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Abstract

:

In this paper, Zn1−xMgxS thin films were co-sputtered on glass substrates using ZnS and MgS binary target materials under various applied RF power. The compositional ratio of Zn1−xMgxS films was varied by changing the RF power at an elevated temperature of 200 °C. The structural and optical properties were studied in detail. The structural analysis shows that the co-sputtered Zn1−xMgxS thin films have a cubic phase with preferred orientation along the (111) plane. The lattice constant and ionicity suggest the presence of a zincblende structure in Zn1−xMgxS thin films. Zn1−xMgxS thin films have transmittance over 76%. The extrapolation of optical characteristics indicates that direct bandgaps, ranging from 4.39 to 3.25 eV, have been achieved for the grown Zn1−xMgxS films, which are desirable for buffer or window layers of thin film photovoltaics.
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1. Introduction


ZnS and MgS-based devices have shown promising results in optoelectronic applications. Further modifications of these materials can make their range of properties broader in the respective applications. In fabricating semiconductor devices such as thin film solar cells, there is a need for an n-type buffer layer material to form a metallurgical and electrical junction with the p-type absorber layer. The Zn1−xMgxS thin film has drawn significant interest as a buffer layer in thin film photovoltaics in recent years. II-VI compounds, such as CdS [1,2,3,4], ZnS [5,6,7], CdZnS [8,9,10,11,12], etc., are commonly used as buffer layers. The bandgap of these films varies from 2.45 to 3.25 eV. For ultraviolet (UV) optoelectronic devices such as UV detectors, sensors, and sources (UV-LEDs, UV-lasers), it is necessary to have much wider bandgap materials. Wide bandgap II-VI compounds are promising for short wavelength optoelectronic applications, i.e., from the green to the ultraviolet spectral region [13]. Usually, group III-V-based materials are used in UV detectors, however, the synthesis as well as usage are quite troublesome [14].



On the other hand, Zn-chalcogenide, e.g., ZnS, and alkaline-earth chalcogenide, e.g., MgS, are promising materials for optoelectronic devices [15]. MgS can be crystallized in rocksalt (RS), zincblende (ZB), and wurtzite structures. Naturally, MgS favors the rocksalt structure. Based on the theoretical calculation by Kalpana et al. [16], both rocksalt and zincblende structures are indirect-gap materials. Okuyama et al. [17] determined the bandgap energy of zincblende MgS at room temperature to be 4.45 ± 0.2 eV. Haque et al. [6] found that ZnS is a direct bandgap material with a bandgap energy of 3.24 ± 0.05 eV at room temperature. Therefore, it can be summarized that bandgap engineering is possible by controlling the synthesis processes of II–VI group ternary alloy ZnMgS. This ternary alloy has successfully been synthesized by various physical techniques, such as molecular beam epitaxy [18,19], metalorganic vapor phase epitaxial growth [20], solid solution [15,21,22], sputtering [15], and chemical approach [23,24,25].



This work reports the deposition of Zn1−xMgxS thin films by RF magnetron co-sputtering from individual ZnS and MgS targets for the first time. The structural and optical characterizations of the ZnMgS layer are discussed in detail, based on the findings from the experiments conducted throughout this study.




2. Materials and Methods


2.1. Deposition of Thin Films


A top-up magnetron sputtering system, manufactured by Kurt J. Lesker Company with Model PRO Line PVD75, was used for the deposition of ZnMgS thin films. Figure 1 shows the schematic diagram of the system. Two sputter targets of MgS (Super Conductor Materials, Inc. with Purity 99.99%) and ZnS (Angstrom Sciences, Inc. with Purity 99.99%), each with a diameter of 50.8 mm, were placed below the substrate. The targets were respectively connected to RF1 (maximum 300 W, frequency 13.56 MHz) and RF2 (maximum 300 W, frequency 12.56 MHz) power sources. Borosilicate glass slides (BSG) of size 30 × 30 mm2 and thickness of 2 mm were used as substrate and placed about 80.0 mm above the targets. Inside the chamber, the substrate holder was placed onto a rotating stage capable of rotating up to 20 rpm. The rotating state was connected to a resistive heater capable of reaching up to 300 °C. For deposition, the base pressure inside the chamber was maintained below 0.66 mPa.



