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In this paper, theoretical and experimental approaches were used to evaluate the impact of the precursor's pulse time on the growth per cycle and the crystallinity quality of atomic layer deposited TiO2 thin films on Si(100) and FTO substrates. We employ a general model that can be applied to both metal and oxidant precursors, based on the Maxwell-Boltzmann velocity distribution from which the molecular flux of gases that collide with the substrate is deduced to adjust the experimental characteristics of growth per cycle vs. pulse time. This model allowed us to adjust the growth per cycle of TiO2 films produced by thermal atomic layer deposition and by plasma-enhanced atomic layer deposition under different deposition parameters and substrates. The influence of growth per cycle on the chemical and structural properties of TiO2 thin films was evaluated by Rutherford backscattering spectroscopy, grazing incidence x-ray diffraction, and ellipsometry techniques. In thermal mode, using H2O as an oxidant precursor, the stoichiometry of TiOx films has an x value of 1.98 from the growth per cycle saturated regardless of the metal precursor or substrate used. Using O2 plasma, a super-stoichiometric film with x values from 2.02 to 2.30 was obtained. In thermal mode, the growth per cycle saturated and film thickness are, on average, 40% higher for TiCl4 compared to TTIP precursor. Using O2 plasma, the growth per cycle saturated is approximately twice as high as the thermal mode using the TTIP precursor. For both atomic layer deposition modes, the degree of crystallinity showed values of 50–80% for TiCl4 in the temperature range of 250–350°C. For TTIP, it was below 40% in thermal mode and between 80 and 95% in plasma mode (250°C). It was observed that the reaction rate, the diffusion coefficient, and the molecular flux are inversely proportional to the temperature. These results provide evidence that the crystallinity and epitaxial quality of the TiO2 film are higher for TTIP using O2 plasma. However, we verified that there was better stability of the parameters analyzed for TiCl4 in the two atomic layer deposition modes.
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INTRODUCTION

Atomic layer deposition (ALD) is a specific modification of the chemical vapor deposition (CVD) technique, which is ideal for producing ultrathin films in the nanometer and Angstrom range. In CVD an appropriate metal precursor vapor and a reaction gas are simultaneously dissociated in front of a heated substrate. In ALD, they are alternately exposed to the substrate whose temperature is kept low enough to avoid thermal decomposition. The ALD reactor is purged with an inert gas between the exposures of the precursor vapor and the reaction gas. Each cycle of the ALD process usually consists of a sequence of metallic precursor exposure, purge, reaction gas exposure, and another purge. Therefore, the film grows through chemisorption between the gaseous molecules (i.e., metallic precursor vapor or reactant gas) and reactive functional groups on the surface (i.e., hydroxyl groups or chemisorbed organometallic groups). Since vacant adsorption sites are saturated by adsorbate molecules to form a monolayer (practically the sub-monolayer is formed due to the bulkiness of adsorbate molecules), the precursor or reactant in excess does not chemically adsorb to the monolayer. Consequently, the film grows via the self-limiting mechanism (Aarik and Siimon, 1994; Aarik et al., 1995; Sammelselg et al., 1998; Mitchell et al., 2003).

The ALD technique exhibits unique capabilities among thin-film deposition techniques, including the possibility of coating extremely complex shapes with a high-quality conformal material layer (Elam et al., 2003; Rauwel et al., 2011; Spende et al., 2015). ALD-grown materials can cover different nanostructures, allowing applications in several areas, such as in biomedical engineering (Pessoa et al., 2017; Pessoa and Fraga, 2019), corrosion protection on food packaging (Dias et al., 2019), improving the efficiency in a fuel cell (Pessoa et al., 2018), chemical and field-effect passivation on CIGS solar cells (Cunha et al., 2018), heterostructure to photon-to-electron conversion (Zazpe et al., 2018), silicon technology to building capacitors and solar cells (Macco et al., 2017; Chiappim et al., 2020), anti-tarnish coatings on jewels (Paussa et al., 2011), and smart textiles (Atasanov et al., 2014; Khan et al., 2020).

For a chemical to be used as an ideal ALD precursor, it must meet the following requirements: (i) the chemisorption must be highly exothermic, with high activation of desorption, to guarantee a sticking coefficient near to the unit; (ii) the by-products must not be chemically reabsorbed in the vacant sites after chemisorption; and (iii) the by-products must not etch the growing film through a series of reverse growth reactions (George, 2010; Elliot et al., 2016).

In addition to the characteristics mentioned above, a real ALD process must have a signature quality that must be obeyed so that the “parasitic CVD effects” are not loaded into the process. It is important to note that three essential characteristics must be followed simultaneously for the process to be considered a real ALD. First, for the deposition to be self-limited for each cycle, the saturation curve of growth per cycle (GPC) must occur as a function of the pulse time of the reactants (as shown in Figure 1A). It is important to note that for the ALD process to obey the saturation behavior, the purge time with an inert gas between the exposures of the precursor vapor and the reaction gas must be active. In other words, shorter purge times cannot thoroughly clean by-products (which are responsible for massive remaining by-products, such as hydrogen ions, carbon group, HCl, and so on) and the excess of the reactants (which causes more precursors to stick to the surface, interfering with the reaction of the precursor in the next cycle). Second, the film thickness must increase linearly with the number of reaction cycles (as shown in Figure 1B) (Fei et al., 2015; Chiappim et al., 2016a,b,c). Third, in each ALD-growth process, it must have an ideal temperature “window” for each material where growth is saturated in a film monolayer. In terms of these requirements, the chemistry and GPC for the ALD of Al2O3 from trimethylaluminum (TMA) and water or ozone is nearly ideal (Puurunen, 2005a,b; Mousa et al., 2014).


[image: Figure 1]
FIGURE 1. Schematic diagram of the essential characteristics of the ALD: (A) saturation curve of GPC as a function of the pulse time of the reactants, and (B) film thickness growth linearly with the number of reaction cycles.


Despite the numerous successful practical applications of ALD, most of the physicochemical processes that control the growth of ALD films are not sufficiently understood. It is necessary to understand the GPC and the amount of material deposited in one ALD cycle, which for fixed gas pressure, depends on three process parameters, namely, the reactant pulse time, the reactor temperature, and the substrate type, which are expected to provide more information about the linear behavior of GPC as a function of the reaction cycle number, as observed for ALD Al2O3 process. This behavior in GPC has been sought in ALD processes by examining the precursors. The effects of the substrate on the GPC at the beginning of the film growth can improve or inhibit the GPC until the substrate is completely covered with material. After coating the entire substrate, the variation of the GPC vs. pulse time should become constant. The pulse time controls the amount of reactant per cycle in ALD and influences the GPC and as a consequence, the characteristics of the thin films as they grow. In addition to an efficient purge, appropriate pulse time is also required. The use of a short pulse time promotes partial chemisorption between precursors and functional groups on the surface of the substrate, resulting in poor quality and uniformity of the films, mainly due to the “parasitic CVD effect” (as shown in Figure 1A).

