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Abstract: In this review, several cost-effective thin-film coating methods which include dip-coating, 

spin-coating, spray-coating, blade-coating, and roll-coating are presented. Each method has its set 

of advantages and disadvantages depending on the type of application. Not all of them are appro-

priate for large-scale production due to their certain limitations. That is why the coating method 

should be selected based on the type and size of substrate including the resolution of the required 

thin-films. The sol-gel method offers several benefits, such as simplicity in fabrication, excellent film 

uniformity, the capacity to cover surfaces of any size and over vast areas, and a low processing 

temperature. Nevertheless, these coating methods are somewhat economical and well managed in 

low-budget laboratories. Moreover, the produced thin-films are homogeneous and have low-sur-

face roughness. Furthermore, some other thin-film deposition methods such as physical vapor dep-

osition (PVD) and chemical vapor deposition (CVD) are also discussed. Since CVD is not restricted 

to line-of-sight deposition, a characteristic shared by sputtering, evaporation, and other PVD pro-

cesses, many manufacturing methods favor it. However, these techniques require sophisticated 

equipment and cleanroom facility. We aim to provide the pros and cons of thin-film coating meth-

ods and let the readers decide the suitable technique for their specific application.   

 

Keywords: Dip-coating; spin-coating; roll-coating; blade-coating; spray-coating; physical vapor 

deposition; chemical vapor deposition; flame hydrolysis deposition; sputtering.  

 

1. Introduction 

The coating is the way of incorporating a thin coating of material to a substrate by 

deposition in either the liquid phase (solution) or the solid phase (powder or nanoparti-

cles) [1]. The use of coating strategies may be tailored to meet production requirements 

for coated layer thickness, coated surface roughness, rate, and coating product size, which 

can be defined by coating velocity, coated film width, and patterning capabilities [2]. The 

coating operation may be carried out at air pressure and low vacuum conditions. It is 

categorized according to the solubility of the coating components used. In solution coat-

ing, a binder and target material are dissolved in a solution that may coat the substrate 

directly, and the solution then evaporates from the resultant wet film to produce a dry 

film. As opposed to this, vacuum deposition techniques including chemical vapor depo-

sition (CVD) [3], physical vapor deposition (PVD) [4], atomic layer deposition (ALD) [5], 

plasma [6], flame hydrolysis deposition (FHD) [7, 8], and sputtering [9] are mostly used 

to produce thin, uniform metallic layers that are utilized to transfer heat or electricity un-

der low- or high-vacuum conditions. The guiding layer must have a higher refractive in-

dex than the substrate and cladding to effectively confine light [10, 11]. Consequently, 

thin-film deposition and local bulk material manipulation are the two major methods that 

may be used to execute the guiding layer. The thin-layer deposition method includes pro-

cedures such as RF-sputtering and magnetron sputtering, CVD, plasma-enhanced CVD, 

FHD, spray pyrolysis deposition, pulsed laser deposition, spin-coating, spray-coating, 

and sol-gel coating. The direct inscription of a channel WG in the substrate using an fs-
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laser is an alternative to performing local modifications of the bulk material via ion ex-

change, ion implantation, or UV radiation.  

Using the roll-coating process, a surface is coated with a tiny, micro nanoscale layer 

of liquid that has been recirculated across a sheet or web. The major goal of the thin layer 

coating is to increase the surface's effectiveness, service life, and quality. The coating is 

widely employed at the industrial level due to its useful benefits and applicability. The 

manufacturing of paper, paperboard, cellulose thin films, plastic coatings, fibrous fabric 

sheets, metallic foils, etc. are only a few of the processes in which it is primarily utilized. 

Most of the chemicals employed in the roll-coating procedure are non-Newtonian fluids 

that behave in either a viscoelastic or pseudoelastic manner [12, 13].  

Due to its effective material utilization and direct and accurate patterning with a res-

olution of 20-30 mm, in contrast to spin-coating as well as other traditional processes, ink-

jet printing techniques have drawn interest as a potentially cost-effective way for fabricat-

ing Perovskite solar cells (PSCs) [14, 15]. Regrettably, because of its complexity and poor 

volume output, ink-jet printing cannot be easily adapted to mass production [16]. With no 

restrictions on substrate size and minimal polymer use, spray-coating techniques offer a 

promising future for large-scale manufacturing [17]. They are expected to replace spin-

coating methods, the industry standard. The ability to access a wide range of fluids with 

different rheology makes it possible to produce completely spray-coated PSC devices. 

However, the use of spray coating in the manufacture of PSC is constrained by a major 

problem: a thicker and more uneven layer [18]. Therefore, most current research focuses 

on improving the morphology of an active layer employing high boiling point solvents 

[19], additives, solvent combinations, post thermal annealing, and other spray coating 

techniques [19]. 

Spin-coating is a rapid and popular method for depositing thin films on substrates, 

and its main benefit is that it is simple to create extremely uniform films. When a solution 

of a particular substance is spun at a fast speed, the centripetal force and the liquid's sur-

face tension work together to cover the substrate uniformly. Spin-coating produces a thin 

film with a thickness of a few nanometers to a few microns after the surplus solvent is 

removed. Small substrates that range in size from a few millimeters square to a meter or 

more in diameter are coated using the spin-coating process. The convenience and relative 

ease of setting up the process, together with the thinness and homogeneity, are the main 

benefits of the spin-coating approach. 

