

  coatings-11-00250




coatings-11-00250







Coatings 2021, 11(2), 250; doi:10.3390/coatings11020250




Article



Effect of Annealing on the Characteristics of CoFeBY Thin Films



Wen-Jen Liu 1, Yung-Huang Chang 2, Yuan-Tsung Chen 3,*[image: Orcid], Yi-Chen Chiang 3, Ding-Yang Tsai 3, Te-Ho Wu 3 and Po-Wei Chi 4





1



Department of Materials Science and Engineering, I-Shou University, Kaohsiung 840, Taiwan






2



Bachelor Program in Industrial Technology, National Yunlin University of Science and Technology, 123 University Road, Section 3, Douliou, Yunlin 64002, Taiwan






3



Graduate School of Materials Science, National Yunlin University of Science and Technology, 123 University Road, Section 3, Douliou, Yunlin 64002, Taiwan






4



Institute of Physics, Academia Sinica, Nankang, Taipei 11529, Taiwan









*



Correspondence: ytchen@yuntech.edu.tw; Tel.: +886-5-534-2601







Academic Editor: Alberto Palmero



Received: 20 January 2021 / Accepted: 10 February 2021 / Published: 20 February 2021



Abstract

:

In this study, the addition of Y to CoFeB alloy can refine the grain size to study the magnetic, adhesion and optical properties of as-deposited and annealed CoFeB alloy. XRD analysis shows that CoFeB(110) has a BCC CoFeB (110) nanocrystalline structure with a thickness of 10–50 nm under four heat-treatment conditions, and a CoFeB(110) peak at 44° (2θ). The measurements of saturation magnetization (MS) and low frequency alternate-current magnetic susceptibility (χac) revealed a thickness effect owed to exchange coupling. The maximum MS of the 300 °C annealed CoFeBY film with a thickness of 50 nm was 925 emu/cm3 (9.25 × 105 A/m). The maximum χac value of the 300 °C annealed CoFeBY nanofilms with a thickness of 50 nm was 0.165 at 50 Hz. After annealing at 300 °C, CoFeBY nanofilms exhibited the highest surface energy of 31.07 mJ/mm2, where the thickness of the nanofilms was 40 nm. Compared with the as-deposited CoFeBY nanofilms, due to the smaller average grain size after annealing, the transmittance of the annealed nanofilms increased. Importantly, when a CoFeB seed or buffer layer was replaced by a CoFeBY nanofilm, the thermal stability of the CoFeBY nanofilms was improved, promoting themselves on the practical MTJ applications.
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1. Introduction


