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Abstract

:

Work function tuning has a significant influence on the performance of semiconductor devices, owing to the formation of potential barriers at the interface between metal-semiconductor junctions. In this work, we introduce a technique for tuning the work function of ZnSnO thin films using high-density O2 plasma treatment. The work function and chemical composition of the ZnSnO thin film surfaces were investigated with regards to plasma treatment time through UPS/XPS systems. The optical band gap was estimated using Tauc’s relationship from transmittance data. The work function of Zn0.6Sn0.4O thin film increased from 4.16 eV to 4.64 eV, and the optical band gap increased from 3.17 to 3.23 eV. The surface of Zn0.6Sn0.4O thin films showed a smooth morphology with an average of 0.65 nm after O2 plasma treatment. The O2 plasma treatment technique exhibits significant potential for application in high-performance displays in optical devices, such as thin-film transistors (TFTs), light-emitting diodes (LEDs), and solar cells.
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1. Introduction


Particular attention needs to be focused on the device-structure design to improve the efficiencies of electrical and optical devices. Notably, the work function of thin films is directly related to the performances of these devices [1,2]. For example, the difference in the work function between the metal-semiconductor junction at the source (or drain) leads to an increase in contact resistance, resulting in performance degradation of the device [3,4]. Meanwhile, the operation of Schottky diodes, metal–semiconductor–metal photodetectors, and Schottky junction solar cells is based on the difference in work function between the metal-semiconductor junctions [5,6,7]. It is evident that the characteristics of the electrical and optical devices are closely related to the work function of the materials [8]. Therefore, considering work functions while designing devices is crucial to improve performance. Kang et al. reported an increase in carrier mobility of InGaZnO thin films through Ar plasma treatment [9]. Furthermore, Fang et al. proposed tuning the work function of the InSnO (ITO) thin film through Ar plasma treatment by employing a capacitively coupled plasma system [10]. Plasma treatment induces oxygen vacancy on the thin film surface and modulates the Sn doping concentration, resulting in the tuning of the work function and improvement of the carrier mobility [11,12].



Zinc–tin oxide (Zn1−xSnxO) thin films are transparent oxide semiconductors with wide bandgaps (Eg ~ 3.6 eV) and have been studied as potential materials for channel layers in thin-film transistors (TFTs) [13,14], emitters for photovoltaic devices [15], as well as transparent conducting electrodes [16,17]. ZnSnO TFTs exhibit lower carrier mobility than InGaZnO or InZnSnO TFTs, and ZnSnO as transparent electrodes exhibit lower performance than ITO-based electrodes. However, they boast low manufacturing cost and wide functionality as indium-free oxide-based thin films [18,19,20].



In this work, we present a technique for tuning the work function and electrical properties of ZnSnO thin films through high-density O2 plasma treatment in an inductively coupled plasma (ICP) system. Depending on the O2 plasma treatment time, the work function changed from 4.16 to a maximum value of 4.64 eV, while the optical band gap remained steady. Moreover, while the electrical properties were altered during the plasma treatment, there was no significant change observed in surface roughness.