The dip-coating technique is a quick, easy, affordable, and high-quality coating 

method utilized in both industrial and lab applications [20]. The dip-coating method is 

frequently used for optical coatings, including large-area antireflective coating for sun 

control glasses and the manufacture of vehicle rear mirrors. In the dip-coating procedure, 

a substrate is submerged in a solution of coating components before the solution is 

drained away. The procedure may be described as the solution-based deposition of an 

aqueous-based liquid phase onto a substrate's surface. The requisite material is typically 

dissolved in solutions and directly applied to the substrate surface. There are several com-

plicated chemical and physical variables used in the dip-coating process. The duration of 

immersion, speed of withdrawal, dip-coating cycles, density and viscosity, surface ten-

sion, substrate surface, and coating solution evaporation factors all affect the thickness 

and shape of the film. 

The paper is arranged subsequently: Section 2 presents the basic mechanism and the 

recent advancements in the dip-coating method. It is one of the easiest and most common 

methods for producing thin films from a wide range of inorganic, hybrid, and nanocom-

posite materials. In the spin-coating method, a tiny drop of coating material is put into the 

substrate's center before the substrate is rotated at a regulated high speed. The size of the 

substrate is one of the key drawbacks of spin-coating. High-speed spinning is more chal-

lenging as the size goes up since film thinning gets more challenging. The working mech-

anism and recent progress in this technology are presented in Section 3. Roll-coating is a 

pre-metered coating that applies coating liquid to a substrate using a succession of rollers. 

The amount of coating material provided to the substrate is practically independent of the 
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characteristics and structures of the fabric because a metered layer of the coating liquid is 

first generated on the roller surface before it is transferred to the substrate as discussed in 

Section 4. Section 5 presents the traditional spray-coating method that is still the most 

often reported due to its low cost and lack of specialized equipment, though. Some equip-

ment is connected to compressors for photocatalytic coating so that the solution exists at 

the desired speed and pressure. Like the dip-coating technique, the solution must be cor-

rectly prepared before being loaded into the spray. Blade coating offers the benefit of 

large-area homogeneity, little material waste, interlayer dissolution prevention, compati-

bility with roll-to-roll manufacturing, and more efficient use of active material while still 

allowing for the preparation of well-defined films as discussed in Section 6. Moreover, 

there are several other noteworthy physical and chemical deposition methods available 

and being widely used in research and industry such as physical vapor deposition (PVD) 

and chemical vapor deposition (CVD) are also discussed in Section 7. And the paper ends 

with a fine discussion and the author’s opinion on coating methods in Section 8. For quick 

navigation of the paper content, the graphical illustration is given in Figure 1.  

 
Figure 1. Graphical illustration of the optical thin-films coating methods discussed in this re-

view.  

 

2. Dip-coating 

One of the easiest and most common methods for producing thin films from a wide 

range of inorganic, hybrid, and nanocomposite materials is the sol-gel method [21, 22, 23]. 

Considering that it provides for coating a broad range of substrates and complicated ge-

ometries, including substrates with holes or intricate patterns, it provides for a high de-

gree of control over the crucial parameters and offers flexibility that cannot be achieved 

with other traditional processes. There are several ways for wet thin-film coating, namely 

dip-coating [24, 25], spin-coating [26], spray coating [27], and flow coating [28], among 

others. Fundamentally, the substrate to be coated is submerged in the initial solution and 

then pulled out at a consistent withdrawal speed during the process, which is carried out 

under well-controlled temperature and air conditions. A fine-tuning of the film proper-

ties, including thickness, optical constants, and interior structure, is made feasible by pre-

cisely controlling the withdrawal speed and the evaporation circumstances. The solution 

uniformly spreads out along the surface of the substrate because of the combined effects 

of viscous drag and capillarity action. Evaporation takes place at the process' last stage, 

resulting in the gelation of the film. The coated substrates often get a post-heat treatment, 

which affects the properties of the films [29]. The dip-coating process is shown in Figure 

2.  

The effectiveness of the dip-coating process can be directly impacted by several fac-

tors, such as pH and solution concentration, by changing, for example, its viscosity. How-

ever, as contemporary studies employ coating procedures that have already been docu-

mented in earlier works, most authors don't talk much about pH and solution viscosity. 
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Fewer repetitions of the dip-coating process are required to produce a certain thickness or 

amount of deposited mass when using more viscous solutions since they lead to greater 

agglomeration and thicker layers of coating [30]. However, the resultant coating could 

potentially break and clump particles in undesirable places. To get past these issues, the 

dip-coating technique can provide a more homogenous coating by using a less viscous 

solution in combination with multiple repeats. The structure's rate of immersion in the 

solution is yet another factor that might affect the coating's features [31]; a high rate of 

immersion, for example, may produce thicker layers because the solution's viscous forces 

are increased, causing greater accumulation on the structure's surface [32]. 

 
Figure 2. Sequential stages of the sol-gel dip-coating method for thin film deposition: Stage 1- the 

substrate is dipped and immersed in the sol precursor, Stage 2- the substrate is withdrawn at a 

steady rate, Stage 3- Solvent evaporation produces the gelation of the layer.  