Since the discovery of Co50Fe50 in CoFe systems by Ellis in 1927 and Elmen in 1929, it has shown good soft magnetic properties [1]. These characteristics include high saturation magnetization (MS) and high Curie temperature (TC). Due to its excellent performance, Co–Fe system has attracted extensive attention. According to the above characteristics, Co-Fe alloys have the advantages of low coercivity (Hc) and good mechanical properties. However, with increasing annealing temperature, CoFe alloy has the disadvantage of serious degradation of magnetic anisotropy, which makes the effective use of these magnetic devices at high temperature difficult. Adding a third element to the CoFe matrix can help to overcome this problem [2,3,4,5,6,7]. Therefore, to find a kind of component that can improve the magnetothermal stability has become a primary research goal. For example, CoFeB thin films are widely used as free or pinned layers of spin valued magnetic tunnel junctions (MTJ) due to their high spin polarization and high tunneling magnetoresistance (TMR). They can be used in magnetoresistance random access memory (MRAM) and recording head devices [8,9,10,11,12,13]. Recently, more and more scholars have become interested in high-abundance rare earth magnetic materials. Due to the unique properties of rare earth elements, the high temperature resistance, mechanical strength, ductility and other physical properties of magnetic films can be improved. However, they can form compounds with transition metals such as iron, nickel and cobalt, some of which have Curie temperatures much higher than room temperature. Perhaps its properties can be used to improve the thermal stability of magnetic films at high temperature. Researchers who study magnetism and microstructure add yttrium (Y) to magnetic materials, or use Y to replace other elements in magnetic materials. Y addition plays the important role, including substitution or institute site in the material. When the radius of the Y atom is slightly larger, Y atoms can increase the degree of mismatch between atoms and promote the formation of amorphous phase. Y has a unique external electronic structure, which can remove impurities, prevent segregation and refine grains. Fe-Y composite oxides have a special place in temperature ferromagnetism [14]. In addition, the addition of a small amount of Y can significantly improve the corrosion resistance and chemical stability of the passive film [15,16]. A prior investigation was focused on the transition from amorphous state to nanocrystalline state and/or the improvement of nanocrystalline state to change the specific properties and magnetic properties of the films [17]. For example, substituting 2 at% Y for Nb can slow down the diffusion rate of alloying elements in fenbb alloy and reduce the growth of grains [18]. Compared with other rare earth elements such as Gd, TB or Dy, Y can obtain higher permeability [19]. When Y was doped into Finemet to investigate its effect on magnetic properties, Y was able to replace Nb to refine the grain [20]. In terms of hard magnetism, Fan et al. pointed out that the Y element can replace Ce in permanent magnet materials, which improves the thermal stability of magnetism and reduces the remanence coefficient and coercivity [21]. Zhang et al. stated that the addition of Y to NdFeB could significantly reduce the coercivity and effectively improve its heat resistance [22]. In the fields of soft magnetism, some scholars have successfully developed bulk-sized ternary Fe-X-B (X = Sc, Y, Dy, Ho, Er) amorphous alloys with the minor addition of rare earth elements. In addition, Fe-Y-B has high potential for industrial applications due to its low cost [23,24]. To date, several studies have shown that adding Y or increasing Y content can not only reduce the coercivity of the alloy, but also improve the thermal stability and reduce the production cost. However, there are few studies on the addition of rare earth elements in soft magnetic CoFe alloys. Based on the above literature, CoFeB thin films are commonly used in MTJ applications, but the processing temperature is high, so it is necessary to improve the thermal stability. To improve the magneto-thermal stability of CoFeB alloy, it is very important to study the effect of Y addition on the structure and magnetic properties of CoFeB alloy. The purpose of this study is to investigate the changes of the structure and magnetic properties of CoFeBY films with the thickness of the films, and to study the CoFeBY films after heat treatment, so as to determine whether they will change due to the high temperature environment, thus changing their magnetic efficiency. When the annealing temperature is 250 °C, the CoFeB layer is amorphous, but when the annealing temperature is increased to 300 °C, the amorphous phase becomes nanocrystalline, which leads to the TMR change of MTJ [25]. In this study, CoFeBY nanofilms were sputtered at room temperature (RT). Then the annealing temperature is set between 100 °C and 300 °C to determine whether the addition of Y can improve the thermal stability of the magnetic film at higher temperatures. However, few studies have been carried out on their magnetic-optical properties; therefore, this study discusses the transmittance of CoFeBY thin films. The main purpose of this study is to investigate the structure and magnetic properties of CoFeBY thin films with different thicknesses, and to discuss the structure, magnetic properties, adhesion and optical properties of CoFeBY films after heat treatment.