2. Materials and Methods


A 100 nm Zn0.6Sn0.4O thin film was deposited on soda-lime glass (SLG) by an RF co-sputtering system (SNETEK Co., LTD., Suwon, Korea) with the pure ZnO (99.99%) and Sn (99.99%) metal targets under 100 and 40 W RF power, respectively. The substrate temperature was 200 °C, while an Ar/O2 mixed gas (90/10%) was injected with a total gas flow rate of 100 sccm. The base and working pressures were maintained at 5.0 × 10−7 Torr and 20 mTorr, respectively. The Sn/(Sn + Zn) ratio was controlled by varying the oxygen partial pressure with fixed sputter power. The deposited-Zn0.6Sn0.4O (60%Zn:40%Sn atomic ratio) thin films were treated with O2 plasma in the inductively coupled plasma (ICP) system (Vacuum Science, Yangju, Korea) for tuning the work function [21]. During O2 plasma treatment, the total flow rate of the O2 gas was fixed at 20 sccm. The RF power, DC bias voltage, process pressure, and substrate temperature were fixed at 500 W, −200 V, 15 mTorr and room temperature, respectively. After O2 plasma treatment, the surface chemical state and the work function of the Zn0.6Sn0.4O thin films were investigated using X-ray/ultraviolet photoelectron spectroscopy (XPS/UPS). The XPS (K-alpha, Thermo VG, UK) measurements employed a monochromatic Al Kα source (1486.6 eV). The X-ray power, current, and base pressure were 12 kV, 3 mA, and 2.2 × 10−7 Torr, respectively. Here, binding energies were referenced to the neutral C 1s peak at 284.6 eV. The UPS (AXIS Ultra DLD, Kratos, Inc., Manchester, UK) measurements were carried out using an He I (21.2 eV) gas discharge lamp. The base pressure and dwell time were 4.0 × 10−8 Torr and 100 ms, respectively. A UV-Vis-NIR spectrophotometer (Perkin elmer, Waltham, MA, US) was used to measure the transmittance and optical band gap (Eg) of the Zn0.6Sn0.4O thin films. A Hall measurement system (Accent Optical Technologies, Bend, OR, US)) was used to measure the resistance, mobility, and carrier concentration with van der Pauw geometry. Atomic force microscopy (AFM) (XE-100, PSIA Inc., Suwon, Korea) was used to determine surface morphology. Topographic images were taken in non-contact mode with X-Y scanner and Z scanner of 1 × 1 μm2 and 2 nm, respectively.




3. Results and Discussion


The changes in the work function according to the O2 plasma treatment time were studied through UPS measurements. Figure 1 shows the UPS spectra of the Zn0.6Sn0.4O thin films, depending on the O2 plasma treatment time. The binding energy cutoff for secondary electrons and the near-Fermi edge on the Zn0.6Sn0.4O thin films are expressed in Figure 1a,b, respectively. The work function (ø) was calculated using the following equation:


ø = hv − EB (secondary cutoff)



(1)




where hv is the photon energy (He I, 21.2 eV) and EB is the binding energy. The as-deposited Zn0.6Sn0.4O thin film exhibited a work function of 4.16 eV, whereas the Zn0.6Sn0.4O thin films treated with O2 plasma for 60, 90, 120 and 150 s displayed work functions of 4.35, 4.64, 4.38, and 4.56 eV, respectively. As the O2 plasma treatment time increased, the binding energy of the valence structure at the surface of Zn0.6Sn0.4O thin films changed, owing to the change in the ionization potential. In other words, during plasma treatment, the SnO component is easily etched away, and oxygen penetrates into the oxygen vacancy on the surface, resulting in an increase in the oxygen concentration on the Zn0.6Sn0.4O surface. This results in a change in the work function and valence band offset (VBO) [22]. Furthermore, the change in the work function could be ascribed to the difference in the chemical state or elemental ratio [23,24]. The irregular trend in the work function for O2 plasma treatment time between 90 and 120 s can be attributed to the difference in the heat of formation of ZnO (−348.0), SnO (−285), and SnO2 (−577.63). In other words, up to 90 s of O2 plasma treatment affects the SnO component while ZnO is mainly affected between 90 and 120 s [25]. Therefore, it was observed that the work function of Zn0.6Sn0.4O thin films with O2 plasma treatment for 90 s is exceptionally higher than the reference values.



The work function of semiconducting thin films is related to their band gap. We calculated the optical band gap of each Zn0.6Sn0.4O thin film from transmission spectra using, Tauc’s relation,


(αhv)n = B(hv − Eg)



(2)




where α, B, and Eg are the absorption coefficient, the band tailing parameter, and the optical band gap, respectively. Figure 2 presents the transmission spectra of Zn0.6Sn0.4O thin films depending on the O2 plasma treatment time. The average transmittance of O2 plasma-treated Zn0.6Sn0.4O thin films was 92% in the visible region (from 400 to 700 nm). The optical band-gap of the Zn0.6Sn0.4O thin films was calculated to be 3.17 + Δ0.06 eV, based on transmittance data from the Tauc plot (inset image of Figure 2). The band gap was relatively steady with O2 plasma treatment, while the work function changes were significant.



Figure 3 shows a schematic of a modified Zn0.6Sn0.4O band position, including work function and band gaps of the O2 plasma-treated materials. The substituted metal in the ZnO results regarding the movement of the Fermi level toward the conduction band edge with the work function changed [26]. Therefore, the Zn0.6Sn0.4O thin film with the O2 plasma treatment is comparable with other films for potential applications in high-performance devices, as shown in Figure 3.



