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Antimony selenide (Sb2Se3) is one of the emerging photovoltaic absorber materials possessing abundance and non-toxicity as the main attributes. Following CdTe technology, CdS is a widely used partner layer for Sb2Se3 solar cells. Related to CdS/Sb2Se3 device configuration, a number of studies reported findings and challenges regarding the intermixing phenomenon at the main interface and suitability of various annealing for CdS (and related interface) and still, significant room remains in developing strategies for interface optimization and understanding of the physiochemistry behind. In this perspective, this work provides a systematic investigation of the effect of vacuum and air annealing at temperatures between 200 and 400°C on the properties of CdS deposited by chemical bath deposition and combined with Sb2Se3 absorber obtained by close-spaced sublimation the direct impact of the CdS annealing on the device performance is illustrated. It is found that by varying the annealing temperature from 200 to 400°C in both, vacuum and air ambient, the morphology of CdS changes from highly dispersed small grain structure to sintered dense grains, the band gap decreases from 2.43 to 2.35 eV and the electron density drops from ∼1018 to ∼1011 cm−3. These changes were correlated with the changes in the CdS lattice and connected with the mobility of the OH group and the presence of secondary phases in CdS layers. 200°C air annealing of CdS was found as an optimal treatment resulting in 2.8% Sb2Se3/CdS cell efficiency - a 60% boost compared to the 1.8% performance of the device with as-deposited CdS. Material and device characterization analysis is performed, providing complementary insights on the interrelation between the physicochemical mechanism of the CdS annealing processes and device functionality.
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1 INTRODUCTION
Thin film photovoltaic (PV) devices based on antimony selenide (Sb2Se3) absorber materials have attracted intensive research in recent years due to their rapid Photo conversion efficiency (PCE) progress. Besides being composed of Earth-abundant and non-toxic elements, Sb2Se3 has a suitable band gap energy between 1.1–1.3 eV (Li Z. et al., 2019; Tang et al., 2022) and high absorption coefficient of >104 cm−1 in the visible light region (Zhou et al., 2015). These excellent properties make Sb2Se3 a viable addition to copper indium gallium selenide [Cu (In, Ga)Se2] and cadmium telluride (CdTe) solar cells, which have shown PCEs reaching 22% (Green et al., 2021), but for which the scarcity of constituent elements (In, Ga, and Te) is seen as a potential future constraint. The single-phase structure and relatively low melting point at 611°C have enabled the deposition of Sb2Se3 by physical vapor techniques, such as magnetron sputtering (Tang et al., 2019; Chen et al., 2022), close-spaced sublimation (CSS) (Hobson et al., 2020; Spalatu et al., 2021) and vapor transport deposition (VTD) (Wen et al., 2018). To date, almost all the record PCEs for Sb2Se3 PV devices, including the record 9.2% (Li Z. et al., 2019), have been achieved with CSS and VTD fabrication techniques (Krautmann et al., 2023). Since Sb2Se3 is composed of quasi-one-dimensional ribbons, the charge transfer across the absorber film is strongly dependent on which crystal direction the Sb2Se3 ribbons align (Chen et al., 2015). Given that Sb-Se atoms form covalent bonds within ribbons, but adjacent ribbons only bond via weak van der Waals’ forces, vertical (and vertically-tilted) Sb2Se3 ribbons have been deemed optimal for efficient charge transport (Li K. et al., 2019; Hobson et al., 2020; Krautmann et al., 2021). Thus, substantial research efforts have been dedicated to the development of Sb2Se3 absorber films, to deliver suitable processing conditions for optimal grain morphology and orientation [hkl, l = 1] and for efficient Sb2Se3 solar cells (Kumar et al., 2021; Büttner et al., 2022; Campbell et al., 2022; Weiss et al., 2022). Another big focus in the development chain of Sb2Se3-based solar cells has been the identification of a suitable heterojunction partner layer to the Sb2Se3 absorber, where various buffer layers, e.g., cadmium sulfide (CdS) (Weiss et al., 2022), titanium dioxide (TiO2) (Phillips et al., 2019), zinc oxide (ZnO) (Wang et al., 2017), cadmium selenide (CdSe) (Guo et al., 2019), tin oxide (SnO2) (Zhou et al., 2020) have already been tested. Among these, PV devices based on CdS/Sb2Se3 heterojunctions stand out as most prolific, having produced