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Abstract

:

We deposited zinc-based films with various ammonia (ammonium hydroxide; NH4OH) and selenourea concentrations, at the bath temperature of 80 °C, on soda-lime glass substrates using the chemical bath deposition (CBD) process. We analyzed the results using X-ray photoelectron spectroscopy (XPS), which showed binding energies of zinc, selenium, and oxygen. The as-deposited films, containing zinc selenide, zinc oxide, and zinc hydroxide, were also verified. The films prepared in this investigation can be referred to a zinc compound, characterized as Zn(Se,OH). A conformal coverage of the Zn(Se,OH) films, with the smooth surface morphologies, was obtained by optimizing the ammonia or selenourea concentrations in the deposition solutions. The Zn(Se,OH) films had a preferred (111) orientation, corresponding to a cubic crystal structure. The bandgap energies of the as-deposited Zn(Se,OH) films were determined from the optical absorption data, suggesting a dependence of the bandgap energies on the atomic percentages of ZnSe, Zn(OH)2 and ZnO in the films. The same variation tendency of the compositions and the bandgap energies for the films, deposited with an increment in the ammonia or selenourea concentrations was achieved, attributing to the facilitation of ZnSe formation. These results show that the compositions, and therefore the bandgap energies, can be controlled by the ammonia concentrations, or selenourea concentrations.
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1. Introduction


The Cu(In,Ga)Se2 (CIGS) solar cells prepared by the co-evaporation process [1], and the Cu(In,Ga)(Se,S)2 (CIGSS) solar cells prepared by the sulfurization after selenization (SAS) process [2], employed a thin CdS film as the buffers have reached the conversion efficiencies of over 22%. Even though various II-VI semiconductor compounds, including CdS, (Cd,Zn)S, ZnS, Zn(O,S,OH)x, ZnO, ZnSe, Inx(OH,S)y, In2S3, etc., have been prepared by different deposition methods of chemical bath deposition (CBD), such as atomic layer deposition (ALD), ionic layer gas atomic reaction (ILGAR), metal organic chemical vapor deposition (MOCVD), physical vapor deposition (PVD), or other deposition processes [3,4,5], the CdS buffer layers prepared by the CBD method achieved the best performance of CIGS-based solar cells. The CBD method is a favorite process for mass production of CIGS-based modules, providing a simple and cost-effective approach for large-area fabrication.



The CIGS-based solar cells, with the CBD CdS buffers, have reached the efficiencies of greater than 22% [1,2]. Although the CdS buffers play a critical role for CIGS-based solar cells, the demand of the wider bandgap materials, as well as the toxicity of cadmium, motivate to search for the Cd-free buffers as a replacement for the CIGS-based solar cells. The Zn(O,S,OH)x buffers for the CIGSS solar cells have reached the efficiency of 22.0% [6]. In addition, the In(OH)xSy buffer layers have achieved the efficiency of 15.7% as well [7]. Besides the ZnS-based and the InS-based buffers, the ZnSe buffers prepared by CBD process have been applied for the CIGS-based solar cells [8,9,10,11,12,13]. The active-area efficiency of the CIGSS solar cell with the ZnSe buffer was reported to be 15.7% [9,10]. W. Eisele et al. employed a Zn(OH)2/Zn(Se,OH) buffer for the CIGSS solar cells, and achieved the total-area efficiency of 14.4% [11]. An investigation of Zn(Se,O) buffers on the CuInS2 solar cells was carried out as well [14]. Although the wide bandgap buffers allow the absorbers of the CIGS-based solar cells to absorb more short-wavelength photons and improve the short-circuit current density, the band offset at the interface between the buffers and the CIGS-based absorbers play a critical role in impacting the interface recombination of the CIGS-based solar cells, which has been addressed in the literature [15,16,17,18]. On the other hand, the effects of the band alignment between the n-type emitters and the CdTe absorbers for the CdTe thin-film solar cells were discussed [19]. Furthermore, the studies to quantify the interface recombination losses of the CIGS-based and the CdTe thin-film solar cells have been reported [20,21].



