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Abstract

:

Copper oxides are widely used in photocatalysts, sensors, batteries, optoelectronic, and electronic devices. In order to obtain different material properties to meet the requirements of different application fields, varied technologies and process conditions are used to prepare copper oxides. In this work, copper oxide films were grown on glass substrates by a successive ionic layer adsorption and reaction (SILAR) method with subsequent annealing under an atmospheric environment. The films were characterized by using an X-ray diffractometer, Raman spectrometer, Scanning electron microscope, UV-Visible-NIR spectrophotometer, and Hall Effect measurement. The results show that the as-deposited film has a Cu2O crystal structure, which begins to transform into Cu2O-CuO mixed crystal and CuO crystal structure after annealing at 300 °C for a period of time, resulting in the bandgap of being reduced from 1.90 to 1.34 eV. The results show that not only are the crystal structure and bandgap of the films affected by the post-annealing temperature and time, but also the resistivity, carrier concentration, and mobility of the films are varied with the annealing conditions. In addition, the film with a Cu2O-CuO mixed crystal shows a high carrier mobility of 93.7 cm2·V−1·s−1 and a low carrier concentration of 1.8 × 1012 cm−3 due to the formation of a Cu2O-CuO heterojuction.
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1. Introduction


Copper oxide has two typical crystalline forms as cupric oxide (tenorite monoclinic CuO) and cuprous oxide (cuprite cubic Cu2O) that the CuO and Cu2O are well-known p-type semiconductors with a bandgap energy of about 1.3–2.1 and 2.1–2.6 eV, respectively [1]. In addition, CuO and Cu2O have been widely studied in similar applications such as photocatalysts [2,3], gas sensors [4,5], photodetectors [6,7], solar cells [8,9], batteries [10,11], supercapacitors [12,13], and so forth. A variety of techniques including sputtering [9,14], evaporation [15,16], thermal oxidation [17,18], sol-gel [19,20], spray pyrolysis [21,22], electrodeposition [23,24], and successive ionic layer adsorption and reaction (SILAR) method [25,26,27,28,29,30] have been employed to synthesize copper oxide films.



The SILAR method is a modified chemical bath deposition (CBD) developed by Nicolau in 1985 [31]. It has the characteristics of being low cost, having a low process-temperature, precise film-thickness control, and being suitable for large-area deposition. This is different from the typical CBD process, where all chemicals are present in the reaction vessel at the same time for film deposition. In the SILAR process, the cation and anion precursor solutions are stored in separate containers, and the substrate is sequentially immersed in the cation and anion precursor solutions, and the substrate is rinsed with high-purity deionized water (DI-water) after each immersion. Generally, a reaction cycle of SILAR process includes four steps. In the first step, the substrate is immersed in the cation precursor solution, and the cations will be chemically adsorbed on the negatively charged surface of the substrate. In the second step, the substrate is rinsed with DI-water to remove the extra amount reactants, leaving only a saturated chemisorption layer of cations. In the third step, the substrate is immersed in the anion precursor solution, and the anions will react with the chemically adsorbed cations to form a thin film of solid compound on the surface of the substrate. In the fourth step, rinse the substrate again with deionized water to remove excess reactants, and leave a surface to start a new cycle. From step 1 to step 4, a SILAR reaction cycle is completed, and the thickness of the deposited film can be increased and controlled by controlling the number of reaction cycles. Since the film growth mechanism of SILAR is the layer-by-layer stacking of ions, SILAR is also called solution atomic layer deposition (SALD) [32] or liquid atomic layer deposition (LALD) [33].



So far, several different cation and anion precursor solutions have been used in the SILAR process to grow copper oxide films. For example, Bayansal et al. [34] used a copper chloride solution and double distilled water to synthesize dense and continuous CuO films with plate-like nanostructures, and the bandgap energies of as-deposited and annealed films at 300 °C for 1 h are about 1.37 and 1.39 eV, respectively. Magshwari et al. [26] used a tetraamine copper complex solution and deionized water as cation and anion precursors to deposit nanocrystalline and single-phase CuO films on glass substrates by SILAR, and showed that the film-thickness of CuO was proportionally increased from 87 to 415 nm with increasing the SILAR reaction-cycles from 20 to 50 times. Jayakrishana et al. [35] used copper acetate and sodium acetate as cation and anion precursors to grow CuO films on glass substrates by SILAR, and then the CuO films were annealed at temperatures of 100–400 °C in a vacuum environment. The results showed that the bandgap energy of CuO films is increased from 1.31 to 2.06 eV by vacuum-annealing, resulting in preferential crystal growth along the (200) plane.