some of the highest PCEs of 8.6% and 7.9% for substrate and superstrate configurations, respectively (Liu et al., 2021; Tang et al., 2022). The choice for CdS, is derived from the fact that this is one of the most established n-type heterojunction (HTJ) partner layers in more mature thin film solar cell technologies such as CIGS (Carron et al., 2019), CdTe (Potlog et al., 2011; 2012) and CZTS (Hernández-Calderón et al., 2020; Punathil et al., 2021). Like in the aforementioned solar cell technologies, CdS (∼2.4 eV) buffer films for Sb2Se3 PV devices are mostly fabricated by a simple and cost-efficient chemical bath deposition (CBD) method. This is particularly the case for state-of-the-art substrate CdS/Sb2Se3 solar cells (Li et al., 2017; Tiwari et al., 2020; Fan et al., 2021; Tang et al., 2022). In CdS/Sb2Se3 PV devices with superstrate configuration, however, various fabrication techniques aside from the CBD method, like magnetron sputtering (Ou et al., 2019; Guo et al., 2020), thermal evaporation (TE) (Kumar et al., 2021) and metal-organic solution coating method (MOSC) (Leng et al., 2021), have been successfully deployed. Another interesting aspect that distinguishes superstrate devices from substrate devices is the common use of post-deposition treatments (PDTs) on the deposited CdS films prior to the Sb2Se3 absorber deposition. Whereas the CdS films in the substrate configuration devices are not often subjected to any PDTs, some groups have tried it and demonstrated it in previous reports (Wen et al., 2018; Ou et al., 2019; Guo et al., 2020; Kumar et al., 2021; Leng et al., 2021; Wang et al., 2022). For instance, superstrate CdS/Sb2Se3 solar cells, with record PCEs of 7.6% (Wen et al., 2018) and 7.9% (Liu et al., 2021), both applied a PDT on CBD-deposited CdS films that involved cadmium chloride (CdCl2) treatment and a following air annealing step at 400°C. Another study demonstrated a PDT on CBD-CdS buffer films involving ammonia etching, which helped achieve a superstrate CdS/Sb2Se3 device with a PCE of 7.5% (Wang et al., 2022). Reports of superstrate CdS/Sb2Se3 solar cells with PCEs of 5.9% (Leng et al., 2021) and 7.4% (Guo et al., 2020) applied air annealing on MOSC-made and sputtered CdS films, respectively. These studies with varying PDT approaches highlight the lack of understanding of the underlying physiochemical processes and optoelectronic properties that decide the quality of the CdS/Sb2Se3 HTJ. An additional issue which needs to be addressed in the scientific community is the need and role of oxygen in the PDT process of CdS and its impact on the CdS/Sb2Se3 hetero-interface formation and solar cell performance. The question stands for whether the presence of oxygen (air) in the PDT is needed or not, and if required, then what would be the optimal temperature of annealing. A number of recent studies reported that higher annealing temperatures (400°C–450°C) in air, combined with CdCl2 treatment are beneficial for the formation of CdS/Sb2Se3 interface and solar cell PCEs. Whereas Tang’s group concluded that during the PDT at 400°C in air, Cl− traces from CdCl2 treatment passivated surface defects on CdS grains, which was attributed to improved performance (Wang et al., 2015), another report (Spalatu et al., 2017) showed that cadmium oxychloride (CdO·CdCl2) and cadmium hydroxide [Cd (OH)2] residuals (Graf et al., 2015) resulting from CdCl2 treatment impair the quality of the CdS/Sb2Se3 HTJ as well as the growth of the Sb2Se3 absorber. Until now, many factors that could affect CdS/Sb2Se3 HTJ include lattice mismatch, elemental diffusion, parasitic absorption, conduction band offset (CBO), and a large number of interface defects between CdS and Sb2Se3 have been mentioned. (Ou et al., 2019; Guo et al., 2020; Wang et al., 2022).
Considering the above aspects, the present study offers a systematic investigation into post-deposition treatments conducted on chemically deposited CdS films at various temperatures and in different atmospheres to identify conditions, which are optimal for subsequent Sb2Se3 growth and high-quality CdS/Sb2Se3 interface. With that, we reveal a novel post-deposition treatment approach for CdS buffer layers employed in superstrate CdS/Sb2Se3 solar cells. The physicochemical processes responsible for the changes in the CdS properties with respect to various annealing conditions are described and correlated with Sb2Se3 absorber growth, interface intermixing, and device performance. The results provide complementary knowledge on understanding the challenges and perspectives of the CdS/Sb2Se3 device.
