jeong, H.; Kwon, H.I. Investigation of Intrinsic Electrical Characteristics and Contact Effects in p-Type Tin Monoxide Thin-Film Transistors Using Gated-Four-Probe Measurements. J. Nanosci. Nanotechnol. 2015, 15, 7582. [Google Scholar] [CrossRef] [PubMed]

	



Han, Y.J.; Choi, Y.J.; Jeong, C.Y.; Lee, D.; Song, S.H.; Kwon, H.I. Environment-Dependent Bias Stress Stability of P-Type SnO Thin-Film Transistors. IEEE Electron Device Lett. 2015, 36, 466. [Google Scholar] [CrossRef]

	



Saji, K.J.; Mary, A.P.R. Tin Oxide Based P and N-Type Thin Film Transistors Developed by RF Sputtering. ECS J. Solid State Sci. Technol. 2015, 4, Q101. [Google Scholar] [CrossRef]

	



Hsu, P.C.; Tsai, S.P.; Chang, C.H.; Hsu, C.J.; Chen, W.C.; Hsieh, H.H.; Wu, C.C. Preparation of p-type SnO thin films and transistors by sputtering with robust Sn/SnO2 mixed target in hydrogen-containing atmosphere. Thin Solid Films 2015, 585, 50. [Google Scholar] [CrossRef]

	



Zhong, C.-W.; Lin, H.-C.; Tsai, J.-R.; Liu, J.-R.; Huang, T.-Y. Impact of gate dielectrics and oxygen annealing on tin-oxide thin-film transistors. Jpn. J. Appl. Phys. 2016, 55, 04EG02. [Google Scholar] [CrossRef]

	



Bae, S.; Kwon, S.-H.; Jeong, H.; Kwon, H. Demonstration of high-performance p-type tin oxide thin-film transistors using argon-plasma surface treatments. Semicond. Sci. Technol. 2017, 32, 075006. [Google Scholar] [CrossRef]

	



Yang, V.; Wang, Y.; Li, Y.; Yuan, Y.; Hu, Z.; Ma, P.; Zhou, L.; Wang, Q.; Song, A.; Xin, Q. Highly Optimized Complementary Inverters Based on p-SnO and n-InGaZnO With High Uniformity. IEEE Electron Device Lett. 2018, 39, 516. [Google Scholar] [CrossRef]

	



Guan, X.; Wang, Z.; Hota, M.K.; Alshareef, H.N.; Wu, T. P-Type SnO Thin Film Phototransistor with Perovskite-Mediated Photogating. Adv. Electron. Mater. 2019, 1, 1800538. [Google Scholar] [CrossRef]

	



Qu, Y.; Yang, J.; Li, Y.; Zhang, J.; Wang, Q.; Song, A.; Xin, Q. Organic and inorganic passivation of p-type SnO thin-film transistors with different active layer thicknesses. Semicond. Sci. Technol. 2018, 33, 075001. [Google Scholar] [CrossRef][Green Version]

	



Li, Y.; Zhang, J.; Yang, J.; Yuan, Y.; Hu, Z.; Lin, Z.; Song, A.; Xin, Q. Complementary Integrated Circuits Based on n-Type and p-Type Oxide Semiconductors for Applications Beyond Flat-Panel Displays. IEEE Trans. Electron Devices 2019, 66, 950. [Google Scholar] [CrossRef]

	



Ogo, Y.; Hiramatsu, H.; Nomura, K.; Yanagi, H.; Kamiya, T.; Hirano, M.; Hosono, H. p-channel thin-film transistor using p-type oxide semiconductor, SnO. Appl. Phys. Lett. 2008, 93, 032113. [Google Scholar]

	



Nomura, K.; Kamiya, T.; Hosono, H. Ambipolar Oxide Thin-Film Transistor. Adv. Mater. 2011, 23, 3431. [Google Scholar] [CrossRef] [PubMed]

	



Hsu, P.-C.; Wu, C.-C.; Hiramatsu, H.; Kamiya, T.; Hosono, H. Film Texture, Hole Transport and Field-Effect Mobility in Polycrystalline SnO Thin Films on Glass. ECS J. Solid State Sci. Technol. 2014, 3, Q3040. [Google Scholar] [CrossRef]