To take the advantages of the wide bandgap buffers of the Zn(Se,OH) compounds, we conducted a systematic study on the CBD Zn(Se,OH) films. The ammonia concentrations and selenourea concentrations were employed as the variables to study their impacts on the characteristics of the Zn(Se,OH) films including the surface morphologies, compositions, and bandgap energies. In terms of efficiency for the CIGS solar cells, the buffer layers are required to provide a uniform coverage on the top of the CIGS films, and to avoid the formation of the shunt path between the CIGS and the ZnO:Al (AZO) layers. The coverage of buffers was assessed by analyzing the FESEM (field emission scanning electron microscopy) images of surface morphology for the as-deposited Zn(Se,OH) films.




2. Experimental Details


The chemical-bath-deposited Zn(Se,OH) films were grown on the soda-lime glass substrates with zinc sulfate (ZnSO4, Alfa Aesar, Ward Hill, MA, USA), selenourea (SeC(NH2)2, SU, Alfa Aesar, Ward Hill, MA, USA), hydrazine hydrate (N2H4, Alfa Aesar, Ward Hill, MA, USA), and ammonia (Alfa Aesar, Ward Hill, MA, USA) at the bath temperature of 80 °C. The zinc sulfate and selenourea served as the zinc source and selenium source, respectively. Both hydrazine hydrate and ammonia acted as the complex agents for the chemical reaction. In addition, the ammonia was employed to adjust the pH values of the deposition solutions. The deposition time was 15 min. We separately controlled the ammonia concentrations and the selenourea concentrations in the deposition solutions to deposit the films, and investigate their impacts on the characteristics of the films. The variation ranges of the ammonia concentrations and the selenourea concentrations were from 0.6 M to 2.6 M and from 0.0075 M to 0.075 M, respectively.



The surface morphologies and the crystal structures of the as-deposited films were studied by field emission scanning electron microscopy and X-ray diffraction (XRD, D/Max-2500V, Rigaku Corporation, Tokyo, Japan) analysis, respectively. The XPS analysis was conducted by using an XPS system (Thermo Scientific, Waltham, MA, USA), equipped with an Al Kα X-ray source, and a double-focusing hemispherical analyzer, whose corresponding energy and wavelength were 1486.7 eV and 0.834 nm, respectively. The optical transmittances of films were measured with an UV/VIS spectrophotometer (V-650, JASCO Corporation, Tokyo, Japan) in the wavelength range of 300–900 nm.




3. Results and Discussion


3.1. Surface Morphologies


One of the important requirements for the buffers of the CIGS solar cells is to provide a well coverage on the top of CIGS films, which not only facilitates the formation of the electric junction but also prohibits the formation of the shunt path between the AZO and CIGS layers. Since the sputtering processes of the window layers may cause the potential bombarding effects, the buffers are able to act as a protection layer to avoid the possible damage on the surface of the CIGS absorbers. The coverage of buffers was examined by studying the top views of the FESEM images for the as-deposited Zn(Se,OH) films. The effects of ammonia and selenourea concentrations on the surface morphologies of the Zn(Se,OH) films, prepared on the soda-lime glass substrates by the CBD process, were investigated.



Figure 1 shows the surface morphologies of the Zn(Se,OH) films deposited with a constant selenourea concentration of 0.03 M and the ammonia concentrations varying from 0.6 M to 2.6 M. The impact of the ammonia concentrations on the grain sizes of the Zn(Se,OH) films was not significant. The Zn(Se,OH) films deposited with the ammonia concentrations of 0.6 M to 1.4 M had the better surface morphologies. Whereas the ammonia concentration was increased to 1.8 M or greater, the grains started to aggregate, which could not provide a good coverage of the as-deposited films on the glass substrates, as shown in Figure 1d–f. The clusters of the grains were even formed for the greater ammonia concentrations of 2.2 M and 2.6 M.