2 EXPERIMENTAL
2.1 Fabrication of CBD CdS films and post-deposition annealing
CdS films were prepared on glass and glass/FTO (25 × 25 mm2) substrates using the chemical bath deposition (CBD) technique. The substrates were cleaned by immersing them in a standard cleaning solution containing potassium dichromate, water, and sulfuric acid for half an hour to remove impurities from the surfaces, later they were boiled in distilled water followed by drying in hot air flow. The deposition was carried out on a closed jar containing CdSO4 (1 mM), (NH4) 2SO4 (0.7 M), NH4Cl (0.1 μM), NH4OH (30 mM), and thiourea (10 mM) dissolved in de-ionized (DI) water at 85°C and 500 rpm. The deposition was carried out for 5 min to achieve the desired thickness of 60 nm. After the film deposition, the substrates were ultrasonicated in distilled water with a few drops of tri-ethanolamine (TEA). Then the films were rinsed with DI water and dried in airflow. These films are then annealed in a vacuum at 120°C for 15 min to remove impurities such as water, hydroxides, and organic compounds which may have stayed on the films. The resulting films are called “as deposited” CdS films and then they are divided into two batches. One batch is annealed in air and the other one in a vacuum at different temperatures (200, 250, 300, 350, and 400°C). The air annealing was carried out in a single-zone quartz tube furnace. The samples were loaded into the preheated quartz tube at the desired temperature and then kept there for 30 min. The samples were removed from the tube immediately after the annealing time for rapid cooling. The vacuum annealing was also carried out in the single-zone quartz tube furnace. The samples are loaded into the quartz tube at room temperature, then evacuated using a rotary pump up to ∼10−5 mbar pressure. The quartz tube is placed in a single-zone furnace and the temperature was ramped to the set value. Once the temperature reaches the set value it is maintained for 30 min. After the annealing time, the samples are allowed to cool down gradually to room temperature while keeping the vacuum. Once it reaches room temperature the vacuum is released and the samples were taken out. The samples with glass/CdS samples are used for the CdS film characterization and the samples with glass/FTO/CdS samples were used for Sb2Se3 absorber deposition to study the growth of Sb2Se3 on different CdS films and for cell fabrication.
2.2 Fabrication of CdS/Sb2Se3 solar cell
The vacuum and air-annealed glass/FTO/CdS samples were used for the device preparation. The absorber Sb2Se3 was deposited using a close-spaced sublimation technique. Sb2Se3 granules of 5 N purity (Sigma—Aldrich) were used as source material and the substrate is kept at a 4 cm distance from the source material. The source material is kept at 490°C and the substrate at 460°C temperature during the deposition to maintain a deposition rate of 1 μm/min. A thickness of ∼1.5 μm was optimized and then it was deposited on all the annealed buffer layers to study the effect of CdS annealing on the growth of the Sb2Se3 absorber. The superstrate configuration solar cell with glass/FTO/CdS/Sb2Se3/Au finished with deposition of Au thin film using the thermal evaporation method. Indium pads are used on Au and FTO layers to make a connection for the device performance measurements.
2.3 Characterization of thin films and solar cells
Structural properties of the CdS and Sb2Se3 films were characterized by X–ray diffraction spectra (XRD) with Rigaku Ultima IV system using monochromator Cu Kα radiation (λ = 1.54 Å, 40 kV, 40 mA) equipped with D/teX Ultra silicon line detector in the 2θ (Bragg-Brento) regime using a 2θ step of 0.04°, a counting time 2–10 s/step with sample rotation. The XRD patterns of the samples were compared with JCPDS 01-089-0440 and 01-074-9665 (for CdS) and JCPDS 15-0861 (for Sb2Se3). Top-view and cross-sectional images of films were made by Zeiss EVO-MA15 scanning electron microscope (SEM) equipped with a Zeiss HR FESEM Ultra 55 system. The electrical properties such as carrier concentration, mobility, and resistivity of CdS films were measured at room temperature using Hall and van der Pauw controller H-50. The band gap of the films was calculated from UV-VIS spectroscopy (Jasco V-670 in 200–2,500 nm wavelength range) using the Tauc plot. The crystal growth and morphology of Sb2Se3 thin films on CdS films were also characterized by XRD and SEM analysis.
The device performance of the cell was analyzed from the J-V curve [AUTOLAB PGSTAT 30 and Oriel class A solar simulator 91159 A (100 mW cm−2, AM1.5)] measured at room temperature. The external quantum efficiency (EQE) was also measured for solar cells using a light source (Newport 300 W Xenon lamp, 69911), monochromator (Newport Cornerstone 260) detector (Merlin), calibrated Si reference detector combination in 300–1,000 nm wavelength range.
Temperature-dependent J-V characteristics under 100 mWcm−2 condition of CdS/Sb2Se3 solar cells were measured with KEITHLEY 2400 Source Meter, where the temperature in Janis closed cycle He cryostat was varied from 20 K to 320 K with a step of ΔT = 20 K. The ionization energies of the CBD CdS and CSS Sb2Se3 layers were determined by the photoelectron emission spectroscopy method, by measuring the dependence of photoelectron emission current on the photon energy.
