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Abstract

:

Bismuth telluride has garnered considerable attention owing to its versatile properties applicable in thermoelectric and antibacterial domains, as well as its intriguing topological insulating properties. In this work, our group fabricated bismuth telluride thin films with various ratios using radio frequency magnetron sputtering. The surface properties of these thin films were thoroughly analyzed by employing a diverse array of analytical techniques, including X-ray photoelectron spectroscopy (XPS), ultraviolet photoelectron spectroscopy (UPS), scanning electron microscopy (SEM), atomic force microscopy (AFM), X-ray diffraction (XRD), four-point probe and contact angle (CA) measurements. Specifically, our XPS findings indicated that Bi is more susceptible to oxidation than Te following Ar+-ion etching. Pure Te thin films exhibited the highest Rq value of 31.2 nm based on AFM and SEM results due to their larger grain sizes. The XRD patterns revealed a peak at 27.75° for thin films with 20% Te, attributed to its rhombohedral structure. Moreover, thin films with 30% Te yielded the highest weighted average work function with a value of 4.95 eV after etching. Additionally, pristine Bi and Te thin films demonstrated the most robust hydrophobic properties compared to intermediate-composition thin films, as determined by CA measurements.
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1. Introduction


Chalcogenide materials such as GeTe and PbTe are known to exhibit remarkable thermoelectric properties [1,2]. Out of the many chalcogenide materials, bismuth telluride is a material that has been attracting recent interest due to its high thermoelectric performance at room temperature (RT) [3] and strong prospects for being incorporated in antibacterial and antimicrobial applications [4,5]. To elaborate, the material has a figure of merit value (Z) smaller than two at RT and a narrow bandgap (0.15 eV), and it is capable of turning waste heat into usable heat, thereby facilitating its usage in a variety of applications not limited to thermoelectric generators, sensors, microelectronics, antibacterial wound-healing biomaterials and aerodynamics [3,4,5,6,7,8,9]. Moreover, bismuth telluride has been reported to be a topological insulator, whose conducting surface states were revealed and isolated at thicknesses in a nanoscale regime, rendering the material an excellent system for further investigation to study quantum states [9,10,11]. However, studies of bismuth telluride nanomaterials with various Bi and Te composition ratios at RT and the pertaining physicochemical properties have not been conducted in detail. Therefore, providing this knowledge could be useful for promoting more sophisticated investigations regarding this material.



Thin films (TFs) are one of the many nanomaterials whose shape of the surface or element of oxidation can be controlled relatively easily along with a high surface-to-volume ratio [12,13]. There are many fabrication methods available to produce TFs, such as radio frequency (RF) magnetron sputtering, thermal evaporation, pulsed laser deposition, molecular beam epitaxy and electrochemical deposition [14,15,16,17,18,19]. Specifically, the RF magnetron co-sputtering method can easily adjust the atomic composition ratio by sending different powers to the two targets. Furthermore, the technique provides advantages such as high deposition rates and excellent adhesion between the TF material and substrate [20]. Thus, bismuth telluride TFs of various Te composition ratios were fabricated using the RF magnetron co-sputtering method and the resulting TFs were used as a platform to probe the surface properties in this work.



By examining the surface physicochemical properties of the TFs, changes in elementals oxidation state on the surface, where reactions occur faster than in bulk, can be applied in various nanoscale units. In this study, the chemical and photoelectric properties of BiTe TFs were investigated by XPS and UPS. The surface morphological properties were investigated by SEM, AFM and energy-dispersive X-ray spectroscopy (EDX). The crystallinity was investigated with XRD and electrical conductivity was investigated with a four-point probe. Finally, the wettability of the TFs’ surface and surface free energy were confirmed through CA measurements. In addition, XPS and UPS were measured to compare the differences in in situ situations by etching the surface with Ar+-ion.




