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Abstract 

An atmospheric pressure plasma-enhanced chemical vapor deposition process using a microwave 

plasma torch has been used for titania thin film synthesis. A dynamic deposition mode was set up to 

cover a square centimeter surface with a nanostructured TiO2 film. The process parameters were 

studied and optimized to control the coating crystallinity and morphology and limit the formation of 

powder in the plasma phase. Contrary to static deposition, the substrate movement promotes a film 

growth by particles agglomeration in the reference conditions, leading to a cauliflower-like 

morphology. Then, the precursor proportion in the plasma appears to be determinant in the TiO2 film 

microstructure. For a precursor flow rate beyond 0.2 slpm, the titania nanoparticles formation in the 

gas phase is promoted and the thin film is growing by particles agglomeration, leading to a columnar 

cauliflower-like morphology. At a flow rate of 0.2 slpm, the growth by surface reaction is promoted 

and the TiO2 film is columnar, where each column is an anatase crystal. After the optimization of the 

substrate holder movement, it was possible to deposit this last microstructure homogeneously on a 

square centimeter surface. 

1. Introduction  

Titanium dioxide TiO2 is nowadays a material of great interest. It might crystallize under different 

phases: (i) rutile which is thermodynamically stable, (ii) anatase and (iii) brookite both considered as 

metastable. The crystalline phase determines the final properties of the synthesized thin films. The 

high band gap of TiO2 makes it suitable for numerous applications using its photocatalytic activity for 

self-cleaning surfaces [1,2], water or air purification [3] and/or hydrogen production [4]. Titania is 

also used in photovoltaics to convert solar energy into electricity in dye-sensitized solar cells [5,6] or 

perovskite solar cells [7,8]. The transparency and the high refractive index of TiO2 can be profitable 

for anti-reflective coatings [9,10] or interference filters [11].  

The most studied routes to synthesize TiO2 thin films are sol-gel processes [12,13], reactive 

sputtering [14,15] and chemical vapor deposition (CVD) [16,17]. The latest is based on the 

decomposition of gaseous precursors to generate a chemical reaction heating the substrate. A 

plasma activation may also be used (plasma enhanced CVD – PECVD) to decrease the substrate 

temperature. Most of the time these processes are carried out at low pressure, usually around 0.01 

to 1 kPa, where the reactions are well-controlled, and the coating characteristics are well-known. 

Atmospheric pressure CVD processes (AP-PECVD) were investigated in the past few years to avoid 

expensive vacuum systems and increase process flexibility [18]. At atmospheric pressure, more 

collisions are generated between reactive species in the plasma phase. Before reaching the 

substrate, they can react and create clusters by homogeneous reactions. These powders are 

transported to the substrate and can interfere with the film growth and be embedded in the layer. 
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This phenomenon is amplified when pressure and/or plasma power are increased [19]. Atmospheric 

pressure also causes plasmas contraction, as flames for PECVD plasma torches. Two different zones 

are noticeable in these plasmas: (i) the central zone called the core, the most reactive area of the 

flame, and (ii) the peripheral zone called the plume. This plasma shape is defined by temperature and 

composition gradients from the plasma center to the plasma plume and thus leads to the deposition 

of localized coatings [20]. Thus, the substrate movement is necessary to achieve a larger uniform 

coating surface to investigate film properties. 

Few teams like Maurau et al. [21] and Boscher et al. [22] used a blown arc discharge to deposit 

titania moving the substrate in front of the plasma jet. The obtained columnar films had a cauliflower 

structure and were amorphous. Agglomerates formed in the plasma were also present and appeared 

to be partially crystallized under the anatase phase. Fakhouri et al. [23] elaborated ballistic columnar 

amorphous titania films with an open-air atmospheric pressure plasma jet (APPJ) moving on top of 

the substrate. A mixture of anatase and rutile was obtained after annealing, enhancing the films 

properties.  

This study deals with the deposition of a homogeneous titania film on a square centimeter surface. In 

a previous study [20] working parameters were defined for deposition with a microwave plasma 

torch in the static mode, where the substrate was stationary facing the plasma. In this work, the 

influence of the substrate holder movement (i.e., dynamic mode) on the microstructure and the 

crystallization of the TiO2 films were investigated, trying to limit cluster formation in the plasma 

phase. The process parameters were optimized and titania films were characterized. Dynamic and 

static growth mechanisms were compared to understand the formation of a few square centimeter 

surface coating, suitable for applications like photovoltaic cells. 