2. Materials and Methods


CoFeBY nanofilms with a thickness (tf) of 10–50 nm were sputtered on glass substrate at RT by direct current (DC) magnetron sputtering with 50 W power. After that, the progress followed by four conditions: (a) the as-deposited films were kept at RT, (b) annealed at a treatment temperature (TA) at 100 °C for 1 h, (c) annealed at 200 °C for 1 h, and (d) annealed at 300 °C for 1 h. The power density iwass 1.65 W/cm2 and the deposition rate was 1.2 nm/min. The base pressure of the chamber was 3 × 10−7 Torr, and the working pressure of Ar was 3 × 10−3 Torr. The pressure in the ex-situ annealed condition was 2.5 × 10−3 Torr with a specific Ar gas. The alloy target for the composition of CoFeBY was 40 at% Co, 40 at% Fe, 10 at% B and 10 at% Y. The surface morphology was detected by field emission scanning electron microscopy (SEM, Hitachi SU 8200, Tokyo, Japan). The grazing incidence X-ray Diffraction (GIXRD) patterns of CuKα1 (PAN analytical X’pert PRO MRD, Malvern Panalytical Ltd., Cambridge, UK) and low angle diffraction incidence of about two-degree angle were used to determine the structure of CoFeBY films. The in-plane low-frequency alternate-current magnetic susceptibility (χac) and hysteresis loops of Co40Fe40B10Y10 were studied by χac analyzer (XacQuan, MagQu Co. Ltd., New Tapei City, Taiwan) and alternating gradient magnetometer (AGM, PMC, OH, USA). Firstly, the standard sample was calibrated by external magnetic field χac analyzer. Then, the sample was inserted into the χac analyzer. The driving frequency is between 10 and 25,000 Hz. χac was determined by magnetization. All samples had the same shape and size to eliminate demagnetization. The χac valve is an arbitrary unit (a.u.), because the alternating current result corresponds to the reference standard sample, which is a comparative value. The relationship between magnetic susceptibility and frequency was measured by means of χac analyzer. The optimal resonance frequency (fres) was measured by the χac analyzer, which represents the frequency of the maximum χac. Before measurement, the contact angle should be properly air-cleaned on the surface. The contact angles of CoFeBY film were measured with deionized (DI) water and glycerol. The contact angles were measured when the samples take out from the chamber. The surface energy is obtained from the contact angles and some calculations [26,27,28]. The transmittance of CoFeBY was measured by spectral intelligent analyzer. The wavelength of visible light was from 500 nm to 800 nm.




3. Results


3.1. Structure Property


Figure 1 displays the XRD patterns of Co40Fe40B10Y10 nanofilms with a thickness of 10 to 50 nm on glass substrates under four conditions. Figure 1a shows the XRD patterns for the nanofilms at RT, while those of samples annealed at 100, 200 and 300 °C are shown in Figure 1b,c, respectively. The results of XRD are shown at different diffracted angles (2θ) between 35 and 60 degrees. The (110) body-centered cubic (BCC) structure for the CoFeB nanofilms was revealed to be around 2θ = 44°, indicating that the CoFeBY nanofilms belonged to a crystallized state [29]. Moreover, the YFeO3 oxide peaks found at 2θ = 37.3° may be attributed to the Y doping [30].



Figure 2a shows the full width at half maximum (FWHM, B) of the CoFeB (110) peak obtained in four conditions. The average crystallite sizes could be calculated according to the FWHM parameters obtained from the XRD patterns. Using the Scherrer formula (1), the average grain size of CoFeBY films under the studied conditions was calculated with CoFeB (110) peak.



Scherrer formula is [31]:


D = kλ/Bcosθ



(1)




where k (0.89) is the Scherrer’s constant, λ is the X-ray wavelength of Cu Kα1 line, B is the FWHM of the CoFeB (110) diffraction peaks, and θ is the half-angle of the diffraction peak. Figure 2b shows the average grain sizes, which were estimated from the half maximum (FWHM, B) of the CoFeB (110) peak under four conditions. The results demonstrated that the grain sizes of the films were related to the thickness, and the crystallinity of the films increased with the increase of thickness. The grain sizes of CoFeBY after annealing were smaller than those at RT, because the grain can be refined by adding an appropriate amount of Y [22].




3.2. Magnetic Properties


Figure 3a–d plot the magnetic hysteresis loops of CoFeBY films under four conditions, in which the thicknesses were measured between 10 and 50 nm by AGM measurement, and the magnetic field is parallel to the film surface. The in-plane external field (Hext) field of 500 Oe (3.98 × 104 A/m) was sufficient to observe the saturated magnetic spin status. The enlarged image illustrates low coercivity (HC), which suggests that the CoFeBY films were soft magnetic. These data are summarized in Table 1, which shows the magnetic properties of the nanofilms that were obtained by AGM. Figure 4 shows the corresponding saturation magnetization (MS) of the CoFeBY film under four conditions. The results revealed that the observed MS increased with the increase of thickness, indicating the thickness effect of MS on CoFeBY films. The MS value of CoFeBY films increased with the increase of annealing temperature. However, Ms was the highest after annealing at 300 °C, which was the best heat-resistant temperature in this study. The results show that the size of CoFeBY nanofilms is affected by the grain refinement, which improves the ferromagnetic spin exchange coupling and thus increases the Ms [32]. In addition, iron oxide was also detected in the XRD results, which may be the characteristic of antiferromagnetism, so the magnetization of iron oxide was deduced. In this study, the addition of Y and annealed treatment can increase the magnetization. Adding Y and heat treatment can increase the amount of magnetization.



