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Abstract

:

In the present study, Cu2O films were deposited on a glass substrate via RF (radio frequency) magnetron sputtering under substrate temperature conditions that ranged from room temperature (RT, 25 °C) to 400 °C. The structural, compositional, and optical properties of the Cu2O films were analyzed in relation to the experimental variables by applying various measurement methods. The substrate temperature was a crucial factor in shaping the structural, compositional, and optical properties of the Cu2O films that were synthesized via RF-magnetron sputtering. Our findings revealed that the Cu2O films exhibited a cubic structure, which was confirmed by XRD analysis. Specifically, the (111) and (200) planes showed different trends with respect to the substrate temperature. The intensity of the (111) peak increased at 250 °C, and above 300 °C, the preferred orientation of the (111) plane was maintained. The grain size, which was determined via FE-SEM, displayed a positive correlation with the substrate temperature. Additionally, XPS analysis revealed that the binding energy (BE) of the Cu2O film sputtered at 400 °C was similar to that which was previously reported. Notably, the as-grown Cu2O film demonstrated the highest transmittance (15.9%) in the visible region, which decreased with increasing substrate temperature. Furthermore, the energy band gap (Eg) of the Cu2O films remained constant (2.51 eV) at low substrate temperatures (25 °C to 200 °C) but exhibited a slight increase at higher temperatures, reaching 2.57 eV at 400 °C.
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1. Introduction


Metal oxides (MOs) have various structural, electronic, magnetic, and optical properties, making them functional materials with excellent applicability [1]. Moreover, since MOs are abundant, non-toxic, and chemically stable, many studies of their use as active or passive components in a wide range of applications are underway [2,3]. In particular, among these various fields, they are very promising semiconductor materials for photovoltaic applications [4,5]. Nickel oxide (NiOx) thin films are applied as a hole transport layer (HTL) to improve the photoelectric conversion efficiency (PCE) of perovskite solar cells and organic solar cells [6,7]. In addition, metal oxides, such as molybdenum oxide (MoOx) and tungsten oxide (WOx), are used to compensate for the disadvantages caused when NiOx is applied as an HTL in organic and inorganic electro-optical devices and to maintain chemical safety along with excellent device performance [8]. Copper oxides (CuOx) are also a class of metal oxides with three possible phases: CuO, Cu2O, and Cu4O3. The growth kinetics of the three phases of copper oxides are mainly determined by the oxygen pressure, temperature, and deposition rate [1].



Among these, Cu2O (cuprous oxide, cuprite), a p-type semiconductor material that has a direct optical band gap of 1.9 to 2.7 eV, has a hole mobility (μ) of 100 cm2/V∙s or higher, a high optical absorption coefficient (α) of about 106 cm−1 in the visible region, and a large minority carrier diffusion length (Lp) of about 1 to 2 μm depending on the deposition parameters [9,10]. According to its crystallography, Cu2O has a cubic structure with a lattice constant of 4.2699 Å. Since Cu2O is abundantly present in nature, it is inexpensive, environmentally friendly, and does not have any toxicity [11,12]. These attractive characteristics have motivated many studies on its application to various electrochemical areas, including solar cells [13], transistors [14], UV–visible photodetectors [15], sensors [16], lithium-ion batteries [17], and supercapacitors [18]. In particular, studies on the application of Cu2O as an absorption layer of environmentally friendly thin-film solar cells are drawing considerable attention because the theoretical energy conversion efficiency of solar cells that contain Cu2O as a light absorption layer is as high as about 20% [19]. However, since the highest energy conversion efficiency of solar cells based on a Cu2O light absorption layer reported thus far is still about 8.1%, further studies are necessary to achieve the theoretical conversion efficiency [20]. The application of Cu2O as a light absorption layer in thin-film solar cells requires a thin-film process, and Cu2O films are formed using various deposition methods, including radio frequency (RF) magnetron sputtering [1], direct current (DC) sputtering [21], chemical vapor deposition (CVD) [22], pulsed laser deposition (PLD) [23], and electrochemical deposition (ECD) [24]. Among these methods, sputtering allows the control of the stoichiometric composition of film-forming materials and the thickness of the film, and it has the advantage of forming films with a uniform surface at a relatively high deposition rate [25]. In addition, sputtering allows the efficient control of various parameters, such as the flow ratio of reactive gases [26], substrate temperature [27], working pressure [28], and sputtering power [29]. Therefore, sputtering is applied as an effective deposition technology for growing Cu2O films on various substrates. The general sputtering method for growing Cu2O films is reactive DC sputtering, where plasma is generated by injecting an appropriate amount of oxygen (O2) gas into a copper (Cu) target [30,31,32]. A. Sivasankar Reddy et al. reported the formation of single-phase Cu2O films by DC reactive sputtering at various substrate temperatures, but the Cu2O films grown at room temperature (RT) were shown to be amorphous in nature [33]. Although various studies on Cu2O films prepared via reactive sputtering have been performed, it is difficult to obtain stoichiometric Cu2O films due to the high reactivity between Cu and O [34]. In particular, at a high deposition temperature, the reactivity becomes more active due to the increase in the mixing entropy, so single-phase Cu2O cannot be easily formed [35]. For this reason, Cu2O films are very likely to include impurity phases of copper oxides, such as CuO (cupric oxide, tenorite) and Cu4O3 (paramelaconite), in addition to a Cu2O phase, depending on the flow ratio of the O2 gas [36,37]. Therefore, it is necessary to study the physical properties of Cu2O films in relation to the film growth temperature along with the sputtering process for growing stoichiometric Cu2O films under various temperature conditions.