 

For thin-film coating techniques to be employed successfully in integrated optics, the 

film thickness must be completely under control. Because of this, thickness control is im-

portant for all thin-film development methods, including sol-gel. It has been reported that 

the coating speed, angle of inclination, and sol concentration have a major role in deter-

mining the ultimate thickness [33, 34, 35]. In addition, the ultimate heat-treated thickness 

can also be influenced by the sol viscosity, density, and liquid-vapor surface tension [36]. 

In [37] it is stated that a cleanroom atmosphere is required for the coating procedure to 

produce sol-gel thin films with great optical quality. To produce organic dye-doped thin 

films with tailored porosity for use in chemical sensing and optoelectronics, a three-step 

sol-gel procedure was developed [38]. Additionally, ceramic films generated from sol-gel 

are also presented in [21]. Here are some further important papers on the sol-gel technique 

[39, 40, 41, 42, 43, 44, 45, 46, 47, 48]. 

Silica, titania, and silica-titania materials produced by the sol-gel technique have all 

undergone extensive research due to their potential optical uses [49, 50, 51, 52, 53, 54]. The 

early part of the 1980s saw the beginning of their use in the production of silica-titania 

WG films. The first individuals to do so were Herrmann and Wildman. However, they 

used MERCK's [50] commercially available liquid-coat solutions rather than synthetic 

sols. The research team led by W. Lukosz produced planar evanescent WG chemical/bio-

chemical sensors utilizing these WG films, which were coated on glass substrates using 

the dip-coating technique and had refractive n=1.8 at λ=612.5 μm [51, 55, 52, 53]. These 

films have optical losses of 2.5 dB/cm for λ=632.8 μm [55]. Spin-coating was used by Jiwei 

et al. to fabricate SiO2-TiO2 WG films that were then coated on SiO2/Si (111) substrates [54]. 

The greatest refractive index of the films was n=1.87 at λ= 632.8 μm, yet they had very 

significant optical losses of 7.4 dB/cm. It should be noted that 750 OC annealing tempera-

tures were used to generate such a high refractive index value. The phase change from 
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anatase to rutile is expected to occur at such high temperatures, making WG films much 

lossy. There are also other studies [56, 57, 58, 59] reporting the creation and characteriza-

tion of composite SiO2-TiO2 films, although their waveguiding characteristics were not 

studied. 

If the titania concentration is greater than 20% wt, the sol-gel-based manufacturing 

process of SiO2-TiO2 is quite challenging. This is due to titania's great propensity to crys-

tallize and produce distinct phases. As a result, manufactured films exhibit large optical 

losses and are not amorphous [60]. Another issue that causes optical losses to increase 

over time is long-term stability [61]. These challenges were overcome by Karasinski et al. 

by creating SiO2-TiO2 WG films with a 50% weight TiO2 content that are low-loss and long-

term stable [62]. Using the dip-coating process on BK7 glass substrates, silica-titanium WG 

layers with a SiO2-TiO2=1:1 molar ratio were created, which were subsequently heated to 

500 oC. The primary chemical precursors for silica SiO2 and titania TiO2 are tetraethyl or-

thosilicate Si (OC2H5)4 (TEOS) and tetraethyl orthotitanate Ti (OC2H5)4 (TET), respectively. 

Water, ethanol, and hydrochloric acid (HCl), which catalyzes the processes of condensa-

tion and hydrolysis, are the additional substances used in the procedure. 

Nanoimprint lithography (NIL) is used to construct a Bragg grating (BG) device in a 

sol-gel silica WG for bio-photonic applications [63]. A reasonably wide area in the range 

of several micrometers with a resolution in the order of several nanometers is achieved by 

the procedure, which also achieves non-standardized lithography in sol-gel silica at a high 

resolution. In a sol-gel silica optical WG, structures with 250 and 90 nm resolutions were 

shown for a sizable area that has not yet been tuned. For a 1 mm long region, a 250 nm 

periodic structure BG is produced. Two sol-gel silica BG structures, one measuring 250 

nm broad and the other 90 nm wide, were then photographed using SEM as shown in 

Figure 3 (a,b). The transmission and reflection spectrum of the BG structure is presented 

in Figure 3 (c) and Figure 3 (d), respectively. Based on the transmission and reflection 

spectra of laser light coupled into the WG at a wavelength of 1.55 µm, the efficiency of the 

grating structure in the WG was evaluated. The transmission and reflection spectra 

demonstrate that the WG grating was successfully constructed using the NIL procedure. 

 
Figure 3. Sol-gel silica BG, (a) SEM image of the large area of periodic structure [63], (b) 

Zoomed area of the periodic structure [63], (c) transmission spectrum of the BG structure 

[63], (d) reflection spectrum of the BG structure [63].  