The corresponding HC is displayed in Table 1. HC increased from 1.5 Oe to 15.1 Oe when tf ranged from 10 to 50 nm at room temperature; HC increased from 3.5 Oe to 18.8 Oe when tf ranged from 10 to 50 nm following annealing at 100 °C; HC increased from 4.5 Oe to 24.8 Oe when tf ranged from 10 to 50 nm following annealing at 200 °C; HC increased from 12.5 Oe to 23.1 Oe when tf ranged from 10 to 50 nm following annealing at 300 °C. In this study, the addition of Y led to the increase of HC, because the addition of Y refines the grain size, leading to an increase of HC. However, if the HC of CoFeBY films is between 10 and 20 Oe, and if they have high MS, the CoFeBY films will have soft magnetism, thus making them suitable for MRAM and recording head applications. The HC of nanofilm is usually enhanced by decreasing the grain size, which is an effect related to the transition from magnetic multi-domains to single domains [33,34].



Figure 5a–d show the results of CoFeBY films with thicknesses from 10 to 50 nm at four conditions (RT, 100, 200 and 300 °C) under which the low-frequency alternating-current magnetic susceptibility (χac) was studied. The low frequencies were in the range of 50 to 25,000 Hz. The results showed that the thickness of CoFeBY was between 10 and 50 nm, and the χac values of tf decreased with the increase of frequency (Hz). The maximum χac corresponding to various CoFeBY thicknesses under four conditions is shown in Figure 6. It could be found that the maximum χac value was 0.053 when tf was 50 nm at RT; the maximum χac value was 0.074 when tf was 50 nm at 100 °C; the maximum χac value was 0.152 when tf was 50 nm at 200 °C; and the maximum χac value was 0.165 when tf was 50 nm at 300 °C. Obviously, these results revealed the thickness effect of χac in CoFeBY films. With the increase of tf, the increase of χac was due to the thickness effect. The maximum χac value of annealed CoFeBY films was larger than that at RT. This is because CoFeBY films are affected by grain refinement, which improves the ferromagnetic spin exchange coupling and increases the χac value. Table 2 shows the optimal resonance frequency (ƒres) of CoFeBY. The maximum χac indicated that the spin sensitivity was the highest at the optimal resonant frequency. The peak of χac reflected the spin exchange-coupling interaction and dipole moment of the domain at frequency [35]. Additionally, the ƒres value of nanofilm is below 500 Hz, which allows CoFeBY nanofilm to be applied in soft magnetic devices. It was found that the ƒres values of all CoFeBY thicknesses were in the range from 50 to 500 Hz, indicating the maximum χac had the strongest spin sensitivity at this frequency [36].




3.3. Surface Morphology


To study the surface morphology and magnetic results, SEM images of CoFeBY at 40 nm were observed under four conditions, as shown in Figure 7. Figure 7a shows a looser surface morphology in the as-deposited state. The surface morphology after annealing at 100 °C is shown in Figure 7b, which shows the loose surface phenomenon. In Figure 7c, the surface morphology after annealing at 200 °C shows a dense distribution. The surface morphology of annealed at 300 °C was more densely distributed, as shown in Figure 7d. In addition, the surface morphology w very close to magnetism. In the cases of Figure 7c,d, some defects can be found, which lead to the enhancement of domain wall pinning effect. This can induce high coercivity and improve the spin coupling strength [37,38,39,40]. The susceptibility is also related to magnetic noise and exchange coupling. High susceptibility can enhance the strong dipole interaction effect [41].




3.4. Analysis of Surface Energy and Adhesion


Table 3 displays the contact angle (θ) of the CoFeBY at RT. The contact angle of the films was investigated using DI water and glycerol. Table 3 shows the result of the contact angles (θ) of the CoFeBY using DI water, which were 81.7°, 81.1°, 80.9°, 81.3°, and 81.0°, as well as the contact angles (θ) with glycerol, which were 78.4°, 78.2°, 78.8°, 80.8°, and 79.5°, respectively.