The objective of this study was to investigate the effects of substrate temperature on the physical properties of Cu2O thin films deposited via RF magnetron sputtering. To achieve this goal, Cu2O thin films were prepared under controlled pressure and power conditions with different substrate temperatures (25 °C to 400 °C) as deposition parameters. The comprehensive analysis of the structural, compositional, and optical properties of the deposited Cu2O thin films provides an understanding of the fundamental relationship between the substrate temperature and the resulting films’ properties.




2. Materials and Methods


2.1. Deposition of Cu2O Thin Films


In the experiment, Cu2O films with various substrate temperatures as a deposition parameter were prepared on soda lime glass (SLG, 2 × 2 mm2) substrates via RF magnetron sputtering. The surface contamination of the glass substrates was eliminated by preparing deionized (DI) water, acetone, ethyl alcohol, and isopropyl alcohol in different beakers, sequentially dipping the sample into each of the solutions and sonicating for 5 min each. The liquid remaining on the substrate was dried using a nitrogen gun, and the surface was modified with a UV–ozone cleaner for 20 min. For the initial vacuum in a chamber, a rotary pump (RP) and a turbo molecular pump (TMP) were used to exhaust to a pressure below 3 × 10−6 Torr (0.004 Pa), and argon (Ar) gas was injected at 20 sccm. The working pressure was then fixed at 5 × 10−3 Torr (0.67 Pa). The plasma for the film deposition was generated by mounting a single Cu2O target with a diameter of 50 mm and a purity of 99.99% (4N) in the chamber and supplying 55 W of RF power. Before the main deposition session, pre-sputtering was performed for 10 min to remove impurities from the target surface. The Cu2O films were then prepared with substrate temperatures from 25 °C to 400 °C as an experimental parameter. All the Cu2O films were fabricated by applying the substrate temperature, and they did not undergo a post-annealing process.




2.2. Characterization Techniques


The crystallographic structure and preferred orientation of the Cu2O films were measured via X-ray diffraction (XRD, SmartLab, RIGAKU, Tokyo, Japan) with a Cu–Kα source (λ = 1.541 Å) with diffraction angles (2θ) ranging from 25° to 80°. The surface microstructure and thickness of the films were observed via field emission scanning electron microscopy (FE-SEM, SU8200, Hitachi, Tokyo, Japan). The binding energy, valence state, and chemical composition of the films were determined with respect to the deposition parameters via X-ray photoelectron spectroscopy (XPS, K-Alpha, Thermo Scientific, Waltham, MA, USA). For the analysis of the optical characteristics of the films, the transmittance was measured via ultraviolet–visible–near-infrared (UV–Vis–NIR, V-570, JASCO, Easton, MD, USA) spectrophotometry, and the energy band gap was investigated based on the numerical data.





