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ABSTRACT

	Aim: This review explores the mechanisms of spray pyrolysis for cadmium telluride (CdTe) thin-film photocathodes, focusing on droplet dynamics, nucleation processes, and film formation pathways relevant to photovoltaic and photocathode applications.
Study Design: The study critically synthesizes recent literature from 2020 to 2025 on the principles of spray pyrolysis, emphasizing its role in tailoring CdTe thin-film quality and performance.
Methodology: A peer review of journal articles was conducted using databases including Google Scholar, Scopus, Web of Science, and ScienceDirect. Studies included examined droplet behavior, gas-to-particle and droplet-to-particle mechanisms, substrate conditions, and modeling approaches in spray pyrolysis, with a CdTe-specific context.
Results: The review identifies two dominant pathways in film formation: droplet-to-particle (DTP), where precipitation occurs within droplets, and gas-to-particle (GTP), where vapor-phase nucleation predominates. Substrate temperature, precursor chemistry, atomizer type, and carrier gas flow were found to significantly influence film microstructure, crystallinity, and grain growth. Computational modeling, including evaporation kinetics, heat–mass transfer simulations, and nucleation-growth frameworks, provided theoretical grounding for experimental observations. These findings reveal the delicate balance between process parameters and the resulting CdTe film properties.
Conclusions: Understanding spray pyrolysis mechanisms for CdTe thin films requires integrating droplet-scale dynamics with substrate-level interactions. The review highlights critical variables that can be tuned for optimal film quality and device efficiency, offering a guide for advancing flexible photocathodes and other next-generation energy devices. Future research should address the coupling of in situ diagnostics with advanced modeling to provide real-time control over film growth.
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1. INTRODUCTION

Spray pyrolysis has emerged as a versatile thin-film deposition technique that bridges the gap between high-precision vacuum-based processes and low-cost, scalable manufacturing methods [1, 2]. Unlike sophisticated approaches such as molecular beam epitaxy (MBE), pulsed laser deposition (PLD), or sputtering, which require ultra-high vacuum environments and high energy input, spray pyrolysis is carried out under atmospheric pressure with a relatively simple equipment arrangement [3, 4]. The process is based on atomizing a precursor solution into a nanometer-droplet aerosol that is delivered by a gas carrier onto a hot substrate. The single droplets act as individual micro reactors, in which they undergo evaporation, precipitation of the solute, and chemical breakdown before they contribute towards thin-film growth [5]. The apparent simplicity of the procedure conceals a highly complicated interplay of reaction kinetics, thermodynamics, and fluid dynamics that ultimately determine the microstructure, crystallinity, and properties of the resulting films [6].

Cadmium telluride (CdTe) was of particular interest in thin-film solar energy technology because of its nearly optimal direct band gap energy of 1.45 eV, large absorption coefficient (>10⁵ cm⁻¹), and cost benefits compared to silicon-based photovoltaics [7, 8]. CdTe has been commercially successful for photovoltaic modules, and leading producers are now able to obtain competitive efficiencies at lower costs compared to crystalline silicon [9, 10]. Beyond photovoltaics, CdTe has also shown promise for photocathode applications in solar-powered hydrogen production and other photoelectrochemical (PEC) reactions. The drive for renewable power, and the need for scalable and sustainable production methods, has once again placed spray pyrolysis in the spotlight as a method for depositing CdTe thin films [11].

Despite all these advantages, CdTe spray pyrolysis has not been subject to the same mechanistic scrutiny as oxide-based semiconductors such as ZnO, SnO₂, or TiO₂. CdTe research has long focused on device optimization through post-deposition annealing, doping, or heterojunction engineering, with not much consideration of how droplet dynamics influence film growth, from the nano scale to the macro scale [12]. But these basics are important to know, as CdTe device performance is very dependent on achieving compact, large-grain, and stoichiometric films with minimal defects [13]. Non-uniformity, porosity, and secondary phases such as CdO or clusters are typically faced when spray parameters are non-optimized, limiting carrier transport and device performance.