An efficient purge and a substantial pulse time for precursors are costly and require a significant amount of time. Reasonable pulse and purge times are crucial for GPC in the ALD process, as controlling the GPC vs. the pulse time can optimize the deposition time and the amount of precursor used in the ALD process. The epitaxial quality of thin films can also be improved with proper control of GPC vs. pulse time.

In this study, we employed both experimental and theoretical approaches to better understand the impact of precursor pulse time on the GPC of TiO2 thin films, and the consequent influence on crystallinity, epitaxial quality, and thickness of the films produced on Si (100) and FTO substrates. The paper is divided into two parts: first, it describes and discusses the theoretical model of GPC as a function of the pulse time of the precursors in ALD, and second, it shows the results obtained from experimental analysis of the properties of ALD TiO2 thin films.



THEORETICAL STUDY


A Theoretical Model of GPC as a Function of the Pulse Time of the Precursors in ALD

To elucidate the impact of ALD pulse time on GPC, a simple theoretical equation can be used in both types of ALD precursors, namely metallic precursor, and reaction gas precursor. In all applications in this work, a reaction gas precursor based on oxygen was used.

To deduce a general equation that describes the saturation process of the GPC we employed a model based on the Maxwell-Boltzmann distribution function of molecular velocities to calculate the flux of the gases that collide with the substrate and to adjust the experimental GPC vs. pulse time for any precursor. The vapor deposition was considered, which allows for the use of the model of an ideal gas (Van der Merwe, 1993).

For the ideal gas model, the molecular flow Φ(cm−2s−1) that collides with the substrate is dependent on the gas temperature and density as deduced, as outlined below. This relationship involves the product of the number of moles of gas (n) and the average velocity of the gas particles (νx), namely:

[image: image]

in the thermal equilibrium (substrate, ALD chamber, and gas in the same temperature), we can use the Maxwell-Boltzmann velocity distribution, as defined:

[image: image]

where m is the mass of each gas-particle, and k is the Boltzmann constant (1.38 ×1023 J/K). From Equations (1, 2), we obtained:

[image: image]

Using the ideal gas law (p(T) = nkT) and solving the integration in Equation (3), the flux of the precursor to the substrate per second per unit of area was obtained in terms of the pressure and temperature:

[image: image]

As defined by Van der Merwe (1993), the reaction rate R is:

[image: image]

with α as the fraction of molecules adsorbed, and T as the temperature of the gas in the process into of chamber (ALD reactor).

Once the reaction rate was determined according to the deposition parameters (pressure and temperature), the next step deduced the pulse-time-dependent theoretical GPC. This general model describes the GPC as an implicit dependence of partial pressure, the mass of the particles that collide with the substrate, and substrate/chamber temperature. The explicit dependency is with the reaction rate and the pulse time of the precursor in the ALD process.

Puurunen (2003) described a relationship between the GPC, the saturated growth per cycle (GPCSAT), and the experimental adsorbed coverage (O), defined by: [image: image]. According to this study, the experimental adsorbed coating is in the range of 0 < Oexp(t) < 1, or Omin(t) < Oexp(t) ≤ Omax(t). Therefore, Omin(t) > 0, and Omax(t) = 1 leads us to the following relationship, Oexp(t) = Omax(t)−Omin(t) = 1−Omin(t).

To refine this relationship between the GPC and the adsorbed coverage, we used the following mathematical/physical observations. The temporal evolution of the adsorbed coverage O in each area is described as a differential equation since it contains an unknown function O and its temporal derivative [image: image]. Consequently, if it disregards a nonzero adsorbed coverage, then O(t) > 0 for all pulse time (t). Adding an arbitrary constant k > 0 in the temporal evolution of the adsorbed coverage, the equation becomes [image: image] and its derivative becomes [image: image] for any t.

Therefore, the differential equation that describes the adsorbed coverage as a function of pulse time and reaction rate (k = R(T)) is defined as:

[image: image]

Solving both sides of Equation (6) and observing the integration limits, we obtained:

[image: image]

The solution of Equation (7) is:

[image: image]

Therefore, the adsorbed coverage is described by the following equality:

[image: image]

Using the relation, [image: image] we obtained:

[image: image]

In this work, Equation (10) was used to adjust the experimental saturation curve of the ALD process (GPC vs. pulse time) for all precursors and substrate types studied. Moreover, its use could be expanded to adjust the GPC saturation curves as a function of the precursor pulse time in other films and substrates.




EXPERIMENTAL PROCEDURE


ALD Process and Film Preparation

TiO2 thin films were produced in a TFS-200 ALD system (Beneq Oy, Espoo, Finland) operating in two process types, respectively, (i) thermal ALD for fixed reaction cycle number at 1,000, and with cross-flow of gases. The schematic of the reactor is shown in Figure 2A. In this ALD tool, the variation of the substrate temperature did not exceed 3°C for all conditions investigated (Chiappim et al., 2016a,b; Testoni et al., 2016). The background pressure of the reactor was lower than 1 Pa and, during the deposition process, the gas pressure was maintained around 1.0 hPa through the insertion of 300 sccm of N2; and (ii) plasma-enhanced ALD (PEALD) with a capacitively coupled plasma (CCP) reactor. The schematic of the reactor is shown in Figure 2B. The reactor consists of a cylindrical chamber with an inner diameter of 200 mm. It is composed of two essential parts: an upper plasma generation zone and a lower process zone. At the top plasma generation zone, the plasma is generated by capacitive coupling of the upper plate with a 13.56 MHz RF power supply (Cesar, Advanced Energy Inc., Fort Collins, CO, USA) and grounding the bottom grid electrode plus radial reactor walls with the reactor cycle number at 1,000. This kind of PEALD reactor configuration is classified as a remote plasma mode (Chiappim et al., 2016c). In this kind of setting, the ion damage should be significantly suppressed because the plasma generation zone was located at a certain distance from the process zone (Kääriäinen and Cameron, 2009). In this process, the substrate holder is grounded.