2. Materials and Methods


BiTe TFs were fabricated by RF magnetron co-sputtering in a high-vacuum sputtering chamber. The high vacuum was achieved by two rotary vane pumps (RPs) and a turbomolecular pump (TMP). In the chamber, Bi and Te (99.99%; Vacuum Thin Film Materials, Incheon, Republic of Korea) targets were inserted to fabricate BiTe thin films (TFs). Three targets are inserted in a triangular shape with equal spacing. Out of the three, two were ultimately used. P-type Si wafers were used as substrates for the TFs. The base pressure of the co-sputtering chamber was maintained at 2.4 × 10−2 Pa. As the target was fixed, the Si substrates were rotated counterclockwise at 5 rpm using a sample rotator for uniform deposition of the TFs. The target temperature was maintained at 282 K using a water-cooled chiller. The Ar (99.999%; DONGIL, Gimhae, Republic of Korea) gas was used as a sputter gas, which was injected at a flow rate of 5 sccm (cm3/min) using a mass flow controller. Before co-sputtering, the target surface was cleaned via a plasma source, which was stabilized during the pre-sputtering process. Pre-sputtering was performed at a pressure of 5.33 Pa for 10 min at 20 (Bi) and 30 W (Te). Note that these RF powers are higher in value compared to the co-sputtering, which was performed at 1.33 Pa. To fabricate the BiTe TFs with the desired atomic ratios and thicknesses, we controlled the RF powers applied on the Bi and Te target and co-sputtering time. Figure 1 shows the deposition rates of pure Bi and Te thin films based on the RF sputtering power. The difference in the standard deviation values between Bi and Te is correlated to the higher power of Bi’s surface profile, resulting in the greater height deviation. The equations in Figure 1 describe the relationship between the thin film thickness and RF power. Table 1 shows the applied RF power and co-sputtering time for the BiTe TFs with various compositional ratios. In this paper, the sample will be characterized using the following notation: BTX, where X denotes the average value of the atomic percentages of Te in the BiTe TFs analyzed by EDX.



The average thickness of the fabricated TFs was about 229.3 ± 39.4 nm, which was measured with a surface profiler (Alpha-Step 500; Tencor, Milpitas, CA, USA). Relative atomic ratio and oxidation states of the TFs were investigated by X-ray photoelectron spectroscopy (XPS; KRATOS Analytical Ltd., Manchester, UK). XPS analysis was performed in an ultrahigh vacuum (UHV) chamber through RP and TMP. The base pressure of the XPS system was maintained at 2.0 × 10−8 Pa through RPs and TMPs. The X-ray source was AlKa (1486.6 eV) and 15 mA of emission current was used. The XPS spectra were obtained in two modes: survey and narrow spectra. The narrow spectra were monitored with 0.05 eV of step voltage for a high resolution and the survey spectra were obtained with 0.5 eV of step voltage. The obtained XPS spectra were deconvoluted with XPS peak4.1 software using a 30% Lorentzian–Gaussian ratio to identify the oxidation states of the elements in the BTX TFs. The surface of the TFs was in situ Ar+-ion-etched under the following conditions in the XPS vacuum chamber: the acceleration voltage of the Ar+-ion was set at 5 keV, the raster size at 9.00 mm2 and the etching time at 100 s. The etch rate was set to 0.085 nm/sec based on Ta2O5. Scanning electron microscopy (SEM, MIRA3; TESCAN, Brno, Czech Republic) coupled with energy-dispersive X-ray spectroscopy (EDX, X-max 50; Oxford Instruments, Abingdon, UK) and atomic force microscopy (AFM, Dimension FastScan; Bruker, Billerica, MA, USA) were conducted to investigate the morphology, topography and elemental composition of the TFs. The crystallinity of the TFs was monitored by X-ray diffraction (XRD, X`Pert3-Powder; Malvern Panalytical, Malvern, UK) using a Cu Kα source with 40.0 kV of acceleration voltage and 40.0 mA of filament current. To obtain the work function (WF) of the TFs, ultraviolet photoelectron spectroscopy (UPS; KRATOS Analytical Ltd., Manchester, UK) and a Kelvin probe (KP, KP6500; McAllister Technical Services, Coeur d’Alene, ID, USA) were utilized. The source used for UPS was HeI (21.2 eV) operating at a bias of −9 V. For KP, pure Au (99.99%; MADE LAB, Hanam, Republic of Korea) metal was used as a reference. The electrical properties of TFs were measured using a 4-point probe system (Loresta-GP MCP-T600; Mitsubishi Chemical, Kanagawa, Japan). The surface free energy of the BTX TFs was investigated with distilled water (DW) and ethylene glycol (EG) by using a homemade contact angle (CA) measurement system. The experimental details are described elsewhere [21].




