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Abstract

:

CuO films, with their many features, attract special attention for applications in various optoelectronics. In their pristine form, CuO films suffer from low conductivity, which limits their application. Modification, especially by doping, is thus needed. The effects of tin (Sn) doping on the structure, morphology, and optical and, more importantly, electrical properties of multi-layered copper oxide (CuO) films deposited onto tin-doped indium oxide (ITO)/glass substrates by sol–gel spin coating are examined here. The multi-layered films were characterized with X-ray diffraction (XRD), atomic force microscopy (AFM), electronic absorption (UV-Visible) spectra, and four probe methods. The results confirmed the substitution of Cu2+ ions by Sn4+ ions in the CuO crystallites without altering their monoclinic structure. The measured crystallite size values decreased with increased doping concentration, indicating increased imperfection. This applies to both 5- and 10-layered CuO films. The doping concentration affected other film characteristics, namely, surface morphology and electrical conductivity, in each layered film. Among various systems, the 10-layered film, with 1.5 at% Sn, exhibited optimal properties in terms of higher uniformity (mean square root surface roughness 41 nm) and higher conductivity (50.3 × 10−3·Ω−1·cm−1).
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1. Introduction


With their special properties, such as a narrow band gap (ranging 1.5–1.8 eV at 300 K) [1], a monoclinic crystal structure, high visible absorption coefficient, and low cost, CuO films attract special interest. These films are good candidates to replace other hazardous materials in solar cell applications [2]. An uncountable number of research articles focusing on CuO films were published in the literature. CuO has been used in various applications such as dye-sensitized solar cells, gas sensors, supercapacitors, field emissions, solar photovoltaic devices, lithium-ion electrodes, and others [3,4,5,6,7,8]. Therefore, CuO films deserve further improvement in their properties, especially their electrical conductivity.



To achieve such improvement, doping and co-doping of these films have been widely studied. Various elements, such as K [9], Na [10], Li [10,11], Ag [12], Ni [13,14], Ce [15], Mn [16], La [17], and others, were described as dopant elements.



Various synthetic routes were described to fabricate undoped or doped CuO thin films. Wang et al. [18] electrodeposited CuO films on tin-doped indium oxide (ITO)/glass substrates inside acidic solutions (pH 5.7), and the applied voltage was the main factor to control the morphology and optical properties for CuO films. Sn-doped CuO nanoparticles using the hydrothermal method were described by Mohebbi et al. [19]. From powder X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FT-IR), scanning electron microscopy (SEM), and photoluminescence spectroscopy (PL), the structural and optical properties for these CuO and Sn-doped CuO particles were investigated. The crystallite size range was 16 to 22 nm. Aadim et al. reported the atomic layer deposition of Sn-doped CdO films [20]. Other methods were also described. Copper oxide films were prepared by chemical vapor deposition (CVD) [21], physical vapor deposition (PVD) [22], and RF magnetron sputtering [23].



In comparison to other advanced methods, the sol–gel spin coating method is easy, cost effective, friendly to the environment, with low material loss, and it is soundly reproducible. Wu et al. [24] prepared Sn-doped CuO thin films on a glass substrate by the sol–gel method, and studied the effects of Sn doping concentration on the film’s structural, optical, and electrical properties. XRD, SEM, UV-visible spectra, and Hall effect were all studied. The crystallite sizes calculated using Debey Scherrer’s formula were in the range of 84.1–61.8 nm, and the band gap decreased from 2.00 to 1.95 eV with increased Sn doping. Sn-doped CuO films were also prepared by the sol–gel drop cast method, and the doping concentration affected the film’s structural and optical properties, as the band gap value decreased with higher doping in the range 0.0 to 2.0 at% [25].