3. Spin-coating 

Spin-coating is a common technique for producing uniform coatings of the necessary 

thickness; unfortunately, because spin-coating wastes resources at a rate of more than 

(a)
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(b)

(d)
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90%, materials prices increase as the film-coated area grows [64]. Since many years ago, 

thin films have been deposited via spin-coating. In this method, a tiny drop of coating 

material is put into the substrate's center before the substrate is rotated at a regulated high 

speed. The substrate spins during the spin-coating process around an axis that must be 

parallel to the region to be coated. Consequently, a thin coating film forms on the surface 

as the coating material distributes toward and finally moves away from the substrate's 

edge. The kind of coating (viscosity, drying rate, % solids, surface tension, etc.) and the 

spin processing conditions, such as rotation speed, will determine the final film thickness 

and other attributes. The stages of the spin-coating process are shown in Figure 4. The size 

of the substrate is one of the key drawbacks of spin-coating. High-speed spinning is more 

challenging as the size goes up since film thinning gets more challenging. There is practi-

cally limited material efficiency in spin-coating. In general, throughout the process, 95 to 

98 % of the material is thrown off and discarded, and only 2 to 5 % of the material is 

dispensed onto the substrate. 

 
Figure 4. Stages of spin-coating of thin-film on a substrate. 

To change the solid loading, viscosity, and volatility of the coating solution using this 

approach, several organic additives are frequently used. This technique is very well 

adapted to create an ultrathin film on different substrates. In 1958, Emslie and colleagues 

suggested the spin-coating process model forecast the film thickness as a function of spe-

cific physical parameters. The dip-coating parameters can be correlated using this 

method, though [65]. Huang and Chou further claimed, based on this function, that the 

solution's viscosity greatly depends on the shear rate because viscosity is linked to the 

shear stress. Theoretically, the shear forces caused by viscosity and solution spinning 

mostly influence the membrane thickness. A thinner, yet more homogeneous membrane 

would be produced by the spin-coating process' less viscous precursor solution [66]. Bur-

mann et al. showed that while the solvent evaporation effect is important when employ-

ing the spin-coating for membrane casting, the rotational duration had little impact on 

membrane thickness. Nevertheless, the quick solvent evaporation might result in mem-

branes that are unreliable and fragile [67]. Self-supporting ultrathin TiO2 films were dis-

closed by Hashizume and Kunitake using the spin-coating method [68]. The spin-coating 

method was used to create the ultrathin layer of polyvinyl alcohol (PVA), which was then 

coated with titanium tetrabutoxide. The self-supporting ultrathin PVA/titanium compo-

site film was eventually created by dissolving the soluble polymer. Spin-coating is fre-

quently employed in labs to create small-sized membranes, but the technique is not ap-

propriate for producing photocatalytic membranes on a large scale to be used in practical 

applications. 

Due to defects in the thin films that make up organic solar cells, they are typically not 

repeatable. Wet spun-on PEDOT:PSS films are subjected to an imposed ultrasonic sub-

strate vibration post-treatment to reduce the density of pinholes and defects in PE-

DOT:PSS, which is the hole transporting layer of a standard polymer solar cell, consisting 

of glass/ITO/PEDOT:PSS/P3HT:PCBM/Al, and to reduce scattering in device performance 

(SVPT) [69]. The forced vibration enhances the wet spun-on films' mixing and homogene-

ity, which in turn improves the nanostructure of the resulting thin solid films. The average 

power conversion efficiency of 14 identical cells rises by 25% when the SVPT, a mechani-

cal, one-step, and low-cost technique, is used, and the standard deviation drops by 22%, 

showing that the device's photovoltaic performance is greatly enhanced and becomes 

Depositing the solution Rotational spreading out Evaporation of solvent

Step 1 Step 3Step 2
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more consistent. This does away with various time-consuming, costly chemical and ther-

mal processes that are typically used to increase cell repeatability [69]. The schematic of 

the whole device and a cross section of a cell that was photographed using a SEM are 

shown in Figure 5 (a,b). The cross-sectional SEM picture in Figure 5b shows that the PE-

DOT: PSS film has a thickness of roughly 40 nm when the spin rotation is adjusted to 5000 

rpm. It is calculated that the PEDOT: PSS film thickness produced at 3000 and 4000 rpm 

is 52 and 45 nm, respectively. The film was dried at 120°C for 30 minutes after the PEDOT: 

PSS solution was deposited, whether with or without ultrasonic vibrations [69]. 

 
Figure 5. Graphical illustration of the solar cell [69], (b) SEM cross-sectional image of a cell [69].  

4. Roll-coating 

Roll-coating is a pre-metered coating that applies coating liquid to a substrate using 

a succession of rollers. The amount of coating material provided to the substrate is prac-

tically independent of the characteristics and structures of the fabric because a metered 

layer of the coating liquid is first generated on the roller surface before it is transferred to 

the substrate. Precise control is achievable and is mainly governed by the rheology of the 

fluid and the relative speed of two spinning surfaces. A single revolving roller is used in 

the most basic roll-coating setup. The roller's upper portion is in touch with the substrate, 

while its lower half is submerged in a coating liquid bath. A portion of the liquid film 

formed by the coating liquid on the roller surface is transferred from the roller surface to 

a substrate as the roller rotates. Hydrodynamics controls the quantity of coating that is 

applied to the substrate. The elements affecting coating thickness include substrate speed, 

roller rotation speed, and rheological characteristics of the coating fluid. One roller serves 

as both metering and an application device in this configuration. By adding additional 

rollers, more accurate control is made possible. 