3 RESULTS AND DISCUSSION
3.1 Structure and morphology of CBD CdS films depending on the post-deposition annealing conditions
As a first step, we investigated the impact of temperature and annealing ambient conditions on the structural properties of a CdS single layer deposited onto glass substrates by XRD analysis. Figures 1A, B shows the XRD patterns of CdS films annealed at 200°C–400°C in a vacuum and in air, for 30 min. The XRD patterns are compared with standard data (ICDD: 01-089-0440 and 01-074-9665) (Graf et al., 2015). The diffractograms of CdS samples annealed in air at 200°C–400°C show 100, 101, 110, 103, and 004 diffraction peaks corresponding to CdS crystal structure. However, the XRD pattern of 400°C annealed samples displayed a 200 peak corresponding to the CdO phase (00-005-0640). The appearance of such a phase in the XRD patterns indicates oxidation of the CdS layer. On the other hand, the diffractogram of vacuum-annealed samples shows the presence of CdS phase, without any secondary phases, regardless of annealing temperature. To gain a deeper understanding of the impact of the annealing conditions on structural changes in CBD CdS layers, we further analyzed the XRD patterns (in Figures 1C, D) in the 2- theta region of 26°–27° at higher resolution. In this 2-theta region, the main 111 peak is located and has been attributed as belonging to both cubic and hexagonal modifications in the literature (Maticiuc et al., 2014; 2015). If we analyze the evolution of the 111 XRD peak for vacuum and air-annealed samples separately (Figures 1C, D) with the increase in temperature, it can be observed that there is a clear difference in the peak shift behavior in both cases. In the case of the vacuum annealed samples when the annealing was performed at 200°C there is a large shift of 111 peak towards higher 2-theta values (∼27°) compared to the as-deposited CdS. As the annealing temperature was increased from 200°C to 400°C, the 111 peak shifted systematically towards lower 2-theta values and at 400°C annealing vacuum annealing reached the 2-theta position close to the as-deposited sample. In contrast, for the air-annealed samples, as the annealing temperature increases, the 111 peak shifts towards higher 2-theta values compared to the as-deposited samples. At 300, 350, and 400°C annealing temperatures, the peak position shifts close 020 peak corresponding to the CdSO4 phase (ICDD: 00-014-0352) indicating there might be the possibility for other secondary phases at the higher air annealing temperature. However, in the XRD pattern (Figure 1B) no other peaks related to CdSO4 were detected except the presence of CdO in 400°C air annealed CdS layers. It should be noted that the shift of 111 peak position was accompanied by the variation of the lattice parameter. (Figure 2A). The lattice parameter decreases with the increase of both vacuum and air annealing temperature.
[image: Figure 1]FIGURE 1 | XRD pattern of (A) vacuum annealed and (B) air annealed CdS films, at 200°C–400°C temperatures for 30 min; displacement of dominant XRD peak depending on the (C) vacuum and (D) air annealing conditions.
[image: Figure 2]FIGURE 2 | (A) variation of lattice parameter (A) and crystalline size (D) depending on the vacuum and air annealing temperatures. (B) variation in the bandgap of CdS films with vacuum and air annealing temperature.
The above observations related to the shift of the main XRD peak (corresponding changes in the lattice parameter), and appearance of oxide phases can be correlated considering the following aspects. First, the appearance of the CdO phase at higher annealing temperature (Figure 1B) has been observed previously in (Maticiuc et al., 2015) and explained by the decomposition of CdSO3 which is usually formed in the CdS lattice when reacting with oxygen in the air (Kylner, 1999; Maticiuc et al., 2014). The shifting of the main peak as a result of vacuum annealing can be related to the decomposition of Cd (OH)2 which naturally crystallized in the lattice during the deposition process of the CdS film. The presence of Cd (OH)2 in the CdS lattice is also the main reason for the variation of lattice (correspondingly shift of the main XRD peak) between the hexagonal and cubic structures. The increase in the annealing temperature generates the dissociation of Cd (OH)2 into CdO and water, and promotes the changes in the lattice parameters (Figure 3A). The reduction of lattice constants in both air and vacuum annealing conditions can be also explained due to mobility of (OH)s groups in the CdS lattice. A good indication of this effect is the decreasing of crystallite size as the temperature of vacuum and air annealing increased from 200°C to 400°C (Figure 2A). Although such a trend in the crystallite size with annealing temperature is an unexpected trend, the out-diffusion of OH impurity has such impact on the CdS lattice as explained in (Maticiuc et al., 2017). On the other hand, in the case of air-annealed samples, the position of the main XRD peak at 27.15° is very close to the 2-theta value of 020 diffraction peak position corresponding to the CdSO4 phase. The overall presence of phase mixture in CdS can play important role in the optoelectronic properties of CdS and related CdS/Sb2Se3 solar cell performance.
[image: Figure 3]FIGURE 3 | Surface and cross-section SEM images of CdS films deposited on glass substrates: (A) as deposited, (B) annealed in vacuum at 200°C, (C) annealed in air at 200°C, (D) annealed in vacuum at 400°C, (E) annealed in air at 400°C with an annealing duration of 30 min.