[image: Figure 2]
FIGURE 2. Schematic diagram of the ALD tools: (A) cross-flow thermal ALD and (B) capacitively coupled plasma reactor used for PEALD processes at remote plasma mode.


In this study, the substrates we used were commercial FTO glass (Sigma-Aldrich, São Paulo, Brazil) with SnO2: F film sheet resistance of 7 Ω /sq. and 3 mm thick glass plate, and three-inch p-type <100> Si wafers (University Wafer Inc., South Boston, MA, USA). These substrates were individually cleaned in an ultrasonic bath using acetone and deionized water for 5 min. They were then dried with nitrogen gas before the introduction in the thermal ALD and PEALD reaction chamber. TiO2 films were grown using TiCl4 (99.95%, Sigma-Aldrich, São Paulo, Brazil) or TTIP (97.0%, Sigma-Aldrich, São Paulo, Brazil) and O2 (99.99%, White Martins, Jacareí, Brazil) as the gas source of plasma, and deionized water as oxidant precursor in thermal ALD.

The TTIP precursor bubbler was heated to 70°C to obtain a high vapor pressure (Pessoa et al., 2015), and nitrogen (99.999%, White Martins, Jacareí, Brazil) was used as the carrier gas. The vapor delivery line of the TTIP was also heated to the same temperature to prevent precursor condensation. TiCl4 and water were held at 20°C and used without the carrier gas (i.e., a capillary tube adapted to the reactor was used to control the precursor flow injected into the ALD chamber, by action only of the precursor vapor pressure, meaning that no bubbling system was used). Oxygen gas was inserted through the upper plasma generation zone at a flow rate of 50 sccm. The reactor was evacuated at a pressure lower than 1.0 hPa. The gas pressure was maintained at 1.0 Pa through the insertion of 250 sccm of N2, which also has a purging function.

Table 1 and Figure S1 shows all pulse times, temperatures, and RF power used here to investigate the saturation behavior of the GPC and its consequent perturbation on crystallinity, and thickness of the TiO2 thin films on Si (100) and FTO substrates. We divided the studies into eight sets. In the first seven sets of samples, the process temperature was fixed at 250°C for both Ti precursors with pulse time varied for Ti precursors-purge-oxidant precursor (water vapor or O2 plasma)-purge. In the first and third sets of samples, the pulse time of Ti precursors changed with other pulses fixed. On the other hand, in the second and fourth sets of samples, the pulse time of H2O varied with other pulses fixed. In the eighth set of samples was repeated the first and third set of samples with temperature changed from 150 to 400°C, the maximum temperature for TTIP precursor was 300°C due to TTIP degradation at higher temperatures. In PEALD, fifth, and sixth sets of samples, the RF power was fixed at 150 W with the O2 plasma pulse time varied. To finish, in the seventh set of samples was repeated steps fifth and sixth with RF power changed from 100 to 200 W. In the two ALD modes, the TTIP pulse time below 0.25 s did not produce TiO2 films, and therefore in Table 1, we do not consider this value for TTIP. It is worth highlighting that for all sample sets, the growth of the films on both substrates (FTO and Si) were carried out under the same conditions.


Table 1. Pulse time (Ti precursor-Purge-Oxidant Precursor-Purge) varying and temperature at 250°C for the first to the sixth set of samples.

[image: Table 1]



Material Characterization

Rutherford backscattering spectroscopy (RBS) analysis was performed to determine the chemical composition (percentage), stoichiometry, and thickness of the films of the ALD TiO2 on Si (100) and FTO substrates. The RBS measurements were carried out in a Pelletron-type accelerator with a 2.2 MeV 4He+ beam as the particle detector, positioned at 170° to the incident beam. The analysis sensibility of RBS for the Ti, O, and Si has an error of ~5%. Data analysis and the evaluation of the RBS spectra were undertaken in the computer code MultiSIMNRA (Mayer, 1999). The computer code MultiSIMNRA was designed to control multiple instances of the SIMNRA program (as of February 27, 2020, LAMFI home page)1, providing a smooth RBS data analysis of numerous ion beam techniques, measured at the same sample. This was applied for all films grown by ALD and PEALD and the theoretical TiO2 density considered the crystal structure of the as-deposited material to convert the RBS density values (1015 atoms.cm−2) into the thickness of the layer (nm). Moreover, ex-situ phase-modulated spectroscopic ellipsometry (UVISEL Jobin Yvon, Horiba, Kyoto, Japan) was used to measure the thickness uniformity of the thermal and plasma ALD process in the spectral range 0.75–6.5 eV with a step of 50 meV at an incident angle of 70°. The thicknesses measured by RBS and ellipsometry techniques were in agreement, as shown in section chemical composition and thickness.

The crystallinity, strain, and film phase were characterized by grazing incidence x-ray diffraction (GIXRD) (XRD 6000, Shimadzu, Kyoto, Japan). GIXRD patterns were obtained at room temperature in a goniometer using a copper target of CuKα radiation 1.5418 Å, 2θ from 10 to 80°, at a scanning speed of 0.02° s −1, a voltage of 40 kV, and a current of 30 mA. These GIXRD studies were carried out at an incidence angle of 0.29°. This angle was close to the optimum values for anatase films and allowed efficient reduction of the reflections from the silicon substrate (Aarik et al., 2013). This angle is not suitable for the FTO substrate, allowing only the analysis of the phases of the TiO2 film together with the low-intensity peaks of the FTO phases. Hence, we focussed on the Si substrate to assess the peaks with the highest intensity.

Crystallinity degree (CD) was calculated using the ratio between the area of all crystalline peaks and the area of diffractogram (i.e., all-region crystalline and non-crystalline). All TiO2 diffraction peaks and film phases are identified by the powder diffraction file (JCPDS:21-1272) (Gates-Rector and Blanton, 2019). Strain (s) was calculated using the percentage difference between the experimental peak position (EPP) in GIXRD to the relaxed peak position (RPP) of anatase (Gates-Rector and Blanton, 2019). We analyzed the peak with the highest intensity, and used the gaussian function to extract the EPP and full width at half maximum (FWHM).