Compared with other non-vacuum deposition methods, spray pyrolysis offers a distinct balance of simplicity and flexibility. For example, electrodeposition enables low-cost CdTe growth with good stoichiometric control, but films often suffer from small grain sizes and require high-temperature post-deposition annealing to achieve suitable crystallinity [7]. Close-spaced sublimation (CSS), in contrast, is already established at the industrial scale and produces large-grained, compact CdTe layers, though it demands elevated substrate temperatures (>500 °C) and precise control of process geometry [10]. Chemical bath deposition (CBD) is another cost-effective solution-based method, but typically yields poorer crystallinity and requires post-treatment to improve film quality [32]. Spray pyrolysis, on the other hand, can be carried out at moderate substrate temperatures (∼350–450 °C), allows straightforward doping or compositional tuning via solution chemistry, and requires simpler equipment [25, 26]. However, it remains more prone to droplet-related non-uniformity and porosity unless deposition parameters are carefully optimized. In addition to these technical advantages, spray pyrolysis is considered more environmentally friendly and economically viable compared to many vacuum-based techniques, as it reduces energy consumption, minimizes chemical waste, and relies on low-cost precursors and equipment [34, 35].

One of the typical features of spray pyrolysis is the simultaneous occurrence of two competing mechanisms of film formation: the droplet-to-particle (DTP) channel and the gas-to-particle (GTP) channel. In the DTP process, uncompleted evaporation leads to precipitation of solute in the droplets, which then precipitate as solid particles on the substrate [14]. This has the tendency to form porous or coarse films unless subsequent sintering and grain coalescence occur. But when the GTP mechanism is used, the whole solvent volatilizes in flight and the vapor-phase precursors remain, which nucleate and condense on or near the substrate surface [15]. This pathway tends to be associated with smoother, more continuous films, particularly required for photovoltaic-grade CdTe cells [12]. Substrate temperature is also a key parameter in deciding film quality. Experiments have shown that at substrate temperatures greater than 350–400 °C, CdTe precursors decompose efficiently, promoting crystalline film growth under GTP mechanism control [16]. Under low-temperature conditions, particle-rich films with higher defect densities are formed because of incomplete decomposition. Precursor chemistry is also an important consideration. For example, water nitrate foundry precursors regularly deliver mixed stoichiometric compositions compared to chloride sources, with impacts on Cd/Te ratios, impurity incorporation, and final optoelectronic performance [17]. Control over such factors is particularly important for CdTe, as even minor stoichiometric deviations can form deep-level traps and recombination centers that reduce device efficiency.

Apart from experimental research, theoretical and computational modeling has been a key device in deciphering spray pyrolysis's complexity. Nucleation-growth paradigms, heat and mass transfer models, and droplet evaporation kinetics provide predictive data on how small-scale droplet processes relate to macroscopic film structure [18]. For CdTe specifically, simulations have highlighted the importance of droplet evaporation timescales over substrate heating rates in deciding whether crystalline grains coalesce or remain separate. Gas dynamics and chemical reaction kinetics coupled models are being applied currently to achieve maximum deposition uniformity on large substrates, paving the way to scale-up to industrial processes.

Recent technological developments further extend the capability of CdTe spray pyrolysis. Advances in high-frequency ultrasonic atomizers enable more uniform droplet distributions between micron and submicron (∼1–15 μm) ranges, improving thickness uniformity on substrates [19]. In situ diagnostic tools, such as high-speed droplet imaging and laser-induced breakdown spectroscopy, are increasingly being used to monitor evaporation dynamics and precursor decomposition in real time [20]. These developments are crucial to achieving the level of control necessary in order to integrate CdTe spray pyrolysis into high-performance devices, including flexible photocathodes and tandem solar cells, where thin films of uniform composition are essential. Despite these developments, substantial knowledge gaps remain in the mechanistic understanding of CdTe spray pyrolysis. There is also a gap in linking droplet-scale dynamics with device-level performance, leaving open questions about how to systematically control microstructure during deposition. Similarly, while models exist, they are often generic and not parameterized specifically for CdTe chemistry, limiting their predictive value. Furthermore, in situ characterization of the droplet-to-film transition remains underdeveloped, meaning that much of the optimization is still empirical. This review focuses on spray pyrolysis because it is a cost-effective, scalable, and versatile method for CdTe thin-film deposition. Unlike other techniques such as electrodeposition, chemical bath deposition, or close-spaced sublimation, spray pyrolysis uniquely allows tunable control of droplet dynamics and precursor chemistry. Synthesizing recent advances is therefore critical to clarify its mechanisms and highlight its potential for photovoltaic and photoelectrochemical applications.