The morphology of as-deposited and annealed CdS films was also investigated by SEM. Figure 3 shows the surface and cross-section SEM images of CdS films deposited on glass substrates. As deposited CdS layer (Figure 3A) has small grains with some particles agglomerated in clusters. Vacuum annealing at 200°C did not change the grain size and overall morphology of the layers (Figure 3B). However, the same annealing temperature in the air leads to more uniform grain size distribution (Figure 3C). While vacuum annealing at 400°C lead to the similar morphology observed for the 200°C air annealing (Figure 3D), the same annealing at 400°C in the air lead to the more densely packed grains in the films (Figure 3E). The latest observation indicates that 400°C air annealing generates conditions for re-crystallization and sintering of the CdS films.
Since the CdS is deposited on FTO for the solar cell fabrication, the morphology of the CdS deposited on FTO substrates was also analyzed (Figure 4). As can be seen in Figures 4A, B, both, as deposited and 200°C vacuum annealed CdS films grown on FTO exhibit similar morphology with CdS deposited on glass. In this case, the porous layers comprising small grains and some grain conglomerates cover uniformly the relatively large FTO grains. Air annealing at 200°C and 400°C and as well as vacuum annealing at 400°C lead to significant densification of the CdS film (Figures 4C–E).
[image: Figure 4]FIGURE 4 | Surface and cross-section SEM images of CdS films deposited on FTO/glass substrates: (A) as deposited, (B) annealed in vacuum at 200°C, (C) annealed in air at 200°C, (D) annealed in vacuum at 400°C, (E) annealed in air at 400°C with an annealing duration of 30 min.
3.2 Impact of annealing conditions on CdS optoelectronic properties
The above results on the changes of structural and morphological properties of CdS films with annealing conditions will impact the optoelectronic properties of these layers and consequently will affect the solar cell performance. Thus, as a further step, a detailed analysis of changes in the electrical properties of the CdS layer depending on the annealing was performed.
Table 1 shows the variation of electrical properties (carrier concentration, mobility, and resistivity) of CdS films deposited on a glass substrate after post-deposition air and vacuum annealing at 200°C–400°C for 30 min. As deposited CdS films showed n-type conductivity with 4.4×1015 cm−3 carrier concentration, 5 cm2/Vs. mobility, and 2.8 × 102 Ω cm resistivity. All the films maintain the same conductivity type independent of the annealing conditions. For both air and vacuum annealing conditions, the variation of electrical parameters in Table 1 can be divided into three distinct regions: i) 200°C–250°C annealing in which the resistivity decreases from 4.2 to 2.6 Ω cm and from 3.2 to 0.2 Ω cm while the electron concentration increases by one order magnitude, from 1017 to 1018 cm−3 and 1018 to 1019 cm−3 for air and vacuum annealing, respectively; ii) 300°C annealing where resistivity increases to 45 and 8.5 Ω cm while the electron concentration decreases by one order of magnitude, from 1018 to 1017 cm−3 and from 1019 to 1018 cm−3 for air and vacuum annealing, respectively; iii) 350°C–400°C annealing where the resistivity increases from 7.7 × 103 to 4.2 × 104 Ω cm and 4.6 × 101 to 1 × 104 Ω cm while the electron density reduces drastically by three and seven orders of magnitude for air and vacuum annealing, respectively. A similar trend in the electron concentration with the variation of air annealing temperature has been observed by Maticiuc et al. (Maticiuc et al., 2014) and correlated with the mobility of the hydroxide group (OH) in the CdS lattice. It has been proposed that the OH incorporated in the lattice of CdS, acting as a shallow donor (Varley and Lordi, 2013). At low annealing temperatures (200°C), the OH groups are quite unstable and decomposes by releasing water and generating sulfur vacancies (VS). It is well established that the sulfur vacancies (VS2+) act as a donor defect and an increase in their concentration can explain the abrupt increase in electron density. The high annealing temperatures (350°C and 400°C) induces conditions for excessive removal of OH from the CdS lattice, which results in the reduction of electron density. Although such mechanism was described for hydrogen and air-annealed CdS layers, it is also valid for vacuum annealing in this study. In addition to this mechanism, specifically for air annealing at 400°C, the presence of CdO secondary phases (as detected from XRD in Figure 1B) in CdS could be responsible for the significant drop in electron concentration to ∼1010 cm−3. The low values of mobilities at 200°C–300°C annealing temperature can be explained by the scattering of carriers with ionized impurities in the lattice. At higher air and vacuum annealing temperatures (350°C and 400°C) these impurities are removed from the lattice which leads to higher values of mobility(Spalatu et al., 2019).
TABLE 1 | Electrical properties of CdS films annealed at different annealing temperatures in air and vacuum.