RESULTS AND DISCUSSION


Chemical Composition and Thickness

Stoichiometry and thickness of the TiO2 film were measured by RBS, and the thickness was confirmed by ellipsometry spectroscopy, Figures 3A,B show the experimental and simulated RBS spectra for TiO2 films deposited at 250°C on FTO and Si, respectively. RBS spectrum of the bare-FTO substrate is shown inset of Figure 3A. This figure shows as an example, only the spectra related to the ALD pulse time, as follows (exposure to TiCl4 precursor; 0.25 s)-(purge with N2; 2.0 s)-(exposure to reaction gas of H2O; 0.25 s)-(purge with N2; 2.0 s) at 250°C. Table 2 shows the values of thickness performed to both techniques. The error bar was calculated using the values measured in samples growth under the same conditions on different days or from measurement at more than one location. The thin film thickness uniformity has a deviation of below 3%. Well-defined peaks show the backscattered signal of the Ti and O in Figure 3. The areal density of atom is symbolized by the areas below the peaks, which depend on the backscattering-cross-section (Chiappim et al., 2020).


[image: Figure 3]
FIGURE 3. Experimental and simulated RBS spectra and error bar for TiO2 films deposited at 250°C on FTO (A), and Si (B). RBS spectrum of the bare-FTO substrate is showed inset of (A).



Table 2. RBS and ellipsometry thickness, growth per cycle saturated, and molecular flux.

[image: Table 2]

The elemental chemical composition of the films grown according to the first and second sets of samples (thermal ALD) on both substrates show which of the TiOx films have of the x values ranging from 1.94 ± 0.01 to 1.98 ± 0.01. The better stoichiometry (1.98 ± 0.01) was reached from the GPCSAT values for both Ti precursors. For the eighth set of samples (thermal ALD), the x values ranging from 1.87 ± 0.01 to 1.98 ± 0.01, when using the TiCl4 precursor (the better stoichiometry (1.98 ± 0.01) for temperature was between 200 and 300°C). For the third and fourth sets of samples (thermal ALD) on both substrates, the x values varied from 1.96 ± 0.01 to 1.98 ± 0.01. For the eighth set of samples, the x values ranging from 1.95 ± 0.01 to 1.98 ± 0.01, when using the TTIP precursor (1.98 ± 0.01 for the temperature between 200 and 250°C, and decreasing to 1.96 ± 0.01 at 300°C). On the other hand, the growth of the TiOx film according to the fifth, sixth, and seventh set of samples (plasma ALD) generated a super-stoichiometry with x values from 2.02 ± 0.01 to 2.30 ± 0.01. These excesses of oxygen in PEALD TiO2 agrees with the results of other recent studies (Wei et al., 2013; Avila et al., 2019; Chiappim et al., 2020). A more detailed study of the oxygen stoichiometry in the TiO2 thin films is included in the section on “Effect of GPC and pulse time on crystallinity quality.”



Evaluation of the Theoretical Equation in the GPC Experimental Data
 
Pulse Time Study

A “true ALD” process is characterized by (i) a GPC, which does not increase with precursor exposure time [i.e., a self-limiting growth with time (as shown in the Figure 1A), and (ii) a linear behavior of film thickness with an increased number of cycles (Figure 1B) (Faraz et al., 2015)]. Figure 4 shows the GPC as a function of the pulse time of the precursors TiCl4 and TTIP. The experimental GPC was calculated by the thickness/number of cycles ratio.


[image: Figure 4]
FIGURE 4. Experimental, and simulated GPC vs. pulse time for TiO2 thin films: (A) first and third set of samples on Si substrate, (B) second and fourth set of samples on Si substrate, (C) fifth and sixth set of samples on Si substrate, and (D) first to the sixth set of samples on FTO substrate.


The GPC was saturated when tSAT ≥ 0.25 s and tSAT ≥ 1.0 s, respectively, for TiCl4 and TTIP precursors on both substrates (Si (100) and FTO), which indicates that the growth of TiO2 thin films was self-limited for the thermal ALD and PEALD. The theoretical curve (Equation 10) adjusted all experimental data of the GPC vs. pulse time in all cases studied, as shown in Figure 4.

Figures 4A,B (black points), and D (black points) show that the experimental data fitted to the theoretical curve, Equation (10) (red line), of the GPC as a function of TiCl4 and H2O precursors pulse time-varying (in thermal ALD as proposed in Table 1). As shown in Table 2, the GPCSAT for the first set of samples on Si(100) was 0.089 ± 0.04 nm/cycle (Figure 4A) and on FTO in the same conditions was 0.087 ± 0.04 nm/cycle (Figure 4D). These values indicated that the growth of TiO2 thin films is self-limited on both substrates. The reaction rate, R, was approximately equal for both Si and FTO substrates: 9.0 ± 0.6 and 9.4 ± 0.6 s−1, respectively. For the second set of samples, the GPCSAT (nm/cycle) have the same values (0.082 ± 0.04) for both substrates, with the reaction rate equal to 11.4 ± 0.5 s−1. All values of the reaction rate above mentioned shown that these substrates have similar behavior for the growth of TiO2 thin films under the same growth conditions. The GPCSAT values for the first and second sets of samples are in agreement with the relative error. The raised R(s−1) of the first set compared to the second show that there was an increase in the flux of the precursor to the substrate, Φ (Equation 4).

This increase in the reaction rate (Equation 5) agrees with Reinke et al. (2016), who showed reported for the TTIP the Φ = 1.0 × 1018 cm−2 s−1, and for water Φ = 4.0 × 1019 cm−2 s−1. To calculate the precursor flux to the substrate they used [image: image], where D is the diffusion coefficient, p is the partial pressure of the precursor, δ is the thickness of diffusion, R is the gas constant, and T is the absolute temperature. The diffusion coefficient was approximated by [image: image], where d is the diameter of the molecules, and M is the mass. Combining this diffusion coefficient with Equation (4), we have the following relation [image: image]. As can be seen in Figures 6C,D, the values calculated through Equation (4) have the same order of magnitude as those values shown by Reinke et al. (2016) using different equations and parameters, thus validating the simple theory shown in this work.

For the TTIP precursor in thermal ALD, the GPC vs. pulse time is shown in Figures 4A,B (orange points), and D (orange points) where the adjustment of experimental data by Equation (10) is represented by a red line. As shown in Table 2, the GPCSAT for the third set of samples on Si(100) was 0.037 ± 0.04 nm/cycle (Figure 4A) and on FTO in the same conditions was 0.034 ± 0.04 nm/cycle (Figure 4D). The reaction rate was approximately equal for both Si and FTO substrates, 2.2 ± 0.2, and 2.4 ± 0.2 s−1, respectively. For the fourth set of samples on Si, the GPCSAT (nm/cycle) have a value of 0.033 ± 0.04, and on FTO in the same conditions was 0.031 ± 0.04. The calculated reaction rate on Si and FTO was 2.1 ± 0.2 and 2.5 ± 0.2 s−1, respectively.