Table 4 displays the contact angle (θ) of the Glass/CoFeBY at 100 °C. The contact angle of the films was investigated using DI water and glycerol. It shows the result of the contact angles (θ) of the CoFeBY using DI water, which were 79.4°, 79.3°, 79.4°, 81.0°, and 80.8°, as well as the contact angles (θ) with glycerol, which were 77.8°, 76.9°, 77.6°, 79.7°, and 80.0°, respectively.



Table 5 displays the contact angle (θ) of the CoFeBY at 200 °C. The contact angle of the films was investigated using DI water and glycerol. Table 5 shows the result of the contact angles (θ) of the CoFeBY using DI water, which were 77.6°, 78.3°, 78.0°, 79.5°, and 79.7°, as well as the contact angles (θ) with glycerol, which were 74.0°, 73.2°, 77.2°, 79.2°, and 79.5°, respectively.



Table 6 shows the annealed 300 °C result of the contact angles (θ) of the CoFeBY using DI water, which were 78.1°, 78.0°, 76.8°, 72.9°, and 71.7°, as well as the contact angles (θ) with glycerol, which were 75.9°, 77.0°, 75.8°, 72.7°, and 71.6°, respectively. From the above results, the contact angles of all CoFeBY films under RT, 100, 200 and 300 °C were less than 90°, indicating that the films were hydrophilic. When films are hydrophilic, they will have good wetting effect. In addition, the contact angle was closely related to the surface energy. When the surface free energy is high, the liquid absorption is large and the liquid absorption area is large, which leads to the decrease of the contact angle [42]. The surface energy was calculated according to the contact angle and Young’s equation [26,27,28].



Figure 8 shows the surface energy of the CoFeBY films. As a consequence, it indicates that the surface energy of as-deposited CoFeBY films was 24.4 mJ/mm2 at 40 nm, which was the highest value. When the annealing temperature was 100 and 200 °C, the best surface energy of 50 nm was 25.59 mJ/mm2 and 26.93 mJ/mm2, respectively. After annealing at 300 °C, the best surface energy was 31.07 mJ/mm2 at 40 nm, as shown in Figure 8. This result is consistent with SEM. When annealed at 300 °C for 40 nm, some defects can be observed, which are caused by high surface energy. After heat treatment, the surface energy of the film tended to become higher. With the increase of oxide content, the contact angle decreases. Low contact angle corresponded to higher surface energy. When the film has high surface energy, the adhesion is the strongest. These results show that it is easier to combine with free layer and pinning layer of layered magnetic tunnel junctions.




3.5. Analysis of Optical Properties


Figure 9 shows the optical transmittance spectra of CoFeBY at visible wavelengths of 500 to 800 nm. In Figure 9a (CoFeBY at RT), the transmittance (%) decreased from 37 to 10.5%, as tf changed from 10 to 50 nm. In Figure 9b (CoFeBY after annealing at 100 °C), the transmittance (%) decreased from 39.7 to 17%, when tf changed from 10 to 50 nm. In Figure 9c (CoFeBY after annealing at 200 °C), the transmittance (%) decreased from 40 to 16.7%, as tf changed from 10 to 50 nm. In Figure 9d (CoFeBY after annealing at 300 °C), the transmittance (%) decreased from 39.9 to 16%, when tf changed from 10 to 50 nm. The transmittance of annealed samples was higher than that of RT samples. The addition of Y and annealing could cause grain refinement [22]. With the increase of annealing temperature, only a slight change in the transmittance could be observed, because the crystal grain size did not change much, and the trend was not obvious. This result is in good agreement with the average grain size measured by XRD. The result indicated that thinner CoFeBY films have a higher transmission rate, because thicker films impeded the signal of the incident light and result in decreased transmittance. It is confirmed that the transmission of photons through the film is reduced due to the thickness effect and interface effect of the film [43,44].