	



Liang, L.; Cao, H. Ambipolar SnO thin-film transistors and inverters. ECS Trans. 2012, 50, 289. [Google Scholar] [CrossRef]

	



Hung, M.P.; Genoe, J.; Heremans, P.; Steudel, S. Off-current reduction in p-type SnO thin film transistors. Appl. Phys. Lett. 2018, 112, 2635021. [Google Scholar]

	



Chen, P.-C.; Chiu, Y.-C.; Zheng, Z.-W.; Cheng, C.-H.; Wu, Y.-H. P-type tin-oxide thin film transistors for blue-light detection application. Phys. Status Solidi-Rapid Res. Lett. 2016, 10, 919. [Google Scholar] [CrossRef]

	



Chen, P.-C.; Chiu, Y.-C.; Zheng, Z.-W.; Cheng, C.-H.; Wu, Y.-H. Influence of plasma fluorination on p-type channel tin-oxide thin film transistors. J. Alloys Compd. 2017, 707, 162. [Google Scholar] [CrossRef]

	



Kim, S.K.H.; Baek, I.-H.; Kim, D.H.; Pyeon, J.J.; Chung, T.-M.; Baek, S.-H.; Kim, J.-S.; Han, J.H.; Kim, S.K. Fabrication of high-performance p-type thin film transistors using atomic-layer-deposited SnO films. J. Mater. Chem. C 2017, 5, 3139. [Google Scholar] [CrossRef]

	



Okamura, K.; Nasr, B.; Brand, R.A.; Hahn, H. Solution-processed oxide semiconductor SnO in p-channel thin-film transistors. J. Mater. Chem. 2012, 22, 4607. [Google Scholar] [CrossRef]

	



Shenoy, G.K.; Wagner, F.E. Mössbauer Isomer Shifts; North Holland Publ. Co.: Amsterdam, The Netherlands, 1978. [Google Scholar]

	



Blanca, E.; Svane, A.; Christensen, N.E.; Rodriguez, C.O.; Cappannini, O.M.; Moreno, M.S. Calculated Static and dynamic Properties of beta-Sn and Sn-O compounds. Phys. Rev. B 1993, 48, 15712. [Google Scholar] [CrossRef]

	



Conte, D.E.; Aboulaich, A.; Robert, F.; Olivier-Fourcade, J.; Jumas, J.C.; Jordy, C.; Willmann, P. Sn-x[BPO4](1-x) composites as negative electrodes for lithium ion cells: Comparison with amorphous SnB0.6P0.4O2.9 and effect of composition. J. Solid State Chem. 2010, 183, 65. [Google Scholar] [CrossRef]

	



Herber, R.H. Mössbauer Lattice temperature of Tetragonal (P4NMM) SnO. Phys. Rev. B 1983, 27, 4013. [Google Scholar] [CrossRef]

	



Moreno, M.S.; Mercader, R.C. Mössbauer study of SnO Lattice dynamics. Phys. Rev. B 1994, 50, 9875. [Google Scholar] [CrossRef]

	



Hosono, H.; Ogo, Y.; Yanagi, H.; Kamiya, T. Bipolar Conduction in SnO Thin Films. Electrochem. Solid State Lett. 2011, 14, II13. [Google Scholar] [CrossRef]

	



Jeon, S.; Ahn, S.E.; Song, I.; Kim, C.J.; Chung, U.I.; Lee, E.; Yoo, I.; Nathan, A.; Lee, S.; Robertson, J.; et al. Gated three-terminal device architecture to eliminate persistent photoconductivity in oxide semiconductor photosensor arrays. Nat. Mater. 2012, 11, 301–305. [Google Scholar] [CrossRef] [PubMed]








[image: Nanomaterials 09 00320 g001 550]