In our effort to further improve CuO film properties, we report here a combination of two preparation parameters simultaneously. On one hand, we study the effect of Sn doping (in the range 0.0–3.0 at%) on the CuO’s characteristics. On the other hand, multilayered CuO films are prepared. The main object is to find the influence of Sn doping on the characteristics of multi-layered CuO films (with 5–10 layers). The effects of the Sn doping concentration on the structural, morphological, optical, and electrical properties of various films are described in order to find films with optimal properties. To our knowledge no similar studies were reported earlier. Multilayered structures of the type SnO2/CuO/SnO2 systems were reported [26]. Multilayered CuO films, deposited by the sol–gel method, were also described [1], but the effect of Sn doping on multilayered CuO films has not been reported previously.




2. Materials and Methods


2.1. Common Materials


Copper(II) acetate monohydrate, tin(II)chloride dihyrate, monoethanolamine, glycol polyethylene, and other common organic solvents were purchased from Sigma-Aldrich (St. Louis, MO, USA) in chemically pure forms. Tin-doped indium oxide (ITO) glass slides, GOLDSEAL micro-slides, Cat. # 3010, which can resist heat at temperatures of ~600 °C, were used as substrates to deposit the CuO films. The slides, with dimensions 3 cm × 1 cm × 1 mm, were pre-cleaned, as described in known methods, prior to deposition.




2.2. CuO Film Preparations


Sn-doped CuO thin films were fabricated via the sol–gel method process. Copper (II) acetate monohydrate was dissolved in 50.0 mL absolute ethanol to reach solutions of 0.7 M concentration. To the solutions were added tin(II) chloride dihydrate (SnCl2 2H2O) at different molar ratios to reach 0.0, 0.5, 1.0, 1.5, 2.0, 2.5 and 3.0 at%. Monoethanolamine (MEA) and glycol polyethylene (PEG) were then added to obtain stable and viscous solutions. Finally, the solutions were heated under reflux with magnetic stirring for 2 h at 75 °C. The Sn-doped CuO thin films were then deposited onto precleaned ITO/Glass substrates using the spin-coating technique, at speeds of 3000 rpm for 40 s.



After each cycle, the samples were dried on a hot plate at 250 °C for 5 min, and finally annealed at 500 °C in dry air for one hour [27]. Monolayer films showed inconsistent results, and their study was intentionally excluded. Multi-layered films were prepared by repeating the above preparation steps 5 or 10 times for 5- and 10-layered films, respectively.




2.3. Characterization


Film XRD patterns were measured on a Bruker-D8 Advance X-ray diffractometer, equipped with a Cu Kα monochromatic source λ = 1.5406 Å. A dynamic tapping mode Flex FM Nano Surfing machine (Nanosurf, Liestal, Switzerland) was used to study the film surface morphology by atomic force microscopy (AFM). The tip resonant frequency was 133 kHz. A UV-Vis-IR LAMBDA900 spectrophotometer (Perkin Elmer, Markham, ON, Canada) was used to measure the spectral properties for the films. A Keithley 238 I(V) four-point probe device (Keithley Instruments, Cleveland, OH, USA) was used to measure film conductivity. Each measurement for each film was repeated five times, and the average value was calculated and used here.



Film thickness (e) calculation was made based on the Tauc plots, using Equations (1) and (2):


    α h v   = β     h v −  E g     n   



(1)






α = (2.3/e)·A



(2)




where α describes absorption coefficient; n is equal to 2 for indirect band gap and ½ for direct band gap; A is absorbance; h is Planck’s constant; ν is light frequency; β is optical constant; and Eg is band gap value.



Assuming a direct band gap, n = 1/2, the α from Equation (2) is substituted in Equation (1) to write Equation (3), which was used to calculate the thickness value (e):


      A h v    2  =     β  e  2.3      n  ·    h υ  −  E g     



(3)









3. Results and Discussion


The 5- and 10-layered CuO films, doped with various Sn concentrations prepared by sol–gel spin coating, annealed at 500 °C were characterized by XRD, AFM, Spectroscopy, and the four-point probe. The results of the film structure, morphology, optical properties, and electrical properties are discussed here.



