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Abstract

:

In this study, we aimed to improve our understanding of the response mechanisms associated with the formation of CdS thin films. CdS thin film remains the most valuable option for many researchers, since it has shown to be an effective buffer material for film-based polycrystalline solar cells (CdTe, CIGSe, CZTS). We performed experimental and numerical simulations to investigate the effect of different thiourea concentrations on the characteristics of the CdS buffer layer. The experimental results reveal that an increase in thiourea concentrations had a direct effect on the optical results, with bandgap values ranging from (2.32 to 2.43) eV. XRD analysis confirmed that all deposited films were polycrystalline, except for [1/0.75], where there is no CdS formation. Electrical studies indicated that CdS with a molar ratio of [Cd]/[S] of 1 had the maximum carrier concentration (3.21 × 1014 cm−3) and lowest resistivity (1843.9 Ω·cm). Based on the proposed mechanism, three kinds of mechanisms are involved in the formation of CdS layers. Among them, the ion-by-ion mechanism has a significant effect on the formation of CdS films. Besides, modelling studies reveal that the optic-electrical properties of the buffer layer play a crucial role in influencing the performance of a CIGS solar cell.
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1. Introduction


Semiconductor thin films play an important role as a buffer layer and as absorbent in photovoltaic devices owing to the ability to control the electrical conductivity of the films [1]. The common criteria for the optimal buffer layer is often defined as having a wider energy bandgap, a smooth surface, and a free pinhole film with a thickness of between 50 and 100 nm [2,3,4]. Cadmium sulphide thin films (CdS) are still extensively employed as an n-type buffer layer, even though other possible and emerging materials are currently being improved and evaluated as a prospect buffer layer [5,6]. Its benefits involve significant optical transmission, bandgap tunability, considerably low-cost synthesis options, and compact crystallographic cell structures owing to its direct bandgap (2.42 eV) and high absorption coefficient of 104 cm−1 [7,8,9]. It is no wonder that CdS thin film has many uses, from optoelectronics to solar cells to LEDs to photonics devices to transistors, and beyond [10].



CdS thin films were synthesized using a variation of techniques, for instance; electrodeposition (ED) [11], physical vapour deposition (PVD) [12], spray pyrolysis [13], successive ionic layer adsorption and reaction [14], chemical precipitation [15], and chemical bath deposition (CBD) [16]. Altogether they are effective, but have some restrictions; others need high temperatures like Chemical Vapor Deposition Method, or use toxic agents such as sol gel method, and low reproducibility like sputtering. Of such techniques, CBD is the simplest, low cost, and is a low temperature deposition technique [17]. In addition, CdS films grown by CBD method demonstrate photoconductivity and coverage properties [18].



The rate of reaction affects the structure and electrical features of the thin film formation. In general, the CBD process depends on chemical reactions occurring at the interface between the solution and the substrate. The exact mechanisms and the appropriate methodology are still topics of discussion [19,20,21,22]. Previous study have suggested an ion-by-ion growth process from activation energy studies and have hypothesized that homogeneous precipitation is a chemical determining step in film improvement [23]. While Kaur et al. [24] proposed that initial adherence to the substrate surface occurs by cluster-by-cluster deposition of CdS particles in bulk solutions, subsequent adhesion of cluster-by-cluster precipitation of CdS particles from solution occurs under some conditions. The aim of studying CBD-CdS mechanisms is to identify the formation process of CdS thin films that is suitable to fabricate chemically deposited photovoltaic (PV) materials. More specifically, the specific mechanism of surface reaction was proposed in this work, which was based on the formation and absorption of intermediates on the substrate surface, as well as the assumption of their decomposition. This mechanism is assumed to be the preliminary step in the formation of CdS thin films.



Several studies have been performed to optimize factors such as temperature, deposition time, pH, and concentrations of different reagents during the CBD process to produce high-quality CdS thin films [25]. To prepare CdS thin films along this way with efficient optical and electrical characterization, it is important to monitor the molar ratio of [Cd]/[S] throughout the synthesis process due to the photoconductivity of the deposited CdS films variations with (Cd/S). However, only a limited study with differences in the [Cd]/[S] ratio has been reported so far. Jadhav et. al noticed that the photoconductivity of chemically deposited CdS films is highest when Cd/S ratio is 1:0.2. [26]. Xiao and team members synthesized CdS nanocrystals in a single step and evaluated the effect of the Cd/S molar ratio on the photoluminescence of CdS samples. They observed that with the rise in the Cd/S molar ratio, the emission intensity of the surface defect states improved significantly and achieved the highest value, while the (Cd/S) molar ratio was 2.0 [27]. Yuan et al. considered the influence of this ratio on the particle size and photocatalytic characteristics. They found that the excess sulphur in CdS samples resulted in larger particle size [28]. According to Pandya et al., decreasing the (Cd/S) to 0.8 led to an increase in crystallite size in the CdS thin films. Beyond this point, however, a further decrease in the molar ratio resulted in smaller crystallites sizes [9]. Kakhaki et al. (2022) observed that the value of photosensivity in samples grown using the CBD approach is significantly dependent on the thickness of the film, the quantum confinement effect, and the quantity of sulphur vacancy [29].