On the other hand, for the ammonia concentration kept at 1.4 M, the selenourea concentrations were employed as a variable to study its impacts on the surface morphologies of the Zn(Se,OH) films. As exhibited in Figure 2, the dependence of the grain sizes of the films on the selenourea concentrations was not obvious. A better coverage of the Zn(Se,OH) films was achieved for the selenourea concentrations varying from 0.03 M to 0.06 M. For the surface morphologies of the Zn(Se,OH) films shown in Figure 2a,f, either the high concentration of the excess Se ions or the low concentration of the insufficient Se ions did not favor to form a good coverage of the as-deposited films on the glass substrates. Thus, for the selenourea concentrations of 0.0075 M and 0.075 M, the as-deposited Zn(Se,OH) films could not fully cover the glass substrates. For the given deposition conditions, the best surface morphology has been achieved for the Zn(Se,OH) film deposited with the selenourea concentration of 0.045 M.



The cross-sectional views of the Zn(Se,OH) films deposited with a constant selenourea concentration of 0.03 M and the ammonia concentrations of 0.6 M to 2.6 M is depicted in Figure 3. Besides, Figure 4 displays the cross-sectional views of the Zn(Se,OH) films deposited with a constant ammonia concentration of 1.4 M and the selenourea concentration of 0.0075 M to 0.075 M. The thicknesses of the films were determined from the FESEM images of cross-sectional views for the Zn(Se,OH) films deposited with a constant period of 15 min, and therefore the average deposition rates were calculated. The results are illustrated in Figure 5, where the film thicknesses and the deposition rates for each ammonia concentration or selenourea concentration are shown on the right and left axes, respectively. For the films deposited with a constant selenourea concentration of 0.03 M and the ammonia concentrations varying from 0.6 M to 2.6 M, the corresponding thicknesses of the films increased from 42 nm to 133 nm. There was a nearly linear dependence of the film thicknesses on the increase of the ammonia concentrations for the given deposition conditions except the greatest ammonia concentration of 2.6 M. For the closely linear relation between the film thicknesses and the ammonia concentrations, the deposition rates were increased from 2.8 nm/min to 8.7 nm/min for the ammonia concentrations rising from 0.6 M to 2.2 M. As for the films deposited with a constant ammonia concentration of 1.4 M and the selenourea concentrations varying from 0.0075 M to 0.075 M, the thicknesses of Zn(Se,OH) films increased with an increase in the selenourea concentrations from 0.0075 M to 0.06 M, but decreased at the selenourea concentration of 0.075 M, which suggested that the exceedingly high selenourea concentration hinder the growth of the Zn(Se,OH) films in the deposition solutions. Similarly, the variation of the film thicknesses showed an approximately linear relationship with the increase in the selenourea concentrations. The greater deposition rates of the Zn(Se,OH) films were achieved for an increase in the ammonia concentrations, demonstrating that the variation of the ammonia concentrations had a greater impact on the deposition rates than that of selenourea concentrations.




3.2. Crystal Structures


The XRD diffraction patterns of the Zn(Se,OH) films deposited with three different combinations of ammonia and selenourea concentrations are presented in Figure 6, where the XRD pattern of a soda-lime glass substrate is shown as a reference. As illustrated in Figure 6, a characteristic peak of 2θ at 27.2° could still be identified for the as-deposited Zn(Se,OH) film, deposited with the condition (a) ammonia concentration of 1.4 M and selenourea concentration of 0.06 M, which corresponds to the (111) plane of the cubic crystal structure for ZnSe; although the characteristic peaks of the films deposited with the conditions (b) and (c) were not quite obvious. As the as-deposited Zn(Se,OH) films possessed the features of the very thin thicknesses and the nano-crystalline, the characteristic peaks of the XRD diffraction patterns for the Zn(Se,OH)x films were not sharp. Similar results of the weak characteristic peaks of XRD patterns at 2θ of around 27.5° or 27.9° for the CBD ZnSe films with the thicknesses between 60 and 195 nm have been reported in the literature [22,23].