3. Results and Discussion


3.1. Structural Analysis of the Cu2O Thin Films


Figure 1a shows the XRD diffraction patterns of the Cu2O films grown at different substrate temperatures with the diffraction angle (2θ) ranging from 25° to 80°. The preferred growth peaks of the Cu2O films grown at substrate temperatures from 25 °C to 200 °C were found around the 2θ diffraction angle of 36.9° or 36.6° for the (111) plane. The main diffraction peaks of the Cu2O films deposited at temperatures from 250 °C to 400 °C were consistent with the 2θ diffraction angle of 36.5°. In addition, four diffraction peaks representing the (110), (200), (220), and (311) planes were detected at 29.6°, 42.3°, 61.4°, and 73.6°, respectively [36]. The diffraction pattern showed that all of the Cu2O films were grown to have a cubic crystalline structure (JCPDS card No.,01-077-0199). Diffraction peaks, such as those of Cu, CuO, and Cu3O4, that corresponded to impurity phases in the Cu2O films were not observed in the XRD pattern. When the substrate temperature was increased from 25 °C to 200 °C, the diffraction intensity for the (111) plane drastically decreased, while that for the (200) plane gradually increased. At a higher substrate temperature of 250 °C, the peak intensity for the (200) plane decreased to a level similar to that for the (111) plane, which was relatively weak. At the substrate temperature of 300 °C or higher, the intensity for the (111) plane again increased, which was opposite to the diffraction results for the Cu2O films deposited at lower temperatures in the range of 150 °C to 250 °C. Figure 1b shows the shifts in the diffraction peaks for the (111) and (200) planes with the increase in the substrate temperature. The peak position for the (111) plane of the Cu2O film deposited at 400 °C was shifted to the left by a diffraction angle of 0.38° in comparison with the as-grown Cu2O film. The diffraction peak for the (200) plane was found for all of the samples deposited at all of the substrate temperatures (100 °C to 400 °C), except for 25 °C. The shift in the diffraction peak to the left was also found in the diffraction peak of the (200) plane, as in the (111) plane. Since identical deposition parameters (operating pressure, flow rate of the reaction gas, RF power, distance from the target to the substrate, etc.)—except for the substrate temperature—were applied for all the deposition samples, the displacement of these diffraction peaks is believed to have been caused by lattice strain effects that depended on the temperature conditions [38]. The lattice strain (ε) values according to the substrate temperature are shown in Table 1.



The crystallite size of the Cu2O films was calculated by substituting the XRD data for the diffraction peaks for the (111) plane into the Debye–Scherrer equation:


  D =   0.9 λ   β c o s θ    



(1)




where D is the crystallite size, 0.9 is the Scherrer constant, λ is the X-ray wavelength (0.15418 nm), β is the full width at half maximum (FWHM) of the peaks for the (111) plane, and θ is the Bragg diffraction angle [39]. The details of the crystallite size depending on the Cu2O film deposition parameters are shown in Table 1. The crystallite size of the Cu2O films deposited at substrate temperatures from 25 °C to 200 °C for the (111) plane decreased from 36.4 nm to 18.2 nm as the temperature increased. This may have been due to the reduction in the intensity of the diffraction peak for the (111) plane and the preferred orientation in the (200) direction. At temperatures above 250 °C, the predominant crystal growth orientation changed to the (111) plane; thus, the crystallite size also increased when the temperature was increased. This indicated that the preferential orientation and structural properties of the Cu2O films on the (110) plane were improved by increasing the substrate temperature.




3.2. Morphological Analysis of the Cu2O Thin Films


Figure 2 shows FE-SEM images of the surface and cross-section of Cu2O films that were sputtered for 60 min at various substrate temperatures. The image in Figure 2a shows a uniform distribution of densely packed grains with an average grain size of 26 nm across the surface of the Cu2O thin film deposited at a substrate temperature of 25 °C. As the substrate temperature was increased, the grain size was greatly increased from 45 nm (100 °C) to 129 nm (400 °C), and aggregation of the grains was observed more clearly. This trend of increasing crystal grain size was a result that was different from the crystallite size fluctuation calculated from the XRD measurement data. In particular, over the substrate temperature range of 25 °C to 200 °C, the crystallite size of the samples decreased from 36.4 nm to 18.2 nm with increasing FWHM values. On the other hand, the grain size analyzed in the FE-SEM images in this temperature range improved from 45 nm to 54 nm. The phenomenon in which the grain size in the FE-SEM images was larger than the crystallite size obtained from the XRD data can be found in other studies [40,41]. As depicted in Figure 2, the Cu2O thin films exhibited significant variations in the micro-surface morphology and grain size with increasing substrate temperature. Specifically, as the temperature increased, the grains grew larger, and the surface texture became less uniform. Moreover, the mismatch of expansion coefficients between the film and the substrate led to enlarged voids at the grain boundaries [42].