3.1. Structural Properties


The structural properties of CuO films with various Sn doping levels were examined by XRD, as shown in Figure 1. The films involve CuO of monoclinic crystalline structures with lattice parameters a = 4.6833 Ǻ, b = 3.4208 Ǻ, c = 5.1294 Ǻ, and β = 99.567°, according to the JCPDS cards [27]. The presence of CuO, as a predominant phase, is due to the film pre-annealing under air, which is known to convert Cu2O into CuO, as reported earlier [28]. Both signals at 2θ = 35.685° and 38.862° were assigned to (002) and (111) reflections of the monoclinic CuO phase, respectively. The signal at 2θ = 48° refers to the (202) reflection in CuO (JCPDS card no. 48-1548) and [28]. No secondary phases due to SnO2 or other Sn species can be observed, which indicates the incorporation of the dopant into the crystal lattice of CuO in a substitutional manner. This is in agreement with the earlier literature [24,25,27].



The XRD patterns show only a slight decrease in intensity when the Sn concentration increases. This means that addition of Sn into the CuO structure only slightly affects the film crystallinity, due to similar effective ionic radii for Cu2+ (0.72 Ǻ) and Sn4+ (0.69 Ǻ). However, a small lowering in crystallinity with doping is observed, with small changes in the lattice parameters. Using the Rietveld refinement, the value of the c lattice parameter was calculated and listed in Table 1 and Table 2.



The average crystallite size (D) of the films obtained was evaluated from half-height width (FWHM) (measured at 2θ angle) of the diffraction pattern using the Debye Scherrer’s formula [28] as shown in Equation (4):


  D = 0.9   λ / β cos ( θ )  



(4)







The crystallite sizes for 5- and 10-layered films with various doping concentrations are presented in Table 1 and Table 2, respectively. No significant change in lattice parameter value is observed in CuO films with various Sn concentrations. On the other hand, the crystallite size decreases with the increasing layer number. The average crystallite size was in the ranges of 29.7–36.3 nm (5 layers) and 29.1–36.9 (10 layers).




3.2. Surface Morphology


Images from AFM, Figure 2, were used to study the morphology for the 5- and 10-layered CuO films with various Sn doping concentrations.



The CuO thin film obtained with 10 layers exhibited a homogeneous porous structure with granules. The 5-layered film also exhibited a less uniform surface with agglomerates of a spherical shape. The surface roughness (Rms) decreased with increased dopant concentration. It varied from 83 to 49 nm for 5-layered films and from 64 to 41 nm for 10-layered films at 0–3 at% Sn content, as described in Table 1 and Table 2. Figure 2 also showed how the surface morphology was affected by the Sn doping concentration in both 5- and 10-layered films.




3.3. Optical Properties


Cu films, with 5 and 10 layers, having various Sn concentrations, were spectrophotometrically studied. Figure 3 shows the transmittance spectra (%) in the range of 250 to 800 nm. The Tauc plots are also shown in the Figure.



From the transmittance curves, Figure 3a,b, the films exhibited an average transmittance of 65% at waves longer than 800 nm. The abrupt drop in transmittance for waves shorter than 780 nm corresponded to the absorption in CuO due to electronic transitions between the valence band and the conduction band. At wavelengths 300 nm or lower, the transmittance values were close to 0. The results are consistent with earlier reports for pre-annealed CuO films [28].



In 5-layered films, the absorption thresholds of the doped layers at concentrations 1.5, 2.0, and 2.5 at% were shifted by ~60 nm in terms of wavelength compared to those doped at 0.0, 0.5, 1.0, and 3.0 at%. The presence of this offset indicates that the optical band gap value for CuO with doping 1.5, 2.0, and 2.5 at% is larger than that of CuO obtained at 0.0, 0.5, 1.0, and 3.0 at%.



Increasing the number of layers involves increasing the absorbance. This is understandable because more CuO layers involve more crystals and absorb more photons [1]. This is evidenced by the fact that the 10-layered films have higher overall film thickness than the 5-layered films, as shown in Table 1 and Table 2.



Eg values were calculated using the Tauc method, described in Equation (1), where the β optical constant describes the degree of disorder of the amorphous solid material. The absorption coefficient α can be calculated from the transmittance spectra of a layer using Equation (2) [29], which can be used to find film thickness.