4. Conclusions


Because of the addition of a suitable amount of Y in the alloys, the crystalline grain size was reduced after the post-annealing treatment. When the thickness of CoFeBY nanofilms increases from 10 to 50 nm, Ms tends to saturate, indicating the thickness effect of MS on CoFeBY nanofilm. The MS was improved when the temperature in the post-annealing process increased. The CoFeBY nanofilms were affected by size, and the refinement of grains facilitated the ferromagnetic spin exchange coupling, thus increasing the saturation magnetization. For the 300 °C annealed CoFeBY nanofilms, the maximum χac value was 0.165 at a 50 Hz fres, where the thickness of the films is 50 nm. The fres values of the CoFeBY nanofilms in all thickness conditions were less than 500 Hz, signifying that it could fulfill applications as the magnetic component in low-frequency sensors. The 50-nm-thick film following annealing at 300 °C had the highest surface energy in this work. It is worth mentioning that the strongest adhesion corresponded to the highest surface energy. At the same time, the samples undergoing annealing showed that the transmittance increased in comparison with the as-deposited films, because the average grain size became smaller after annealing, causing the transmittance to increase. The results show that the thermal stability of CoFeB nanofilms can be improved by adding appropriate amount of Y into CoFeB alloy, which indicates that the application of rare earth materials in soft magnetic materials needs further development.
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Figure 1. XRD patterns of CoFeBY films. (a) RT, (b) after annealing at 100 °C, (c) after annealing at 200 °C, (d) after annealing at 300 °C. 
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Figure 2. (a) The full width at half maximum (FWHM, B) of CoFeBY films, (b) the average grain size of CoFeBY films. 
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Figure 3. In-plane magnetic hysteresis loop of CoFeBY nanofilms: (a) RT, (b) after annealing at 100 °C, (c) after annealing at 200 °C, (d) after annealing at 300 °C. 
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Figure 4. Saturation magnetization (MS) of CoFeBY nanofilms. 
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Figure 5. The low-frequency alternate-current magnetic susceptibility (χac) as a function of the frequency from 10 to 25,000 Hz. (a) RT, (b) after annealing at 100 °C, (c) after annealing at 200 °C, (d) after annealing at 300 °C. 
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Figure 6. Maximum alternate-current magnetic susceptibility for the CoFeBY films. 
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Figure 7. SEM micrographs of CoFe40BY 40 nm. (a) RT, (b) after annealing at 100 °C, (c) after annealing at 200 °C, (d) after annealing at 300 °C. 
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Figure 8. Surface energy of CoFeBY nanofilms. 
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Figure 9. Transmittance of CoFeBY films. (a) RT, (b) after annealing at 100 °C, (c) after annealing at 200 °C, (d) after annealing at 300 °C. 
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Table 1. Coercivity (Hc) of CoFeBY nanofilms.
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	Thickness

(nm)
	RT

(Oe)
	After Annealing at 100 °C (Oe)
	After Annealing at 200 °C (Oe)
	After Annealing at 300 °C (Oe)





	10
	1.5
	3.5
	4.5
	12.5



	20
	12.3
	12.0
	15.8
	13.4



	30
	12.0
	18.0
	12.9
	20.3



	40
	15.1
	15.1
	24.1
	21.9



	50
	12.5
	18.8
	24.8
	23.1
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Table 2. Optimal resonance frequency for films of various thicknesses.
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	Thickness

(nm)
	RT

(Hz)
	After Annealing at 100 °C (Hz)
	After Annealing at 200 °C (Hz)
	After Annealing at 300 °C (Hz)





	10
	50
	50
	50
	50



	20
	50
	50
	50
	50



	30
	50
	50
	50
	50



	40
	50
	100
	100
	50



	50
	50
	50
	50
	50
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Table 3. Average contact angles of CoFeBY nanofilms at RT with DI water and glycerol.
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	Co40Fe40B10Y10 (10–50 nm)
	Contact Angle (θ) with DI Water as Test Liquid
	Contact Angle (θ) with Glycerol as Test Liquid