The aim of the research is to investigate the impacts of utilizing various sulphur salt concentrations on CdS thin films prepared via the CBD process in order to study its effect in terms of optical, structural, morphological, and electrical properties. The targeted values of the desired properties of the CdS thin films demonstrate that, by adjusting the thiourea concentrations, it is possible to provide a stable arrangement that promotes the formation of hexagonal phase, in addition to direct optical results close to the bulk bandgap. Thus, due to the fundamental relation between the optical and physical characteristics of the films, this interaction has a greater effect on the morphology of the films and the electrical characterizations of semiconductors. The expected CdS thin film growth mechanisms through the CBD process were also elucidated. As the control of the reaction mechanism is important, the change in the concentration of thiourea led to a change in most of the reaction properties and mechanisms responsible for the formation of the final product. Moreover, to compare the performance of the different salt concentrations, numerical modelling has been simulated to explore the impact of the [Cd]/[S] as a buffer layer on the PCE of CIGS film solar cells.




2. Methodology


2.1. Experimental


CdS thin film was prepared according to our previous work [30] by using ultrasonically cleaned and degreased soda lime glass substrates of size 25 mm × 25 mm. The key precursors for CdS are aqueous solutions from Cadmium Sulphate (CdSO4, Aldrich, purity 98%) and Thiourea, (SC(NH2)2 Merck, ≥98%), Table 1.



Firstly, we placed ~350 mL of DIW water in the clean growth beaker. Then, 20 mL of NH4OH solution was added to the growth beaker. A magnetic stirrer was placed inside the growth beaker and the stirring speed was set to 360 rpm, and heated until it reached 80 °C. The substrates were introduced to the bath once its temperature stabilized. Secondly, in a separate beaker that contained CdSO4 powder, 20 mL NH4OH solution was added and placed in the ultrasonic bath for 10 min. Thirdly, in another separate beaker, 10 mL DI water was added to the thiourea powder and also put in the ultrasonic bath for 10 min. At the end of the sonication process, the contents of the Cd salt beaker were first added to the growth beaker. After 3 min, the thiourea solution was then added to the chemical bath. The final solution volume was 400 mL (350 mL DIW + 20 mL NH4OH mixed with CdSO4 + 10 mL DIW mixed with thiourea + 20 mL NH4OH added to growth beaker). The pH was set to be 9. Afterwards, the reaction time was set to be 30 min. In the following step, thiourea concentrations varied by: 0.001, 0.0015, 0.002, 0.01, and 0.05 M, to adjust the molar ratio of sulphur source (SC(NH2)2 to the cadmium source (CdSO4). The molar ratios of [Cd/S] were used for [1/0.5], [1/0.75], [1/1], [1/5], and [1/25] respectively. For the first concentration we adjusted at 0.001 M, there was no reaction, therefore [Cd/S] at [1/0.5] was neglected. Figure 1 shows the CBD process.




2.2. Simulation


In order to better understand the behaviour of solar cells, numerical modelling can be used to better understand how to modify fabrication parameters in order to maximize cell performance. Researchers from the University of Gent, led by Marc Burgelman, developed and maintained the SCAPS-1D program, which was used in this numerical simulation study [31]. This software was used to simulate the effect of varying [Cd]/[S] ratios on the overall performance of thin film photovoltaic devices. Figure 2 depicts the general device structure used in this work and afterwards simulated in SCAPS.



Material property for each layer and the appropriate theories background are included below in order to provide a reasonable explanation for the choice of material and hetero-interface electrical characteristics, as indicated in Table 2 and Table 3.



Indeed, SLG substrate effects on heterojunction band energy arrangement were not taken into consideration in the simulation because of limitations in the software. Table 2 summarizes the defect characteristics for all relevant layers. The thickness of buffer layer was maintained at 100 nm, and the temperature was set as 300 K in all scenarios. On top of this transparent conducting oxide layer was a metal electrode for the front contact, which was put on an 80-nm thick layer of n-ZnO (TCO). The series resistance parameter was calculated using resistivity values obtained from the hall effect. AM1.5G-1 Sun was used as an illumination bias since it has an integrated power density of 1000 W/m2. Interfacial recombination was not included in this work because of the focus on optical and electrical characterisation of the buffer layer, as well as the buffer layer’s appropriateness for CIGS.




2.3. Characterization


Optical properties of the samples were achieved using a Perkin-Elmer Lambda 950 UV/VIS/NIR spectrometer (Manufacturer PerkinElmer, Inc., Buckinghamshire, UK). The respective bandgap was computed from the obtained absorbance spectrum [35]. The structural properties were tested at room temperature via BRUKER aXS-D8 Advance diffractometer with Cu-Kα radiation wavelengths, λ, of 1.5408 Å. XRD patterns in the 2ϴ range from 10° to 80° were obtained with a step size of 0.02°. A Hitachi SU1510 Scanning Electron Microscope (SEM) was employ for visualizing the surface morphology and the cross section of the samples (Manufacturer Hitachi High Technologies America, Inc., Schaumburg, IL, USA). Finally, the electrical properties were measured using a 0.57 T magnetic field and 45 nA probe current using HMS ECOPIA 3000 Hall Effect measuring device (Bridge Technology, Boise, ID, USA).





3. Results and Discussion


3.1. XRD Studies


In order to determine the crystal structure of CdS thin films, XRD patterns were employed. The samples were scanned from 2θ angle of 10° to 80°. Both cubic and hexagonal phases are the main forms of CdS phases control the electrical characterizations. As a result, it can be deduced that the predominance of one phase (i.e., hexagonal or cubic) over the other forms a distinction in electrical characteristics [36]. In addition, it is difficult to define the specific identity of the CdS film crystal structure, if the film is only hexagonal or essentially cubic or a mixture, since all of them have similar XRD diffraction peak angles [37,38].