Figure 1. (a) Diffractograms of SnOx thin films as-deposited. (b) Transmission 119Sn Mössbauer and CEMS spectra of as-deposited and annealed SnOx films with Opp = 3.0% and Opp = 3.6% Opp, respectively. 
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Figure 2. Resistivity of SnOx films as a function of annealing time, for films processed at different Opp, as depicted in the Figure. 
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Figure 3. (a) Optical transmission of as prepared and annealed SnOx films. (b) Plot for the estimation of the direct band gap estimation; Dependence of the estimated direct (c) and indirect (d) band gap on Opp used, before and after annealing the films for 30 mn. 
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Figure 4. After annealing (60 mn) scanning electron microscope (SEM) images of SnOx films processed at Opp = 3.0% (a) Opp = 3.6% (b) 3.6%, respectively. (c) and (d) show the corresponding AFM images. (e) Schematic illustration of SnOx TFT structures fabricated. (f) Cross-sectional SEM image of the fabricated TFT. 
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Figure 5. (a) Cross section sketch of the TFT, where t is also shown the equivalent electrical circuit based on RC resonators. (b) Normalized C-V plot taken for different frequencies (below) and the IV transfer characteristic of the TFT (above); (c) Dependence of the maximum capacitance (Cmax) achieved on the frequency used. 
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Figure 6. (a) Flat band Voltage dependence on the frequency; (b) Oxide charge density as a function of the frequency. The upper curves correspond to the upwards sweep while the lower curves to the downwards sweep (see Figure 5b). 






Figure 6. (a) Flat band Voltage dependence on the frequency; (b) Oxide charge density as a function of the frequency. The upper curves correspond to the upwards sweep while the lower curves to the downwards sweep (see Figure 5b).



[image: Nanomaterials 09 00320 g006]







[image: Nanomaterials 09 00320 g007 550]





Figure 7. (a) Output characteristics of SnOx p-channel TFT. The gate voltage is varied from 0 V to −50 V in −10 V steps. (b) Transfer characteristics of SnOx p-channel TFT with different channel thickness. (c) Plot of square root of drain current, at VDS = −30 V, for evaluating saturation mobility and threshold voltage. (d) Transfer characteristics of SnOx p-channel TFT (channel thickness 12 nm) for different annealing time. 






Figure 7. (a) Output characteristics of SnOx p-channel TFT. The gate voltage is varied from 0 V to −50 V in −10 V steps. (b) Transfer characteristics of SnOx p-channel TFT with different channel thickness. (c) Plot of square root of drain current, at VDS = −30 V, for evaluating saturation mobility and threshold voltage. (d) Transfer characteristics of SnOx p-channel TFT (channel thickness 12 nm) for different annealing time.



[image: Nanomaterials 09 00320 g007]







[image: Nanomaterials 09 00320 g008 550]





Figure 8. Transfer characteristics of SnOx p-channel TFT measured at different days after device fabrication (a) and corresponding variations in saturation mobility and threshold voltage (b). 
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Table 1. Recent developments concerning the performances of p-type SnO TFTs processed by Radio Frequency Magnetron Sputtering (RFMS), using different type of device configurations, Opp, dielectrics and process temperatures.
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	Method
	Device Structure
	Process Temp. (°C)
	Opp (%)
	Dielectric
	μh,FE (cm2 V−1 s−1)
	Ion/Ioff
	Year
	Ref.





	RFMS
	SBG
	RT *
	11.5
	ATO
	1.2
	103
	2010
	[28]



	RFMS
	SBG
	300
	1
	SiNx
	0.24
	102
	2010
	[32]



	RFMS
	SBG
	150
	n.r.
	Paper
	1.3
	102
	2011
	[33]



	RFMS
	SBG
	250
	n.r.
	SiO2
	1.8
	103
	2013
	[34]



	RFMS
	SBG
	225
	4.3
	HfO2
	0.33
	103
	2014
	[35]



	RFMS
	SBG
	230
	n.r.
	SiO2
	0.59
	3 × 103
	2014
	[36]



	RFMS
	CTG
	200
	9
	P(VDF-TrFE)
	3.3
	3 × 102
	2014
	[37]



	RFMS
	SBG
	200
	11.8
	SiO2
	1.36
	2 × 103
	2014
	[38]



	RFMS
	STG
	200
	9
	P(VDF-TrFE)
	2.7
	2 × 102
	2014
	[39]



	RFMS
	SBG
	200
	n.r.
	SiO2
	0.61
	6.2 × 105
	2015
	[40]