3. Results and Discussion


Table 2 shows the relative atomic percentages of Bi and Te in the BTX TFs determined by the XPS and EDX results. The contents of Bi decreased as Te increased in both the XPS and EDX results. It was confirmed that the different compositional ratios of BTX TFs were successfully fabricated by adjusting the RF power on the Bi and Te targets as listed in Table 1. The differences in the two values (XPS vs. EDX) are likely ascribed to the TF surface region mainly contributing to the XPS signal while the bulk region mainly contributes to the EDX signal [22,23]. To elaborate, Te, which was predominately located in the bulk, would gradually proceed to relocate to the surface side as oxidation proceeded, resulting in a ratio difference compared to the bulk. In the case of BT20, the relative atomic percentage of Te detected by XPS was higher than Te by EDX. This special case implies that Te preferentially exists on the surface region rather than in the bulk region at this particular ratio, because BT20 has the smallest composition ratio of Te, thus leading to relatively fewer Te atoms to form Bi2Te3, ultimately causing the formation of Bi2Te3 as a less feasible option along with oxidation occurring on the surface.



We examined the effect of Ar+-ion etching on the surface characteristics. The XPS survey spectra of the BTX TFs with various atomic ratios before and after Ar+-ion etching are shown in Figure 2a,b, respectively. All spectra were calibrated based on the binding energy of adventitious C 1s at 284.6 eV [24,25,26]. In the XPS survey spectra, the characteristic peaks of Bi and Te were detected. As the contents of Te increased, the peak intensity of Bi decreased as expected as shown in Figure 2. From this step, we again confirmed that the BTX TFs with various atomic ratios were successfully fabricated by the RF magnetron co-sputtering method. Interestingly, in Figure 2a, oxygen and carbon peaks as surface contaminants were detected as well. However, after Ar+-ion etching was performed, the peak intensities of oxygen and carbon were significantly reduced, as shown in Figure 2b. From these results, we confirmed that the surface contaminants including carbon oxides were removed effectively through the Ar+-ion etching. The relative atomic percentages of Bi, Te and O on the surface region of the BTX TFs obtained by XPS before and after Ar+-ion etching are listed in Table 3. The oxygen percentages decreased significantly by 40~50% for all BTX TFs after Ar+-ion etching, while the Bi and Te percentages increased.



The narrow XPS spectra of Bi 4f7/2, Te 3d5/2 and O 1s of the BTX TFs before Ar+-ion etching are shown in Figure 3(a-1–c-1), respectively. The narrow XPS spectra of Bi 4f7/2, Te 3d5/2 and O 1s after Ar+-ion etching are shown in Figure 3(a-2–c-2), respectively. The peak profiles of Bi, Te and O evolved after Ar+-ion sputtering, as shown in Figure 3. This evolution indicates that the atomic ratio of the chemical species of different oxidation states for each element changed drastically. In order to obtain the detailed chemical information of Bi, Te and O, the narrow XPS spectra were deconvoluted with XPS peak4.1 and the detailed fitting parameters are described elsewhere [20]. To avoid the complexity during the peak fitting process due to the large spin orbit-splitting constants of Bi 4f (5.4 eV) and Te 3d (10.4 eV) [27,28], Bi 4f7/2 and Te 3d5/2 peaks were deconvoluted instead of the whole Bi 4f and Te 3d peaks. The representative deconvoluted XPS spectra of Bi 4f7/2, Te 3d5/2 and O 1s of BTX TFs before Ar+-ion etching are shown in Figure 4(a-1–c-1), respectively. The representative deconvoluted XPS spectra of Bi 4f7/2, Te 3d5/2 and O 1s after Ar+-ion etching are shown in Figure 4(a-2–c-2), respectively. The peak intensity of oxygen decreased while Bi and Te increased after Ar+-ion etching, as shown in Figure 4. The decrease in the O 1s peak is likely associated with the removal of surface contaminants such as H2O and carbonyl group by Ar+-ion etching. The increase in the Bi and Te peaks heavily implies that Bi and Te were exposed on the surface region after the removal of surface contaminants by Ar+-ion etching.