A metering roller, an applicator roller, and a backup roller are all used in a three-roll 

coating. Nip feed coating and L-head coating are typical three-roll arrangements. In three-

roll nip feed coating, the nip created by a metering roller and an applicator roller serves 

as a reservoir and is inundated with coating liquid. The metering roller rotates in the op-

posite direction to the applicator roller and measures the amount of coating liquid trans-

ferred to the substrate once the applicator roller picks up the coating liquid from the nip. 

Any coating liquid that remains on the metering roller surface after the coating liquid 

passes from the metering roller to the applicator roller is cleaned with a doctor blade to 

prevent coating defects like streaks or rough film. A backup roller supports the film as it 

is deposited onto the substrate surface from the applicator roller. Although this design 

only requires a little amount of coating fluid, it tends to leak. When coating liquid has a 

low viscosity, it might be difficult. A liquid film is created on the applicator/dipping roller 

revolving through the coating liquid in a three-roll pan feed or L-head coating, metered 

by a metering roller, and coated on the substrate fabric on a backup roller as shown in 

Figure 6.  

(a) (b)
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Figure 6. Roll-coating set-up. 

 

A fourth roller—a pick-up roller operating at a slower speed—can be installed to 

boost coating speed. This method is known as a four-roll pan-fed coating system. Since 

the applicator and metering rollers rotate in opposite directions, the configurations in Fig-

ure are referred to as reverse metering. Forward metering is the term used when they both 

rotate in the same direction. Forward roll metering usually produces unstable, non-uni-

form films, whereas reverse metering generates smoother, more stable films. As a result, 

reverse roll coating is increasingly frequently employed. Hot melts, solvent-based coat-

ings, and water-based solutions can all be used for roller coating. Hot melt roller coating 

involves melting solid pellets between hot melt rollers, creating a melt film, then deposit-

ing the melt film on a substrate. Typically, hot melt is applied after preheating the sub-

strate. 

Under the presumption of a small roll curvature, Greener and Middleman did the 

theoretical study on roll-coating and examined the scenario where the roll and sheet are 

moving at the same speed [12]. They were able to determine the precise equation for film 

thickness and pressure distribution for a Newtonian fluid under the approximation of 

lubrication. They quantitatively calculated film thickness, pressure, and roll-separating 

force for viscoelastic and power-law fluids as well. The overall Navier-Stokes equations 

were solved by the finite element method by Coyle et al. [70]. They then examined the 

approximated lubrication model's findings and concluded that it was effective only for 

systems with large capillary numbers and low surface tension. Hintermaier and White 

used a lubricating scheme to study the flow of water between two rollers, and their calcu-

lated techniques closely matched their reported performance [71]. The coating fluxes for 

several non-Newtonian fluid models were both theoretically and empirically investigated 

by Benkreira et al. [72, 73, 74, 75]. Sofou and Missoula used the power lubrication theory, 

Bingham plastics, and Hershel-Bulkley models to examine the roll-over-web coating flow 

computationally [76].  

Utilizing a third-grade fluid lubrication approximation, Zahid et al. examined the roll 

coating process and numerically evaluated all the crucial characteristics. By assuming that 

both the roller and the sheet are porous [77].  They also theoretically explored the second-

grade fluid roll coating method [78]. It is expected that the pace at which fluid enters the 

roller surface will be the same as the rate at which fluid exits the web surface. With the 

support of the lubrication approximation theory, Ali et al. investigated the web-coating 

method for a pair stress fluid [79]. They also evaluated the pressure gradient, pressure, 

velocity, roll-separating force, power input, and other crucial parameters. By bringing the 

pair stress constant to infinity, the findings were compared to those from the Newtonian 
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fluid. To conduct an experimental investigation of the forward and reverse roll-coating 

processes in meniscus fluid mechanics, Gaskell et al. adopted an optical sectioning tech-

nique [80]. To determine key parameters such as intake flow rate, film thickness, meniscus 

position, and pressure field, several tests were carried out. Nevertheless, the optimal ho-

motopy asymptotic method (OHAM) was not used to assess the impacts of pair stresses 

generated during the roll-over-web operation. A semi-analytical approximation method 

for solving non-linear problems is the OHAM [81]. In contrast to other methods of pertur-

bation, this methodology is independent of any big or small factors and offers a suitable 

way to manage the convergence of the approximation solution and, if necessary, modify 

the convergence zones. 

5. Spray-coating 

Considering the abundance of paints and varnishes included in spray devices that 

can be purchased in stores all over the world, the spray-coating technique may be one of 

the most useful for covering surfaces. It might be difficult, though, to find a sprayer and 

coating solution that work well together. There are also other variants of this procedure, 

including spray-coating with plasma [82], thermal spray [83], and powder [84], among 

others. The traditional spray-coating method is still the most often reported due to its low 

cost and lack of specialized equipment, though. Some equipment is connected to com-

pressors for photocatalytic coating so that the solution exits at the desired speed and pres-

sure [85]. Similar to the dip-coating technique, the solution must be correctly prepared 

before being loaded into the spray. The precursor solution employed by Montecchio et al. 

contained merely commercial TiO2 and ethanol at a ratio of 1:20 by mass, respectively, and 

produced promising benefits after being applied to both steel and ceramic plates on sev-

eral occasions [86]. Following the structure's preparation or pretreatment, the coating is 

carried out using a spray, and the material is then allowed to dry at a specified tempera-

ture and time. To get the appropriate thickness or catalyst mass, the technique can be done 

numerous times. Figure 7 is a schematic illustration of the spray-coating method. Zinc 

acetate dihydrate and methanol were used in an ultrasonic spray pyrolysis process by 

Bousmaha et al. to coat ZnO in a glass tube [87]. The methylene blue dye completely de-

graded during photocatalytic experiments, and the scientists claim that this method is the 

best for creating thin layers on flat surfaces like glass. 