According to Reinke et al. (2016), the impinging rate of the H2O has an order of magnitude higher than the impinging rate of the TTIP. However, the reaction rate of the fourth set of samples was not higher than the third set of samples. This distinct behavior is related to the different parameters used in both works, such as temperature and pulse time. Our results show that R has the same value for both TTIP and H2O, and this behavior is possible due to the lower value of the fraction of molecules adsorbed (α) in H2O exposure time that causes an insufficient reaction rate inhibiting the total from hydrolyzing of the TTIP molecules and decreasing the adsorption sites on the surface of the substrate. Consequently, a small quantity of the TTIP was adsorbed in the next exposure pulse, and the GPC decreased. This behavior shows that the TTIP pulse time choice was not suitable for thermal ALD.

Another observation is related to the GPCSAT and thickness of the TiO2 thin films grown by thermal ALD using TTIP as the precursor. These parameters have on average 40% of the value obtained using TiCl4. This behavior can be explained by (i) a reduction in the sticking probability of physisorption when TTIP is used, or (ii) an increase in steric hindrance when TiCl4 is used. However, the sticking chance of physisorption could reduce the amount of the physisorption (Puurunen, 2005a,b), and the decrease of the sticking possibility could cause an increase in the desorption of physisorption (Yuan et al., 2014).

Figure 4C (orange and black points) and Figure 4D (blue and dark blue points) indicate that the experimental data matched the theoretical curve of Equation (10) of the GPC, as a function of the O2 plasma pulse time-varying (the fifth and sixth set of samples used fixed RF power at 150 W). For the TiCl4 precursor on silicon, we obtained values of 0.083 ± 0.04 nm/cycle and 12.1 ± 0.6 s−1, respectively, GPCSAT and R parameters. For the FTO substrate, we obtained 0.082 ± 0.04 nm/cycle and 13.8 ± 0.9 s−1. When TTIP was used, the GPCSAT reached the value of 0.072 ± 0.04 nm/cycle on Si(100), and on FTO it reached the value of 0.070 ± 0.04 nm/cycle, and the reaction rate reached 3.4 ± 0.2 s−1 for the Si(100) and 3.6 ± 0.2 s−1 for the FTO.

All the GPCSAT values shown here corroborate previous studies. For example, Aarik et al. (2013) and Puurunen et al. (2011) observed similar values using TiCl4 and H2O as precursors. Strobel et al. (2016) also showed a short tSAT in PEALD, whereas Aghaee and Maydannik (2015) showed values of GPCSAT that nearly matched the data found in this work for PEALD using the TTIP precursor. We observed that the GPCSAT for PEALD has two times the value obtained using TTIP and H2O as precursors. This occurs in the case of PEALD, using TTIP because two types of reactive sites that chemisorb TTIP species may be formed on the surface (Rai and Agarwal, 2009). The first is the carbonates generated during the combustion of the isopropoxide ligands. The second is the surface hydroxyl groups produced by the dissociation of H2O molecules into highly reactive hydroxyl radicals (Chiappim et al., 2016c). It was observed that the self-bias in the plasma sheath promoted an adequate supply of energy to the ions, inducing chemical reactions during the PEALD, increasing the number of ligand sites (Chiappim et al., 2020). Therefore, we can confirm that the exposure times attributed to the first, second, and fifth sets of samples are in resonance, with the TiCl4 precursor adsorbed equally on both substrate surfaces, as corroborated by the values of GPCSAT and R. The exposure time choice for the third, fourth and sixth set of samples was more efficient when using TTIP in PEALD, where an increase in the fraction of molecules adsorbed was observed and consequently, an increase in GPC by two times compared to thermal ALD using the same exposure time.

To confirm the validity of the general model for any thin-film material, studies were performed on the experimental GPC vs. pulse time for different oxide materials with different ALD parameters, such as temperature, pressure, substrate, pulse time, precursors, and ligands. We used the experimental data from Oh et al. (2018), Aoki et al. (2015), Pilz et al. (2018), and Jung et al. (2014) to validate the GPC vs. pulse time for HfO2, Al2O3, ZnO, and RuO2 thin films, respectively.

Oh et al. (2018) studied the electrical properties of HfO2 thin films using HfCl4 (halide precursor) and Hf(N(CH3)2)4 (amide precursor). They used the p-type Si substrates (001) at 250°C and deposited thin films 10 nm-thick. As shown in Figure 5, the application of the theoretical model for GPC vs. pulse time (black line) showed saturation when tSAT ≥ 2.0 s and tSAT ≥ 1.0 s, respectively, for HfCl4 and Hf(N(CH3)2)4 pulse time. For both precursors, the GPCSAT was 0.12 nm/cycle for the growth of HfO2 thin films self-limited for the halide and amide precursors (in agreement with Figure 1A). The theoretical curve (Equation 10) adjusted all experimental data of the GPC vs. pulse time in both cases and the reaction rate of Hf(N(CH3)2)4 was equal to 3.74 s−1 and for the HfCl4 it was 1.76 s−1.
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FIGURE 5. Experimental and simulated GPC vs. pulse time for some experimental data from the literature to different thin films: (A) and (B) RuO2, (C) ZnO, (D) Al2O3, and (E,F) HfO2.


Aoki et al. (2015) built and characterized n- and p-type MOS capacitors employing Al2O3/AlN/GaAs structures. As can be seen in Figure 5, the theoretical curve plot fitted the experimental GPC vs. pulse time for the TMA precursor for the oxidant used IPA at 400°C. The general model showed saturation when tSAT ≥ 5.0 s for TMA pulse time, and the GPCSAT was 0.092 nm/cycle with reaction rate ~ 0.60 s−1.

Pilz et al. (2018) used a custom-built direct plasma ALD reactor to deposit ZnO thin films on a single side of polished Si (100) substrates with native oxide. The RF-power was of 100 W for 100 PEALD cycles, and they used diethyl zinc (DEZ) and O2 plasma as precursors. In this application of the general model for the GPC, the O2 plasma pulse time was used. As can be seen in Figure 5, the saturation occurred at tSAT ≥ 5.0 s for O2 plasma pulse time, and the GPCSAT was 0.15 nm/cycle with a reaction rate ~ 1.42 s−1.