Deposition rates were assessed by separate deposition of MgS and ZnS on to cleaned BSG substrates at an operating pressure of 0.40 Pa for 30 min under different applied sputtering power at 200 °C. The substrate was cleaned sequentially by methanol-acetone-methanol solutions in the ultrasonic bath followed by DI water for 10 min in each solution. The glass substrates were then dried using a dry air blower. Ketone tape strips were used to mask one side of the substrate prior to each deposition of MgS and ZnS.



After optimization of the deposition rate and composition of individually deposited MgS and ZnS films, the Zn1−xMgxS precursor films were deposited onto BSG substrates by co-sputtering of MgS and ZnS targets at a working pressure of 0.40 Pa with an argon flow rate of 15 sccm. During the deposition, the substrate holder was set to 20 rpm and heated at 200 °C. After deposition, the ZnMgS films were annealed at 550, 450, and 375 °C for 30 min in N2 atmosphere at 3.33 Pa pressure in a Rapid Thermal Annealing chamber, manufactured by Advance Riko with Model MILA-5000-P-N, to ensure better crystalline property. Since X-ray diffraction (XRD) patterns of annealed samples did not show any significant changes with respect to the as-deposited samples, therefore, all characterizations were performed for the as-deposited films only.




2.2. Characterization of Thin Films


The thickness of the films was measured by a surface profilometer (DektaXT-A; Bruker Corporation, Swedesboro, NJ, USA). The composition of the films on BSG substrates was investigated by energy dispersive analysis of X-ray (TEAM EDS; EDAX, Mahwah, NJ, USA). The crystalline phase of the films was studied with an X-ray diffractometer (XRD) (EMMA; GBC Scientific Equipment, Braeside, Australia) using Cu Kα radiation (λ = 0.15406 nm) operated at 35.5 kV and 28 mA. The optical properties of the films were characterized by an ultraviolet-visible-near-infrared (UV-Vis-NIR) spectrometer (UH-4150; Hitachi High Technologies Corporation, Tokyo, Japan) with a wavelength range from 300 to 1100 nm. The surface topology as well as roughness of the films were determined by atomic force microscope (AFM) (C3000, FlexAFM; Nanosurf AG, Liestal, Switzerland). Photoluminescence was performed by a photoluminescence (PL) unit (Mini-Pl/Raman; Photon Systems, Covina, CA, USA) using 248.6 nm laser excitation at 300 K. All of the characterizations were performed at room temperature.





3. Results and Discussion


Prior to the deposition of Zn1−xMgxS films by co-sputtering, the deposition characteristics, such as sputtering deposition rate on glass substrates of the target materials, were assessed upon their individual sputtering.



To assess the film growth rate, deposition was carried out at various sputtering power for each individual target, as shown in Figure 2. It was found that the film growth from ZnS target yielded higher than the MgS target. MgS target led to deposition rate at 0.34 nm/min at 30 W, which linearly increased to 0.96 nm/min at 50 W. Target power and deposition rate were related by a slope of 0.0311 and a linear correlation coefficient (R) of 0.976. The ZnS target achieved 1.17 nm/min at 30 W, which linearly increased to 2.40 nm/min at 50 W, with a slope of 0.0617 and R of 0.988. The linear dependence of deposition rate on the sputtering cathode or target power is favorable to allow the precise growth/deposition engineering of Zn1−xMgxS thin films.



3.1. Compositional Variations


The atomic percentage of the corresponding materials of individually deposited ZnS and MgS films were calculated from EDS. Table 1 shows the average atomic percentage of the deposited thin films of ZnS and MgS.



The observed deposition rates and atomic percentages are subsequently used in the deposition of Zn1−xMgxS films (x = 0.1 to 0.9). These “x” values are obtained by decreasing the RF power of the MgS target from 40 W to 20.98 W and increasing the RF power of the ZnS target from 20 to 70.51 W, as indicated in Table 2.