The Tauc plots for the 5- and 10-layered films, with various Sn doping concentrations, are shown in Figure 3c,d, respectively. The optical gap values are presented in Table 1 and Table 2.



In 5-layered films with Sn doping of 1.5, 2.0, and 2.5 at%, the band gap value was larger than those for 0.0, 0.5, 1.0, and 3.0 at%. In 10-layered films, the increased Sn concentration continuously lowered the optical band gap value, except for the 3.0 at%, which exhibited a slight increase.



Under the doping effect, the observed optical changes could be due to many reasons, such as the formation of interstitial centers, the formation of defect complexes, or the appearance of a predominant phase where the oxide becomes stoichiometric [30].




3.4. Electrical Properties


The four-point probe method was used to study the electrical properties for 5- and 10-layered CuO films with various Sn doping concentrations. The current-voltage (I-V) curves sowed that all films exhibited an ohmic character, Figure 4.



The electrical resistivity was calculated using Equation (5):


  ρ = R □ × k × e  



(5)




where R□ is the Resistance per square, and k is a geometric factor that is equal to 4.53.



The results are shown in Figure 5. The Figure shows that the electrical conductivity varied by Sn dopant concentration in 5- and 10-layered CuO films. The electrical conductivity values are summarized in Table 1 and Table 2 for 5- and 10-layered CuO films, respectively.



In both 5- and 10-layered films, the conductivity varied significantly with Sn doping concentration. In both film types, as the Sn concentration was increased, the electrical conductivity increased up to a limit. In the case of the 5-layered film, the conductivity peak value occurred at doping concentration 2.0 at%, after which the films became less conductive than the 0.0 at%. In the 10-layered film, the conductivity peaked at 1.5 at% and decreased but still remained higher than that for the 0.0 at% film.



The increase in conductivity is understandable. By Sn doping, in the majority charge carriers, which are the holes, increase in the p-type CuO film. In doping, the Sn4+ ions substitute the Cu2+ in the CuO crystal lattices. The Sn4+ ion may then gain two electrons from the crystallite, which makes the latter p-type with more holes. Thus, each Sn4+ may potentially create two holes in the crystallite. With higher Sn concentration, more majority carriers (holes) are created, and consequently, the conductivity increases [24].



The optimal conductivities for 2.0 at% and 1.5 at% in 5- and 10-layered films are consistent with other film characteristics described above. From Table 1 and Table 2, these films exhibited the lowest thickness values among the series. The lower thickness values indicate higher densification compared to other films. Higher densification is one main reason for improved electrical conductivity, as described earlier for other types of films [31,32]. At Sn doping densities above these values, the film crystallite may involve higher imperfections which lower the conductivity. As stated in Section 3.1 above, the small lowering in crystallinity, with doping, was observed with small changes in the lattice parameters. This could be the reason for the conductivity lowering at higher Sn doping concentrations. In such a case, the crystallite imperfections balance off the dopant concentration effect.



Moreover, Figure 5 showed that the conductivity values for the 10-layered films were higher than their counterparts in the 5-layered films. This is understandable, because the four-point probe method only measured the film surface conductivity. Assuming that the two film types have same densification, then the 10-layered films with higher thickness must have higher conductivity that their 5-layered counterparts. Similar observations were reported for other types of thin film systems [33].



All in all, the results indicate that Sn doping affects the structural, morphological, optical, and, most significantly, electrical characteristics of CuO films prepared by sol–gel spin coating. The optimal conductivity, 50.3 × 10−3 (Ω·cm)−1, was observed for the 10-layered film with doping at 1.5 at%. This value is significantly higher than the earlier reported values for Sn-doped CuO films with conductivity values ranging from 21 × 10−3 to 12.9 × 10−3·(Ω·cm)−1 (resistivity ranging from 47.4 to 77.5 Ω·cm), albeit using higher Sn doping concentrations in 10-layered CuO films [24]. Collectively, the results encourage more study on these doped multi-layered CuO films. Co-doping, using safe elements, is another area to study. Varying the annealing temperature of the doped multi-layered CuO films is another proposed area.