2. Experimental details  

2.1. Experimental setup 

The AP-PECVD system used in this study is an axial injection torch (TIA), represented on Fig. 1. 

Microwaves are provided by a SAIREM 1200 KED generator (2,45 GHz) and transported by a 

rectangular waveguide to supply the cylindrical outer conductor of the coaxial guide. The nozzle, with 

a 2 mm inner diameter, is placed on the top of the coaxial conductor in a large cylindrical open-air 

reactor. An exhaust device removes gas or particles produced during the deposition. The substrate 

holder faces the plasma jet and can be moved along the x and y-axis using a Labview® program. Its 

height can be changed manually. 

Argon (AirLiquide Alphagaz I, purity >99.999%) was used as plasma gas. Oxygen required to form 

titania films was provided by the ambient air, which was well incorporated into the discharge 

according to the previous optical emission spectroscopy studies [24,25]. The titanium 

tetraisopropoxide (TTIP), organometallic precursor (Alfa Aesar, Ti(OC3H7)4, purity >97%) was kept into 

a 300-mL container under argon atmosphere, heated at a constant temperature of 37°C. Argon gas 

bubbled into the container and went out saturated with TTIP into the stainless steel gas lines, 

maintained at a temperature of 70°C to avoid the precursor vapor condensation during the 

transport. The TTIP flow rate was fixed by the argon flowrate bubbling into the container. The plasma 

gas and the carrier gas were mixed in the lines and transported through the inner conductor of the 

coaxial line to reach the nozzle. Parts of (100) monocrystalline silicon wafers were used as substrates. 

They were cleaned before coating with an optical paper and ethanol. In this study, all the coatings 

were elaborated in dynamic mode, meaning that the substrate holder is moving during the 

deposition. 
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Fig. 1. Schematic representation of the AP-PECVD microwave plasma torch. 

2.2. Analytical methods  

First, the morphologies of the titania films were observed using a field emission scanning electron 

microscope (FESEM) Quanta 450 FEG FEI with an operating range of 15 kV. A 5-nm platinum coating 

covered the analyzed surfaces before observations. X-Ray diffraction (XRD) was used to determine 

the crystallinity of the films. The apparatus is a D8 Advance from Bruker, with a θ-2θ configuration 

using the Cu Kα filtered radiation (0.154 nm). The measurements were performed between 20° and 

60°, and the sample was spinning at 15 rpm. A high-resolution transmission electron microscope 

(HRTEM) JEOL 2100F with an operating voltage of 200 kV was used to complete the analysis. The 

samples were prepared by removing the coating from the silicon substrates with a stainless-steel tip. 

The fragments were mixed in water and deposited on a copper grid for observation. 

2.3. Optimization methodology for titania film deposition 

In the previous studies [20,24,26], the influence of the process parameters was investigated in static 

mode to control the thin film growth and to obtain a TiO2 columnar thin film composed of aligned 

monocrystals. It was shown that the microwave power permits to control the film densification and 

limit the homogeneous nucleation in the gas phase. These requirements can be achieved with a 

power between 250 and 500 W, but a compromise is necessary to have sufficient energy to obtain a 

crystallized coating. In dynamic mode, the power was set to 420 W to ensure plasma stability during 

the substrate movement. The distance between the nozzle and the substrate should be adjusted 

between 10 and 30 mm to optimize the residence time of the species into the plasma to avoid the 

formation of powder in the gas phase. When this distance increases, the microstructure is affected 

due to particles embedded into the coating and the coating becomes amorphous. It was fixed to 10 

mm which gave the best results for the previous studies. The gas flow rates had a strong influence on 

the coating growth and the particles formation in the plasma. The plasma gas flow rate was fixed at 

17 slpm to ensure the precursor dilution and promote the film growth instead of the formation of 

non-adherent powder. The TTIP flow rate was initially fixed to 0.7 slpm. 

For this study, the deposition of a few square centimeter surface titania coating with a controlled 

microstructure was the main challenge. The substrate holder displacement was first carried out on 

the x-axis to obtain a coating line as presented in Fig. 2. Three moving velocities were tested: 1, 3 and 
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5 mm/s in accordance with other studies [21–23,27]. As the moving velocity increases from 1 to 5 

mm/s, more passes are necessary to achieve the same film thickness. The films presented 

interference fringes related to radial thickness inhomogeneities, already noticeable in static mode. 