The average thickness of the Cu2O thin films grown at 25 °C was 436 nm. The thickness of the samples deposited while increasing the substrate temperature revealed a decreasing trend, which resulted in 425 nm at 100 °C, 409 nm at 150 °C, and 405 nm at 200 °C according to each temperature condition. Contrary to this trend, the average thickness of the Cu2O thin films deposited in the higher temperature range from 250 °C to 400 °C was elevated from 436 nm to 444 nm. The decrease in the film thickness in the substrate temperature range from 100 °C to 200 °C was related to the lattice strain, which is recorded in Table 1. The lattice strain (ε) of the sample deposited at 25 °C was 3.14 × 10−3. Meanwhile, the lattice strain of the samples deposited at 100 °C, 150 °C, and 200 °C were increased to 4.40 × 10−3, 5.05 × 10−3, and 6.33 × 10−3, respectively, compared to the as-grown sample. When a thin film is grown on a substrate, lattice distortion may occur if the lattice structure of the thin film being formed does not perfectly match the lattice structure of the substrate [43]. As the lattice strain increases, defects such as dislocations and vacancies are formed in the crystalline structure of the thin film, limiting its growth [44,45]. Therefore, the reduction in the thickness of the film in this temperature range is considered to be a result of the increase in the lattice strain occurring during the sputtering deposition of the Cu2O thin film, which acts as a limiting factor for the growth of the thin films.




3.3. Chemical Analysis of the Cu2O Thin Films


Figure 3 shows the binding energy (BE) of the Cu2O films and the valence states of the elements analyzed in the XPS data. All of the Cu2O films were etched with argon plasma for 20 s, and energy calibration was performed with reference to the value for C 1s (284.6 eV) [46,47]. Figure 3a shows the XPS spectrum in the BE range of 0 to 1200 eV. The spectrum includes the major spectra representing Cu2O, such as Cu 2p, O 1s, and C 1s. Figure 3b shows the detailed XPS spectrum of Cu 2p. The Cu 2p level had two sub-levels of 2p3/2 and 2p1/2. The BE of Cu 2p3/2 was found to be 932.3 ± 0.2 eV, and that of Cu 2p1/2 was found to be 952.1 ± 0.2 eV, which was consistent with a previous report [48]. As shown in Table 2, the difference in the BE among the Cu2O films depending on the substrate temperature was very slight at 19.8 ± 0.1 eV. In addition, a weak satellite peak for CuO was observed between Cu 2p3/2 and 2p1/2, which meant that a small amount of CuO existed on the surface of the Cu2O films. This result—that a trace amount of CuO was present on the surface of the Cu2O film—contradicted the XRD results analyzed in Figure 1. According to the state diagram of copper and oxygen, of the Cu2O, Cu4O3, and CuO phases, the CuO phase is the most stable under atmospheric conditions [49]. Therefore, when an as-deposited metastable Cu2O film is exposed to the atmosphere, it can be expected that Cu2O will oxidize into CuO on the film surface. Due to this, it is believed that weak satellite peaks in Cu2O were observed in the XPS spectrum. Figure 3c shows the BE spectrum of O 1s. The O 1s level was the BE corresponding to the lattice oxygen (O2−) of Cu2O found in the range of 530 to 530.3 eV. This was precisely consistent with the previously reported value [50]. Therefore, the XPS results confirmed that the prepared samples were made of Cu2O.