2. METHODOLOGY

The methodology of this review was based on a systematic peer-review literature selection and search process aimed at bringing together the most suitable and up-to-date research studies on spray pyrolysis mechanisms and their application in cadmium telluride (CdTe) thin-film photocathodes. In order to provide thorough coverage of the subject, four major academic databases were used: Google Scholar, Scopus, ScienceDirect, and Environmental Science & Policy. These databases were selected since they provide access to a wide range of materials science, chemistry, and engineering research relevant to thin-film deposition processes. Combinations of keywords such as "spray pyrolysis," "CdTe thin films," "droplet dynamics," "film formation," and "photocathodes" were used in different search strings to retrieve as many applicable records as possible.

The initial search returned a total of 68 records across the four databases (See Figure 1), with Google Scholar providing 25, Scopus 18, ScienceDirect 15, and Environmental Science & Policy 10. After removing duplication, 50 unique records were kept for screening. Titles and abstracts of these records were then screened to determine their appropriateness for the study. At this stage, 32 records were excluded due to various reasons. Some of them were also interested in disparate depositions methods or other semiconductors such as ZnO or SnO₂ but without specific application to CdTe. Others appeared earlier than 2020 and were hence out of the set date range for this review, whereas others were not original research but reviews, editorials, or opinion pieces. After this filtering, 18 full-text papers were considered for inclusion.
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Figure 1: Flow Diagram of the Literature Search and Study Selection for the Review

The final selection consisted of 8 studies that specifically addressed CdTe spray pyrolysis mechanisms and film deposition pathways. These studies were deemed most appropriate because they presented experimental results as well as, in some cases, model approaches that connected droplet-scale phenomenon to thin-film qualities. Articles excluded at the full-text level were found to have no specific emphasis on CdTe. While this literature searching procedure was rigorous and systematic, there are limitations inherent to it. First, despite using multiple databases, there is a possibility that some potentially relevant articles might have been left out, particularly those published in specialist journals not covered on the databases in question. Also, restricting the publication window to recent work from 2020 onward was guaranteed to be current but possibly excluded older foundation papers that nonetheless possess informative mechanistic findings. Finally, the relatively limited dataset in the concluding analysis is because CdTe spray pyrolysis remains a relatively unexplored topic relative to more established thin-film systems, corresponding to the need for special research filling the gap.

[bookmark: _Hlk208605923]3. RESULTS AND DISCUSSION

This section brings together recent findings on spray pyrolysis (SP) deposition of CdTe thin films, combining experimental evidence, modeling studies, and device-level performance metrics. The discussion places SP as a multi-scale active process governed by droplet dynamics, nucleation kinetics, substrate condition, and precursor chemistry, linking them to film quality and photocathode performance.

3.1 Mechanistic Landscape: DTP ↔ GTP Continuum

Recent simulation and experimental research describes spray pyrolysis thin-film deposition as a continuum in-between the gas-to-particle (GTP) and droplet-to-particle (DTP) regimes rather than as separate modes. Population-balance and CFD-coupled models confirm that the time scales of droplet evaporation depend on the initial droplet diameter (∝𝑑₀²). Therefore, ultrasonic atomizers with droplets in ≲1–15 µm facilitate in-flight evaporation at high velocities and are conducive to GTP-mediated growth, while pneumatic atomizers with larger droplets are conducive to DTP due to their slower evaporation [21 – 23].

High-fidelity Euler–Lagrange simulations further clarify that turbulence-induced clustering prolongs local vaporization times, producing incomplete drying and propelling the system toward DTP unless mitigated by substrate heating or preheating of the carrier gas. Bhattacharjee and Gnanaskandan [24], demonstrated that the classical 𝑑²-law overestimates evaporation rates in chemically reacting multicomponent sprays; a highly relevant situation for Cd/Te precursor chemistries where decomposition of the solvent, release of the ligands, and gas-phase reactions complicate the kinetics.

The transition between DTP and GTP regimes is strongly influenced by droplet size, evaporation dynamics, and substrate heating (See Figure 2). This mechanistic balance dictates CdTe film morphology, density, and defect concentration, ultimately determining photocathode efficiency.

Table 1. Quantitative comparison between DTP- and GTP-dominant regimes in CdTe spray pyrolysis.

	Parameter
	DTP-dominant regime
	GTP-dominant regime

	Droplet size (µm)
	>20–30 µm (pneumatic atomizers)
	<1–15 µm (ultrasonic atomizers)

	Evaporation timescale (ms)
	Longer, incomplete drying
	Shorter, complete vaporization

	Substrate temperature (°C)
	<300–350 °C
	>350–400 °C

	Film morphology
	Porous, particle-rich
	Dense, continuous

	Device implication
	High defect density, poor PEC/PV efficiency
	Compact grains, high efficiency absorbers
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Figure 2: Schematic Diagram of The Droplet-To-Particle (DTP) ↔ Gas-To-Particle (GTP) Continuum in Spray Pyrolysis for CdTe Thin Films.