Jung et al. (2014) synthesized a zerovalent (1,5-hexadiene)(1-isopropyl-4-methylbenzene)Ru(0) precursor and growth RuO2 thin films on silicon with native oxide at 180–350°C and used O2 plasma as oxidant. Figure 5 shows the theoretical curve plot adjustment for the (1,5-hexadiene)(1-isopropyl-4-methylbenzene)Ru(0) pulse time and O2 plasma pulse time, respectively. The pulse time saturation occurred at tSAT ≥ 4.0 s for the RuO2 precursor with the GPCSAT equal to 0.056 nm/cycle and reaction rate ~ 0.92 s−1. In the case of the O2 plasma pulse time variating, the saturation occurred at tSAT ≥ 2.0 s with the GPCSAT equal to 0.079 nm/cycle and a reaction rate of ~2.0 s−1.

The theoretical curve (Equation 10) adjusted all experimental data of the GPC vs. pulse time in all the cases. Therefore, this general model can be applied in a variety of ALD thin film growth and can be used to predict the tSAT, GPCSAT, and reaction rate to reduce the ALD process time and quantities of precursors used in the process.




RF Power and Temperature Effect on the Reaction Rate

Figure 6 shows the reaction rate as a function of O2 plasma power (seventh set of samples at 250°C) and as a function of temperature (eighth set of samples). Figure 6A shows that the reaction rate increased between 100 and 150 W and decreased between 150 and 200 W. As R is equal to α. Φ(cm−2s−1), and Φ(cm−2s−1) is a function of the temperature, according to Equation (5), which was fixed at 250°C. We suggest that at an RF power of 150 W there is an optimization in the molecules adsorbed (α) on the substrate. This behavior indicates an ideal value for RF power. Possible explanations can be attributed to, (i) an ideal density of radical species that increase the mean free path and, consequently, increase the fraction of adsorbed molecules and reaction rate, and (ii) an increasing electron density that leads to an O2 dissociation that consequently increases the O atom density in the plasma. This raise in the O atoms flux through the grid (Figure 2B), favors the oxidation reactions of the adsorbed precursor layer.
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FIGURE 6. Parameters extracted of the theoretical model applied at experimental data: (A) reaction rate [R(s−1)] vs. RF power, (B) reaction rate [R(s−1)] vs. temperature, (C) diffusion coefficient [D(cm−2s−1)] vs. temperature, and (D) molecular flow [Φ(cm−2s−1)] vs. temperature.


Figure 6B shows that the reaction rate declined with the increase of the deposition temperature, which agrees with Equation (5) (R(s−1) ∝ T−1/2). Figure 6B shows a different behavior than Figures 6C,D, as shown in section pulse time study R(s−1) ∝ Φ(cm−2s−1) ∝ D. At 300 and 250°C respectively, for TiCl4 and TTIP, we have an increase in α, indicating an ideal temperature that induces a better chemical reaction on the surface. Another observation in Figure 6B may be related to a typical temperature “window” in ALD that is often misinterpreted. Most of the time, in each temperature range the GPCSAT is constant. Recently, Sonsteby et al. (2020) discussed this erroneous notion showing that the GPCSAT could change as a function of temperature with continuing self-limiting growth. This behavior was also observed by Kim et al. (2019) and Chiappim et al. (2016b) for the ALD of SnS using two different precursors and for ALD of TiO2 using TiCl4 precursor on FTO and Si substrates, respectively.



Effect of GPC and Pulse Time on Crystallinity Quality

To elucidate the effect of GPC and pulse time on the quality of crystallinity, we focus the analysis on TiO2 thin films grown on Si substrate. This choice was necessary to avoid the diffraction peaks of the FTO substrate, which could compromise the analysis. Therefore, we focus on the Si substrate to assess the TiO2 peaks with the highest intensity (Figure S2 shows all anatase peaks found in this work, based in the JCPDS:21-1272 (Gates-Rector and Blanton, 2019).

Figure 7 shows the diffractograms of GIXRD for the first and second set of samples, according to the powder diffraction file (JCPDS:21-1272) (Gates-Rector and Blanton, 2019) all film phases are anatase with higher intensity in peak (101). According to JCPDS:21-1272, the RPP for peak (101) is 25.301°, which will be used in all analyses. As can be seen in Figures 7A,C, all films were highly oriented with the peak (101) increasing the intensity with a change of pulse time from 0.1 to 2 s. Another observation that corroborates the high crystallinity quality of these films is the second-order-peak (202) that appears in all diffractograms. There was no change in the phase of the film with the variation of the pulse time, indicating that the film phase depends on the temperature. Table 3 summarizes EPP, FWHM, crystallinity degree, and strain (s) for all data. The uncertainty of all parameters extracted from Figure 7 is low, showing high accuracy in the parameters obtained by Gaussian function. According to Avila et al. (2019), a negative strain indicates a compressively strained, and a positive strain indicates tensile stress. In all cases, the value of s (%) is positive, resulting in tensile stress. In the first set (Figure 7A), there was a decrease in EPP from (25.629 ± 0.002)° to (25.568 ± 0.002)° (Figure 7B) that evidenced the shift in peak (101), this behavior occurs when increasing the pulse time and as a consequence, there is a decrease of s (%) from 1.30 to 1.06, an increase of FWHM (°) from 0.51 to 0.67, and of CD (%) from 57 ± 1 to 80 ± 1, showing the high crystallinity quality of the films. In the second set of samples (Figure 7C) the FWHM (°) remained approximately constant (0.55±0.01), the EPP reduced from (25.609 ± 0.002)° to (25.595 ± 0.002)°, and CD (%) increased from 64 ± 1 to 69 ± 1, also showing the high crystallinity quality, however inferior to the first set of samples. Therefore, for the TiCl4 precursor, the growth of the TiO2 film in thermal mode (first and second set of samples) has the crystallinity and strain, dependent on the pulse time (as can be seen in Table 3).
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FIGURE 7. GIXRD diffractogram for TiO2 film growth using TiCl4 precursor: (A) first set of samples, (B) peak (101) for the first set of samples, (C) second set of samples, and (D) peak (101) for the second set of samples.