In 1985, Ristov et al. [36] reported for the first time a simple chemical deposition method for depositing Cu2O films on glass substrates that the method includes successively immersing the glass substrates in a copper thiosulfate complex and a NaOH solution for 1–2 s each, and the film-thickness is proportional to the number of reaction-cycles for the successive immersion, and it is noticed that this method is very similar to the SILAR method proposed by Nicolau in the same year (1985) [31]. After that, many research groups extensively use the same precursors to grow Cu2O films in the SILAR process. For example, Nair et al. [37] used the same copper thiosulfate complex and NaOH precursor solution to prepare Cu2O films on glass substrates, and found that, after the films were annealed in air at 350 °C, the crystal structure of the films changed from Cu2O to CuO, resulting in the optical bandgap of the films being reduced from 2.1 to 1.75 eV. Serin et al. [38] used the same cation and anion precursor to deposit about 0.15 µm-thick Cu2O films on glass substrates, and then the films were annealed from 200 to 350 °C for 1 h in air. The results showed that the as-deposited film and the films annealed at 200–250 °C are Cu2O, but the films are converted to CuO when annealed above 300 °C. In addition, this conversion is accompanied by a shift in the optical bandgap from 2.20 to 1.35 eV. Johan et al. [39] prepared Cu2O films on glass substrates with thickness of about 0.45 µm by using similar reaction precursors and annealed the films at 200–400 °C in air. They found that the as-deposited and 200 °C-annealed films are Cu2O, and the films annealed at 300 °C have both Cu2O and CuO coexisting phases, and the films annealed at 400 °C have single-phase CuO. In addition, the optical bandgap of the films is decreased from 2.40 to 1.73 eV because the crystalline phase of the films is changed from Cu2O to CuO by annealing.



These reports indicate that the as-deposited film synthesized from the precursor solutions of copper thiosulfate complex and NaOH by the SILAR method usually has single-phase Cu2O, which can be transferred to the CuO film by further annealing in air at a temperature above 300 °C. Nevertheless, Ravichandran et al. [40] reported that as-growth films synthesized from the reaction precursors of a copper thiosulfate complex solution and a NaOH solution have single-phase CuO, even if the immersion time varies from 15 to 30 s.



So far, the morphology, structure, and optical properties of copper oxide films prepared by the SILAR method under various synthesis conditions have been studied. However, as far as we know, there are few studies on the influence of thermal annealing on the electrical properties (resistivity, carrier concentration, and mobility) of the SILAR-grown Cu2O thin films phase-transforming into CuO thin film analyzed by Hall measurement.



Therefore, in this work, copper thiosulfate complex and NaOH solutions are used as cation and anion precursor solutions to grow Cu2O thin films on glass substrates by the SILAR method. In addition, in order to obtain films of different crystal-phases (Cu2O, Cu2O-CuO mixture, and CuO), the as-growth Cu2O films are subsequently annealed in air at temperatures of 200–300 °C for 1 to 4 h. Furthermore, not only the morphological, structural, and optical properties of the films are characterized but also the electrical properties (resistivity, carrier concentration, and mobility) are analyzed. In addition, the influence of thermal annealing on the relationship among morphological, structural, optical, and electrical properties are discussed.




2. Materials and Methods


2.1. Samples Preparation


In this work, general glass slides were used as substrates for the growth of Cu2O films by the successive ionic layer adsorption and reaction (SILAR) method. The substrates were cleaned in an ultrasonic bath sequentially using deionized water, acetone, and methanol for 10 min each, followed by drying in a nitrogen flow. A copper thiosulfate complex and a NaOH solution were used as a cation and anion precursor solution in the SILAR process, respectively. To prepare the cation precursor solution, 1 M cupric sulfate pentahydrate (CuSO4·5H2O) was added into 1 M sodium thiosulfate (Na2S2O3·5H2O), and then the mixed solution was magnetically stirred for 20 min to immediately obtain a colorless solution of copper thiosulfate (CuS2O3) complex (the chemical reaction as shown in Equation (1)). Preparing the anion precursor solution, 1 M NaOH solution was heated and kept at 70 °C. Depositing Cu2O thin films on glass substrates by the SILAR method included four steps; in the first step, the glass substrate was first immersed in the NaOH solution for 20 s, and the OH- ions will be chemically adsorbed to the surface of the substrate in this step. In the second step, the substrate was then taken out and rinsed with deionized water to remove excessive OH− ions, which were not adsorbed on the surface of the substrate. In the third step, the substrate was immersed in the solution of copper thiosulfate (CuS2O3) complex for 20 s; in this step, the dissociative Cu+ ions [as Equation (2)] will react with OH− ions (adsorbed on the substrate surface) to form a Cu2O thin film [as Equation (3)] on the surface of the substrate. In the fourth step, the substrate was taken out and rinsed with deionized water again to remove the reaction byproduct and unreacted precursor solution. From steps 1 to 4, one SILAR reaction-cycle is completed, and the thickness of the films can be increased and controlled by increasing the number of reaction-cycles. In this work, the films were obtained through 80 SILAR reaction-cycles, and the thickness of the films was about 500 nm. After the films were deposited, the as-growth Cu2O films were subsequently annealed in air at temperatures of 200–300 °C for 1 to 4 h:


2Cu2+ + 4S2O32− ↔ 2[Cu(S2O3)]− + [S4O6]2−



(1)






[Cu(S2O3)]− ↔ Cu+ + S2O32−



(2)






2Cu+ +2OH− → Cu2O + H2O



(3)








2.2. Samples Characterization


The crystalline structures of the copper oxide thin films were examined by an X-ray diffractometer (XRD, D8 Advance Eco, Bruker, Karlsruhe, Germany) using a grazing incidence XRD mode at an X-ray wavelength of 0.15418 nm, a voltage of 40 kV, and a current of 25 mA. The Raman spectra of the films were performed by a micro Raman spectrometer (Raman, UniRAM II, Uninanotech, Yongin, Korea) using a green laser with a wavelength of 532 nm and an optical power of 300 mW. The surface morphologies of the films were observed with a high-resolution field-emission scanning electron microscope (FESEM, SU8000, Hitachi, Tokyo, Japan). It is noted that, in order to obtain the true surface morphologies of the films, both the SEM surface and cross-sectional analysis were performed without any conductive coating on the films. Moreover, the samples used for cross-sectional SEM analysis must have an undamaged fracture surface for which the preparation method of samples is detailed in Part 1 of Supplementary Materials (Figure S1). The optical properties of the films were analyzed by a UV-Visible-NIR spectrophotometer with a 60 mm diameter integral sphere (UV-Vis-NIR, V-670, Jasco, Tokyo, Japan). The electrical properties (resistivity, carrier concentration and mobility) of the films were measured by a Hall Effect measurement system (Hall, VDP6800, Sadhudesign, Hsinchu, Taiwan) using the Van der Pauw method under a 5600 Gauss magnetic field at room temperature. In addition, the preparation method of samples for Hall Effect measurement is described in detail in Part 2 of the Supplementary Materials (Figure S2).





3. Results and Discussion


In order to identify the crystalline structure of the copper oxide films, the films were analyzed by X-ray diffraction (XRD). Figure 1 shows the XRD patterns of as-deposited and annealed copper oxide films grown on glass substrates by the SILAR method. According to the XRD patterns, the as-deposited and 200 °C-annealed films have a polycrystalline structure with single-phase Cu2O, and the films annealed at 300 °C for 2 and 3 h have a polycrystalline structure with single-phase CuO. In particular, the film annealed at 300 °C for 1 h has a two-phase mixed polycrystalline structure containing Cu2O and CuO phases. Obviously, 300 °C is the phase-transition temperature at which the Cu2O film is transformed into a CuO film by thermal annealing in the air. In addition, from XRD pattern of the Cu2O-CuO mixed film (as Figure 1c), it can be clearly observed that the intensities of the Cu2O XRD-peaks are very weak (almost disappearing), indicating that the film is mainly composed of CuO and contains a small amount of Cu2O.



In Figure 1a, the as-deposited film has a polycrystalline structure with single-phase Cu2O that has five clear XRD peaks located at 2θ of 29.5°, 36.4°, 42.2°, 61.3°, and 73.5° that can be corresponded to (110), (111), (200), (220), and (311) planes of cuprite Cu2O (JCPDS No.: 05-0667), respectively. In addition, both as-deposited and 200 °C-1 h annealed Cu2O films have a (111) preferred orientation of crystal growth that is confirmed by the texture coefficients of the Cu2O films as shown in Table 1. The texture coefficient (TC) is calculated by using the Harris method [41] as below:


    TC   h k l   =    I  h k l   /  I  h k l  o      1 / n   ∑    I  h k l   /  I  h k l  o       