3.2 Substrate Temperature & Post-Annealing: Crystallinity and Phase Purity

Substrate temperature and post-annealing are two key factors that control the microstructure, crystallinity, and optical purity of CdTe thin films. CdTe-specific studies show that substrate temperatures of 300–400 °C and annealing at the range of 300–450 °C (573–723 K) can be reproducible in enhancing phase purity and grain growth. Mishaal and Mustafa [25], reported that CdTe films deposited at 350 °C and then annealed contained lower micro strain, more intense peaks in XRD, and improved densification in the films. Similarly, Shaikh et al. [26], observed improved optoelectronic properties as increasing deposition temperature and annealing were employed. These results agree with photovoltaic (PV) process recommendations by the National Renewable Energy Laboratory (NREL), where it emphasizes that small film morphology, high grains, and minimal defects must be attained in order to possess high-efficiency CdTe absorbers. In general terms, higher substrate temperatures shift the process towards GTP-preferred nucleation, enabling smoother films with improved phase control [27, 28]. This structural improvement directly translates to device-level performance: photovoltaic cells fabricated from CdTe films grown at ≥350 °C and properly annealed typically report power conversion efficiencies (PCEs) in the 12–15% range, whereas suboptimal low-temperature films rarely exceed 8–10% due to higher defect-mediated recombination [25–28].

3.3 Atomizer and Carrier-Gas Optimization for Film Uniformity

Uniform CdTe film deposition depends significantly on atomizer performance and carrier-gas flow dynamics. Ultrasonic spray pyrolysis (USP) has been found to generate a more compact droplet size distribution, which minimizes splashing and promotes homogeneous layer development. Sydorenko et al. [29], demonstrated that optimally optimized USP parameters i.e., MHz-level ultrasonic frequency, optimally controlled carrier-gas flow rates, and optimally controlled nozzle-to-substrate distances; effectively suppress satellite droplets and wet deposition footprints, which are conventionally associated with DTP-driven porosity. Recently, open-source predictive models like Particle-Droplet-PBS have made it possible to pre-calculate droplet size distribution, residence times, and Sauter mean diameters to achieve target GTP-dominant growth [30, 31]. These modeling tools are directly equivalent to nozzle design and thermal parameters and thin-film uniformity, thereby opening up experimental pathways to tailor CdTe deposition to denser, smoother morphologies.

3.4 Precursor Chemistry and Concentration: Nucleation Control

Precursor structure strongly controls CdTe nucleation kinetics, stoichiometry, and defect density in thin films. The work on spray pyrolysis of chalcogenide semiconductors shows that lower solute molarity and use of volatile, cleanly decomposing ligands slow supersaturation in-droplet, directing nucleation into the gas phase and favoring GTP mechanisms [23]. Kachhia et al. [32], depicted how the selection of ligand and solvent chemistry in Cd-substituted kesterites have a drastic impact on grain size, defect passivation, and secondary-phase formation—translatable results directly to CdTe systems. Thus, careful precursor engineering coupled with thermal optimisation is an appealing pathway towards controlling crystallisation pathways and film stoichiometry. At the device scale, optimized precursor chemistries that promote stoichiometric Cd/Te balance have enabled PEC photocathodes to reach higher onset potentials (>0.6 V_RHE) and improved stability under illumination, while poorly tuned precursors result in deep-level traps that limit both photocurrent density and PV efficiency [23, 32].

3.5 Implications of Photocathode Performance

New photoelectrochemical (PEC) CdTe photocathodes fabricated by high-performance non-SP processes, such as CdTe/CdS/TiO₂/Ni heterojunction stacks, have achieved onset potentials of close to +0.7 V_RHE and photocurrents of over mA cm⁻² levels under AM 1.5 G irradiation [33]. For achieving comparable performance in spray-pyrolyzed CdTe films, the deposition process needs to produce dense, large-grain, defect-reduced absorbers. This requires SP condition adjustment towards GTP-lean growth regimes to obtain compact films of high optoelectronic quality for integration into photocathode structures.

Table 2. Comparison of CdTe film quality and device performance between spray pyrolysis and alternative fabrication routes.