Figure 3a shows that the X-ray diffraction spectra for (Cd/S) values of [1/1], [1/5], and [1/25] show peaks at 2θ = 27.2°, 44.6°, 52.8°, that were matched to (111), (220), and (311) plane of cubic structure (JCPDS-89-0440) or (002), (110), and (201) plane of hexagonal structure (JCPDS No. 01-077-2306). Throughout the situation of a thin-film solar cell, the hexagonal phase of the buffer layer is recommended over the cubic phase due to its stability, wider bandgap, and lower mismatch of the lattice parameters [39].



At [1/0.75] ratio, apart from the dominant peak shift, an evident widening pattern and drop in intensity of the prominent peak is observable. The diffractogram indicated that some of the Sulphur and Cd did not react and appear as peaks at 2θ = 22.2°. The peak at 2θ = 22.2° was matched to Orthorhombic Sulphur (JCPDS-03-065-1436) with a preferred orientation along the (220) plane. This deterioration of CdS crystallinity appeared due to two reasons. Firstly, the decreased sulphur content in the precursor solution, and secondlym the surface adsorption of the intermediate complexes [Cd(NH3)4]2+ and Cd(OH)2 which formed in the solution. Conversely, with analysis of the samples prepared from [1/25] ratio, a large amount of sulphur ions was released into the chemical bath and resulted in their adsorption on the surface of CdS and among film layers, resulting in the film thickness being enough to generate a detectable XRD signal. The crystallite size for both [1/1] and [1/5] samples is bigger under the same growth conditions because of the regular deposition of CdS (Kindly check mechanism part).



The average crystallite sizes of different [Cd]/[S] ratios were estimated from the predominant (002/111) diffraction peak via Debye–Scherrer equation [40]


  D =   0.94 λ   B cos θ    



(1)







D is the mean crystallite size, λ = 1.5408 Å is the x-ray wavelength, θ is the Bragg diffraction angle, and B is the full width at half maximum (FWHM) of the diffraction peak, respectively. d-spacing can be evaluated for all samples from the position of the highest peak at 27.2°, regarding the Bragg equation;


  n λ = 2 d sin θ  



(2)







Whereas, n is the diffraction order, λ is the incident wavelength of X-ray, θ is the diffraction angle, and d is the distance between the planes parallel to the axis of incident beam. The calculated crystallite sizes with the d-spacing are given in Table 4.



Table 4 shows that all samples have crystallite sizes (14.4–25.8 nm), suggesting that the polycrystalline CdS films are synthesised from nano-crystal particles. Lattice strain was determined by computing Equation (3) [41];


  ε =  B  4 tan θ    



(3)







Figure 3b is the variation concerning FWHM, strain, and crystallite size corresponding to different [Cd/S] ratios. Lower strain value implies higher crystallinity [42]. As the concentration of S2- is increased, the strain decreases in the [1/1] sample but increases slightly in the [1/5] and [1/25] samples. This is due to the passive recrystallization process in the polycrystalline thin films, as well as the movement of interstitial Cd atoms from within the crystallites to the grain boundaries, which dissipates and results in the strain increasing slightly [43]. The same trend can be observed in FWHM. Alternatively, the opposite pattern is seen in the crystallite size.




3.2. Optical Properties


In order to confirm the maximum sunlight is able to influence the absorber layer in solar cells, it is crucial to use thin films with sufficient transparency as the buffer layer. Figure 4a.



The variance of the absorption edge slope suggests that film absorbency improves with increasing in the concentration of S2−, and to some extent, the effect is reversed. Accordingly, sample [1/1] was found to have the highest absorption spectra at 530 nm, which is desirable for buffer layer application. The absorbance (along the vertical axis) is simply a measurement of the quantity of light absorbed. The higher the value, the higher the absorption of a certain wavelength. The active layer collects incident light to form photocarriers, which are significantly impacted by the buffer layer. Because the window layer’s refractive index impacts its reflectivity, its optical band gap and optical absorption coefficient determine its light transmission. The buffer layer with an appropriate index of refraction and high light transmission will reduce light reflection and self-absorption and enhance the amount of light flowing through the buffer layer for the solar cells to absorb. Thus, the increase in the optical path of incident light and the light absorption capacity led to an increase in the carrier concentration yields to higher carrier collection at the front contact and thus a higher JSC in order to enhance the PCE. The reduction in the density of the grain boundary can be attributed to lower optical scatter [44,45].



By using the Tauc plot displayed in Figure 4b, CdS optical bandgap was determined. The dispersion relationship along the semiconductor bandgap absorption edge is used to obtain optical bandgap values [46]. The optical bandgap (Eopt) and optical absorption coefficient (α) are related in the transition direct semiconductor, as follows:


  α h v = B    (  h v −  E g   )     1 2         



(4)







As α is the coefficient of absorption, hv is the photon energy, Eg is the direct bandgap energy, B is a Boltzmann constant, and 0.5 is a constant used for direct bandgap semiconducting material. Extrapolation of the linear part of the Tauc plots to the horizontal axis intercept indicated that the bandgaps are between 2.32 to 2.43 eV. This range is considered suitable for buffer layer materials in PV applications [47]. The optical bandgap of sample [1/1] is slightly higher than other samples and can be consider as the optimum one. It is possible that, as through the deposition phase where the CdS matrix is formed, additional S vacancies found in sample [1/5] and [1/25] affect a shift in film stoichiometry, based on the change in the defect density induced by the stoichiometry. Those defects can also be responsible for the decrease of the bandgap energy value [9,48]. In this principle, the bandgap energy variations of the crystalline value are expressed.