3.3. Compositions


We employed an X-ray photoelectron spectroscopy system (Thermo Scientific) equipped with a monochromatic Al Kα X-ray source and a double-focusing hemispherical analyzer to perform XPS analysis for the Zn(Se,OH) films deposited on the soda-lime glass substrates. Moreover, the depth profiling was carried out with an argon ion source operating at a beam energy of 3 KeV. The charging effects were taken into account by referring the measured spectra to the binding energy peak of C 1s at 284.8 eV. Carbon was initially present for all films deposited by the CBD process but became undetectable during sputter depth profiling, indicating that little carbon was incorporated around the surface region of the films during exposure to the air. The XPS photoelectron binding energy spectra were fitted with Gaussian-Lorentzian curves to analyze the compositions of the Zn(Se,OH) films. Besides carbon, the elements of zinc, selenium, and oxygen were also identified for the as-deposited films. The binding energies of ZnSe, ZnO, and Zn(OH)2 for the photoelectron line positions of Zn 2p3, Se 3d, and O 1s reported in the literature are summarized in Table 1 [24,25,26,27].



As illustrated in Figure 1b, the Zn(Se,OH) film deposited with the ammonia concentration of 1.2 M had the better surface morphology. We selected this sample to demonstrate the XPS depth profiling of Zn 2p3, Se 3d, and O 1s core levels, as presented in Figure 7. For the montage of Zn 2p3 binding energy spectrum from 1017 eV to 1027 eV as shown in Figure 7a, no significant shift of the peaks was found. As illustrated in Figure 7b, the peaks of Se 3d binding-energy curves kept nearly at the same binding energy of 54.4 eV, suggesting that the compound of ZnSe was formed in the films [24]. For the O 1s binding-energy spectrum, a peak at the binding energy close to 531.7 eV was observed for the as-deposited surface of the Zn(Se,OH) films. In contrast, the broad peaks of the binding-energy spectrum were found in the bulk of the films, suggesting that the compounds of Zn(OH)2 and ZnO existed simultaneously in the films. The peaks of the after-sputtering curves shown in the background shifted to the binding energy of SiO2 at 532.5 eV [25], revealing that the glass substrate has been reached after the sputtering.



The sample deposited with the selenourea concentration of 0.045 M, which had the better surface morphology as shown in Figure 3d, was selected to perform the XPS depth profiling. The results of the photoelectron binding-energy spectra for the depth profiles of Zn 2p3, Se 3d, and O 1s are exhibited in Figure 8. As illustrated in Figure 8a, the peaks of Zn 2p3 binding-energy curves were at the binding energy of 1022.2 eV, indicating the formation of ZnSe in the films [24]. The peaks of Se 3d binding-energy spectra remained at the binding energy of 54.4 eV without altering. Moreover, the O 1s binding-energy spectra showed the broad peaks, which consisted of the peaks of Zn(OH)2 [27] and ZnO [25] compounds, in the films except the as-deposited surface and the background. Due to that the sample was exposed to the air before the measurements, evidently the shape of the O 1s binding-energy spectrum at the as-deposited surface was different from those in the bulk of the film. Since the glass substrate was sputtered, the peak at the SiO2 binding energy of 532.5 eV showed in the background.



As shown in Figure 7 and Figure 8, the peak positions of Zn 2p3 and Se 3d barely drifted and the shapes of the O 1s binding energy spectra kept approximately unchanged except for the as-deposited surface and the background spectra. The compositions of the films were studied by analyzing the XPS spectra after sputtering the films for 120 s, which corresponded to the middle region of the films along the depth and represented the nominal compositions of the films. The O 1s and Zn 2p3 binding-energy spectra of Zn(Se,OH) films deposited with a selenourea concentration of 0.03 M and the ammonia concentration in the range of 0.6 to 2.6 M are shown in Figure 9a,b, respectively. Moreover, the deconvolution of the spectra is exhibited in Figure 9 as well. The compositions of the Zn(Se,OH) films were altered with the variation of the ammonia concentrations in the chemical solutions. Evidently, more zinc hydroxide than zinc oxide was obtained for the Zn(Se,OH) films deposited with the higher ammonia concentrations. In contrast, the contents of zinc hydroxide and zinc oxide of the Zn(Se,OH) films deposited with the low ammonia concentration of 0.6 M were roughly the same. For the Zn 2p3 binding-energy spectrum shown in Figure 9b, the peaks of the curves shifted to the binding energy of ZnSe at 1022.2 eV, implying that there was more zinc selenide than the other compounds in the films deposited with an increment in the ammonia concentrations. The ratios of zinc hydroxide and zinc oxide in the Zn(Se,OH) films can be controlled by the ammonia concentrations in the deposition solutions. A conclusion could be drawn that the amount of zinc selenide in the chemical-bath-deposited Zn(Se,OH) films increased with an increase in the ammonia concentrations.