 
Figure 7. Spray coating process.  

 

A fine aerosol is created by forcing printing ink through a nozzle during the spray-

painting process. PSC’s typical performance in a spray coating method is constrained by 

issues including isolated droplets, a non-uniform surface, and pinholes. The distance be-

tween the sample and the airbrush, the flow rate, the pressure, the substrate temperature, 

the concentration of the blend solution, the duration of the spray, the cosolvent mixture, 

and the number of times the substrate is sprayed are just a few of the process variables for 

spray coating that have been extensively studied. 

Surface 

preparation

Spray

Step I Step IIIStep II

Movement
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With a cell size of 2.5 cm2, the greatest PCE observed is 4.1 percent. The polymer 

active layer was prepared using mixed solvents, and the substrate was also heated to 40 
oC. It has been shown that decreasing PCE results in scaling up the cell area [88]. Accord-

ing to research by Park et al. [89] and Kang et al. [17], the PCE of the devices decreased as 

the cell area increased. The high sheet resistance of the transparent electrode and the chal-

lenging tuning of the large-area deposition process are to blame for this. 

In studies on photoelectric devices, the ultrasonic spray coating process (USCP) has 

proven appealing due to its high material efficiency, cheap manufacturing costs, and suit-

ability to simplify production. Surface tension in the solvent, though, continues to be a 

major barrier to USCP's ability to produce a smooth organic layer for OLEDs. By integrat-

ing an extra-low surface tension diluent and a surface tension control mechanism, a high-

quality polymer anode buffer layer and tiny molecule emission layer are effectively 

achieved by USCP [90]. Poly (3,4-ethylene dioxythiophene) polystyrene sulfonate (PE-

DOT: PSS) films benefit from the addition of low surface tension methyl alcohol because 

it causes clear phase separation and increases conductivity. Additionally, a surface tension 

control technique is provided to remove the influence of surface tension during the sol-

vent evaporation stage of ultrasonic spray coating the film. 

A two-step sequential deposition method is used to construct methylammonium lead 

iodide perovskite solar cells using simple coating processes like spray coating and drop-

casting [91]. In the first stage, spray coating replaces the often-used lab-scale spin-coating 

for the deposition of the lead iodide, while the operating parameters of the former process 

are improved to produce a completely coated and homogeneous sheet of lead iodide. In 

the second phase, the touch-free drop-casting and scalable pulsed-spray coating substi-

tute the dip-coating procedure to deposit methylammonium iodide on top of the lead io-

dide layer to create methylammonium lead iodide perovskite. It has been discovered that 

the efficiency of perovskite films and devices created using pulsed-spray coating and 

drop-casting is comparable to those created using dip-coating and that these methods, 

along with drop casting's low material requirements, have the potential to take the place 

of dip-coating in the production of perovskite solar cells on a large scale. Spray-drop and 

spin-drop processes were used to create the winning devices, which showed power con-

version efficiencies of 6.92 percent and 9.48 percent, respectively. Higher efficiencies are 

anticipated because of applying the improved characteristics and additional layers when 

fabricating devices in a low-humidity environment [91]. 

The typical constructed devices' SEM cross-sectional images without the rear contact 

are shown in Figures 8(a) and Figure 8(b). The photos demonstrate the formation of a 

thin, homogeneous layer of spun-on c-TiO2 that is less than 100 nm thick. When compared 

to perovskite films created with spin-drop coating, spray-drop films are thicker and less 

homogeneous. Figure 8(c) displays the characteristics of the current density and voltage. 

The array of spray-drop devices with a 9 mm2 cell size is seen in the inset image of Figure 

X(c) on a single substrate. Additionally, the average PCE from spin-drop cells (8.45%) is 

greater than the average for spray-drop cells (5.95 percent ). 
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Figure 8. SEM cross-sectional images of planar PVSCs made by (a) spin-drop, (b) spray-drop coating 

without a back contact [91]. (c) J-V curves, where the spin-drop and spray-drop coating processes 

are used to create the perovskite layer. The instrument constructed using the spray-drop approach 

is seen in the inset [91]. 

6. Blade-coating 

The production of each layer of the PSC using scalable coating technique and the 

development of high-performance devices across a vast area are two of the main obstacles 

to the effective commercialization of perovskite photovoltaics. The perovskite layer used 

in today's most effective PSCs is currently made via spin-coating and anti-solvent drip-

ping to produce dense, pinhole-free layers with good optoelectronic quality [92, 93, 94, 

95]. Due to the substantial solution waste generated by spin-coating—up to 90% of the 

dripping solution might be expelled during spinning [96]—it is not a cost-effective pro-

cess. Additionally, spin-coating does not produce films that are consistent from corner to 

corner, which emphasizes large-area substrates (>10 cm x 10 cm). In the end, spin-coating 

is not appropriate for continuous roll-to-roll (R2R) high throughput manufacturing oper-

ations and big area in-line processes. To scale up perovskite photovoltaics, it is desirable 

to create alternative scalable deposition techniques [97]. 