The deconvoluted Bi 4f7/2 peaks were assigned to metallic Bi (Bi0) at 158.6 eV, Bi2Te3 (Bi3+–Te2–) at 157.6 eV, and oxidized Bi (Bi2+–O and Bi3+–O) at 157.1 and 158.7 eV, respectively [29,30,31,32,33]. The deconvoluted Te 3d5/2 peaks were assigned to metallic Te (Te0) at 572.9 eV, Bi2Te3 (Te2––Bi3+) at 572.1 eV, and oxidized Te (Te6+–O, Te4+–O, Te2+–O) at 576.8, 575.9, and 574.0 eV, respectively [34,35,36,37,38,39]. The deconvoluted O 1s peaks were assigned to H2O at 532.2 eV, C=O at 531.1 eV, Te–O at 530.3 eV, Bi3+–O at 529.7, and Bi2+–O at 529.2 eV [40,41,42,43,44].



The relative atomic ratios of Bi, Te and O with different oxidation states before and after Ar+-ion etching are shown in Figure 5(a-1–c-2), respectively. These values were obtained by applying the atomic sensitivity factors of Bi 4f7/2, Te 3d5/2 and O 1s as 4.25, 5.40 and 0.66, respectively [45,46,47].



Comparing the oxide ratios of Bi and Te before Ar+-ion etching, it can be seen that Bi was more readily oxidized than Te, as shown in Figure 5(a-1,b-1). A plausible explanation for this is that Bi has a smaller electronegativity of 2.02 than Te of 2.10 on the Pauling scale [48,49]. Before Ar+-ion etching, Bi oxides and Te oxides were the major chemical species of Bi and Te, respectively. However, after Ar+-ion etching as shown in Figure 5(a-2,b-2), most of the oxides of Bi and Te were removed. Thus, after Ar+-ion etching, Bi0 and Bi3+–Te2– peaks became the most established peaks of Bi, while Te0 and Bi–Te2– peaks became the most established peaks of Te. Moreover, in Table 1, as the Te composition ratio increased, the power increased accordingly. The calculated Te power/Bi power is tabulated in Table 4, and the trend indicates that the Bi–Te bond increased as well from 1.25 to 1.67. Furthermore, the intensity of the Bi2Te3 peak also increased with this trend as shown in Figure 5.



UPS was employed to determine the WFs of the BTX TFs. The WFs were computed utilizing the following equation [7]:


WF = 21.2 eV (He I) − (Fermi level − secondary cutoff).



(1)







The obtained WF values before and after Ar+-ion etching are shown in Figure 6a,b, respectively. Figure 7 shows the atomic percentages of Bi and Te species with different oxidation states. Intuitively, the expected propensity of WF was thought to increase as the contents of Te increased because the WFs of Te and bismuth telluride were reported with higher values than Bi [50,51]. The reported WF values of Bi, Te, Bi oxide and Te oxide are listed in Table 5 [50,51,52,53,54]. In other words, the WFs were expected to be BT70 > BT50 > BT30 > and BT20; however, our experimental findings deviated from such anticipation. As displayed in Figure 4, the XPS results revealed that numerous Bi and Te species with different oxidation states existed in the BTX TFs. These Bi and Te oxides contributed to the WF of the BTX TFs. Therefore, the weighted average WF was calculated considering the obtained atomic percentages of chemical species with different oxidation states. Table 6 lists the relative atomic percentages of chemical species with oxidation states of the BTX TFs and the obtained weighted average WFs of the corresponding TFs. For instance, in the case of BT20, the weighted average WF was calculated as [(19.6 × 4.64 eV) + (1.90 × 4.80 eV) + (59.8 × 5.07 eV) + (18.6 × 4.20 eV)]/100 = 4.81 eV. However, as shown in Figure 4, most of the oxide species were removed after Ar+-ion etching. Therefore, it was expected that the WFs after Ar+-ion etching would fit with the estimated tendency. The WF values from after Ar+-ion etching BTX TFs were plotted as Figure 6b. As expected, the WF increased as the ratio of Te increased in the order of BT20, BT30, BT50 and BT70, and then it decreased to 4.86 eV in BT100 (pure Te).