	10 nm
	81.7°
	78.4°



	20 nm
	81.1°
	78.2°



	30 nm
	80.9°
	78.8°



	40 nm
	81.3°
	80.8°



	50 nm
	81.0°
	79.5°
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Table 4. Average contact angles of CoFeBY nanofilms after annealing at 100 °C with DI water and glycerol.
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	Co40Fe40B10Y10 (10–50 nm)
	Contact Angle (θ) with DI Water as Test Liquid
	Contact Angle (θ) with Glycerol as Test Liquid





	10 nm
	79.4°
	77.8°



	20 nm
	79.3°
	76.9°



	30 nm
	79.4°
	77.6°



	40 nm
	81.0°
	79.7°



	50 nm
	80.8°
	80.0°
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Table 5. Average contact angles of CoFeBY nanofilms after annealing at 200 °C with DI water and glycerol.
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	Co40Fe40B10Y10 (10–50 nm)
	Contact Angle (θ) with DI Water as Test Liquid
	Contact Angle (θ) with Glycerol as Test Liquid





	10 nm
	77.6°
	74.0°



	20 nm
	78.3°
	73.2°



	30 nm
	78.0°
	77.2°



	40 nm
	79.5°
	79.2°



	50 nm
	79.7°
	79.5°
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Table 6. Average contact angles of CoFeBY nanofilms after annealing at 300 °C with DI water and glycerol.
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	Co40Fe40B10Y10 (10–50 nm)
	Contact Angle (θ) with DI Water as Test Liquid
	Contact Angle (θ) with Glycerol as Test Liquid





	10 nm
	78.1°
	75.9°



	20 nm
	78.0°
	77.0°



	30 nm
	76.8°
	75.8°



	40 nm
	72.9°
	72.7°



	50 nm
	71.7°
	71.6°
















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2021 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
(c)

(b)

(d)





media/file4.png
0.30

FWHM , B

0.10

—
S

)
o
S0

Grain siz¢ (nm)

0.6

0.4

10

20

30

Thickness (nm)

(a)

40

50

10

20

30

Thickness (nm)

(b)

40

30






nav.xhtml


  coatings-11-00250


  
    		
      coatings-11-00250
    


  




  





media/file18.png
Transmitance (%)

Transmittance (%a)

60

10 nm
— 20} NM
S0 30 nm
40 nm
— 5 nm
40 F —M
o ——
30
20 ;—‘_//_IM
L _M
10 p~— LR
1 3 1
500 600 700 800
Wavelength (nm)
a
60
— [0 nm
20} nim
50 F 30 nm

40 nm
w
40

800
Wavelength (nm)

(c)

Transmittance (%)

Transmittance (%)

60

10 nm
20 nm

800
Wavelength (nm)

60 —
[=——10nm
p | — 20 nm
|=——30nm
S0 F |=——40nm

40 M

0k

800
Wavelength (nm)





media/file16.png
4

Surface energy (mJ/mm’)

32.5

30.0 |

Thickness (nm)






media/file2.png
Intensity (arb. units)

Intensity (arb. units)

YFeO, CoFeB( 110}

S nm

40 nm

" 30 mim
I [ T R ST+ i 1k adlabie d
MML“HT Y | e N Gt

20 nm
| TRy N L F ETTR | [(g-  C Tgpar &
i don il e el 4 L Al bk . ™ .

10} nm

20 (degree)

(a)

YFeO, CoFeB(110)

S0 nm

4 nm

M e TN URAT ST )
PR A L P i

30 nm
ﬂ h 20 nm
’1 h 10 mm

20 (degree)

(c)

35 40 45 50 55 60

Intensity (arb. units)

Intensity (arb, units)

Lad
LN

YFeO, CoFeB(110)
50 nm

Y dad g T

-
L el - - e Rl L b b

& h 40 nm
H ! 30 nm
ﬁ h 20 nm
Bk b o mbh hdioials Bk o i o sl
wr bk i i WISy T EE P Ll o -

H ﬁ 10 nm

40 45 50
20 (degree)

(b)

bl i

LA
N

60

YFeO, CoFeB(110)

S nm

hllﬂhlllil “l'i“ﬂﬂ e e #hw1
h h 3 am
[ T TR " A e a0 o 1
L L i B v — L i | b v a—y 1

h h 10 nm

i 1 3 L 3 L i L i

35 40 45 50 it 60

20 (degree)

(d)





media/file5.jpg
111

1!






media/file3.jpg
——xr

Thckacss (o)

(@)

(o)

04!