	RFMS
	SBG
	250
	n.r.
	SiO2
	1.8
	105
	2015
	[41]



	RFMS
	SBG
	200
	7.5
	SiO2
	4.13
	6 × 102
	2015
	[42]



	RFMS
	SBG
	250
	-
	SiO2
	1.16
	2.3 × 102
	2015
	[43]



	RFMS
	SBG
	300
	n.r.
	SiO2
	3.33
	104
	2016
	[44]



	RFMS
	SBG
	200
	n.r.
	SiO2
	0.63
	5.2 × 106
	2017
	[45]



	RFMS
	SBG
	225
	n.r.
	Al2O3
	0.7
	2.6 × 104
	2018
	[46]



	RFMS
	SBG
	120
	9
	HfO2
	5.53
	2.7 × 103
	2018
	[47]



	RFMS
	SBG
	225
	3.1
	SiO2
	1.41
	1.5 × 103
	2018
	[48]



	RFMS
	SBG
	225
	3.1
	SiO2
	0.87
	1.88 × 104
	2019
	[49]



	RFMS
	SBG
	RT *
	3.0
	ATO
	4.6
	7 × 104
	2019
	This work







* Post deposition annealed at 200 °C; n.r.: not reported; RT = Room Temperature; ATO = Aluminum Titanium Oxide.


media/file13.jpg
Flat Band Voltage [V]

B —
Gowmwarcs sweep

10" 10 10
Frequency (Hz]

(a)

dacharg density c)

e
000"
500"
son0”)
4500°
40x0”

35007

3 o w0
Frequency (t2)

®)






media/file4.png
Resistivity (Q cm)

100

10 |

0.1

200°C

—— Opp= 2.8%
—o— Opp= 3.0%
—hA— Opp= 3.2%
—v— Opp= 3.6%
—4— Opp= 3.8%

30 60 90
Annealing time (minutes)






nav.xhtml


  nanomaterials-09-00320


  
    		
      nanomaterials-09-00320
    


  




  





media/file11.png
B TO Bl ATO
BN Ni/Au I SnO

(a)





media/file18.png
ABS [I_.] (A)

-1

-70 -60 -30 -40

S—

Saturation mobility (c:m2 V1s‘1) T

o

]
—

(O,,=3%)

(O,,= 3.?%)

W |

l—-_______./
0O 10 20 30
Time (days)

40

50

-10

-15

Threshold voltage (V)





media/file16.png
(@)

-5

.

s (A

-1

-2

(c)

[ABS(1_,) (A)]"°

0.0
.0x10°
.0x10*
5x10° SnO, TFT
0, = 3%
12 nm channel thickness
0x10™ - | ; ~ annealed @ 200°C
-40 -30 -20 -10 0
VDS (V)
1.5x10” V, =-30V
sno, TFT
1.2x107 S o
annealed @ 200°C
9.0x10°
6.0x10° -
3.0x10° -
0.0

-40 40

(b)

ABS [I_] (A)

(d)

ABS [I_] (A)

107

10° 3

CV, =-30V

Sno, TFT

- annealed @ 200°C
- channel thickness 12 nm
| i | |

—8— 28 nm
—&— 12 nm

sno, TFT
O =3%
e
annealed @ 200°C

-40 -20 0 20 40

O 0, =3%,30
® O =3%60
—0— Opp= 3.6%, 30'
® O =3.6%60

80 60 40 20 0 20
Vas V)

GS





media/file2.png
(a)

Intensity (cps)

40000

[ g g o B-Sn metal
i N 3 S Ss
i ' I A Ju.v Li’_
20000 - |
i & _ SnO powder
10000 | ; :‘c__>‘ g ~ g § o -
0 —J : - A |A n _I_e . ET
3000 i
Wm RPREP. WU NEV S As-deposited
2000 | A Dalaning e
0,.,,=3.6%
1000 + Pp
Annealed @ 200°C
i _ As-deposited
4000 |
: - 5
o Opp 3.0%
2000 , ‘
’ Annealed @ 200°C
O “ﬁ“k——A T ‘.____A‘ rr —'v?