Figure 8 shows the surface morphologies of the BTX TFs obtained by SEM (inset) and topological images monitored by AFM. The SEM micrographs were magnified by 150 k. Interestingly, some grains were identified only in pure TFs such as BT0 and BT100. Other BTX TFs showed a relatively smooth surface without distinct grains in the SEM micrographs. The roughness of the TFs is expressed as Rq, which is the root mean squared value obtained from our AFM measurements. The results showed large Rq values in BT0 and BT100 due to their specific grain shapes identified in the SEM, and smaller Rq values were obtained in BT20 to BT70, rather than in BT0 and BT100. The large Rq values in BT0 and BT100 could be ascribed to TFs growing in an island shape elucidated by the Volmer–Webber growth mechanism [55,56]. According to JCPDS No. 85–1331, 86–2269, 82–0358 and 77–2109, the lattice parameters were a = 4.533 for Bi, a = 4.454 for Te, a = 4.395 for Bi2Te3, and a = 5.418 for Si (substrate). The lattice mismatch was calculated using Equation (2), given below as the following:


  f =     a   0     s   −   a   1   ( f )     a   1   ( f )    



(2)




where a0(s) is the lattice parameter of the substrate and a1(f) is the parameter of the deposited material. The calculated lattice mismatch value was f = 0.195 for Bi, f = 0.216 for Te and f = 0.233 for Bi2Te3. If the f value is less than 0.09, it is known that the film grows in accordance to the lattice of the substrate. However, Bi, Te and Bi2Te3 all have values higher than 0.09, so it can be considered that it grew into an island form. The Rq values of BT20 through BT70 were smaller than for BT0 and BT100, while the Rq values increased from BT20 to BT70. From these observations, we can conclude that Te had a stronger influence on the surface roughness of the BTX TFs than Bi.



Figure 9 shows the XRD patterns of the BTX TFs. The peaks in BT0 were observed at the diffraction angles of 22.59°, 27.27°, 38.14°, 39.74°, 44.78° and 46.13° (JCPDS No. 85–1331). These characteristic peaks pertain to the rhombohedral Bi phases [57]. In BT20, a peak at 27.75° (JCPDS No. 82–0358) was observed and assigned to the rhombohedral BiTe peak. In the BT30, BT50 and BT70 TFs, a peak at 28.74° (JCPDS No. 84–1777) was detected and assigned to the tetrahedral TeO2 peak. In BT100, peaks at 23.04°, 27.58°, 38.28°, 43.47°, 45.09°, 49.67°, 51.28° and 56.93° (JCPDS No. 86–2269) were observed and assigned to the phases of hexagonal Te [58]. In other bismuth telluride thin film studies, when the thin film was fabricated and annealed at a power exceeding 15 W (Bi) and 30 W (Te) (the highest power we set in our experiment), many peaks did not appear even at 100 °C. As the temperature increases, various peaks appear with increased intensities [59,60]. Comparing such results with previous studies, the formation conditions of BTX TFs in this work were insufficient to form a crystalline structure. Therefore, it was difficult to observe crystal peaks in the BT20 through BT70 TFs [59,60]. Additionally, the lattice strain was measured using the Williamson–Hall equation:


  β c o s θ = ε   4 s i n θ   +   K λ   τ    



(3)




where β is the full width at half maximum of the diffraction peaks, θ is Bragg’s angle, K is the constant 0.9, λ is the wavelength of X-ray radiation (CuKα = 0.15406 nm), τ is the crystallite size (nm) and ε is the strain of the sample. Using the θ and β values shown in Table 7, a graph was constructed with 4sinθ on the x-axis and βcosθ on the y-axis, in which the slope is expressed as ε.