The optical absorption spectrum of semiconductor materials plays a significant role in supplying fundamental knowledge on its optical properties [49]. The key parameter is the bandgap of the material, which assists in investigate the basic absorption, electron–hole pairs, and light energy generation [50]. The absorption spectra are classified into three primary regions: absorption edge area, strong absorption region (identify the optical energy gap), and weak absorption zone with an exponential dependence on photon energy, known as the Urbach tail [51]. Urbach tail is greater in low crystalline, disorderly, and amorphous substances since they have localized states which extended in the bandgap [52]. The spectral dependency of absorption coefficient (α) and photon energy (  h v  ) is identified as the empirical rule for Urbach in the low photon energy range as follows:


  α =  α °  exp   ( h v /  E U  )                



(5)




where    α °    is a constant and EU represents the band tail, that is dependent upon temperature [53]. By applying logarithm to both sides of the equation, a straight line equation can be obtained as follows.


  ln α = ln  α °  +  (    h v    E U     )                   



(6)







Hence, the Urbach energy (EU) of CdS thin films is able to be determined by plotting in ( α ) against the incident photon energy (  h v  ), as displayed in Figure 4b, and computing the slope of the straight line, Figure 5.



Urbach energy of CdS thin films declines slightly from 0.26 eV to 0.09 eV as the molar ratio decreases, showing the typical inverse dependence with energy bandgap. Although sample [1/25] showed higher Urbach energy than sample [1/5], that is possibly due to the excess of sulphur.



Figure 6 shows that the lowest value of Urbach energy is associated to both ratio [1/5], and [1/1], which is suggestive of better crystallinity of the samples and low defects, which is also agreed by lower strain value results. This finding provides useful information to the scientific community—that it is important to control the molar ratio of [Cd]/[S] through the CBD process which is intended for photovoltaic applications.




3.3. Surface Morphology


Scanning electron microscopy (SEM) is an effective technique for examining sample surface morphology [54], Figure 7.



The morphology of the films could have a direct influence on the samples’ electrical and optical characteristics [55]. These micrographs illustrate that the resulting film has high coverage and less pinholes or cracks. As thiourea concentration is altered from 0.0015 M to 0.05 M, the grain size increased, and it can be seen from Figure 7 of the sample. At low S2− concentration, i.e., in the [1/0.75] sample, there is no cluster forming, and the deposited surface is smoother and more uniform compared with other samples due to the sulphur deficiency. Coupling this finding with the achieved XRD result, it can be concluded that no significant CdS deposition has happened compared with other samples, because of the quantity of CdS does not enough to detect by XRD, suggesting that film growth has started with the adsorption of small CdS particles on the substrate [56]. Additionally, the cross-section image for sample [1/0.75] in Figure 7a shows film thickness of 96.7 nm, which comes from unreacted cadmium and sulphur. Additionally, the rate of ion adsorption is related to the molar concentration of the precursor, and it is therefore difficult for ions with low molar concentrations to be adequately absorbed by the substrate in significant amounts [57].



Films are filled with spherical grains, the scale of which reduces, and their density rises significantly as [Cd]/[S] rises. In [1/1] sample, the fine particles collect and represent the full surface substrate continuously contributing to an inhomogeneous layer (Figure 7b). This may be due to the simultaneous occurrence of both the ion-by-ion mechanism and the cluster-by-cluster mechanism on the surface of the substrate [9]. Small clusters are agglomerate into larger particles discreetly scattered through the films due to increase in the ion-by-ion mechanism over cluster-by-cluster mechanism, as shown in Figure 7c for [1/5] ratio. This agrees with Zhao et al., who investigated the formation of CdS thin films by CBD and discovered that for S/Cd molar ratios of [5/1] and [9/1], grain size increases with dense film and no defined grain boundaries [47]. At [1/25] sample, higher charging negative has been occurred due to binding of sulphur ions in large quantities within the solution, which leads to insulation of the clusters, then accordingly increased electrostatic repulsion. This repulsion led to decreased particles size as well as arranged on the substrate surface in a regular manner with the great excess of sulphur ions [58].



In material characterization, it is important to determine how the element is distributed laterally. This is achieved by using EDX mapping, which showed that the elemental distribution enhances with increasing the quantity of sulphur, Figure 8.



Moreover, the EDX spectrum confirms that the Cd and S atoms are presented in all the samples. Additionally, Figure 9 showed that the atomic percentage of sulphur in the whole thin films rises once further thiourea is incorporated into the bath. Simultaneously, [Cd/S] ratio gradually diminishes with increasing molar ratio up to [1/25].



It may thus be deduced that the percentage of sulphur in CdS rises and the total formation of clusters of CdS on the surface of glass rises with the increasing sulphur precursor.




3.4. Electrical Measurements


Due to the essential relationship between the optical and physical properties of the films, the impact of this interaction on the electrical characterizations of semiconductors is investigated in this section. The key electrical properties of interest for semiconductor materials are resistivity, mobility, and carrier concentration, which has been obtained using Hall Effect measurement and presented in Table 5 [59].