Figure 10a shows the oxygen 1s binding energy curves of the Zn(Se,OH) films deposited with an ammonia concentration of 0.03 M and the selenourea concentrations varying from 0.0075 M to 0.075 M. The deconvolution of the oxygen 1s displayed two peaks, which were attributed to zinc hydroxide and zinc oxide. Clearly, the content ratios of zinc hydroxide to zinc oxide were increased with an increase in the selenourea concentrations for the as-deposited Zn(Se,OH) films. For Figure 10b, the peaks of these binding energy curves were shifted toward the lower binding energies with an increase in the selenourea concentrations in the solutions. With the same variation tendency as comparing to the results shown in Figure 9b, the peaks of Zn 2p3 binding-energy spectra were shifted from around 1022.5 eV (binding energy of Zn-O [25]), to the binding energies of Zn-Se bonds for the Zn(Se,OH) films, deposited with the selenourea concentrations varying from 0.0075 M to 0.075 M in the deposition solutions. This indicates that the compositions of the Zn(Se,OH) films can be controlled by the variation of selenourea concentrations for the CBD process.



For the results presented in Figure 9 and Figure 10, interestingly, the increase in the ammonia or selenourea concentrations led to the similar variation patterns of the oxygen 1s and zinc 2p3 binding-energy spectra for the as-deposited Zn(Se,OH) films.



The compositions of the Zn(Se,OH) films deposited with various ammonia or selenourea concentrations were analyzed by conducting the deconvolution of the photoelectron binding energy spectra as follows. The oxygen 1s, selenium 3d, and zinc 2p3 photoelectron binding energy spectra for the films were fitted with Gaussian-Lorentzian curves, as shown in Figure 11a–c, respectively. For the analysis of oxygen 1s binding-energy curve as illustrated in Figure 11a, two peaks at 530.4 eV and 531.7 eV obtained from the deconvolution of oxygen 1s binding-energy curve demonstrated that the film consisted of the chemical bonds of Zn-O [25] and Zn-OH [27], respectively. The selenium 3d spectrum fitted well with a single peak of ZnSe at 54.4 eV is shown in Figure 11b. As exhibited in Figure 11c, three fitted peaks at 1022.2 eV, 1022.5 eV, and 1022.7 eV, corresponding to ZnSe, Zn(OH)2, and ZnO, respectively, were present in the zinc 2p3 curve for the film after sputtering for 120 s. The as-deposited film containing the compounds of ZnSe, Zn(OH)2, and ZnO was verified. Furthermore, the atomic percentages of ZnSe, Zn(OH)2, and ZnO in the films can thus be estimated from these results, and will be discussed in the following sections.



With the best surface morphologies of Zn(Se,OH) films shown in Figure 1b and Figure 3d, the XPS depth profiles of the Zn(Se,OH) films deposited with selenourea concentration of 0.03 M and the ammonia concentration of 1.2 M, and deposited with selenourea concentration of 0.045 M and the ammonia concentration of 1.4 M are demonstrated in Figure 12a,b, respectively. Before sputtering, more oxygen than selenium was found for the Zn(Se,OH) films deposited with either process condition owing to the films exposing to the air. After sputtering, the atomic concentrations of oxygen dropped for both films. More Se contents were found than oxygen contents in the films, revealing that more ZnSe as well as less Zn(OH)2 and ZnO were formed during the process. The XPS depth profiles show that the zinc, oxygen, and selenium contents were nearly constant within the films. The rising Si concentrations indicated that the glass substrates had been reached, which is shown in the shaded region of Figure 12.