The elemental compositions of Zn1−xMgxS thin films are assessed by energy dispersive spectroscopy (EDS) measurements. The EDS analysis of nine Zn1−xMgxS thin films deposited by changing the RF power of MgS and ZnS is shown in the table. The non-monotonic behavior of Zn and Mg concentration in the deposited film for x = 0.51 may be due to the composition of the sputter targets used. During sputter deposition process, sputtered atoms are made up of atom species that were located on or near the surface of the sputter targets. Thus, the sputtering yield of the various atomic species is not necessarily a reflection of the bulk composition of the sputter targets. Thus, it is possible that less Zn or more Mg was present on the surface of sputter targets during the deposition for x = 0.51. This is then reflected in the non-monotonic behavior of the contents of Zn and Mg at x = 0.57 to 0.41.




3.2. Structural Properties


As shown in Figure 3, there was only one prominent peak found at 2θ = 28.48° in the XRD patterns of the sputtered thin films for “x” values ranging from 0.1 to 0.4, which indicates that the films are single crystalline with a preferential orientation, and the planes are parallel to the substrate surface. Generally, ZnS exhibits polymorphism of the zincblende (ZB) structure of the cubic phase and wurtzite structure of the hexagonal phase [26]. In our case, the (111) planes of the cubic phase showed a peak at about 28.55°, as supported by JCPDS 05-0566. The peak shift occurs because of Mg incorporation in the ZB structure, and the peak intensity decreases gradually as the concentration of Mg increases. The highest peak height observed for x = 0.2 and the corresponding calculated crystallite size from Debye–Scherrer’s [27] formula for Zn0.8Mg0.2S found the highest value of 22.29 nm. Based on Debye–Scherrer’s formula, one can calculate the crystallite size which is perpendicular to the surface. On the other hand, AFM measurements reveal the lateral size of the crystallite, which also can be correlated with the underlying grain growth mechanism. In this study, it was found that Zn0.8Mg0.2S film simultaneously possesses the highest crystallite size as well as highest lateral grain size, as evident from Table 3.



Zincblende or wurtzite structures are more favorable for group-IIB elements like ZnS, whereas rocksalt structure is more favorable for group-IIA elements like MgS [28,29]. The lattice parameter of ZnS (ZB) is about 0.541 nm [30,31,32], MgS (ZB) is 0.566 nm, and MgS (RS) is about 0.518 nm [33,34]. In our Zn1−xMgxS structure, for x = 0.1 to 0.4, the Mg is incorporated into the ZnS (ZB) structure by replacing Zn and found the lattice parameter around that of ZnS (ZB), as shown in Figure 4. On the other hand, the formation of Zn1−xMgxS is a common-anion type super-lattice, which is thermodynamically unstable in epitaxial growth [35]. This may be one of the reasons for the amorphous state for Mg-rich films. In the growth process of Zn1−xMgxS films, the ZnS target contributes the sulfur component, as found from the EDS (Table 1) data on individually deposited films. It is, therefore, reasonable to state that with Zn1−xMgxS films of x > 0.4, there is insufficient sulfur content to form a stoichiometric crystal structure. Post-deposition sulfurization will, therefore, be needed for thin films with x > 0.4 for better crystalline property.



The lattice constant of the deposited film, as shown by the blue line in Figure 4, gradually increases with the increase in Mg concentration. In tetrahedral coordination, a decrease in the attractive potential between the bonding electrons and atomic cores of Mg over Zn causes an increase in bond length [36]. Phillips [37] discussed the fraction of ionic character in a fourfold coordinated binary system. The ionicity variation with the reported Eh and C values [37] is calculated using the following equation:


   f i  =    C 2     E h 2  +  C 2     



(1)




where fi is the ionicity, C is the anti-symmetric ionic energy gap, and Eh is the symmetric covalent energy gap. The calculated ionicity, as shown by the orange line in Figure 4, also gradually increases from 0.641 to 0.689, as the Mg incorporation (concentration) increases. This value strongly suggests the presence of a ZB phase in Zn1−xMgxS films.