(4)




where Ihkl is the measured intensity of XRD peak,    I  h k l  o    is the standard intensity of Cu2O powder obtained from the JCPDS database, and n is the number of the XRD peaks. Moreover, the (111) peak-intensity of 200 °C-1 h annealed Cu2O film is stronger than the as-deposited Cu2O film and the full width at half maximum (FWHM) of the (111) peak of 200 °C-1 h annealed Cu2O film is smaller than the as-deposited Cu2O film, indicating that the crystallinity of Cu2O film is apparently improved by thermal annealing (as Figure 1a,b). Similar crystallinity improvement is also occurred in the CuO films annealed at 300 °C by increasing the annealing time. In addition, the phenomenon of grain growth and coarsening is also observed from the high-resolution SEM images, which will be explained later.



In addition to XRD, Raman spectroscopy is also a technique commonly used to identify the crystalline structure of materials. Figure 2 shows the Raman spectra of as-deposited and annealed copper oxide films grown on glass substrates by SILAR. Two distinct Raman patterns can be clearly seen in Figure 2, one of which is Figure 2a,b, and the other similar group is Figure 2c–e. The two different Raman patterns are attributed to the two different crystal structures of Cu2O and CuO. For Figure 2a,b, six Raman peaks are observed at about 109, 140, 212, 276, 310, and 610 cm−1 that show the characteristic phonon frequencies of the crystalline Cu2O. According to the literature [42,43,44,45,46,47], the peak at 109 cm−1 is assigned to the inactive Raman mode, the peak at 140 cm−1 is ascribed to Raman scattering from phonons of symmetry Г-15, the peak at 212 cm−1 is from the second-order Raman-allowed mode, the peak at 310 cm−1 corresponds to the second-order overtone mode, and the peak at 610 cm−1 is attributed to the infrared-allowed mode. However, the corresponding Raman mode of the peak at 276 cm−1 is not found in the literature. For the Figure 2c–e, four Raman peaks located at about 120, 281, 329, and 614 cm−1 are detected that show the characteristic phonon frequencies of the crystalline CuO. According to the literature [48,49,50], the peaks at 281, 329, and 614 cm−1 are from one-phonon Raman scattering mode of CuO crystal, where 281 cm−1 belongs to the Ag mode, 329 and 614 cm−1 belong to the Bg mode. The peak at 120 cm−1 is unknown, but it was also found from earlier reports [50]. In addition, although the XRD pattern (Figure 1c) shows that the film has a mixed crystal structure with CuO as the main component and a small amount of Cu2O after annealing at 300 °C for 1 h, only the Raman peaks of CuO can be observed in the Raman spectrum (Figure 2c) without Cu2O. This is because some Raman peaks of Cu2O crystal are very close to Raman peaks of CuO, and the content of Cu2O in the film is relatively small, resulting in the Raman signal of Cu2O not being detected.



The surface morphologies of copper oxide films grown by SILAR are shown in Figure 3. As shown in Figure 3a, irregular microsphere particles can be observed to accumulate on the surface of the deposited film. The presence of these particles can be regarded as an inevitable phenomenon in the solution-based process. In addition, the inset image in Figure 3a shows that the profile of the as-deposited film (thickness about 500 nm) is dense and uniform. It can be seen from Figure 3b that, when the film is annealed at 200 °C for 1 h, some larger particles will be formed on the film. However, it can be found from Figure 3c that annealing the film at 300 °C for 1 h does not seem to change the size of these particles, which is mainly due to the mixed Cu2O-CuO phase of the film at this stage. When the annealing time was increased to 2 h, these particles aggregated into irregular clusters on the film. In addition, as the annealing time is extended to 4 h, it can be noted that the agglomeration of these clusters leads to the formation of larger stacks on the film. On the other hand, it can be observed from the high-resolution SEM images that the particles on the surface of the as-growth film are approximately spherical in shape and have a smooth surface. After annealing at 200 °C for 1 h, many spherical and isolated small crystal grains (grain size of about 43–74 nm) are uniformly distributed and appeared on the smooth surface of the particles. When the annealing temperature is increased to 300 °C, it can be clearly observed that the particles on the surface of the films are composed of many irregularly shaped grains, thus forming a rough surface. Moreover, the grain size increases with the increase of thermal annealing time such that the grain size can reach about 141–192 nm after annealing at 300 °C for 4 h. This can be explained by diffusion-controlled coarsening kinetics (i.e., Ostwald ripening). Since the diffusion of the materials is proportional to temperature and time, the diffusion rate of atoms is low at a temperature of 200 °C without significant Ostwald ripening. Therefore, isolated spherical crystal grains appear on the surface of the 200 °C-1 h annealed film. However, atoms have a higher diffusion rate at a temperature of 300 °C, the phenomenon of grain coalescence leads to irregular grain shapes, and the grain size increases with the increase of annealing time.