[1/1] sample showed the highest value of carrier concentration and lower resistivity. It is possible that, in this case, both Cd2+ and S2− in CdS lattice structure decreases the number of sites where grain boundary dispersion occurs. This is supported by both the lattice strain and the Urbach energy, as both of them are smaller than other samples. Cruz and colleagues revealed that reducing the [Cd]/[S] ratio significantly reduced the resistivity of the films, whilst more increments in the molar ratio led to increase the resistivity of the thin films [60]. The findings for both ratios at [1/5] and [1/25] are also in agreement with these findings. This might be related to insufficient incorporation of Cd and S into the lattice, most likely owing to the precursors’ low solubility in the growth solution. Based upon the analysis of the electrical properties of the samples in this current work, [1/1] samples have good electrical properties, so it will be more favourable for buffer layer solar cells compared to other ratios.




3.5. Mechanism


Chemical deposition of CdS films requires careful consideration of the growth mechanisms. Despite large number of publications of CdS films deposited by CBD, only limited studies connect the parameters of growth and consequent film characteristics to the CBD growth mechanisms. These previous literatures suggested mechanisms for CdS growth such as ion-by-ion, molecule-by-molecule, and cluster-by-cluster mechanisms [61,62,63,64]. These three mechanisms were frequently proposed by researchers who have worked on CBD method to prepare CdS films. Moreover, they have identified the intermediate compounds formed during the reaction as well as the end products. In order to detect whether these mechanisms cause CdS growth at random or predictable order, we proposed them occurring sequentially and simultaneously, as shown in the hypothetical curve of Figure 10.



The mechanism begins with the formation of cadmium intermediate complexes and ends with stable intermediate complexes. Initially, the aqueous solution of ammonia with DI water was inside a beaker. Then, cadmium salt was added to the solution with stirring. In that moment, ammonia molecules were dissociating and released to attack the Cd2+ cations and formed both tetrahedral and square planar of tetraamine cadmium (II) ion [Cd(NH3)4]2+ as an intermediate. Meanwhile, another unstable intermediate complex (Cd(OH)2) has been formed, which is in equilibrium state with tetraamine cadmium (II) ion [Cd(NH3)4]2+ and quickly decomposed into [Cd(NH3)4]2+ complex again. The substrate surface has been affected by the adsorption of these two intermediates by the hydroxyl group of the substrate surface, which was attached to these two intermediates as depicted in Figure 11.



When thiourea solution was added to the reaction mixture, it was decomposed to release S2− sulphur ions. The number of anions was moderately and homogeneously distributed in the reaction solution and approached to the substrate surface to form hydrogen bonding with the hydroxyl groups S2−----H-O. At this stage, the ion-by-ion mechanism was started directly with the dissociation of the thiourea. Sulphur anions attack cadmium cations to form CdS molecules which distributed in the solution and precipitated on the substrate surface. The particles were arranged and separated from each other in a way that reduced the electrostatic repulsion and the steric effects among molecules. This arrangement is capable of enhancing the crystallinity and the cubic phase. Moreover, it is responsible for the formation of the first layer on the substrate surface and controls the path of the reaction [65,66,67]. After specific time, the CdS molecules and [Cd(NH3)4]2+ intermediate complexes began to collide with each other and molecule-by-molecule mechanism was started at this point to form cluster nuclei. In this case, the ion-by-ion mechanism was continued but at a smaller rate than in the starting of the reaction, i.e., the two mechanisms worked together with ion-by-ion and molecule-by-molecule mechanisms. Furthermore, most of the cations and anions were consumed by molecule-by-molecule mechanisms at the peak of the curve, as shown in Figure 10.



The possibility of ions colliding with each other becomes lower and the molecule-by-molecule mechanism becomes hard to occur due to the particles’ tendency to combine with each other to form cluster nuclei rather than molecules and third growth mechanism start. During this mechanism, CdS clusters were deposited on top of the first compact CdS film accompanied by slight ion-by-ion mechanism (due to lack of ions in the reaction vessel) until the end of the reaction. These sequences have been inferred from both of the experimental results as well as previous studies [68,69,70]. The duration of each growth stage depends on the chemical path parameters, which are: pH of solution, reagents concentration, growth times, and path temperature [71,72,73]. Therefore, changing growth parameters in CBD process gives very beneficial information to control the properties of deposited films. In this work, one of these parameters is the concentration of sulphur ion. Other factors, such as the concentration of cadmium ions, the pH of the reaction solution, and the reaction temperature, have been modified. The practical results showed that changing the sulphur ion concentration modified the CdS growth mechanism, which had an impact on the distribution of both cadmium and sulphur ions in the CdS crystal lattice, its form, and its arrangement on the substrate surface.



In the case of low concentration of thiourea [1/0.75], there is no sufficient quantity of sulphur ion to form CdS. At this concentration, the ion-by-ion action takes a short time due to the rapid penetration of sulphur ions, resulting in no CdS molecules being formed in the solution, Figure 12a. This is agreed with XRD results, Figure 3a. The diffractogram indicated that some of the Sulphur and Cd did not react and appeared as peaks at 2θ = 22.2°. The peak at 2θ = 22.2° was matched to Orthorhombic Sulphur (JCPDS-03-065-1436) with a preferred orientation along the (220) plane. This deterioration of CdS crystallinity appeared due to two reasons. Firstly, the decreased sulphur content in the precursor solution, and secondly, the surface adsorption of the intermediate complexes [Cd(NH3)4]2+ and Cd(OH)2 which formed in the solution.