The homogeneous thicker part at the center of the film represented a 1 mm large line and was the 

observed zone for SEM analysis. 

 

Fig. 2. Photograph of a coating line elaborated at 0.7 slpm of TTIP, a speed of 1 mm/s, doing 16 passes. 

3. Results and discussion 

3.1. Substrate movement influence on the film growth 

The Fig. 3 shows the SEM images of 300 nm thick coatings elaborated at different velocities. The 

titania films are columnar, but contrary to the static mode where coatings were composed of aligned 

monocrystals [20], the columns are composed of nanoparticles, with a diameter of 10 to 20 nm, and 

exhibit a cauliflower-like structure. When the velocity was decreased to 1 mm/s, the columns 

seemed more regular and organized.  

 

Fig. 3. Cross-sectional FESEM morphologies of titania films elaborated at a moving speed of (a) 5 mm/s doing 64 passes, (b) 

3 mm/s doing 32 passes and (c) 1 mm/s doing 16 passes. 

As mentioned in [20], two phenomena are competing in static mode during the film growth : (i) the 

surface reaction in the center of the coating, characterized by facetted columns, and (ii) the 

nanoparticles agglomeration in the peripheral zones as cauliflower-like columns. Regarding the 

microstructures on Fig. 3, the substrate movement appears to promote the growth by particles 
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agglomeration all over the coating. Titania nanoparticles would be formed in the plasma fringes and 

deposited on the substrate via gas recirculation implied both by the gas flow and the substrate 

displacement. Since reactive species were also reaching the substrate, the nanoparticles were glued 

and organized in cauliflower-like columns (Fig. 4). 

  

Fig. 4. Growth model for the cauliflower microstructure. 

According to the XRD patterns on Fig. 5, each coating is polycrystalline with the signatures of the 

anatase phase (JCPDS 21-1272) and the rutile phase (JCPDS 21-1276). They all present a majority of 

anatase signature and a preferred orientation along the A(101) plan. In most studies [2,21–23,27–

31], the as-deposited titania films are amorphous or partially crystallized and annealing is necessary 

to enhance the coating crystallinity. The TIA thus appears as a performing process to get ready-to-use 

coatings without any post-treatment.  

 

Fig. 5. Growth model for the cauliflower microstructure. 

3.2. Titanium precursor flow rate influence on the film growth mechanisms 

The control of the precursor quantity in the plasma phase should help to limit the homogeneous 

nucleation and promote a film growth by surface reaction. To this end, TTIP flow rates of 0.5, 0.3 and 

0.2 slpm were tested and compared to the reference point elaborated at 0.7 slpm. The films were 

elaborated with 16 passes at 1 mm/s in front of the plasma along the x-axis. On Fig. 6 a-c-e-g, the film 

surfaces seem to evolve from cauliflower-like structures to facetted grains when the precursor flow 

rate is decreased and thus evolve from a particles agglomeration growth mechanism to surface 

reaction. The cross-section images of the films (Fig. 6 b-d-f-h) display a columnar structure in each 

case. For the flow rates of 0.7, 0.5 and 0.3 slpm, the columns are composed of nanoparticles with a 
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diameter from 10 to 20 nm. The coating elaborated at 0.2 slpm presents titania grains 50 nm high, 45 

nm wide and 25 nm thick. The lower is the TTIP flow rate, and the thinner becomes the film. A 

thicker film at a flow rate of 0.2 slpm of TTIP precursor was realized with the same parameters and 

doing 60 passes to confirm the growth mechanism. As shown in Fig. 7, the film exhibits a rice-like 

surface and is composed of smooth facetted columns 350 nm high, 90 nm wide and 50 nm thick, with 

an intercolumnar porosity around 10 nm. A smaller columns population (50 to 100 nm high) is 

observed on the film base. This bimodal structure was already described in low-pressure TiO2 

synthesis by PECVD [28]. In their study, Ana Borras et al. established a growth model for 

polycrystalline titania inspired by the Kolmogorov model, represented in Fig. 8. After the nucleation 

step, each nucleus develops at the same growth rate. The most stable crystalline plans are then 

grown in bigger columns, giving a preferred orientation to the film. The other columns development 

is stopped, and thus two columns populations are visible. 