20 (degrees)

(b)

1.00

0.96

“ -Sn

0.92

0.84
0.80

0.76 |

i

-
w

B \Wf// a-SnO

SnO,

- As deposited Opp=3.6%

I — — ——
- B-Sn =7%
u-SnO=78%

SnO, =15%

' \ —nR
Annealed @ 200°C}j /\\ a-Sn0=88%
/ \
/ \‘

Relative Intensity (a.u)

;-»—.a-'-‘-/‘-;/ :

" As deposited _ 4 Opp=3-0%

. B-Sn =20%
«-SNn0=65%
B Sno2 =15%

B-Sn =11%
a-Sn0=81%

Annealed @ 200°C
i SnO, =8%

4 2 0 2 4 6 8

Velocity (mm/s)





media/file10.jpg
oss|

CiCmax [Nomalized Capadtance]

10t 480
Lo
vz m
w2 S
1ot 3
I 5 )
§ w0
8
a0
30 2 0 o 10 20 @ 10° 10° 10° 10°
Voliage Vigs (V) Frequency (Hz)
(b) (c)






media/file5.jpg
Transmission (%)

Bandgap (eV)

%o 40 50 60

70 60 %0 1000

Wavelength (nm)
28
$a| el
24
22 et
20
18
18 /—/‘
14

20% ok 3ok %

Oxygen partial pressure (%)

Bandgap (eV)

%70 15 20 25 30 s
@)

24

20| /

6 st
12|

o8

04

2o% W% sk 36%

‘Oxygen parial pressure (%)

6%





media/file3.jpg
100
200°C

10

0.1 L L L L

RT 30 60 90
Annealing time (minutes)





media/file1.jpg
(a),

Intensity (cps)

so000
30000
20000
10000 W
£ F |
o | h
000
Asdeposied|
e N
2000
o 0pp=36%
Annealed @ 200°|
o (N
o000 As-deposited
000
Oppm30%
2000
Annealed @ 200°C|
° A
% o E] % 0 S

20 (degrees)

Velocity (mmis)





media/file7.jpg





media/file12.png
C/Cmax [Normalized Capacitance]

—
o
o

—
o
o

0.95

o
©
o

=-==--100Hz
- 250 Hz
— 500 Hz
— 1 kHz
— 10 kHz
100 kHz

-20

10 0
Voltage Vgs (V)
(b)

10

20

Capacitance (pF)

480
470 |
460 |
450 |
440 |
430 |

420 Lo

10° 10°

Frequency (Hz)

(c)






media/file9.jpg
. ITO . ATO
W Ni/Au N SnO

(@)





media/file0.png





media/file14.png
Flat Band Voltage [V]

17
16
15
14
13
12
11
10

—m— ypwards sweep
—e— downwards sweep

10° 10° 10°

Frequency [Hz]

(a)

Oxide charge density (cm)

6.5x10™
6.0x10™ |
5.5x10" |
5.0x10"° |
4.5x10™ |
4.0x10™ |

3.5x10™

100

1000
Frequency (Hz)

(b)

10000






media/file8.png
gate

- dielectric

semiconductor

source/drain

rms=4.3nm -
00






media/file6.png
©
S

Transmission (%)

(c)

Bandgap (eV)

60 | annealed

300 400 500 600 700 800 900 1000

Wavelength (nm)

2.8
ol //4’
2.4

L —a—RT
29 —e— Annealed
2.0
1.8 |-

2.8% 3% 3.2% 3.6% 3.8%
Oxygen partial pressure (%)

(d)

Bandgap (eV)

6x10"°

5x10'"°
4x10"°
3x10"°

2x10"°

24

20

1.6 |

1.2

0.8 |

0.4

—a— RT
—e&— Annealed

2.8% 3% 3.2% 3.6% 3.8%
Oxygen partial pressure (%)






media/file15.jpg
@ ©° 10

®) 280
- iz
s0c10*
_ o
2 anact 2
R S
1500t o L,
Fomenael s wtp o
2000 seses 020G ol gy
“ v @ w0 @ o @ @
= Vos V)
©
120t .
T oo
2 o
= 200 s, T

| amases @ 200C
Erannl ke 120

w & 40 » 0 