The calculated lattice strain values were found to be the following: r-Bi of 1.70 × 10−3 and h-Te of 3.00 × 10−3. The bond length of Bi was 2.90 ~ 3.07 Å and of Te, 2.74 Å. In addition, the electronegativity was 2.02 for Bi and 2.10 for Te, which is relatively larger than Bi and a shorter bond length, so it can be seen that the bonds between Te were stronger than for Bi. Moreover, as seen in Figure 8, the morphology of BT100 was sharper and denser in grains than BT0. Through these points, it can be seen that Te, which had a larger strain value, received more stress than Bi, and thus, the surface roughness value was also larger. In addition, there was another study that showed a proportional relationship between surface roughness and strain [61].



Figure 10 shows the electrical conductivity of the BTX TFs measured by a four-point probe as a function of Te composition. Note that the scale of the ordinate of the inset is in log scale of the conductivity. Firstly, Bi is a metallic element while Te is a metalloid; thus, the electrical conductivity value of BT0 is relatively higher than BT100 [62,63]. Therefore, as the ratio of Te increases, the electrical conductivity of the BTX TFs should have tended to decrease. Surprisingly, BT20 showed higher electrical conductivity than BT0. This unexpected result could be related to the discontinuity and roughness of the TFs’ surface. The lower the continuity and rougher the surface of TFs, the lower the electrical conductivity [64]. Interestingly, there have been reports of a correlation between roughness and electrical conductivity, hinting at possibilities of topological insulation effects due to Bi2Te3 being a topological insulator [9]. From the AFM data, as shown in Figure 8, BT20 showed a smaller roughness (0.6 nm) than BT0 (21.4 nm). The grain boundaries, which caused the discontinuity of the TFs, formed in higher quantities in BT0 than in BT20, as shown in the SEM micrographs in Figure 8. These two factors contributed to the higher electrical conductivity in BT20 than in BT0. In order to accurately characterize the trend of the electrical conductivities from BT20 to BT70, the scale of the ordinate was taken as the logarithm of the conductivity, and it is shown in the inset of Figure 10. Clearly, as the ratio of Te increased, the electrical conductivity tended to decrease. As seen in the AFM data, as shown in Figure 8, the Rq value increased as Te increased and the electrical conductivity tended to decrease due to the increase in Rq.



Figure 11a shows the roughness of the BTX TFs and the CA, measured by dropping 2 μL DW and EG. Figure 11b presents the calculated dispersive, polar and total SFE values of the TFs which were calculated by using the modified Young’s equation by Owens and Wendt with the measured CA values. The modified Young’s equation is described as


    γ   L     1 + c o s θ   = 2    γ   S   d     γ   L   d    + 2    γ   S   p     γ   L   p     



(4)




where     γ   L     is the surface tension of the used liquids (DW and EG) and   θ   is the contact angle between the BTX TFs and the liquid. The     γ   S   d     and     γ   S   p     are the surface tensions of the dispersive and polar components of the TFs, respectively. The     γ   L   d     and     γ   L   p     are the surface tensions of the dispersive and polar component of the liquids, respectively. The calculated SFE values are listed in Table 8.



The pure TFs such as BT0 and BT100 showed strong hydrophobic properties because the dispersive SFE is larger than the polar SFE, as shown in Figure 11b. On the other hand, the mixed TFs such as BT20, BT30, BT50 and BT70 still had a higher dispersive SFE, but the polar SFE increased significantly. As the compositional ratio of Te increased, the polar SFE increased. The tendency of the total SFEs was similar to that of the roughness of the TFs determined in our AFM measurements.