 

Fig. 6. Surface and cross-sectional FESEM images of titania coatings elaborated at different TTIP flow rates: (a)-(b) 0.7 slpm, 

(c)-(d) 0.5 slpm, (e)-(f) 0.3 slpm and (g)-(h) 0.2 slpm. 
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Fig. 7. FESEM images of the 60 passes optimized titania film, (a) top view and (b) cross-section. 

 

Fig. 8. Growth model for the facetted microstructure inspired by [28] 

The XRD patterns on Fig. 9 and Fig. 10 display the polycrystalline nature of all the films. They are 

mostly crystallized under the anatase phase with a more important rutile signature appearing for the 

films elaborated at low TTIP flow rates. In each case, a preferred orientation along the (101) anatase 

plan is observed. Considering the dominant peaks of anatase and rutile phases, (101) and (110) 

respectively, it is possible to calculate the proportions of each phase in the film [23,32] with the 

equation (1):  

�� �
1

1 �
1
�
��
��

 

 

(1) 

where �� is the fraction of anatase, � is a constant (� � 0.79 for �� 
 0.2 and � � 0.68 for �� �

0.2), �� is the intensity of the (110) rutile peak and �� the intensity of the (101) anatase peak. 

The fraction of rutile �� can be then calculated following the equation (2): 

�� � 1 � �� 

 

(2) 

The coatings deposited at 0.7 and 0.5 slpm of TTIP were composed of 90 % of anatase phase and 10 

% of rutile phase. The film deposited at 0.3 slpm of TTIP was composed of 70 % of anatase and 30 % 

of rutile. The two films deposited at 0.2 slpm were composed of 50 % of anatase phase and 50 % of 
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rutile phase. When the TTIP flow rate decreases, fewer molecules have to be decomposed. More 

energy from the plasma would be available as a thermal component locally transferred to the 

growing film. This phenomenon could then contribute to the phase transition of the grains from 

anatase to rutile. However, these hypotheses should be taken carefully considering that the 

interactions between a substrate surface and the TIA plasma are not well-known yet in deposition 

mode. 

 

Fig. 9. XRD patterns of titania films elaborated at different TTIP flow rates. 

 

Fig. 10. XRD pattern of the 60 passes titania film elaborated in the optimized conditions. 

TEM observations were performed on the thick coating deposited at a TTIP flow rate of 0.2 slpm to 

investigate the crystallinity of the columns. In static mode [20], the rice-like structure was typical of 

facetted columns, and each column was a TiO2 monocrystal. The Fig. 11 shows an HRTEM 

micrography focused on one column of the coating, and as predicted each one of them is a titania 

monocrystal. This kind of organized microstructure is original regarding the amorphous columns 

composed of nanoparticles obtained in other studies [21–23].  

Beside radial thickness variations, the TIA discharge is known to produce coatings exhibiting 

microstructure evolution from surface reaction growth in the center to nanoparticles agglomeration 

arrangements in the peripheral zone [20]. The optimized film (1 mm/s, 60 passes, 0.2 slpm of TTIP) 

was observed by SEM on a cross-section, as schemed on Fig. 2. Fig. 12 displays the evolution of the 

film microstructure from its center (r = 0) to its peripheral zone. The facetted columns appeared to 

be very similar on the first 1200 µm radius. The film thickness is gradually decreased from 350 nm to 

200 nm in this zone. At r = 1800 µm, it seems that there is only a small facetted columns population, 

meaning probably that the peripheral film zone was not at the same growing stage than the film 
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center. This growth difference could be explained by the reactive species gradient existing radially in 

the discharge [25]. Fewer titanium atoms are available in the peripheral zone of the discharge to 

contribute to the film growth, and thus the growth rate is reduced. The parameters optimization in 

dynamic mode permitted to get rid of the influence of the plasma gradients on the coating 

microstructure in given conditions. Thus, it seems possible to deposit a second line at around 1 mm 

away from the center of the first one to continue the columns growth and obtain monocrystals on a 

larger surface to have a 1 cm² coating.  

 

Fig. 11. HRTEM images of the optimized titania film elaborated at 1 mm/s doing 60 passes. 

 

Fig. 12. Structure evolution from the center of the optimized film (r = 0 µm) to its peripheral zone. 