[image: Table 1]The band gap of CdS films deposited on glass substrates was determined from a Tauc plot based on the UV—VIS measurements and the effect of annealing temperature and conditions on the bandgap values were analyzed thoroughly. As deposited CdS, films exhibit a band gap value of ∼2.42 eV. As the annealing temperature (200°C–400°C) in both air and vacuum increased a clear trend of band gap decrease was observed (Figure 2B). While for vacuum annealing this effect can be explained due to the decomposition of Cd (OH)2 to CdO and water (Maticiuc et al., 2014), in air annealing the presence of CdO (as detected by XRD) narrows the band gap (Dakhel, 2010).
3.3 Structure and morphology of Sb2Se3 films deposited on annealed CdS layer
As a step towards the fabrication of a solar cell device, Sb2Se3 absorber films were deposited on a glass/FTO/CdS stack and the impact of the CdS air and vacuum annealing on structure and morphology of Sb2Se3 films was analyzed.
Figures 5A, B shows the XRD patterns and texture coefficients of Sb2Se3 films grown on as-deposited, 200°C and 400°C air annealed, and 200, 400°C vacuum annealed CdS samples. Texture coeficients were performed according to (Krautmann et al., 2021). Diffraction peaks at 28.2°, 31.1°, 32.2°, 45.1°, and 45.6° were detected and comparing the patterns with standard data (JCPDS 15-0861) in both annealing conditions, it belongs to 211, 221, 301, 151, and 002 planes of orthorhombic Sb2Se3 crystal structure (Krautmann et al., 2021). In the Sb2Se3 films deposited on air-annealed CdS films, the grains grow predominantly along the (002) plane. The intensity of the (002) peak is dominant over the others, especially being highlighted for Sb2Se3 grown on 400°C air annealed CdS. Meanwhile, the Sb2Se3 grown on the vacuum annealed samples always exhibit 221 orientation. These results indicate that the Sb2Se3 tends to grow more vertically on the air-annealed CdS film compared to the vacuum-annealed CdS samples. Generally, there is no clear evidence for a preferential orientation in any of the Sb2Se3 samples. Although the intensity of 221 reflection is slightly higher for the Sb2Se3 absorber grown onto 400°C vacuum annealed CdS, it can be concluded that the samples are randomly oriented.
[image: Figure 5]FIGURE 5 | (A) XRD spectrum and (B) texture coefficient of Sb2Se3 on CdS annealed in vacuum and air at 200°C and 400°C.
One possible explanation for the 002 highlighted Sb2Se3 grain orientation deposited on 400°C air-annealed CdS might be related to the more compact grain morphology of CdS. As shown by SEM (Figure 3) these films with large sintered grains and higher surface energy can provide different nucleation sites favorable for the growth of Sb2Se3 in this direction. At the same time, oxidation of the layer (detection of CdO from XRD, Figure 1B) could also contribute to this effect, however, there is no direct proof for this hypothesis and specific investigation is required.
From a structural, optical, and morphological analysis of CdS, it was found that higher temperature (300°C–400°C) vacuum annealed CdS films have pin holes and lower band gap meanwhile in air annealed CdS films presence of impurities like CdO was detected in the film. Based on these findings a set of glass/FTO/CdS/Sb2Se3 heterostructures were analyzed by SEM. Figure 6 shows the surface and cross-section SEM images of CdS/Sb2Se3 with as-deposited, vacuum, and air annealed at 200°C CdS films. It can be seen that the absorber grown on as-deposited CdS (Figure 6A) exhibit more irregularly shaped grains with sharp edges and higher inner porosity compared to the Sb2Se3 films grown on annealed CdS. The absorber deposited on 200°C vacuum annealed CdS has larger, compact, and well-packed grains (Figure 6B). Air-annealed CdS at 200°C resulted in a similar well-packed absorber morphology with a more homogeneous distribution of grain shape and size. It is important to mention that the absorber deposited on both, 400°C vacuum and air-annealed CdS, displays similar morphology as seen in Figure 6C Overall the results of SEM analysis for the absorber are in good correlation with the above SEM and XRD results of CdS films. Thus, the reason for the higher inner porosity of the absorber in Figure 6A is related to the high concentration of organic residues in as-deposited CdS films. In this case, the subsequent CSS Sb2Se3 deposition process acts as an annealing process for the CdS films, resulting in the out-diffusion of organic residues from the films and making the absorber film porous and pinhole rich. On the other hand, in the annealed CdS films these residues are already removed from the CdS leading to more stable films which help the absorber to grow in a more pinhole-free compact manner.