Thickaess (om)

(b)





media/file1.jpg





media/file7.jpg
1.00

0.75

M_(x10° A/ m)

e
-
g
—"‘
2 _—: e
ol S i % o
A =" ’_._:: - a--—4
rAa
/;/ —B-RT
z —e— 100°C
: —Ae 200°C
—v- 300°C
s L s . )
10 20 30 40 50

Thickness (nm)






media/file10.png
i1 0

S

{030

(R

I-’I

L] R

LLEL L

== i} fi&s
= M} nrm
== LI} iy
—a— I nen
il 5} ey

0 5000 10,000 15000 20,000 25,000

Fregquency (Hz)

(a)

1 i

10,000 15,000 20,000 25,000

Frequency {Hz)

(c)

0ovs b

LLCEA] |

0S|

()

oo b

0ols b

0 CxK)

=

== | [} mimi
—— b
—— b
—¥— Al
=i 5{} i

A

0

S000 10,00015000 20,00025,000
Froquency (Hz)

(b)

.12

(au]

MY

x-

004 p=

000k,

5000 10.000 15.000 20,000 25,000
Freguency (1)

(d)





media/file12.png
(a.u.)

ac

Maximum y

0.15

< 0.10

0.00

Glass/ComFe B,Y (X nm)

40 10

1

'+RT

—8— 100°C
—&—200°C
—w—300°C

20

30

Thickness (nm)






media/file9.jpg
Zomnl

0 5000 10,000 15000 20000 25,000 05000 10,000 15,000 20,00025,000
(@) (®)

0 5000 100001500020,00025,000 05000 10,000 15,000 20,00025,000

() (d





media/file0.png





media/file14.png
123172020 HV mag O | WD |tit mode| —— 400 nm— 23172020 Hv mag O | WD |tilt mode 400 nm
125707 PM 10.00 KV 200000 x |96 mm |1 SE 11:45:28 AM 10.00 KV 200000 x |96 mm |1 SE
] [
ol ' .
e :
2 o
123142020 HV mag O WD | tilt ' mode - :‘..UD L — 12/31/2020 HV mag O WD | tilt mode ADD.nm —
0 x

11:44:01 AM 10.00 KV | 200 00

968mm 1" SE

12:54:43 PM 10.00 KV | 200 000 x

96mm| 1"

SE






media/file8.png
1.00

=
~J
Lh

M_(x10° A/ m)

=

Lhn

[
h

o

Thickness (nm)

- e .’ P
' —
= _ A
e = R
- — - = — S - ". o Y -.
s » P - — —
yay e
" A —m— RT
- —®— 100°C
: —de= 200°C
i —= 300°C
1 § 1 i L 5 1 M 1
10 20 30 40 50






media/file11.jpg
0.20

oy
>

Maximum 7,

0.05

0.00

Glass/ Co, Fe, B, Y, (X nm)

—&—RT
——100°C
—A—200°C
—¥—300°C

10 20 30 40 50

Thickness (nm)






media/file6.png
M (10" A/m)

0.70
0.35
0.00
=().35
-0.70 L
-3.08 -1.99 0.00 1.99 3.98
H (10" A/m)
(a)
0.90
0.45 /
3
= 000
=
-.:‘i..-
=
s | () nm
-0.45 20 M
s 30 NM
- e () VT
e 5 () TVIT
_ﬂ'[}[} I [ g

-3.98

-1.99 0.00
H (10" A/m)

(c)

1.99

3.98

M (10" A/m))

M (210° A/m)

0.8

et LV 1111

— () I

— () 1M
e 4 () M

—50 nm
1 M

_n- B i i i
-3.98 -1.99 0.00 1.99 3.98

H (x10° A/m)

(b)

0,00 1.99 3.98

H(x10" A/m)

(d)





media/file15.jpg
Surface energy (mJ/mm’)

w
=
>

275

25.0

—a—RT
—e—100 °C
—a—200 °C
—9—300°C

Thickness (nm)






media/file17.jpg