	Deposition Method
	Typical Substrate Temp (°C)
	Grain Size
	Film Quality
	Reported PV/PEC Performance

	Spray Pyrolysis (SP)
	300–450
	Small to large (tuned)
	Moderate to high, depends on DTP vs GTP
	PV: 10–14% PCE (optimized); PEC: onset >0.5 V_RHE

	Close-Spaced Sublimation (CSS)
	500–600
	Large, compact
	High crystallinity, industrial standard
	PV: >18% PCE (record devices)

	Electrodeposition
	<200 + annealing
	Small (annealed to larger)
	Moderate, stoichiometry issues common
	PV: ~8–12% PCE

	Chemical Bath Deposition (CBD)
	70–90 + annealing
	Fine-grained
	Poor crystallinity before annealing
	PV: typically <10% PCE



3.6 Process Window for High-Quality CdTe through SP

Synthesizing the above insights, the production of high-efficiency CdTe films by spray pyrolysis (SP) requires a precise balance between atomization dynamics, thermal budgets, precursor formulation, and droplet drying kinetics that must be properly optimized. Studies have indicated that employment of ultrasonic atomizers with the capability to produce fine droplets (≤10 µm) greatly supports GTP-dominant growth through promoting rapid in-flight evaporation before the collision of the droplets on the substrate. Similarly, preheating the carrier gas supports solvent expulsion, promotes symmetric vapor-phase nucleation, and lowers wet deposition footprints, supporting greater homogeneity of the film. Optimal substrate temperatures of 350–400°C provide sufficient adatom mobility for ordering into crystals and defect elimination; when lower deposition temperatures are utilized, however, post-deposition annealing, ideally thermal control, is essential in enabling grain coalescence as well as increasing phase purity.

Precursor solution chemistry also plays a critical role in defining nucleation processes. Lower precursor concentrations and the use of volatile ligands inhibit DTP-dominant processes, resulting in smoother and more dense films with fewer voids and defects. Finally, the correct optimization of the nozzle–substrate standoff distance enables sufficient residence time for complete in-flight evaporation of solvents and hence compact morphologies that are advantageous to high-performance devices. By contrast, conditions involving high pneumatic droplets, high precursor concentrations, or improper standoff distances encourage the process to turn DTP-driven and result in rough, porous, and non-uniform CdTe films of poorer optoelectronic quality.

An integrated synergism of high droplet atomization fines, substrate heat regulation, best precursor chemistry, and carrier-gas dynamics control defines the optimum process window for high-quality CdTe thin films, as depicted in Figure 3. These integrated conditions achieve maximum crystallinity, minimize defects, and enhance optoelectronic properties essential to high-performance photocathodes.
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Figure 3: Optimized Spray Pyrolysis Process Window for High-Quality CdTe Thin Films.

This diagram illustrates how droplet size, substrate temperature, precursor concentration, and carrier-gas flow all interact to influence film morphology and photocathode operation.

3.7 Future Perspectives: Integrating In Situ Diagnostics and Modeling

New approaches now combine in situ diagnostics in real time like high-speed droplet imaging, IR thermography, and laser spectroscopy with advanced population-balance modeling and Euler–Lagrange simulations. These combined frameworks allow for closed-loop control of the DTP–GTP transition and enable precise prediction of grain evolution and morphology. Open-source PBS tool chains and validated spray-drying solvers are now accessible to design open routes to design reactors in order to make reproducible, large-area, and high-performance CdTe films. Computational and experimental techniques will be center-stage of process parameter optimization and next-generation CdTe-based photovoltaic and photoelectrochemical devices with increased modeling accuracy and advanced in situ monitoring.

4. CONCLUSION

Spray pyrolysis (SP) is still a cost-efficient and versatile method for the fabrication of high-quality CdTe thin films, and optimization of the process is key to realizing device-grade material properties. The reviews indicate that film growth lies along a continuum from droplet-to-particle (DTP) to gas-to-particle (GTP) regimes in which film morphology and optoelectronic performance are controlled by droplet size, evaporation dynamics, substrate temperature, and precursor chemistry. Indeed, Optimal CdTe film quality can only be achieved through conditions that promote GTP-driven growth, which uniformly produces dense, uniform, and defect-reduced films, whereas porous and low-performance structures are commonly obtained under DTP-dominated conditions. The future should involve the synthesis of multiphysics modeling, in-situ diagnostics, and machine-learning-driven optimization to be able to accurately predict process–structure–property relationships to enable the large-scale production of high-efficiency CdTe thin films for the next-generation photovoltaic and photoelectrochemical applications.
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