Uniform perovskite films may now be deposited on large-area surfaces using a vari-

ety of industrially scalable deposition techniques that are suitable for high throughput 

manufacturing. These scalable deposition techniques may often be separated into the so-

lution- and vapor-based processes. Blade-coating [98, 99], slot-die-coating [100], inkjet 

printing [101], and spray-coating [102] are examples of solution-based techniques that al-

low you to incorporate additives into the precursor solution to regulate film production 

and improve morphology. 

Blade coating offers the benefit of large-area homogeneity, little material waste, in-

terlayer dissolution prevention, compatibility with roll-to-roll manufacturing, and more 

efficient use of active material while still allowing for the preparation of well-defined films 

[103]. The blade coating method's quick-drying step avoids the traditional solvent anneal-

ing procedure from slowing down manufacturing throughput [104]. The schematic of the 

blade-coating method is shown in Figure 9. By altering the fabrication conditions, such as 

the solution concentration, the blade gap, and the blade coating speed in this process, the 

film thickness may be adjusted. Using blade coating techniques, PSC based on PBDTTT-

C-T: PCBM was demonstrated which performed well with the chlorine-free solvents tol-

uene and xylene [104]. The superior solubility of PBDTTTC-T in the chlorine-free solvents 

is the primary factor contributing to the increase in PSC performance. Additionally, the 

blade-coated film had smoother surfaces than spin-coated film, which somewhat raised 

the power conversion efficiency (PCE) of the blade coated PSC. 

(a)

(b)

(c)
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Figure 9. Blade coating setup.  

 

When P3HT: PCBM PSC was manufactured using several coating processes, includ-

ing spin-coating, blade coating, blade coating on a hotplate, as well as blade and spin-

coating, the same effect was seen [105]. Because the polymer chains are comparatively 

able to move freely in the absence of centrifugal force, the polymer films produced by 

blade coating with toluene, a chlorine-free solvent, were more structured than those pro-

duced by spin-coating. Therefore, it can be said that such approaches provide the neces-

sary ordered and interpenetrating morphology in polymer films without the requirement 

for any post-production treatment, such as solvent annealing and heat annealing.  
One of the main difficulties in producing highly efficient organic-inorganic PSCs is scaling 

them up. On large-area substrates, uniform perovskite films of good crystal quality have been 

sought after using a variety of scalable techniques, but each of these techniques has its constraints 

on the possibility of perovskite photovoltaics' effective commercialization. Here, a completely scal-

able hybrid approach is illustrated that combines vapor- and solution-based methods to produce 

homogeneous perovskite films of excellent quality on surfaces with vast surface areas [106]. This 

two-step procedure avoids the use of hazardous solvents and makes it simple to include passivation 

techniques and additives. This technology is used to manufacture PSCs that employ blade coating 

to deposit SnO2 electron transporting layers and Spiro-OMeTAD hole transporting layers in ambient 

air without the need for halogenated solvents. On substrates measuring 5 cm by 5 cm, the manufac-

tured PSCs attained an open-circuit voltage of up to 1.16 V and a power conversion efficiency of 

18.7% with good uniformity [106]. 

The concept for the scalable PVD/blade coating technique to create the perovskite layer is 

shown in Figure 10 (a) [106]. The three phases that make up this hybrid technique. The inorganic 

halide template is first consecutively formed by thermal evaporation on substrates coated in trans-

parent conducting oxide with an electron transporting layer (SnO2). The layers in this template are 

15 nm thick cesium iodide (CsI) on bottom of a 300 nm thick lead iodide (PbI2) layer. The second 

stage involves blade coating the inorganic halide template with the organic halide precursor solu-

tion, which is made up of formamidinium iodide (FAI), methylammonium bromide (MABr), and 

methylammonium chloride (MACl) mixed in isopropanol. To encourage crystal development, 

lessen grain boundaries, and produce a compact perovskite film with large grain size, thermal an-

nealing at 150 oC for 15 min in ambient air is done as the last step. SEM pictures of the film mor-

phology at each stage of the PVD/blade coating process are shown in Figures 10(b–g) [106]. 

Blade

Coating solution

Substrate
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Figure 10. Perovskite layers and structure following each phase of the hybrid PVD/blade coating 

technique [106]. (a) A flowchart showing the three stages involved in fabricating a PVD/blade coat-

ing. Following each phase of manufacturing, SEM top and cross-section view images are shown in 

(b) and (e) after evaporation, (c) and (f) after blade coating, and (d) and (g) after thermal annealing 

[106]. 

 

7. Other thin-film deposition methods 

Over the past 20 years, a variety of physical and chemical deposition techniques have 

been employed to produce nanostructured thin films [107, 108]. Both strategies provide 

certain advantages over more conventional methods and have a bright future in the dep-

osition process. New transparent materials must be deposited at low temperatures on con-

ducting and non-conductive substrates to use thin-film technology. 