[image: Figure 6]FIGURE 6 | SEM images of superstrate configuration glass/FTO/CdS/Sb2Se3 stack with CSS Sb2Se3 absorber layer deposited at 460°C: (A) top-and cross-sectional view of absorber film deposited onto as deposited CdS, (B) top-and cross-sectional view of absorber deposited onto vacuum annealed CdS at 200°C and (C) top-and cross-sectional view onto air annealed CdS at 200°C.
3.4 Impact of the CdS annealing on the device performance
The solar cells were fabricated following the superstrate configuration of glass/FTO/CdS/Sb2Se3/Au and the impact of the CdS annealing conditions on the PV parameters was analyzed. The PV parameters of the devices were extracted from the J–V curve measurements (Figure 8A representative curves under illumination) and the average values are presented in Figure 7. The analysis shows that the solar cells with as-deposited CdS exhibit the lowest PCE, whereas the devices with 200°C vacuum and air-annealed CdS buffer layer, there is a clear improvement in all the PV parameters (VOC, JSC, FF, and PCE). Nevertheless, all the PV parameters decreased for the cells with CdS annealed in both, vacuum and air at T ≥ 250°C. So far, comparing the performance of all the devices in Figure 7, it is clear that annealing of CdS at 200°C in both vacuum and air resulted in the best solar cells PCE, with the top performance of 2.8% (VOC of 350 mV, JSC of 18.3 mA/cm2 and fill factor of 43%) achieved for the cells processed with 200°C air annealed CdS (Table 2). The same best cell shows the highest EQE response in the short-wavelength region, 300–700 nm (Figure 8B). In caparison with the best cell, the EQE response in the 300–700 nm region is significantly reduced for the devices with as-deposited and 200°C vacuum annealed CdS. The reduced EQE response in the short-wavelength region has been previously observed for Sb2Se3/CdS (Phillips et al., 2019; Spalatu et al., 2021) and for CdTe/CdS devices (Potlog et al., 2012; Maticiuc et al., 2015; Spalatu et al., 2015) and explained by intermixing between CdS and Sb2Se3 (or CdTe) absorbers with the formation of CdS1-xSex (or CdTe1-xSx) solid alloy at the main interface. In the case of Sb2Se3 devices with as-deposited and 200°C vacuum annealed CdS this intermixing seems to be very pronounced resulting in low EQE response at 300–700 nm region. For the device with as-deposited CdS, this effect can be related to the morphology of CdS film, containing small grains (Figures 3A, 4A) with high surface energy, which are active for interdiffusion by mass transport through the gas phase, and resulting in a high degree of alloy formation at the interface during Sb2Se3 absorber deposition at 450°C. In addition to this effect, the presence of organic residuals (Graf et al., 2015; Maticiuc et al., 2015; Koltsov et al., 2022) and the presence of large segregates on the surface of as-deposited CdS can significantly alter the formation of the heterojunction interface resulting in reduced EQE and modest PCE of the corresponding solar cell (Figures 8A, B). On another hand, for the device with 200°C vacuum annealed CdS the improved EQE response (Figure 8B) and PCE (Figure 8A) (compared with as-deposited CdS-based cells) indicate the formation of better CdS-Sb2Se3 interface which can be connected with the removal of the organic residuals from CdS as a result of vacuum annealing, leading to better absorber morphology and better-quality interface. Finally, 200°C air annealing of CdS films resulted in the best EQE response and maximum device performance implying that intermixing in the corresponding cell has the lowest extent. For the same best device, the energy-band diagram with the band alignment was drawn (Figure 8E) based on photoelectron emission spectroscopy. The ionization potential (Ip) of the Sb2Se3 and CdS layers was determined through the extrapolation of the linear fit from valence band edge photoemission to 0 eV. An example of fitting for the absorber is presented in Figure 8C, obtaining an Ip value of 5.42 ± 0.02 eV, in good correlation with the values reported in the literature (Hobson et al., 2020). Further analysis of the band diagram shows that the conduction band minima of CdS lie above the conduction band minima of Sb2Se3, forming a spike-like band offset (∼0.2 eV) at the main interface. This spike-like band offset could act as a potential barrier for the electron flow which reduces the JSC of the device (Shiel et al., 2020). Furthermore, the linear extrapolation fit to 0 K in the VOC–T plot provides an activation energy of 0.98 ± 0.01 eV (Figure 8D), which is lower than the band gap of the absorber (∼1.2 eV). This implies that the rate of the recombination processes at the main interface is high, which reduces the PV parameters of the solar cell device. There are several recent reports in which the recombination of the carriers was suppressed by different techniques such as the introduction of Al3+ cations in the CdS buffer layer (Luo et al., 2023), heterojunction annealing (Tang et al., 2022), and effective antimony selenide crystal engineering (Tang et al., 2022).