3.4. Optical Analysis of the Cu2O Thin Films


Figure 4 shows the light transmittance spectra of the Cu2O films prepared at substrate temperatures from 25 °C to 400 °C, and the measurements were performed in a wavelength range from 400 to 2000 nm. The transmittance values in specific regions (visible and near-infrared rays) can be found in Table 3, along with the average transmittance values of the Cu2O films. The average transmittance of the Cu2O thin film deposited at a substrate temperature of 25 °C was 50.2%, and as the temperature increased, the transmittance of the film decreased to 34.3% at 400 °C. The reduction in the transmittance was closely related to the size and shape of the grains forming the fine surface of the film. As observed in the FE-SEM surface morphology in Figure 2, the grain size of the Cu2O thin film deposited via sputtering significantly increased as the substrate temperature increased. This increase in grain size created more crystallographic boundaries within the film. More crystallographic boundaries cause further scattering and absorption of light within a Cu2O thin film, thus reducing the average transmittance of the film [37,51,52]. Therefore, as the substrate temperature increases, the optical properties of the film change due to the increased crystallographic boundary, resulting in a decrease in the average transmittance. In the visible region (λ = 400 to 750 nm), the transmittance was decreased from 15.9% (25 °C) to 10.1% (400 °C). In the near-infrared region (λ = 750 to 2000 nm), the transmittance was also reduced from 60.2% (25 °C) to 41.7% (400 °C) as the substrate temperature was increased.



The optical band gap energy (Eg) of the Cu2O films was calculated from the light transmittance data using the Tauc equation:


  α =     − 2.303   d       l o g   10     % T    



(2)






    ( α h ν )   1 / n   = A ( h ν −   E   g   )  



(3)




where   α   is the absorption coefficient of the film calculated with Equation (2). In Equation (2), d represents the film thickness and T represents the transmittance. In Equation (3), h is the Planck constant, ν is the photon’s frequency, A is the proportionality constant, and Eg is the optical energy band gap [53]. In addition, the value of n is a coefficient that represents the electronic transition of a semiconductor; the value of n is 0.5 or 2 in the case of a direct band or an indirect band, respectively. Since Cu2O generally has a direct band structure, n = 0.5 was used [54].



Figure 5 shows the band gaps of the Cu2O films based on the Tauc plot. The Eg was constant from 25 °C to 200 °C. When the substrate temperature was increased in steps from 250 °C to 350 °C in 50 °C increments, the value of Eg slightly increased. The highest Eg value of 2.57 eV was measured at a substrate temperature of 400 °C. These results matched well with the previously reported Cu2O band gap energy values (2.1 to 2.6 eV) [55,56]. The energy band gap of the Cu2O thin films deposited via sputtering could increase with increasing substrate temperature due to changes in the microstructure and chemical composition of the thin films. Films grown at relatively low substrate temperatures were typically amorphous or contained small crystallites. Conversely, as the substrate temperature increased, the crystallites became larger, and the crystallinity of the film improved. This can be explained by the Burstein–Moss effect (blue shift), which refers to the expansion of the energy band gap by changing the electronic band structure of a film [57,58].