When the concentration of sulphur ions was increased to equal the amount of cadmium ions [1/1], the ion-by-ion and cluster-by-cluster mechanisms were predominant, while the molecule-by-molecule mechanism was very fast, Figure 12b. This is owing to a random collision of particles and clusters on substrate surface which in turn leads to decrease the effect of the ion-by-ion mechanism on the surface. On the contrary, cluster-by-cluster mechanism is largely responsible to form the CdS surface which is approximately equals to the ions’ concentration by having a surface filled with cadmium and sulphur atoms [74]. If we matching this fact with Urbach energy, the lowest value is attribution to [1/1], as it is known to be higher in value in the samples with low crystalline, disorderly, and amorphous substances, since they have localized states which extended in the bandgap [52]. In addition to that, XRD results revealed that the concentration of sulphur ions in the solution affects the composition of the CdS film. Peak width (FWHM) calculations for concentrations [1/1] were the smallest possible: 0.325°. Thus, CdS film with [1/1] ratio had less amorphous phase than other concentrations.



In case of [1/5] concentration, the possibility of molecule-by-molecule mechanism increases, and the clusters are formed in large quantities due to increase the possibility of anions to collide with cadmium ions in the solution. It is worth noting that the surface of the substrate is completely layered as this was proved by the XRD results, which showed higher intensity pattern due to significant surrounding of sulphur ions around intermediate complexes [Cd(NH3)4]2+ and regular deposition of CdS. According to the proposed mechanism in Figure 12c, the amount of released sulphur ions leads to form small clusters and these clusters were shielded by Cd2+ ions. Thus, isolated CdS clusters by electrostatic repulsion will form small particles. This ion-by-ion mechanism will fill spaces on the surface of the substrate with excess sulphur ions, causing the CdS surface to be negatively charged which leads to create an unstable surface. In order to obtain a more stable surface, the molecule-by-molecule mechanism is preferable. This arrangement will encourage the formation of hexagonal phase, particularly when the molecule-by-molecule mechanism has been predominant. This matches with XRD results as it is able to be realized, and there is a slight shift in the dominant peak for [1/5] ratio, indicating a hexagonal phase.



Indeed, with increasing the thiourea concentration to high concentration [1/25], the deposited CdS on the substrate will change as well. When sulphur concentration is significantly increased, the randomness of the reaction is increased as well. This results in a large accumulation of negative charge on the surface of the CdS film that led to increase in the repulsion between the CdS particles that were deposited on the surface of the film and prevented formation of more particles. The XRD results agree with the SEM surface shapes and cross-sections of the three CdS films. The cross-sectional SEM images for each case revealed that the thickness of the CdS film decreased as the concentration of sulphur ions increased. It is attributed to the fact that the grain will be deposited on the substrate surrounded by a large number of sulphur ions, its contact will be weak because the binding forces to it are weak, and it will be easy to remove it only by washing with deionized water. As a result, the thickness of [1/1] was 218 nm, and the resulting layers were caused by equal concentrations of cadmium and sulphur ions, allowing the three mechanisms (ion-by-ion, molecule-by-molecule, and cluster-by-cluster mechanisms) to work gradually and consistently. The film thicknesses in the [1/5] and [1/25] cases were 141 nm and 124 nm, respectively.



The deposition rate increases with increasing bath temperature and deposition time, indicating a significant relationship between temperature and time with the growth rate [75]. When the sulphur ion concentrations changed, the temperatures and time used to grow the CdS films remained constant in all four cases. As Ashok et al. (2020) showed, at lower temperatures, the liberation of cadmium and sulphur ions will be less when using 65 °C and dominated by the ion-by-ion reaction mechanism, whereas the liberation of sulphur and cadmium ions will be higher at 80 °C [76].



As the deposition time increases, Figure 13 depicts the typical CBD growth curve. Using the quartz crystal microbalance (QCM) curve, Voss et al. (2004) identified three regimes of CdS layers film with increasing deposition time from 1 min to 30 min [77]. At the first, which is an induction regime, reaction rates are slow and deposits are not clearly visible. The onset of nucleation occurs during this period, which is characterized by rapid reaction times. The ions begin to be liberated from the initial structure of the reactants as the reaction begins, accompanied by a number of collisions of the ions liberated from the free cadmium and sulphur ions, forming the ion-by-ion mechanism. This stage is short stage in comparison to the third stage, which are (0–5) min. The molecular heterogeneous surface reactions-based compact layer growth regime is the second. During the initial stages of growth, the process exhibits a linear variation, and any small deviation from this pattern can be attributed to a period of coalescence. This stage creates the first layers of the CdS film, which are smooth, homogeneous, and free of pores. Because this stage is the initiator of the sedimentation process, the deposition time begins for 5 min after the reaction time. The second regime lasts approximately 5 to 10 min [76,78]. The growth regime for the porous layer is the third. Growth of a porous layer can be observed as the reaction time gradually increases, resulting in a noticeable increase in growth rate. Due to the formation of homogeneous particles that settle and adhere to the substrate, this layer has a porous appearance. The third stage has a time rate of (10–30) min, and it forms a cluster-by-cluster mechanism on the surface of the substrate [65].