From AFM analysis, the lowest surface roughness and highest grain size were observed in x = 0.2 samples, with the corresponding roughness and grain size values of 0.414 and 186 nm, as shown in Figure 5. The roughness and grain size values for all the deposited samples are shown in Table 3.




3.3. Optical Properties


Figure 6a shows the variation of transmittance and Figure 6b shows the variation of reflectance with respect to wavelength for all the thin film samples. It is found that the average transmittance above 400 nm increases from 76% to 98% with increasing Mg concentration. Confirming the presence of good crystallinity from XRD data, the “x” value from 0.1 to 0.4 also showed a sharp fall at the band edges, which is good for optoelectronic devices, especially for solar cell buffer layers.



The optical properties of the Zn1−xMgxS films are examined by UV-visible absorption spectroscopy, as shown in Figure 7. The optical absorption coefficient (α) is calculated using the equation [38]:


  α =  1 t  ln      (  1 − R  )   2   T   



(2)




where t is the thickness of the films, R is reflectance, and T is transmittance. A sudden decrease, from 300 to 380 nm, is observed in the absorption spectra, which indicates the presence of an optical bandgap in the thin film, confirming the behavior as a semiconductor. The absorption edge in the spectra is shifted towards the lower wavelength as the Mg content increases in the Zn1−xMgxS thin films.



Plotting (αhν)2 with respect to incident photon energy allows the calculation of a semiconductor direct optical energy bandgap (Eg) using the following Tauc relation [39]:


(αhν)2 = (hν − Eg)



(3)







The linear nature of the plots at the absorption edge confirms that Zn1−xMgxS is a semiconductor with a direct energy bandgap. The optical energy band gap is calculated from Figure 8a by extrapolating the linear portion of the curve to (αhν)2 = 0 for each composition and found to be in the range of 4.39 and 3.25 eV (Figure 8b). The lowest bandgap is found for x = 0.2 composition, whereas the highest value is found for that of x = 0.8. The decrease in energy bandgap with decreasing Mg concentration is to be expected.



The anomaly observed between x = 0.2 and x = 0.5 may be that Zn1−xMgxS alloys do not obey Vegard’s Law. In semiconductor physics, Vegard’s Law is often used to approximate the lattice parameter, and subsequently, the bandgap (Eg) for semiconducting alloys. For semiconducting alloys that obey Vegard’s Law, a linear relationship between the bandgap and composition can be established. However, most semiconducting alloys do not obey Vegard’s Law, therefore, a linear relationship between the bandgap and composition will not be observed. As evident in the plot for lattice parameter in Figure 4, the change in lattice parameter for the Zn1−xMgxS samples is not linear. Thus, Zn1−xMgxS belong in the latter group of semiconducting materials that do not obey Vegard’s Law. Hence, the optical parameters for Zn1−xMgxS will not vary in a linear manner with the change in composition. Okuyama et al. [17] reported similar observations for Zn1−xMgxS ternary alloys, while Asano et al. [40] showed them for Zn1−xMgxTe alloys.



The photoluminescence (PL) spectra, as shown in Figure 9, show a little peak shift to lower energy, compared to those of MgS [41], which indicates the continuous increase in Mg incorporation in ZnS thin films. Two electronic transition bands have been observed, one at 450 nm for all the samples and the other at around 375 nm, that increase alongside the Mg concentration. According to O′Neil et al. [42] and Spanhel et al. [43], the excitonic emission is located near the absorption edge of the particles. From Figure 7, the absorption edges of the films were in between 300 to 380 nm, which comply with PL data in Figure 9. Kurse et al. [44] show similar PL spectra of ZnSe/MgS superlattices at room temperature. It is, therefore, quite reasonable to believe that the incorporation of Mg in ZnS films, the PL peaks as well as the bandgap increases with Mg concentration. The emission band at 450 nm is due to the presence of ZnS [45] in binary form in all Zn1−xMgxS films. Since MgS is an indirect bandgap semiconductor, there has not been any PL peak recorded below 300 nm. The higher double PL peaks for the case of x = 0.1 were obtained. This may be due to the individual formation of ZnS and MgS instead of the ternary alloy Zn1−xMgxS.