4. Conclusions


Cu2O films were prepared on glass substrates via RF magnetron sputtering at various substrate temperatures (25 °C to 400 °C). XRD analysis showed that all of the Cu2O films had a cubic structure. As the substrate temperature was increased from 25 °C to 200 °C, the diffraction intensity for the (111) plane gradually decreased, while the peak intensity for the (200) plane increased. On the contrary, at a higher substrate temperature of 250 °C, the peak intensity for the (111) plane increased again and the peak intensity for the (200) plane changed to a level that was slightly higher than the peak intensity for the (111) plane. From 300 °C, the preferred orientation of the (111) plane was maintained. The crystallite size, which was determined via FE-SEM, was increased when the substrate temperature was increased. XPS analysis showed that the binding energy (BE) of the Cu2O film sputtered at 400 °C in the present study was very similar to a previously reported value. The as-grown Cu2O film showed the highest transmittance (15.9%) in the visible region, which decreased as the substrate temperature increased. The energy band gap (Eg) remained the same (2.51 eV) at 25 °C and 200 °C, as it was not affected by the experimental parameter. The Eg was increased when the temperature was increased from 250 °C (2.52 eV) to 400 °C (2.57 eV). In conclusion, substrate temperature plays a critical role in determining the structural, compositional, and optical properties of Cu2O films grown via RF magnetron sputtering. Our results suggest that the preferred orientation of the (111) plane is maintained above 300 °C, and the crystallite size increases with increases in the substrate temperature. The energy band gap also exhibits a slight increase when the substrate temperature is increased to 400 °C. Further studies are necessary to investigate the potential of Cu2O films for various applications, such as solar cells and electro-optical devices.
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Figure 1. XRD analysis results of Cu2O thin films grown at various substrate temperatures; (a) diffraction patterns measured with 2θ angle ranging from 25° to 80°; and (b) detailed movement status of diffraction peaks for the (111) and (200) planes. 
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Figure 2. FE-SEM images of the surface and thickness of Cu2O thin films grown at various substrate temperatures: (a) 25 °C, (b) 100 °C, (c) 150 °C, (d) 200 °C, (e) 250 °C, (f) 300 °C, (g) 350 °C, and (h) 400 °C. 
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Figure 3. XPS spectra of a Cu2O thin film grown at a substrate temperature of 400 °C; (a) all surveyed spectra, (b) Cu 2p, and (c) O 1s peaks. 
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Figure 4. Transmittance spectra of Cu2O thin films deposited in the substrate temperature range from 25 °C to 400 °C. 
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Figure 5. Optical energy band gaps of Cu2O thin films deposited in the substrate temperature range from 25 °C to 400 °C: (a) 25 °C, (b) 100 °C, (c) 150 °C, (d) 200 °C, (e) 250 °C, (f) 300 °C, (g) 350 °C, and (h) 400 °C. 
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Table 1. The crystallite size (determined via XRD), lattice strain (determined via XRD), grain size (determined from FE-SEM images), and thickness (determined from FE-SEM images) of Cu2O thin films grown at various substrate temperatures.
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	Substrate

Temperature

(°C)
	Bragg Angle

2θ

(deg)
	FWHM

β

(rad)
	Crystallite

Size D

(nm)
	Lattice

Strain ε

(10−3)
	Grain

Size

(nm)
	Film

Thickness

(nm)





	25
	36.898
	0.240
	36.4
	3.14
	26
	461



	100
	36.847
	0.336
	26.0
	4.40
	45
	425



	150
	36.678
	0.384
	22.8
	5.05
	50
	409



	200
	36.609
	0.480
	18.2
	6.33
	54
	405



	250
	36.552
	0.240
	36.4
	3.17
	59
	436



	300
	36.548
	0.336
	26.0
	4.44
	71
	396



	350
	36.459
	0.192
	45.5
	2.54
	91
	420



	400
	36.522
	0.264
	33.1
	3.49
	129
	444
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Table 2. XPS analysis results for Cu2O thin films deposited at various substrate temperatures.






Table 2. XPS analysis results for Cu2O thin films deposited at various substrate temperatures.





	
Substrate Temperature

(°C)

	
Binding Energy (eV)

	
BE Differences

in Cu 2p

(eV)




	
Cu 2p/32

	
Cu 2p1/2

	
O 1s






	
25

	
932.3

	
952.1

	
530.1

	
19.8




	
100

	
932.3

	
952.1

	
530.1

	
19.8




	
150

	
932.3

	
952.0

	
530.0

	
19.7




	
200

	
932.1

	
951.9

	
530.0

	
19.8




	
250

	
932.2

	
952.1

	
530.1

	
19.9




	
300

	
932.3

	
952.1

	
530.2

	
19.8




	
350

	
932.3

	
952.2

	
530.2

	
19.9




	
400

	
932.5

	
952.3

	
530.3

	
19.8
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Table 3. Average transmittance and optical energy band gap values of Cu2O thin films deposited at various substrate temperatures.
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	Substrate

Temperature

(°C)
	Transmittance

400–2000 nm

(%)
	Visible Region

400–750 nm

(%)
	Near-infrared Region

750–2000 nm

(%)
	Optical Energy

Band Gap

(eV)





	25
	50.2
	15.9
	60.2
	2.51



	100
	41.9
	12.7
	50.5
	2.51



	150
	44.1
	14.9
	52.7
	2.51



	200
	49.9
	13.1
	60.8
	2.51



	250
	51.1
	15.6
	61.2
	2.52



	300
	51.4
	15.2
	62.1
	2.54



	350
	50.9
	12.9
	62.1
	2.55



	400
	34.3
	10.1
	41.7
	2.57
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