3.4. Optical Properties


The spectral transmittance of Zn(Se,OH) films deposited on the soda-lime glass substrates in the wavelength range of 300–900 nm, which was measured using a spectrophotometer. For the CBD Zn(Se,OH) films with a thickness of around 80–100 nm determined from the cross-sectional view of FESEM images, the transmittance as high as 88% in the wavelength range of 300–900 nm was obtained, as exhibited in Figure 13, where there was a sharp drop in the spectral transmittance for the wavelength below 400 nm. The bandgap energy of Zn(Se,OH) films was determined from the optical absorption data. It has been reported that the CBD ZnSe films is a direct bandgap semiconductor [22,28,29,30]. To obtain the direct transition, (αhν)2 was plotted against hν for the Zn(Se,OH) films deposited on the glass substrates by the CBD process, as shown in the inset of Figure 13, where α, h, and ν are the absorption coefficient, Planck constant, and optical frequency, respectively. The optical bandgap energy of the Zn(Se,OH) film deposited with the ammonia concentration of 1.4 M, and the selenourea concentration of 0.03 M was estimated around 3.09 V from the intercept of this plot.




3.5. Bandgap Energies


The bandgap energies of the Zn(Se,OH) films were determined from the optical properties. For the atomic percentages of ZnSe, Zn(OH)2, and ZnO determined from the deconvolution of Zn 2p3 binding energy spectra for the Zn(Se,OH) films as discussed previously, the bandgap energies and atomic percentages of ZnSe, Zn(OH)2, and ZnO of the Zn(Se,OH) films as a function of the selenourea concentrations and the ammonia concentrations are illustrated in Figure 14. The dependence of the bandgap energies on the ammonia concentrations or the selenourea concentrations was evident. The increment in the selenourea concentrations or the ammonia concentrations showed the same variation trends of the bandgap energies for the chemical-bath-deposited Zn(Se,OH) films.



As hydrazine hydrate and ammonia acted as the complexing agents, the zinc ions were released by the decomplexation of Zn(NH3)42+ and Zn(N2H4)32+, and then reacted with the selenium ions released from the hydrolysis of selenourea under the basic condition. Thus, the ZnSe films were formed on the substrates. In addition, the zinc hydroxide was formed for the presence of zinc ions in the aqueous alkaline solution. The nucleation centers were typically formed by the absorption of zinc hydroxy species on the surface of substrates. The initial layer of the thin film was formed through the replacement of hydroxy group by the oxide and Se ions, and subsequently the solid film was grown by the condensation of metal and Se ions onto the top of initial layer. As a result, the Zn(Se,OH) films were grown on the substrates. The global reaction of the process can be expressed as follows [9,10,31]:


  Zn    (    NH  3   )   4  2 +   + SeC    (    NH  2   )   2  +   2 OH  −  → ZnSe +   4 NH  3  +   2 H  2  O +   CN  2   H 2   



(1)







The chemical reaction (1) implies that the increment in either the ammonia concentrations or the selenourea concentrations favor the formation of ZnSe. Consequently, the atomic percentages of ZnSe in the Zn(Se,OH) films increased, as exhibited in Figure 14. The same variation trend of the bandgap energies for the chemical-bath-deposited Zn(Se,OH) films could be achieved by controlling the selenourea concentrations or the ammonia concentrations. Nonetheless, a wider range of bandgap energies was achieved for the films deposited with the specified range of the ammonia concentrations, which suggested that the ammonia concentrations had more substantial impacts on the compositions and thus the bandgap energies than the selenourea concentrations.