4. Conclusions


Sn-doped CuO thin films were synthesized by the sol–gel method associated with spin coating. The films involved 5- and 10-layers, and doping concentration influenced the properties of both CuO films. X-ray diffraction patterns, measured for the 500 °C annealed films, showed that they involved the CuO pure phase. With increased dopant concentration, the electrical conductivity increased up to a limit in either type of layered films. Among various prepared systems, the 10-layered film with 1.5 at% Sn exhibited the lowest surface roughness and highest electrical conductivity. The results highlight the added value of doping CuO films with Sn to enhance their morphologies and electrical properties for future optoelectronic applications. A careful choice of doping concentration is necessary to yield optimal characteristics. The results also show that such a choice should be made depending on the number of CuO film layers.
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Figure 1. XRD patterns measured for CuO thin films with various Sn doping concentrations. (a) 5- and (b) 10-layered. 
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Figure 2. AFM images measured for 5- and 10-layered CuO thin films with various Sn doping concentrations. X* and y* refer to scale. 
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Figure 3. Optical properties for CuO films with various Sn concentrations. Optical transmittance spectra are shown in (a) for 5 layers, and (b) for 10 layers. Tauc plots (αhν)2 versus hν are shown in (c) for 5 layers and in (d) for 10 layers. 
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Figure 4. I-V characteristic measurements of CuO films for various Sn content: (a) 5 layers and (b) 10 layers. 
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Figure 5. Measured conductivity values for 5- and 10-layered CuO films with various Sn concentrations. 
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Table 1. The crystallite size (D), the lattice parameter c, the conductivity (σ), the thickness (e), the root mean square (RMS), and the band gap (Eg) of CuO thin films with 5 layers at various doping concentrations.






Table 1. The crystallite size (D), the lattice parameter c, the conductivity (σ), the thickness (e), the root mean square (RMS), and the band gap (Eg) of CuO thin films with 5 layers at various doping concentrations.





	Doping Concentration (at%)
	Crystallite Size (nm)
	c (Ǻ)
	Thickness (nm)
	σ (Ω·cm)−1·10−3
	RMS (nm)
	Eg (eV)





	0
	35.3
	5.026
	275.0
	8.2
	83
	1.60



	0.5
	37.9
	5.050
	244.6
	11
	78
	1.55



	1
	29.7
	5.022
	278.6
	17
	72
	1.63



	1.5
	35.3
	5.034
	281.4
	22
	66
	1.77



	2
	30.3
	5.027
	247.3
	45
	49
	1.69



	2.5
	30.3
	5.045
	234.2
	7.4
	56
	1.65



	3
	36.3
	5.046
	218.5
	6.8
	62
	1.58
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Table 2. The crystallite size (D), the lattice parameter c, the conductivity (σ), the thickness (e), the root mean square (RMS), and the band gap (Eg) of CuO thin films with 10 layers at various doping concentrations.






Table 2. The crystallite size (D), the lattice parameter c, the conductivity (σ), the thickness (e), the root mean square (RMS), and the band gap (Eg) of CuO thin films with 10 layers at various doping concentrations.





	Doping Concentration
	Crystallites Size (nm)
	c (Ǻ)
	Film Thickness (nm)
	σ (Ω·cm)−1·10−3
	RMS (nm)
	Optical Band Gap Eg (eV)





	0%
	29.1
	5.032
	340.2
	12.2
	50
	1.54



	0.5%
	34.8
	5.036
	320.6
	22.0
	46
	1.50



	1.0%
	35.0
	5.031
	295.3
	31.7
	44
	1.49



	1.5%
	35.0
	5.028
	283.6
	50.3
	41
	1.47



	2.0%
	35.5
	5.036
	290.4
	27.5
	56
	1.43



	2.5%
	35.9
	5.029
	301.0
	26.7
	59
	1.41



	3.0%
	36.9
	5.030
	310.0
	25.2
	64
	1.49
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