4. Conclusions


In conclusion, bismuth telluride thin films of various ratios were successfully fabricated by employing RF magnetron sputtering. The surface properties of the fabricated films were characterized by utilizing a wide range of analytical techniques such as XPS, SEM, AFM, XRD, four-point probe, UPS and CA measurements. To elaborate, the XPS results revealed that Bi is more prone to oxidation than Te after Ar+-ion etching; pristine Bi and Te thin films yielded the highest Rq values (21.4 nm and 31.2 nm, respectively) from the AFM and SEM results due to their large grain sizes; BT20 exhibited a peak at 27.75° due to its rhombohedral structure from the XRD patterns; the electrical conductivity of the thin films tended to decrease with increasing Te concentration; and pristine Bi and Te thin films showed the strongest hydrophobic nature compared to the other thin films based on the CA measurements. We hope that our findings promote further investigations regarding bismuth telluride materials in studying their thermoelectric, topologically insulating and even antimicrobial properties.
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Figure 1. Deposition rates of Bi and Te at various sputtering powers. 
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Figure 2. (a) XPS survey spectra of BTX TFs before Ar+-ion etching, (b) XPS survey spectra of BTX- TFs after Ar+-ion etching. 
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Figure 3. XPS narrow spectra of Bi 4f7/2: (a-1) before Ar+-ion etching and (a-2) after Ar+-ion etching. XPS narrow spectra of Te 3d5/2: (b-1) before Ar+-ion etching and (b-2) after Ar+-ion etching. XPS narrow spectra of O 1s: (c-1) before Ar+-ion etching and (c-2) after Ar+-ion etching. 
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Figure 4. The representative deconvoluted XPS spectra of Bi 4f7/2: (a-1) before Ar+-ion etching and (a-2) after Ar+-ion etching. The representative deconvoluted XPS spectra of Te 3d5/2: (b-1) before Ar+-ion etching and (b-2) after Ar+-ion etching. The representative deconvoluted XPS spectra for O 1s: (c-1) before Ar+-ion etching and (c-2) after Ar+-ion etching. 
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Figure 5. The atomic ratio of Bi with different oxidation states: (a-1) before Ar+-ion etching and (a-2) after Ar+-ion etching. The atomic ratio of Te with different oxidation states: (b-1) before Ar+-ion etching and (b-2) after Ar+-ion etching. The atomic ratio of O with different oxidation states: (c-1) before Ar+-ion etching and (c-2) after Ar+-ion etching. 






Figure 5. The atomic ratio of Bi with different oxidation states: (a-1) before Ar+-ion etching and (a-2) after Ar+-ion etching. The atomic ratio of Te with different oxidation states: (b-1) before Ar+-ion etching and (b-2) after Ar+-ion etching. The atomic ratio of O with different oxidation states: (c-1) before Ar+-ion etching and (c-2) after Ar+-ion etching.



[image: Surfaces 07 00012 g005]







[image: Surfaces 07 00012 g006] 





Figure 6. Corrected secondary cutoffs with respect to the Fermi level of BTX TFs (a) before Ar+-ion etching and (b) after Ar+-ion etching. 
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Figure 7. Atomic percentages of Bi and Te species with different oxidation states according to the Te composition. 
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Figure 8. SEM (×150 k) and AFM (1 × 1 μm) micrographs of BTX TFs. 
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Figure 9. XRD patterns of BTX TFs. 
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Figure 10. The electrical conductivity (σ) measured by a four-point probe. The scale of the ordinate of the inset is in log[σ] scale. 
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Figure 11. (a) The CAs of BTX TFs, measured by using DW and EG, and their roughness, measured by AFM. (b) The determined SFEs of BTX TFs. 
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Table 1. Applied RF sputtering powers on Bi and Te targets for BTX TF at different atomic ratios.
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BT0

	
BT20

	
BT30

	
BT50

	
BT70

	
BT100






	
RF sputtering power [W]

	
Bi

	
5

	
8

	
10

	
12

	
15

	
–




	
Te

	
–

	
10

	
15

	
20

	
25

	
30











 





Table 2. The relative atomic percentages of Bi and Te in BTX TFs determined by XPS and EDX results.
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Relative Atomic Percentage [%]




	
Sample

	
XPS

	
EDX




	
Bi

	
Te

	
Bi

	
Te






	
BT0

	
100.0

	
–

	
100.0

	
–




	
BT20

	
58.4

	
41.6

	
75.5

	
24.5




	
BT30

	
53.0

	
47.0

	
68.1

	
31.9




	
BT50

	
33.5

	
66.5

	
50.3

	
49.7




	
BT70

	
18.6

	
81.4

	
27.0

	
73.0




	
BT100

	
–

	
100.0

	
–

	
100.0











 