[image: Figure 7]FIGURE 7 | Main photovoltaic parameters including (A) open circuit voltage (VOC), (B) short circuit current density (JSC), (C) fill factor (FF), and (D) photoconversion efficiency (PCE) with average values (marked as hollow squares) measured for Sb2S3 devices with Sb2S3absorber deposited at substrate temperatures in the range of 240°C–400°C.
TABLE 2 | Photovoltaic parameters of the best performing CdS/Sb2Se3 solar cells with as-deposited, vacuum and air annealed at 200°C, CdS films.
[image: Table 2][image: Figure 8]FIGURE 8 | (A) J-V characteristics and (B) EQE of CdS/Sb2Se3 solar cells with as deposited, air and vacuum annealed CdS at 200°C, (C) Ionization potential of Sb2Se3 (D) activation energy calculated from VOC–T plot, (E) band alignment of FTO/CdS/Sb2Se3/Au solar cell structure.
So far the best PCE of 2.8% in this study was obtained for the device processed with CdS annealed at 200°C. The obtained result is significant from one side, considering a 60% boost in PCE compared to the cell fabricated with as-deposited CdS (1.8%). With this achievement, we also demonstrated that annealing in air at a relatively low temperature can be a suitable PDT to improve the properties of CdS films and the efficiency of the related device. On another side, putting in the context of other reports, these results could provide some more debates as several reports on similar device configurations suggested that an annealing step at temperatures ≥400°C and in the presence of air and CdCl2 treatment is a requirement for CdS to achieve PCE between 5%–7% (Wang et al., 2015; Li et al., 2018; Azam et al., 2022; Cai et al., 2022). Application of high air annealing temperature (400°C) in this study and attempts to perform post-deposition CdCl2 treatment of CdS films in our previous investigation (Spalatu et al., 2021) show that the oxide phases (and oxy-chloride residuals) which inevitably are formed at the surface CdS have a detrimental impact on the formation of good quality heterojunction interface and can significantly decrease the device performance. In addition, most of the studies that report a reasonable 5%–7% PCE for CdS/Sb2Se3 devices use thermal evaporation (TE) for deposition of the Sb2Se3 absorber (Liu et al., 2014; Kumar et al., 2019). Better control of the intermixing between CdS and Sb2Se3 may lead to better interfaces and higher PCE cells. Compared to TE, CSS employed in this study, clearly provide the advantage of the rapid process and high-quality absorber, however, the peculiarity of CSS with very close proximity between substrate and source (which implies high supersaturation of the vapor stream close to the substrate) can be a limitation for some device configuration which involve high reactivity of the underlayer components such as CdS. A prospective approach to overcome this challenge could be the implementation of various interfacial nanoscale layers such as TiO2 (the feasibility of CSS being well proven for Sb2Se3/TiO2 device configuration), which from one side, would imply more efforts for the interface engineering, and from a wider perspective, identification of other alternative partner layers with suitable band offsets for the emerging Sb2Se3 device.
4 CONCLUSION
In this study, we investigated the influence of air and vacuum annealing on the properties of CBD-deposited CdS films and find out the impact of these annealing conditions on the performance of CdS/Sb2Se3 solar cells. It was found that the increase of the annealing temperature from 200 to 400°C in both, vacuum and air ambient, changed the morphology of CdS from highly dispersed small grain structure to sintered dense grains, decreased the band gap from 2.43 to 2.35 eV and dropped the electron density from ∼1018 to ∼1011 cm−3. The changes in the properties of annealed CdS films were explained via the mechanism of the OH group in the lattice as well as the presence of secondary phases. The annealing conditions of CdS layers significantly impact the structural and morphological properties of the Sb2Se3 absorber. While the Sb2Se3 absorber grown on as-deposited CdS exhibited irregularly shaped grains with sharp edges and higher inner porosity, the absorber layers deposited on 200°C and 400°C vacuum annealed CdS have larger, compact, and well-packed grains. XRD analysis showed that Sb2Se3 tends to grow more vertically on the air-annealed CdS film compared to the vacuum-annealed CdS samples. 200°C air annealing of CdS was found as an optimal treatment resulting in 2.8% Sb2Se3/CdS cell PCE—a 60% boost compared to the 1.8% performance of the device with as deposited CdS. The performance of the CdS/Sb2Se3 solar cells has reduced as the annealing temperature increase in both, air and vacuum conditions. The presence of oxide phases in CdS annealed in air at 400°C is detrimental to the device’s performance. In addition, the extent of intermixing phenomenon between the CdS buffer layer and CSS Sb2Se3 absorber as well as intense carrier recombination at the main interface are the strong limiting factors for the PCE of CdS/Sb2Se3 solar cells.
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CdS annealing condition Photovoltaic parameters

Jsc (mA/em?) FF (%) PCE (%)
1 As deposited | 230 137 39 12
2 Vacuum 200°C 260 164 44 18

3 Air 200C 350 183 43 28
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