In order to evaluate the optical bandgaps of the copper oxide films, the transmittance (T) and reflectance (R) spectra of the films were measured using a UV-Vis-NIR spectrophotometer with a 60 mm diameter integral sphere (Jasco V-670), and the absorbance (A) was derived from the calculation of A = 100 − (T + R) (%) to obtain the absorption spectra (Figure 4) of the films [51], and then the bandgap energies of the films were extracted from the plots of (Ahv)2 vs hv (as shown in Figure 5). As shown in Figure 5, the bandgaps are about 1.90, 1.87, 1.40, 1.36, and 1.34 eV for as-deposited (Figure 5a), 200 °C-1 h annealed (Figure 5b), 300 °C-1 h annealed (Figure 5c), 300 °C-2 h annealed (Figure 5d), and 300 °C-4 h annealed (Figure 5e) films, respectively. The results show that, because 300 °C thermal annealing causes the films to transform from Cu2O to CuO crystal phase, thus the bandgap energies of the films are greatly reduced from 1.87–1.90 to 1.34–1.40 eV. In addition, although the film after annealing at 300 °C for 1 h has a two-phase mixed crystal structure of containing both CuO and Cu2O, the bandgap energy of film only shows the CuO feature (~1.40 eV) due to a few contents of Cu2O in the film. Moreover, it is known from the experimental results that the energy gap of the copper oxide film can be adjusted by thermal annealing. It can be reasonably imagined that, if the annealing conditions are accurately controlled to adjust the ratio of Cu2O and CuO crystalline phases, there will be an opportunity to accurately control the bandgap of the copper oxide film within the range of 1.90 to 1.34 eV.



The resistivity, carrier concentration, and mobility of the copper oxide films measured by Hall Effect measurement are shown in Figure 6, and a summary of crystalline structure, bandgap energy, resistivity, carrier concentration, and mobility of the copper oxide films are listed in Table 2.



The results show that, just as the crystal structure and bandgap of the copper oxide films change with the annealing temperature and time, the resistivity, carrier concentration, and mobility of the copper oxide films also change with the annealing temperature and time.



After 200 °C-1 h thermal annealing, the carrier mobility of the film increased from 1.8 to 51.1 cm2·V−1·s−1, and the carrier concentration of the film decreased from 2.87 × 1015 to 1.0 × 1014 cm−3, which can be attributed to the improvement of crystal quality and the reduction of crystal defects, and the increase in carrier mobility and decrease in carrier concentration result in almost the same resistivity of the 200 °C-1 h annealed film to the as-deposited film.



However, the carrier concentration of the film annealed at 300 °C for 1 h subsequently dropped by about two orders of magnitude, reaching 1.8 × 1012 cm−3, which is the lowest value compared with the carrier concentration of other films. Since the 300 °C-1 h annealed film has a Cu2O-CuO mixed crystal, the sudden decrease in the carrier concentration of the film can be reasonably attributed to the formation of Cu2O-CuO heterojunction, which results in recombination of electron–hole pairs occurring at the interface of the Cu2O-CuO heterojunction and the formation of a depletion region (as known as space-charge region) at the interface. Therefore, the resistivity of the film has risen by an order of magnitude to 3.72 × 104 Ω-cm. Because the space-charge region has an inherent built-in potential, which is conducive to the separation of photogenerated electron-hole pairs, materials (such as nanoparticles, nanowire, thin films and so forth) with a mixed phase of Cu2O-CuO have been extensively studied in the fields of photocatalysts, photoelectrochemical, and photovoltaic devices [3,9,23,52,53,54].



When the annealing time is continuously increased at 300 °C, the carrier concentration of the films increases to 8.0 × 1014 and 7.4 × 1016 cm−3 for 2 and 4 h, respectively. The increase in carrier concentration is related to the disappearance of the Cu2O-CuO heterojunction in the films, at which the films have completely transformed into CuO crystal. However, the results show that, as the carrier concentration increases, the carrier mobility of the film decreases. This is because the increase in carrier concentration will increase carrier scattering and cause carrier mobility to decrease.