One of the most important factors influencing CdS preparation and precipitation is pH. Previous research in this area was extensive. A decrease in the pH of the reaction system causes an increase in the concentration of free cadmium ions within the solution [79]. The CdS preparation reaction system’s basic media is critical for the formation of intermediate complexes required for the formation of the CdS film. The pH range most suitable for preparing these CdS films was 9 to 11, giving a majority for the cubic geometry of the crystal structure. An increase in pH above 12 reduces the crystallinity of the CdS film and results in an amorphous CdS film [80]. Cadmium intermediates formed prior to combining with sulphur ions are critical in preparing a homogeneous CdS film with higher crystallinity. Cd(OH)2, (square planar and tetrahedral) of [Cd(NH3)]42+, [Cd(OH)2SC(NH2)2]ads, and [(NH3)3Cd--]2+--OH-Site are an important intermediate compound formed during the preparation of CdS film when using NH4OH for setting the pH system of the reaction.



The absorbance and optical properties of the formed CdS films are calculated using the deposition mechanism of the interacting ions and the clusters formed inside the solution, as well as the clusters that grow on the substrate’s surface. In comparison to cases [1/5] and [1/25], case [1/1] has the highest absorbance. It has also been observed that the absorption edge moves down in energy as the film thickens and increases. The evolution of this change is associated with the fact that grain size grows in tandem with film thickness [81]. This increase in sulphur concentration is accompanied by a decrease in the bandgap, in addition to defects in the crystal lattice. That has led to the fact that the difference in the electrical properties of the formed films is explained by the optical properties and the CdS deposition mechanism. Excess sulphur ions at the surface and within the crystal lattice (which causes defects within the crystal lattice) will increase the electronic density, which is followed by high resistance (at case [1/5] and [1/25]). At [1/1], the carrier concentration has been increased owing to an enhance in the electron density, due to improvements in the electron–hole inside the crystal lattice.




3.6. The Influence of [Cd/S] Ratio on Cell Performance


To further demonstrate the viability of CdS thin film formation as a buffer layer, in this work we performed a numerical simulation to confirm experimental findings and to monitor the performance of enhanced CdS thin films on selected samples. To confirm the experimental finding, we employed the well-established CIGS (Mo/CIGS/CdS/ZnO) solar cell structure and the (Cd/S) experimental results for [1/1], [1/5], and [1/25] as a, b, and c, respectively. We ignore [1/0.75] due to low CdS deposited on the substrate, which also has been very clear in terms of XRD and optical properties.



Furthermore, as seen in Table 6, the simulation findings indicate that the performance of CdS achieved at samples b and c is not optimal for solar cell applications, as the simulation indicates that there is a decrease in JSC and VOC with increasing sulphur content. A high conduction band offset (CBO) barrier can be overcome owing to the positive synergistic effects of a typical bandgap. Figure 14a shows that for all ratios examined, CdS at [1/1] had the best photovoltaic performance parameters. Moreover, the fill factor follows the open circuit voltage trend. Additionally, we noticed an increase in efficiency for CdS thin films with a 1/1 ratio, reaching 1.71%. While the CdS buffer layer-based solar cells have a high ratio, their efficiency is reduced to reach 0.73%.



However, sample a, with a response of around 91%, has the highest carrier collecting efficiency, showing less photocurrent interface recombination, Figure 14b. It is because these buffer layers are efficient at capturing photons. Thus, both experimental findings are valid and may be used to practically fabricate CIGS solar cells. Due to the fact that experimental results indicate that CdS with a 1/1 ratio has improved film characteristics, this research recommends using CdS with this ratio as a buffer layer for photovoltaic applications.





4. Conclusions


The influence of the sulphur precursor concentration on the optical, structural, morphological, and electrical properties of a CdS thin film has been examined. The expected CdS thin film growth mechanisms thru CBD process were also elucidated. Control of the reaction mechanism is important, as the change in the concentration of thiourea led to a change in most of the reaction properties and mechanisms responsible for the formation of the final product. XRD analysis of the CdS films showed a strong peak corresponding to (002) and (111) planes with both hexagonal and cubic structures, except at [1/0.75] ratio. There are no distinct peaks for CdS due to an insufficient amount of sulphur in CdS lattice to complete the formation. Optical analysis revealed that the (Cd: S) ratio affects the transparency of the film. Surface morphology showed that grains were randomly orientated on the surface, while it became more compact with increasing the sulphur concentration. Furthermore, the electrical data demonstrated that sample with [Cd]/[S] = 1 ratio exhibited the highest carrier concentration (3.21 × 1014 cm−3) and lowest resistivity (1843.9 Ω-cm). Finally, a numerical simulation involving the films’ optoelectronic properties was used to obtain the optimal conditions for the formation of CdS films. According to the modelling findings, the optimal concentration for fabricating the CdS buffer layer in CIGS solar cells is [1/1].
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Figure 1. Synthesis CdS thin film by CBD technique. 
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Figure 2. Device configuration for CIGS solar cell. 
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Figure 3. (a) XRD for [Cd]/[S] ratios, (b) FWHM, Lattice strain, crystalline size vis [Cd]/[S] molar ratio. 






Figure 3. (a) XRD for [Cd]/[S] ratios, (b) FWHM, Lattice strain, crystalline size vis [Cd]/[S] molar ratio.