The bandgap energies of ZnSe and ZnO are 2.7 eV [32] and 3.3 eV [33], respectively. Ernits et al. reported that the bandgap energy of Zn(OH)2 was greater than 3.3 eV [34]. Among ZnSe, Zn(OH)2, and ZnO, ZnSe has the smallest bandgap energy of 2.7 eV. As depicted in Figure 14, the atomic percentages of Zn(OH)2 and ZnO in the films varied mildly with the increase in the selenourea concentrations or the ammonia concentrations. In contrast, the contents of ZnSe for the films increased significantly with the increase in the selenourea concentrations or the ammonia concentrations, which caused a reduction in the bandgap energies of the films toward 2.7 eV. The compound of ZnSe became the dominant contents of the Zn(Se,OH) films as the selenourea concentrations or the ammonia concentrations increased. Therefore, the bandgap energies of the Zn(Se,OH)x films decreased with an increase in the selenourea concentrations or the ammonia concentrations. It is concluded that the bandgap energies of the films depended on the compositions. For the given ammonia concentrations, the bandgap energies of 2.92 eV to 3.27 eV for the Zn(Se,OH) films were achieved. On the other hand, the bandgap energies of 2.97 eV to 3.21 eV for the Zn(Se,OH) films were obtained for the selenourea concentrations altering from 0.0075 M to 0.075 M.





4. Summary and Conclusions


The Zn(Se,OH) films have been deposited with various ammonia concentrations or selenourea concentrations by the CBD process on the soda-lime glass substrates. The surface morphologies and crystal structure of CBD Zn(Se,OH) films as the buffer layers for CIGS solar cells were analyzed. The conformal coverage of the Zn(Se,OH) films on the glass substrates was achieved for the ammonia concentrations of 0.6 M to 1.4 M, or the selenourea concentrations of 0.03 M to 0.06 M. The XRD results revealed that the CBD Zn(Se,OH) films had the preferred orientation of (111), corresponding to the cubic crystal structure.



The chemical species and the formed compounds in the as-deposited films were verified by the XPS analysis. Zinc selenide, zinc hydroxide, and zinc oxide were found in the films. The effects of ammonium concentrations and the selenourea concentrations on the composition of the as-deposited Zn(Se,OH) films were clear.