Table 3. The relative atomic percentages of Bi, Te and O in BTX TFs before and after etching determined by XPS results.
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Relative Atomic Percentage [%]




	
Sample

	
Before Ar+-Ion Etching

	
After Ar+-Ion Etching




	
Bi

	
Te

	
O

	
Bi

	
Te

	
O






	
BT0

	
18.5

	
–

	
81.5

	
52.1

	
–

	
47.9




	
BT20

	
18.8

	
13.4

	
67.8

	
69.2

	
22.6

	
8.2




	
BT30

	
13.1

	
11.6

	
75.3

	
44.1

	
30.1

	
25.8




	
BT50

	
11.7

	
23.2

	
65.1

	
23.8

	
55.6

	
20.6




	
BT70

	
9.2

	
40.2

	
50.6

	
19.4

	
75.3

	
5.3




	
BT100

	
–

	
50.4

	
49.6

	
–

	
89.1

	
10.9











 





Table 4. Calculated RF sputtering power ratios of Te/Bi values [W] in BTX TFs.






Table 4. Calculated RF sputtering power ratios of Te/Bi values [W] in BTX TFs.












	
	BT20
	BT30
	BT50
	BT70





	RF sputtering power of Te/Bi

[W]
	1.25
	1.50
	1.67
	1.67










 





Table 5. Reported work function values of the chemical species in BTX TFs.
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	Work Function [eV]





	Bi
	4.20~4.40 [50]



	Te
	4.80 [51]



	Bismuth oxide
	5.07 [52]



	Tellurium oxide
	4.64 [53]



	Bismuth telluride
	5.10~5.30 [54]










 





Table 6. The relative atomic percentages of the oxidation states and weighted average WFs of BTX TFs before Ar+-ion etching.






Table 6. The relative atomic percentages of the oxidation states and weighted average WFs of BTX TFs before Ar+-ion etching.





	

	
Relative Atomic Percentage of Bi and Te with Different Oxidation State [%]

	
Weighted Average

Work Function [eV]




	
Te4+–O

	
Te0

	
Bi3+–O

	
Bi0






	
BT0

	
–

	
–

	
83.3

	
16.7

	
4.92




	
BT20

	
19.6

	
1.9

	
59.8

	
18.6

	
4.81




	
BT30

	
20.6

	
1.9

	
74.6

	
3.0

	
4.95




	
BT50

	
55.3

	
5.3

	
39.4

	
–

	
4.81




	
BT70

	
44.1

	
43.0

	
12.9

	
–

	
4.76




	
BT100

	
56.5

	
43.5

	
–

	
–

	
4.71











 





Table 7. The Bragg’s angle and FWHM of the peaks and calculated lattice strain of BTX TFs.
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Sample

	
Phase

	
θ [°]

	
FWHM [°]

	
Lattice Strain

[10−3]






	
BT0

	
r-Bi(003)

	
11.30

	
0.75

	
1.70




	
r-Bi(012)

	
13.64

	
0.60




	
r-Bi(104)

	
19.07

	
0.94




	
r-Bi(110)

	
19.87

	
0.58




	
r-Bi(015)

	
22.40

	
0.85




	
r-Bi(006)

	
23.07

	
0.80




	
BT100

	
h-Te(100)

	
11.52

	
0.50

	
3.00




	
h-Te(101)

	
13.79

	
0.20




	
h-Te(012)

	
19.14

	
0.23




	
h-Te(110)

	
20.24

	
0.50




	
h-Te(111)

	
21.69

	
0.34




	
h-Te(003)

	
22.55

	
0.08




	
h-Te(021)

	
24.84

	
0.30











 





Table 8. The SFEs of BTX TFs calculated by the modified Young’s equation.
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Sample

	
Surface Free Energy [mN/m]




	
      γ   s   d      

	
      γ   s   p      

	
      γ   s      






	
BT0

	
20.0

	
0.6

	
20.6




	
BT20

	
10.2

	
6.1

	
16.3




	
BT30

	
9.7

	
6.8

	
16.4




	
BT50

	
8.8

	
8.5

	
17.3




	
BT70

	
10.4

	
9.4

	
19.8




	
BT100

	
28.9

	
1.0

	
29.9
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