Table 3. GIXRD peak (101) values and calculated strain from Figures 7–9.
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Figure 8 shows the diffractograms of GIXRD for the third set (thermal ALD) and the sixth set of samples (plasma ALD) for TTIP precursors, and all parameters are summarized in Table 3. It is worth mentioning that the fourth set of samples (thermal ALD) with reaction gas pulse time (H2O vapor) varying, does not present peak intensity in GIXRD, thus showing low crystallinity [i.e., non-uniform strain (Avila et al., 2019), the exception was for the 2.0 s pulse time, whose parameters are shown in Table 3]. Figure 8A shows the diffractograms related to the third set of samples, as can be seen, the TiO2 films presented low crystallinity quality. The uncertainty of parameters extracted from the third set is low for 1.0 and 2.0 s, so showing high accuracy in the parameters obtained by Gaussian function. On the other hand, the uncertainty for the 0.25 and 0.5 s pulse time is high due to the (101) peak is extremely weak. As shown in Table 3, the uncertainty increases in two orders of magnitude for EPP and one order of magnitude for FWHM. This increase in uncertainty makes the strain study infeasible for 0.25 and 0.5 s. For pulse times of 1.0 and 2.0 s the films show the second-order-peak (202), and the peaks (105), (211), and (204), this improved the CD (%) to 40 ± 1, for both pulse times. Unlike the behavior for TiO2 films grown using TiCl4 (first and the second set of samples), occurred an increase in the EPP from (25.2 ± 0.2)° to (25.409 ± 0.002)° (Figure 8B), and an increase in the CD (%) from 15 ± 1 to 40 ± 1. These results show the low crystallinity quality for the third set of samples and a CD (%) dependent on the pulse time. Figure 8C presents the diffractograms of the sixth set of samples, showing that all films were highly oriented, with the peak (101) increasing the intensity with the increase of the time of exposure to O2 plasma from 0.25 to 2.0 s. As seen in the first and second sets of samples, the second-order-peak (202) was observed in all diffractograms, which corroborates the high crystallinity. For all films, the value of s (%) is positive, resulting in tensile stress. Figure 8D shows a decrease in EPP from (25.600 ± 0.002)° to (25.548 ± 0.002)°, which confirmed the shift in peak (101), this behavior occurs when increasing the pulse time, as a consequence, we have a decrease in s (%) of 1.18 to 0.97 and the FWHM (°) remained approximately constant (0.51 ± 0.01). These results, as discussed previously, corroborate with the CD (%), which reached better values (from 80 ± 1 to 95 ± 1), showing the highest crystallinity quality of the films.
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FIGURE 8. GIXRD diffractogram for TiO2 film growth using TTIP precursor: (A) third set of samples, (B) peak (101) for the third set of samples, (C) sixth set of samples, and (D) peak (101) for the sixth set of samples.


As mentioned earlier, these films have a super-stoichiometry that was related to plasma exposure. In a recent study, Chiappim et al. (2020) showed the effects of PEALD process parameters, such as RF power, and substrate exposure mode (direct or remote plasma exposure), and through the RBS characterization, an excess of oxygen in the TiOx films was observed for O2 plasma power in the range from 100 to 150 W (i.e., x values ranging from 2.13 ± 0.01 to 2.33 ± 0.01). Wei et al. (2013) found that by using the XPS technique that the stoichiometry of the TiOx films varied from 2.08 to 2.32 for O2 plasma at 400 W and the temperature varying from 100 to 300°C. Avila et al. (2019), using the XPS technique, showed that TiO2 film growth using tetrakis-(dimethylamino) titanium (TDMAT) and Ar-O2 and O2 plasma gas chemistries at 300 W RF power, presented stoichiometry of the TiOx films of ~2.04. Based on results shown in Figure 8C and Table 3, we can suggest that the superstoichiometry for the TTIP precursor is related to the increase of the pulse time of O2 plasma, which decreases the EPP and s and increases CD to values higher than 90%.

The observation which the surface of the PEALD TiO2 films takes up superstoichiometric oxygen with the increase of the O2 plasma exposure time and can be explained using a convenient unit called a monolayer and a superstoichiometry mechanism proposed by Schneider et al. (2020). This monolayer can be considered as a GPC maximum useful [i.e., a statistical quantity (Puurunen, 2003)]. According to (Puurunen, 2005a,b), discussing the ALD mechanism in terms of monolayers is illustrative, however, to avoid nomenclature confusion, we defined a monolayer as a chemisorbed monolayer (CM).

Schneider et al. (2020) have shown a similar behavior of the influence of ozone in the super-stoichiometric oxygen in the atomic layer deposition of Fe2O3 using tert-Butylferrocene and O3. We adapted their theory to better understand the superstoichiometry presented in this work. As can be seen in Figure 4A, the GPCSAT for TTIP grown in thermal mode is 0.037 nm (i.e., the CMThermal is 0.037 nm). In the case of the GPCSAT for TTIP grown in plasma mode (Figure 4C) was observed value of 0.0725 nm (i.e., a CMPlasma of the 0.0725 nm). Because the CMPlasma is higher than the CMThermal this shows that the PEALD process deposits more than one full CMThermal of TiO2 per ALD cycle. The overabundance of the oxygen present correlates with the O2 plasma exposure [i.e., when the exposure time increase from 0.25 to 2.0 s the value of x (TiOx) increase from 2.02 ± 0.01 to 2.30 ± 0.01, this suggests that increasing the plasma exposure inserts superstoichiometric oxygen near of the surface]. This suggestion is in agreement with Schneider et al. (2020). They showed by angle-resolved XPS that the composition of the films in bulk corresponds to stoichiometry, while the surface of the film contains an excess of oxygen not expected by ALD Fe2O3 thin films. The results correlated the superstoichiometry with the ozone pulse time and with a GPC higher than a monolayer (Schneider et al., 2020). To explain this behavior, they proposed that the higher saturated GPCs are related to the behavior of the film like a reservoir for oxygen. Thus, the ALD half-reactions would no longer be confined to the surface monolayer of the growing film. Additionally, they showed a diffuse physical mechanism of oxygen uptake and consumption into and out of the Fe2O3 film that increases the growth to more than a monolayer each cycle.

Adapting the chemical mechanism used by Schneider et al. (2020) to explain the superstoichiometry in our PEALD thin films, we changed the O3 for O2 plasma and tert-Butylferrocene for TTIP. Their mechanism suggests that the oxygen is repetitively taken up into the film from O2 plasma and then partially consumed by the Ti precursor. This mechanism requires the ability of the oxygen dislocate through the bulk of the anatase film, and indeed the oxygen vacancies and diffusion through TiO2 are reported in the literature (Herman et al., 2013; Paris and Taioli, 2016 ). Therefore, if oxygen can be stored on the subsurface of the TiO2 film and is capable of being moved through the film to reach the surface, both oxygen vacancy and diffusion reaction could continue to advance even after a monolayer is deposited. These mechanisms lead to more than one monolayer of material growth in each PEALD cycle with an excess of oxygen (as proposed by Schneider et al., 2020). Hence, based on the proposed mechanism, there is consistency with the growth behaviors of the superstoichiometric TiO2 films, where the film acts as a reservoir for oxygen. This behavior changes the ALD reactions from a confined surface monolayer to submonolayers, leading to a higher saturated GPC. Consequently, we have a better CD (%) with the highest crystallinity quality of the PEALD films.