For the Zn(Se,OH) films deposited with the ammonia concentrations ranging from 0.6 M to 2.6 M and selenourea concentrations altering from 0.0075 M to 0.075 M, the bandgap energies of 2.92 eV to 3.27 eV and 2.97 eV to 3.21 eV were achieved, respectively. The dependence of the bandgap energies on the compositions of the films was acquired. ZnSe had the greater atomic percentages than Zn(OH)2 and ZnO in the Zn(Se,OH) films deposited with the given ammonia concentrations and selenourea concentrations, and therefore dominantly determined the bandgap energies of Zn(Se,OH) films. With an increase in the selenourea concentrations and the ammonia concentrations, the presence of the greater Se contents and less oxygen contents in the films led to more ZnSe as well as less Zn(OH)2 and ZnO in the films, resulting in a decrease in the bandgap energies due to that ZnSe has the smallest bandgap energy among ZnSe, Zn(OH)2, and ZnO. Consequently, the compositions and the bandgap energies of the films can be controlled by tuning the ammonia concentrations or the selenourea concentrations. The identical variation tendency of the compositions and the bandgap energies for the increment in the ammonia concentrations or the selenourea concentrations was concluded, which could be explained by the chemical reaction (1). For the specified deposition conditions, the ammonia concentrations had the more profound impacts than the selenourea concentrations on the variation of the compositions and the bandgap energies for the Zn(Se,OH) films.
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Figure 1. Surface morphologies of Zn(Se,OH) films deposited with a constant selenourea concentration of 0.03 M, and the ammonia concentrations of (a) 0.6 M; (b) 1.2 M; (c) 1.4 M; (d) 1.8 M; (e) 2.2 M and (f) 2.6 M. 
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Figure 2. Surface morphologies of Zn(Se,OH) films deposited with a constant ammonia concentration of 1.4 M, and the selenourea concentrations of (a) 0.0075 M; (b) 0.015 M; (c) 0.03 M; (d) 0.045 M; (e) 0.06 M and (f) 0.075 M. 
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Figure 3. FESEM images of cross-sectional views for Zn(Se,OH) films deposited with a constant selenourea concentration of 0.03 M, and the NH4OH concentrations of (a) 0.6 M; (b) 1.2 M; (c) 1.4 M; (d) 1.8 M; (e) 2.2 M and (f) 2.6 M. 
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Figure 4. FESEM images of cross-sectional views for Zn(Se,OH) films deposited with a constant ammonia concentration of 1.4 M, and the selenourea concentrations of (a) 0.0075 M; (b) 0.015 M; (c) 0.03 M; (d) 0.045 M; (e) 0.06 M and (f) 0.075 M. 
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Figure 5. Thicknesses and deposition rates of Zn(Se,OH) films deposited with various ammonia concentrations and selenourea concentrations. 
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Figure 6. XRD patterns of a soda-lime glass substrate and Zn(Se,OH) films deposited with (a) ammonia concentration of 1.4 M and selenourea concentration of 0.06 M; (b) ammonia concentration of 1.8 M and selenourea concentration of 0.03 M and (c) ammonia concentration of 1.4 M and selenourea concentration of 0.03 M. 
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Figure 7. Montage of photoelectron binding-energy spectra for the depth profiles of Zn 2p3, Se 3d, and O 1s of a Zn(Se,OH) film, deposited with NH4OH concentration of 1.2 M (view with after-sputtering curve in the background). 
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Figure 8. Montage of photoelectron binding-energy spectra for the depth profiles of Zn 2p3, Se 3d, and O 1s of a Zn(Se,OH) film, deposited with selenourea concentration of 0.045 M (view with after-sputtering curve in the background). 
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Figure 9. After sputtering for 120 s, (a) oxygen 1s and (b) zinc 2p3 binding-energy spectra of Zn(Se,OH) films deposited with selenourea concentration of 0.03 M and ammonia concentrations in the range of 0.6 to 2.6 M. 
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Figure 10. After sputtering for 120 s, (a) oxygen 1s and (b) zinc 2p3 binding-energy spectra of Zn(Se,OH) films, deposited with ammonia concentration of 0.03 M and selenourea concentrations in the range of 0.0075 to 0.075 M. 
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Figure 11. For a Zn(Se,OH) film deposited with NH4OH concentration of 1.2 M after sputtering for 120 s, (a) the oxygen 1s; (b) the selenium 3d, and (c) the zinc 2p3 photoelectron binding energy spectra. 
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Figure 12. XPS depth profiles of Zn(Se,OH) films (a) deposited with selenourea concentration of 0.03 M and the ammonia concentration of 1.2 M, and (b) deposited with selenourea concentration of 0.045 M and the ammonia concentration of 1.4 M. 
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Figure 13. Spectral dependence of optical transmittance for the Zn(Se,OH) films grown on soda-lime glass substrates. Inset is the plot of (αhν)2 versus hν for the Zn(Se,OH) film deposited on the glass substrate. 
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Figure 14. Bandgap energies and atomic percentages of ZnSe, Zn(OH)2, and ZnO of Zn(Se,OH) films as a function of selenourea concentrations and ammonia concentrations. 
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Table 1. Binding energies of ZnSe, ZnO, and Zn(OH)2 for the photoelectron line positions of Zn 2p3, Se 3d, and O 1s.
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Photoelectron Line Position

	
Compound

	
Binding Energy (eV)

	
Reference






	
Zn 2p3

	
ZnSe

	
1022.2

	
[24]




	
ZnO

	
1022.5

	
[25]




	
Zn(OH)2

	
1022.7

	
[26]




	
Se 3d

	
ZnSe

	
54.4

	
[24]




	
O 1s

	
ZnO

	
530.4

	
[25]




	
Zn(OH)2

	
531.7

	
[27]




	
SiO2

	
532.5

	
[25]
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