Physical vapor deposition (PVD) techniques include thermal evaporation [109], elec-

tron beam [110], pulsed laser [111], molecular beam epitaxy [112], ion plating [113], and 

activated reactive evaporation [114]. The goal of this deposition technique is to transfer 

atoms from a source to a substrate such that independent film formation and growth may 

take place. There are several drawbacks, too, such as the requirement for a pricey vacuum 

environment and expensive instrumentation. The vaporization coating method known as 

PVD calls for an atomic-level material transfer. This vacuum-based process transfers va-

porized material from a source to a substrate, where it condenses after passing through a 

vacuum or low-pressure gas environment. 

The ability to rotate different source materials into the path of the electron, which 

prevents the vacuum from being disrupted, is one advantage of E-Beam Evaporation. E-

beam evaporation is widely used for optical thin-film applications, including laser optics, 

solar panels, eyeglasses, and architectural glass. A broad variety of materials are depos-

ited using this method. It provides the essential mechanical, electrical, and optical quali-

ties. E-beam evaporation offers a high material utilization efficacy compared to other PVD 

processes, reducing the cost of production. 

Chemical vapor deposition (CVD) is a kind of deposition that creates high-perfor-

mance solid materials, often in a vacuum. The nonvolatile solid thin films that are formed 

on substrates in this method are created by chemical reactions involving organometallic 

or halide chemicals and other gases. The primary distinction between this approach and 

PVD is the direction of material deposition on the substrate; PVD is a line-of-site impinge-

ment. To deposit materials in a variety of morphologies, including epitaxial, amorphous, 

monocrystalline, and polycrystalline, CVD is frequently employed in microfabrication 

techniques. Contrary to PVD, a solid coating is established on the surface of the substrate 

(a)

(b) (c) (d)

(e) (f) (g)
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because of a chemical interaction between a mixture of gases and the bulk surface of the 

material in CVD. This chemical reaction also allows for the chemical degradation of some 

of the gas's components. Additionally, numerous cutting-edge CVD systems and their al-

ternatives, such as plasma-enhanced CVD (PECVD) [115] and metal-organic CVD 

(MOCVD) [116], have been commercialized. This enables the structures and characteris-

tics of the resultant products to be modified. Typically, CVD does not need high-vacuum 

working settings, making it a popular technology for electronics, optoelectronics, and bi-

omedical applications. Numerous papers describe the deposition of high-quality wave-

guide films using CVD or its substitutes [117, 118, 119]. 

Research is being done on a technique called spray pyrolysis for producing thin and 

thick films, ceramic coatings, and powders [120]. It stands out as a highly straightforward 

and rather cost-effective processing approach, especially when it comes to equipment ex-

penses, compared to many other film deposition procedures. This technique involves 

spraying a solution onto a heated surface, where it reacts to generate a chemical com-

pound, depositing a thin coating [98]. Chemical reactants are designed so that at the dep-

osition temperature, products other than the necessary components are volatile. It offers 

an exceedingly straightforward method for creating films of any composition. This tech-

nique has been utilized by researchers to create premium thin films that may be used in a 

variety of optical components [121, 122, 123, 124]. 
 

8. Author’s opinion on coating methods and concluding remarks 

Along with the material to be utilized as a framework for photocatalysts, the coating 

technique must be appropriate and well-planned. Given the seriousness, thermal treat-

ments or methods of acidic solution deposition can destroy the material's structure. For 

instance, unlike glass and metals, polymers cannot resist high temperatures. As a result, 

the approach must be appropriate for specific applications. Dip-coating, spray-coating, 

electrolytic deposition, and thermal attack are the coating methods that have been utilized 

most often lately. Other methods including doctor blades, spin-coatings, and paint-based 

coatings have also been documented, albeit less often. It is also possible to find modifica-

tions of these methods, always attempting to adapt to the coating structure and material 

type deposition. 

In both industrial settings and research labs, spin-coating, dip-coating, and spray-

coating are particularly popular methods for depositing thin films. Due to its great repeat-

ability and adaptability across a broad viscosity range, spin-coating is one of the crucial 

routes for lab scale. It is a rapid and simple method to build homogenous film at a tiny 

scale, ranging in thickness from a few nanometers to a few micrometers. Due to its high 

material consumption and confinement to a broad region, it is not suited for industrial 

scale-up. Since dip-coating can easily and quickly deposit thin films over a broad area, it 

is frequently used for mirror coating and dye processing. The dip-coating method has the 

great ability to be able to coat structures with geometries that have concealed faces or tight 

corners, but there is a significant loss of precursor solution during the procedure because 

the container used must hold enough solution to surround the structure during immer-

sion. The main benefits are the ability to process a big area and the ability to adjust film 

thickness by withdrawal speed and solution viscosity. Large tanks and a lot of coating 

solutions are needed for dip-coating. Even though the solution has a lengthy deposition 

life (a few months), only approximately 20% of it can be utilized.  

The spray-coating method allows the flexibility to adjust the system to apply any sort 

of solution and achieve the appropriate film thickness. It has access to a wide range of 

fluids. It has a significant potential for mass manufacturing and is repeatable. The spray-

coating approach can be applied fast if it has appropriate spray apparatus, but it is not 

suitable for irregular geometries with concealed faces. Doctor blading is a method that 

works well for coatings that are applied on a wide scale. The method may also be used to 

make thicker films out of a viscous solution. It cannot provide homogeneity at the na-

noscale or the very thin sheets that spin-coating can. 
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