4. Conclusions


In this work, copper oxide films are grown on a glass substrate by the SILAR method with subsequent annealing in air. All films in this study are polycrystalline, but have three different crystal phases: as-growth and 200 °C-1 h annealed films are Cu2O phases, the 300 °C-1 h annealed film has a Cu2O-CuO mixed phase, and the films annealed at 300 °C for 2 and 4 h have a CuO phase. In addition, the grain size of the films increases with the increase of annealing temperature and time due to the conventional diffusion-controlled grain growth. Furthermore, as the annealing temperature and time increase, the energy bandgap of the film decreases from 1.90 to 1.34 eV, which is attributed to the crystal phase transition from Cu2O phase to CuO phase. In addition, the resistivity, carrier concentration, and mobility of the film also vary with the annealing temperature and time. In particular, the Cu2O-CuO mixed crystal film has a high carrier mobility of 93.7 cm2·V−1·s−1 and a low carrier concentration of 1.8 × 1012 cm−3, which is attributed to the formation of Cu2O-CuO heterojunction, and the film has potential application in photocatalyst, photoelectrochemical, and photovoltaic devices. In view of the fact that different applications usually require different material properties, this work reports the relationship between the material properties and the annealing conditions of copper oxide films. We believe that the results of this work will contribute to providing useful and valuable data for the research and applications of copper oxides.
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Figure 1. XRD patterns of copper oxide films: (a) the as-deposited film; (b) the film annealed at 200 °C for 1 h, and the films annealed at 300 °C for (c) 1; (d) 2; and (e) 4 h, respectively. 
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Figure 2. Raman spectra of copper oxide films: (a) the as-deposited film; (b) the film annealed at 200 °C for 1 h, and the films annealed at 300 °C for (c) 1; (d) 2; and (e) 4 h, respectively. 
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Figure 3. The surface morphologies of copper oxide films: (a) the as-deposited film (the insert shows its cross-section); (b) the film annealed at 200 °C for 1 h, and the films annealed at 300 °C for (c) 1; (d) 2; and (e) 4 h, respectively. 
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Figure 4. The absorption spectra of copper oxide films: (a) the as-deposited film; (b) the film annealed at 200 °C for 1 h; and the films annealed at 300 °C for (c) 1; (d) 2; and (e) 4 h, respectively. 
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Figure 5. The bandgap energies of copper oxide films extracted from the plots of (Ahv)2 vs. hv: (a) the as-deposited film; (b) the film annealed at 200 °C for 1 h; and the films annealed at 300 °C for (c) 1; (d) 2; and (e) 4 h, respectively. 
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Figure 6. Resistivity, carrier concentration, and mobility of the copper oxide films: (a) the as-deposited film; (b) the film annealed at 200 °C for 1 h, and the films annealed at 300 °C for (c) 1; (d) 2; and (e) 4 h, respectively. 
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Table 1. Texture coefficients for the different crystal orientations of the as-growth and 200 °C-1 h annealed Cu2O films.
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Samples

	
Texture Coefficient (TC)




	
(110)

	
(111)

	
(200)

	
(220)

	
(311)






	
(a) as-deposited

	
0.873

	
1.429

	
1.028

	
0.907

	
0.761




	
(b) 200 °C-1 h annealed

	
0.854

	
1.495

	
1.041

	
0.954

	
0.654
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Table 2. Summary of crystalline structure, bandgap energy, resistivity, carrier concentration, and mobility of the copper oxide films.
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Samples

	
Crystal Structure

	
Bandgap Energy

(eV)

	
Resistivity

(Ω-cm)

	
Carrier




	
Concentration

(cm−3)

	
Mobility

(cm2·V−1·S−1)






	
(a) as-deposited

	
(Cu2O)

	
1.90

	
1.22 × 103

	
2.9 × 1015

	
1.8




	
(b) 200 °C-1 h annealed

	
(Cu2O)

	
1.87

	
1.27 × 103

	
1.0 × 1014

	
51.1




	
(c) 300 °C-1 h annealed

	
(CuO-Cu2O mixture)

	
1.40

	
3.72 × 104

	
1.8 × 1012

	
93.7




	
(d) 300 °C-2 h annealed

	
(CuO)

	
1.36

	
7.94 × 102

	
8.0 × 1014

	
10.7




	
(e) 300 °C-4 h annealed

	
(CuO)

	
1.34

	
1.02 × 102

	
7.4 × 1016

	
2.3
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