3.3. Deposition of a square centimeter titania thin film 

The structure composed of aligned titania monocrystals deposited on a coating line should be 

deposited on a square centimeter surface to make it useable for any application. The substrate was 

moved along both the x and the y-axis to achieve a homogeneous film. A first coating line was 

deposited with the previously optimized parameters (TTIP flow rate of 0.2 slpm), doing 8 passes 

along the x-axis, the substrate holder was then moved on 1 mm along the y-axis to deposit a second 

coating line along the x-axis, these steps were repeated until 10 coating lines were deposited (Fig. 

13). It was verified that the coating thickness was homogeneous all over the coating despite the 

interference fringes appearing on its surface. 
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Fig. 13. Scheme and photo of a homogeneous TiO2 coating doing 10 lines of 8 passes at 1 mm/s and 0.2 slpm of TTIP. 

The thin film microstructure was observed by FESEM (Fig. 14). The rice-like surface structure is very 

similar to the surface of the coating line presented on the Fig. 7. The cross-section image shows the 

same aligned facetted columns as in the previous part. It could be assumed that each column is a 

titania monocrystal.  

The elaboration of a square centimeter coating doing 8 passes on 10 consecutive lines permitted to 

achieve a 200 nm thick film, while 60 passes are necessary to achieve a simple coating line of 300 

nm. Considering a simple coating line, a thickness of 40 nm is obtained with 8 passes, and its width is 

approximately 3 mm. Thus, during the square centimeter film elaboration, each deposited coating 

line receives the contributions of between 2 and 4 adjacent coating lines. In addition, other 

contributing factors have to be considered like the reactive species recirculation in the peripheral 

zone of the plasma jet and the thermal warm-up of the substrate.  

 

Fig. 14. FESEM images of the surface optimized titania film, (a) top view and (b) cross-section. 

The polycrystalline nature of the coating was investigated by XRD analysis. The Fig. 15 pattern shows 

the same anatase (101) preferred orientation as before, and the presence of rutile phase is detected 

under the (110) plan. The phase proportions are calculated with the equations (1) and (2). It 

appeared that the film is composed of 90 % of anatase phase and 10 % of rutile phase. Contrary to 

the coating lines elaborated at 0.2 slpm, the film is mostly crystallized under the anatase phase. In 

this configuration, each substrate point may spend less time under the plasma and thus could not 

gather a sufficient amount of energy for the transition from anatase to rutile phase. 

The surface reaction growth mechanism is dominant thanks to the optimized process parameters 

chosen before. In these conditions, the fluid dynamic changes induced by the substrate movement 

are no longer a challenge to deposit a large titania film composed of aligned monocrystals. The 
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homogeneous nucleation in the plasma phase is also sufficiently limited and the nanoparticles 

agglomeration on the peripheral zone of the film is avoided.  

 

Fig. 15. XRD pattern of the square centimeter titania film elaborated in the optimized conditions. 

4. Conclusion 

The influence of the substrate movement along a coating line for titania deposition was studied and 

compared to static deposition. The optimization of the process parameters allowed to control the 

columns growth mechanisms. A slow moving speed of 1 mm/s was chosen to avoid disorder in the 

columns structure. Then the precursor flow rate was decreased to 0.2 slpm to promote the film 

growth by surface reaction. Indeed, decreasing the precursor flow rate allowed to limit the 

homogeneous nucleation in the plasma phase to switch from growth by nanoparticles agglomeration 

to growth by surface reaction. A columnar coating where each column is a titania crystal was 

obtained similarly to the static mode microstructure. 

The main challenge was to deposit such a microstructure on a square centimeter surface to make it 

suitable to use in applications like photocatalysis or photovoltaics. Thus the previous optimized 

process parameters (1 mm/s, 0.2 slpm) were implemented on an x-y movement. A homogeneous 

columnar film was achieved, it is mostly crystallized under the anatase phase with an anatase (101) 

preferred orientation.  

The next step of this work should be dedicated to the understanding of the links between the plasma 

chemistry and the thin film growth to investigate the step by step construction of the titania coating 

elaborated by the TIA. Deposited on an appropriate substrate, these well-crystallized films composed 

of aligned monocrystals seem ideal to be integrated into dye-sensitized or perovskite solar cells, 

since depositing a large surface is no longer an issue. The structural characteristics could enhance the 

electron transfer through the cell and improve its efficiency. 
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