Figure 4 shows the changes in the XPS peaks of the Zn0.6Sn0.4O thin films with respect to the O2 plasma treatment time. The XPS peaks (Zn 2p3/2, Sn 3d5/2, and O 1s) were deconvoluted for the identification of elements and observation of changes in the composition of the Zn0.6Sn0.4O thin films. In the as-deposited samples, Zn 2p3/2 core-level spectra were deconvoluted into two main Gaussian components, Zn–OH (1022.58 eV) and Zn–O (1021.78 eV) (Figure 4a) [27,28,29]. The Sn 3d core-level spectra were also deconvoluted into two Gaussian components, Sn2+ (487.08 eV) and Sn4+ (486.38 eV), displayed in Figure 4b. The Sn2+ and Sn4+ oxidation states can lead to p-type SnO and n-type SnO2 behavior, respectively [30,31]. The O 1s sub-peaks corresponding to ZnO (529.6 eV), SnO (531.7 eV), and SnO2 (530.4 eV) can be attributed to oxidation by reactive sputtering (Figure 4c). The presence of SnO derived components could be attributed to lattice oxygen deficiency and reduced oxygen concentration at the surface [31].



There was no shift of the Zn 2p peak. However, a slight shift of the Sn 3d peak was observed, while the O 1s peak shifted towards the lower binding energy with increasing O2 plasma treatment time. Deconvolution analysis of the O2 plasma treatment time explains the reaction of the O2 plasma on the surface of the ZnSnO thin film. The Zn–OH related peaks decreased after O2 plasma treatment from 60 to 150 s (Figure 4a). The O+ and O2+ ions bombard and break the OH–Zn–O or OH–Sn–O bonds during the plasma treatment, resulting in the formation of O2 or H2O molecules [22]. The intensity of the Sn2+ state decreased dramatically, whereas that of the Sn4+ oxidation state remained stable (Figure 4b). This result is attributed to the difference in the Gibbs free energy associated with the formation of SnO and SnO2 (ΔfGm(Sn2+, 298.15 K) = −(27.87 ± 0.08) kJ·mol−1, ΔfGm (Sn4+, 298.15 K) = (46.7 ± 3.9) kJ·mol−1) [32]. Therefore, SnO bonds are weaker than SnO2 bonds. The intensity of the ZnO bonding peak remained constant, while the intensities of the SnO2 and SnO bonding peaks exhibited a consistent increase and decrease, respectively (Figure 4c). This result indicates that ZnO has more ionic characteristics than SnO because Zn is significantly more electropositive than Sn. The equilibrium constant (Kp) of formation for ZnO is higher than that of SnO, because the electrons in Zn are more readily given up than those of Sn [33]. Therefore, the energy required to convert SnO into Sn and O (g) should be lesser than the energy required to convert ZnO into Zn and O (g). The reduction in the Sn2+ oxidation state with O2 plasma treatment (Figure 4b) results in the formation of more n-type SnO2 in the Zn0.6Sn0.4O thin film, as indicated in Figure 4c.



Figure 5 shows the atomic ratios of the deconvoluted components for Sn2+/Sn4+, SnO/SnO2, and Zn–OH/Zn–O as a function of O2 plasma treatment times based on the results of the XPS analysis in Figure 4. The atomic ratios of Sn2+/Sn4+ and SnO/SnO2 sharply decrease as the O2 plasma treatment time increases up to 90 s, which then shows a gradual decrease. However, the atomic ratio of Zn–OH/Zn–O shows a sharp decline in the O2 plasma treatment time between 90 and 120 s.