Figure 9A shows the diffractograms of the fifth set of samples for the TiCl4 precursor in plasma mode. Table 3 shows a low uncertainty for all parameters extracted from Figures 9A,B, which show high accuracy in all parameters obtained by Gaussian function. As can be seen, the super-stoichiometric films have a high orientation with peak (101) increase the intensity with the rise of the pulse time from 0.1 to 2.0 s. We observed a second-order-peak (202), an increase in the CD (%) from 50 ± 1 to 80 ± 1, and a decrease in FWHM (°) from 0.63 ± 0.01 to 0.45 ± 0.01. For all films, the value of s (%) was positive, resulting in tensile stress. Between 0.1 and 1.0 s, the EPP increase from (25.411 ± 0.002)° to (25.547 ± 0.002)°, and in 2.0 s, decreases to (25.429 ± 0.002)° (Figure 9B). Therefore, for the fifth set of samples, the crystallinity quality presented the highest quality of the films. This proves that the TiCl4 precursor is versatile, as it was independent of the reaction gas exposure mode (H2O or O2 plasma).


[image: Figure 9]
FIGURE 9. GIXRD diffractogram for TiO2 film growth using TiCl4 precursor: (A) fifth set of samples, (B) peak (101) for the fifth set of samples, (C) eighth set of samples, and (D) peak (101) for the eighth set of samples.


Figure 9C presents the diffractograms of the eighth set of samples for TiCl4 precursor with pulse time fixed and the temperature ranging from 150 to 350°C, with all parameters summarized in Table 3. The uncertainty for the films grew at temperatures of 150 and 200°C, which was high due to the (101) peak being extremely weak for 200°C and nonexistent for 150°C. The uncertainty of the films grown at 250, 300, and 350°C is low due to the (101) peak being dominant. For temperatures above 250°C, the second-order-peak (202) was observed in diffractograms (Figure 9C), which corroborates the high crystallinity. For these films, the value of s (%) is positive, resulting in tensile stress. Figure 9D shows a decrease in EPP from (25.565 ± 0.002)° to (25.432 ± 0.002)°, which revealed the shift in (101) peak, this behavior occurs when increasing the temperature from 250 to 350°C, and as a consequence, there was a decrease in s (%) from 1.04 to 0.52 and the FWHM (°) varied from (0.50 ± 0.01) to (0.66 ± 0.01).

This change in crystallinity behavior with temperature relates to the nature of the ALD growth via exchange relations on the surface (Puurunen et al., 2011). Matero et al., 2001 showed that for TiCl4 and H2O as precursors, and using temperatures below 250°C, the numbers of -Cl ligands from to TiCl4 pulse decreases from about two to one (i.e., from bifunctional to monofunctional adsorption). However, in temperatures higher than 250°C, less than one -Cl ligand occurs. This indicates dissociative chemisorption of TiCl4 at oxygen bridges, which shows a dehydroxylation of OH groups at higher temperatures. According to Leem et al. (2014), the dissociative chemisorption contributes to the first-half reaction of ALD TiO2 at a higher temperature. Thus, the relation between an increase of GPC can be related to the dissociative chemisorption of TiCl4 (Matero et al., 2001; Leem et al., 2014). (Hu and Turner, 2006) demonstrate by density functional theory (DFT) calculations in the initial surface reactions of ALD TiO2 on the SiO2 substrate that during the first half-reaction the monofunctional chemisorption of SiOH and TiCl4 is slightly exothermic, and the bifunctional chemisorption is rather endothermic.

Therefore, the desorption (reverse reactions) of chemisorption is a problem related to low crystallinity at temperatures below 250°C on Si substrates.




CONCLUSIONS

To conclude, an evaluation of the impact of pulse time on the GPC and the structure of TiO2 films grown by ALD and PEALD techniques offers advantages in the enhancement of the crystallinity quality of these films by using reduced deposition time. This in-depth theoretical and experimental study has presented a theoretical model based on the Maxwell-Boltzmann velocity distribution and the molecular flux of gases that collide with the substrate to create a better understanding of the GPC vs. pulse time. Through this model, which was applied to both precursors (metallic and oxidant), we analyzed the best pulse time of saturation to predict the GPCSAT, reaction rate, and molecular flow, which allows us to optimize the ALD process time and the quantities of precursors used in the film growth. We validated the model by fitting our experimental data along with data from other studies to different metal oxide thin films, namely HfO2, Al2O3, ZnO, and RuO2. In our data, we found tSAT ≥ 0.25 s and tSAT ≥ 1.0 s for TiCl4 and TTIP precursors, respectively, on both Si (100) and FTO substrates, which indicates that the growth of TiO2 thin films was self-limited for the thermal ALD and PEALD. It was also observed that the GPCSAT and thickness of the films grown by thermal ALD using TTIP, had, on average, 40% of the value, obtained using TiCl4 precursor. Using O2 plasma as the reaction gas and TTIP, there was a two-fold increase in GPCSAT and thickness, compared to the results when H2O was used. The reaction rate, the molecular flow, and the diffusion coefficient decreases when the temperature varies from 150 to 350°C, which showed the following relationship R(s−1) ∝ Φ(cm−2s−1) ∝ D∝ T−1/2. The chemical composition was evaluated by RBS analysis and showed that the samples from the three sets of PEALD TiOx films have an excess of oxygen (i.e., they exhibit a superstoichiometry with x values from 2.02 ± 0.01 to 2.30 ± 0.01). GIXRD diffractograms of the films showed a crystalline structure, reaching a crystalline degree from 57 to 80%, for the samples from the two sets of thermal ALD using TiCl4 and H2O precursors, whereas the set of PEALD samples, using TiCl4 and O2 plasma, had a crystalline degree from 50 to 80%. These results indicated the high-quality of the crystalline TiO2 films for the TiCl4 precursor. For the set of PEALD samples, using TTIP and O2 plasma, the high crystallinity degree of the films was reached from 80 to 95%. On the other hand, a low crystallinity quality (below 40%) was observed for the two sets from ALD thermal samples using TTIP and H2O. The film phase, for all parameters in this work, was anatase with a positive strain, resulting in tensile strain. Overall, our results demonstrate the benefits of understanding the GPC and pulse time to control TiO2 film crystallinity quality, strain, thickness, stoichiometry, and morphology through adjustment of the essential parameter, namely ALD pulse time.
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