4. Conclusions


Zn1−xMgxS thin films with varying compositional ratios of Zn and Mg were successfully deposited by optimizing the deposition power during the co-sputtering process. The XRD patterns indicate preferential orientation along the (111) plane of the cubic phase, with a peak at around 28.55°. The lattice constant and ionicity gradually increase with increasing Mg incorporation, which suggests the presence of a zincblende (ZB) phase in the Zn1−xMgxS films. The lowest surface roughness, highest crystallinity, and grain size are observed for Zn0.8Mg0.2S. Bandgap values also match well with photoluminescence spectra. Consequently, a wider direct bandgap within the range of 4.39 and 3.25 eV as well as transmittance of over 76% indicate that these films are suitable candidates for application in optoelectronic devices.
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Figure 1. Schematic of the magnetron sputtering system used in ZnMgS thin film deposition. 
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Figure 2. Effect of sputtering power on the film deposition rate. 
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Figure 3. XRD patterns of Zn1−xMgxS thin films (0.1 ≤ x ≤ 0.9). 
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Figure 4. Lattice constant and ionicity of Zn1−xMgxS thin films (0.1 ≤ x ≤ 0.4). 
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Figure 5. AFM of Zn1−xMgxS thin films (0.1 ≤ x ≤ 0.9): (a) x = 0.1; (b) x = 0.2; (c) x = 0.3; (d) x = 0.4; (e) x = 0.5; (f) x = 0.6; (g) x = 0.7; (h) x = 0.8; (i) x = 0.9. 
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Figure 6. (a) Transmittance vs. wavelength plots; (b) Reflectance vs. wavelength plots. 
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Figure 7. Absorption coefficient of Zn1−xMgxS thin films (0.1 ≤ x ≤ 0.9). 
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Figure 8. The optical properties of the samples: (a) (αhν)2 plotted against hν; (b) the bandgap variation with respect to Mg concentration. 
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Figure 9. Photoluminescence graph of Zn1−xMgxS thin films (0.1 ≤ x ≤ 0.9). 
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Table 1. Elemental compositions of ZnS and MgS thin film.
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Deposited Film

	
EDS: Atomic %






	
ZnS

	
Zn

	
80.16




	
S

	
19.84




	
MgS

	
Mg

	
97.85




	
S

	
2.15
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Table 2. Variation in elemental compositions.
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Power (W)

	
EDS: Atomic %

	
“x” Value

	
Thickness (nm)




	
MgS

	
ZnS

	
Zn

	
Mg

	
S






	
40.00

	
20.00

	
8.26

	
79.81

	
11.94

	
0.91

	
72.00 ± 0.54




	
40.00

	
26.00

	
15.18

	
65.24

	
19.58

	
0.81

	
69.00 ± 0.83




	
39.28

	
33.00

	
25.97

	
57.66

	
16.37

	
0.69

	
86.00 ± 0.56




	
33.28

	
36.24

	
30.42

	
39.72

	
29.87

	
0.57

	
77.00 ± 0.64




	
32.06

	
41.41

	
42.66

	
44.50

	
12.84

	
0.51

	
72.00 ± 1.00




	
29.65

	
45.37

	
39.37

	
27.89

	
32.74

	
0.41

	
85.00 ± 0.21




	
29.65

	
65.16

	
45.85

	
17.50

	
36.65

	
0.28

	
80.00 ± 0.64




	
25.24

	
67.34

	
50.00

	
13.97

	
36.04

	
0.22

	
90.00 ± 0.15




	
20.98

	
70.51

	
58.20

	
7.16

	
34.64

	
0.11

	
89.00 ± 0.79
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Table 3. Surface roughness and grain size of Zn1−xMgxS thin films (0.1 ≤ x ≤ 0.9).
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	Molar Fraction (x)
	Roughness (nm)
	Grain Size (nm)





	0.9
	0.571
	28



	0.8
	0.523
	31



	0.7
	0.546
	35



	0.6
	0.516
	43



	0.5
	0.527
	50



	0.4
	0.492
	73



	0.3
	0.623
	103



	0.2
	0.414
	186



	0.1
	0.839
	144
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