Figure 6 shows the resistivity, carrier concentration, and mobility for the Zn0.6Sn0.4O films as a function of O2 plasma treatment times. As the O2 plasma treatment time increased up to 90 s, a decrease in resistivity was observed. Meanwhile, the mobility and carrier concentration increased. The lowest resistivity of 2.80 × 10−2 Ω-cm and the highest carrier concentration and mobility of 4.0 × 1019 cm−3 and 8.15 cm2·V−1·s−1, respectively, were achieved at 90 s. However, the resistivity increased and the mobility and carrier concentration decreased as the plasma treatment time increased above 90 s. The O2 plasma treatment causes a reduction in the Sn/Zn ratio on the Zn0.6Sn0.4O surface. The SnO component in the Zn0.6Sn0.4O film is easily affected until the O2 plasma treatment reaches 90 s, which increases the carrier concentration at the surface of the film. However, the ZnO component is more easily affected than the SnO component during O2 plasma treatment between 90 and 120 s (Figure 5), resulting in the increase in the Sn/Zn ratio. In addition, as described for the change in the work function, this sequential effect can be explained by the “heat of formation”.



Surface morphology affects the contact resistance at the metal-semiconductor and/or P-N junction [10,34]. Therefore, we employed AFM to investigate the surface properties of Zn0.6Sn0.4O thin films as the O2 plasma treatment time increased, as shown in Figure 7. The surface roughness (root-mean square, RMS) of the as-deposited Zn0.6Sn0.4O thin film was 0.684 nm and that of the Zn0.6Sn0.4O thin films treated by O2 plasma for 90 and 150 s were 0.626 and 0.624 nm, respectively. It is evident from these results that the O2 plasma treatment has no significant effect on the surface roughness.




4. Conclusions


In this study, we observed changes in the work function and surface state of Zn0.6Sn0.4O thin film under the influence of high-density O2 plasma treatment. The work function increased by approximately 0.5 eV (from 4.16 to up to 4.64 eV). However, the change in optical band gap was exceedingly small (3.17 + Δ0.06 eV). The change in work function was ascribed to the change in the surface morphology of the Zn0.6Sn0.4O thin films, inferred from the XPS analysis. In addition, the O2 plasma treatment resulted in changes in the electrical properties of the thin film, including its resistivity, carrier concentration, and mobility. The mobility significantly increased from 4.75 to 8.2 cm2·V−1·s−1. Meanwhile, there was no significant change in the surface roughness of the Zn0.6Sn0.4O thin films. In conclusion, we confirmed that the work function and mobility of Zn0.6Sn0.4O thin films can be tuned and improved through O2 plasma treatment. The O2 plasma treatment technique exhibits significant potential for application in high-performance displays in optical devices, such as thin-film transistors (TFT), light-emitting diodes (LEDs), and solar cells.
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Figure 1. UPS measurements of Zn0.6Sn0.4O thin films exposed to different O2 plasma treatment times. (a) the higher binding energy edge of the secondary electrons and (b) the valence structure. 
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Figure 2. The optical transmittance spectra as a function of O2 plasma treatment time for the Zn0.6Sn0.4O thin films. In the insert, the magnified spectra of the Zn0.6Sn0.4O thin films and the bandgap of Zn0.6Sn0.4O. 
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Figure 3. Schematic of modified Zn0.6Sn0.4O band alignment including work functions and band gaps of all of the O2 plasma treated materials. 
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Figure 4. XPS results for Zn 2p, Sn 3d and O 1s core levels as a function of O2 plasma treatment time for the Zn0.6Sn0.4Oy thin films. (a) The Zn 2p3/2 was deconvoluted with two components for Zn–O and Zn–OH bonds, (b) the Sn 3d5/2 was deconvoluted with two components for Sn4+, and Sn2+, (c) the O 1s was deconvoluted with three components for SnO, SnO2, and ZnO bonds. 
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Figure 5. The atomic ratios of the deconvoluted components in the XPS peaks for Sn2+/Sn4+, SnO/SnO2, and Zn–OH/Zn–O as a function of O2 plasma treatment time. 






Figure 5. The atomic ratios of the deconvoluted components in the XPS peaks for Sn2+/Sn4+, SnO/SnO2, and Zn–OH/Zn–O as a function of O2 plasma treatment time.



[image: Coatings 10 01026 g005]







[image: Coatings 10 01026 g006 550] 





Figure 6. The electrical resistivity, carrier concentration and mobility as a function of O2 plasma treatment time for the Zn0.6Sn0.4O thin films. 
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Figure 7. AFM images of the Zn0.6Sn0.4O thin films post O2 plasma treatment. (a) as-deposited, (b) 90 s and (c) 150 s. 
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