[image: Coatings 12 01400 g003]







[image: Coatings 12 01400 g004 550] 





Figure 4. (a) Influence of [Cd]/[S] ratio on the absorbance of CdS thin films, (b) Difference of (αhν)2 with photon energy (hν). 
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Figure 5. Urbach energy of Cd/S films. 
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Figure 6. The difference of bandgap and Urbach energy-based molar concentration. 
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Figure 7. SEM micrograph of CdS thin film at; (a) [1/0.75], (b) [1/1], (c) [1/5], (d) [1/25]. 
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Figure 8. EDX elemental mapping of CdS thin film for different (Cd/S) ratio as (a) [1/0.75], (b) [1/1], (c) [1/5], (d) [1/25]. 
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Figure 9. Atomic% of cadmium and sulphur for different [Cd/S] ratio. 
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Figure 10. Curve of path of the CdS thin film mechanism. 
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Figure 11. The formation of intermediate cadmium complexes and their connections. 
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Figure 12. The formation of CdS for: (a) [1/0.75], (b) [1/1], (c) [1/5], and (d) [1/25]. 
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Figure 13. The typical growth curve and growth mechanism of a CBD-based film. 
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Figure 14. CIGS solar cells with different Cd/S ratio at; (a) Photovoltaic performance parameters, (b) QE%. 
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Table 1. Chemical reagents used in CBD process.
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	Purpose
	Chemical
	Quantity





	Stabilizer
	DIW water
	360 mL



	Cadmium source
	CdSO4
	0.002 m



	Sulphur source
	SC(NH2)2
	0.001–0.05 m



	Buffer Solution and pH Control
	NH4OH
	3.5 m (40 mL)
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Table 2. Summary of physical and electrical characteristics for each layer parameter [32,33,34].
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	Layers’ Characteristics
	n-ZnO
	n-CdS (1/1)
	n-CdS (1/5)
	n-CdS (1/25)
	p-CIGS





	Layer thickness (nm)
	80
	100
	100
	100
	1000



	Dielectric constant, εr
	10
	10
	10
	10
	10



	Electron mobility, µn (cm²/V·s)
	50
	Experiment
	Experiment
	Experiment
	50



	Hole mobility, µp (cm²/V·s)
	20
	20
	20
	20
	20



	Acceptor concentration, NA (cm−3)
	0
	0
	0
	0
	5.5 × 1015



	Donor concentration, ND (cm−3)
	5 × 1017
	Experiment
	Experiment
	Experiment
	0



	Band gap, Eg (eV)
	3.4
	Experiment
	Experiment
	Experiment
	1.2



	Electron affinity, χ (eV)
	4.55
	4.45
	4.45
	4.45
	4.5



	Conduction band density of states, NC (cm−3)
	4 × 1018
	2 × 1018
	2 × 1018
	2 × 1018
	2 × 1018



	Valance band density of states, NV (cm−3)
	9 × 1018
	1.5 × 1019
	1.5 × 1019
	1.5 × 1019
	2 × 1018



	Electron thermal velocity (cm s−1)
	1 × 107
	1 × 107
	1 × 107
	1 × 107
	1 × 107



	Hole thermal velocity (cm s−1)
	1 × 107
	1 × 107
	1 × 107
	1 × 107
	1 × 107
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Table 3. Defect properties.
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	Layers’ Characteristics
	n-ZnO
	n-Buffer
	CIGS





	Defect Type
	Neutral
	Neutral
	Neutral



	Electron capture cross section (cm2)
	10−12
	10−13
	10−15



	Hole capture cross section (cm2)
	10−12
	10−13
	10−13



	Energetic distribution
	Gauẞ
	Gauẞ
	Gauẞ



	Reference for defect energy level Et
	Above Ev
	Above Ev
	Above Ev



	Energy level with respect to reference (eV)
	1.650
	1.200
	(0.6/1.1) × Eg-Absorber



	Characteristic energy (eV)
	0.100
	0.100
	0.100



	Total defect density, NT-total (cm−3)
	1.772 × 1016
	1.772 × 1017
	(0–1.772) × 1017



	Peak defect density NT-peak (eV−1·cm−3)
	1 × 1017
	1 × 1018
	(0–1) × 1018
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Table 4. CdS thin film structural parameters.
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	Sample
	Angle

(2θ Degree)
	The Interplane

Spacing ‘d’ (nm)
	FWHM ‘B’

Peak Width (°)
	Lattice Strain, ε (%)
	Crystallite

Size (nm) ‘D’





	[1/1]
	27.23°
	0.326
	0.325
	0.585
	25.80



	[1/5]
	27.06°
	0.328
	0.470
	0.852
	17.70



	[1/25]
	27.20°
	0.327
	0.576
	1.039
	14.40
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Table 5. Electrical properties for various CdS thin film molar ratio.
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	Sample
	Resistivity, (Ω cm)
	Carrier Concentration, (1/cm3)
	Mobility, (cm2 Vs)
	Hall Coefficient (cm3/C)





	[1]/[1]
	1843.9
	3.210 × 1014
	12.86
	−2.19 × 104



	[1]/[5]
	3937.1
	1.406 × 1014
	10.39
	−5.13 × 104



	[1]/[25]
	6595.1
	2.199 × 1014
	17.24
	−3.79 × 104
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Table 6. Performance of CIGS solar cells with various Thiourea concentrations.
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	Sample
	JSC (mA/cm2)
	VOC (V)
	FF (%)
	Efficiency (%)





	[1/1]
	12.40
	0.559
	24.71
	1.71



	[1/5]
	8.62
	0.559
	22.32
	1.07



	[1/25]
	6.67
	0.558
	19.61
	0.73
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