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Abstract: TiO2 nanoparticles (NPs) thin films with a thickness of 50 nm and a core-
shell nanostructure were prepared using the spin coating technique and were treated using 
an inductively coupled O2 plasma at low pressure. While no significant features were 
observed during pumping, two kinetics can be identified during plasma processing using 
in situ spectroscopic ellipsometry. For very short plasma treatment times, the removal of 
solvent-based organic moieties surrounding TiO2 nanoparticles produces a densification 
of the inorganic TiO2 films. Such mineralization effect by the O2 plasma treatment was 
confirmed by X-ray photoelectron microscopy. For larger time scales, the average size of 
TiO2 NPs rises and significant changes of the optical properties occur. While no 
significant changes in the film nanostructure were observed by Scanning Electron 
Microscopy, a rise in the crystallite size and an increase in the agglomeration of TiO2 
nanoparticles were confirmed by Transmission Electron Microscopy and Atomic Force 
Microscopy, respectively. The mechanisms involved in such plasma-induced 
modification of nanostructured TiO2 thin films are discussed in line with the energy fluxes 
of plasma-generated species.  

 
Keywords: Titanium dioxide; Nanoparticles, Thin films, Plasma-surface interactions, Plasma 

species energy fluxes  
 

1. Introduction 

 

Nanoparticles (NPs) have been widely investigated by the scientific community, as they give 

flexibility to a wide variety of applications, including photovoltaics [1], electrical insulation systems [2], 

electronic[3], photonic devices [4] and sensors[5].  The importance of NPs was especially realized when 

it was discovered that the size of the NPs can have an influence on the final properties compared to the 

bulk material. They can be classified depending on their nature (for example, carbon-based, ceramic, 
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metal, polymeric and semiconductor NPs[6]), size, morphology, physical and chemical characteristics, 

etc. Among the different systems, TiO2, as high-k, stable and low cost semiconductor has been identified 

as an ideal candidate for its optical [7], dielectric[8-9] and photocatalytic[10] properties. Trying to 

expand these properties, TiO2 NPs were extensively prepared and studied especially for cosmetic [11], 

antibacterial[12], solar cell[13–16], self-cleaning[17], hydrophobic [18] and isolative[19] applications. 

In addition, at the nanometre scale, especially below 10 nm, TiO2 NPs can enlarge the bandgap and shift 

to larger redox potentials the band edges [20]. 

 

Today, the most common ways to deposit a layer of NPs dispersed in colloidal solution are dip casting, 

drop casting, spin coating and inkjet printing. While wet processes represent fast and low-cost deposition 

methods, they often result in poor-quality films due to the presence of solvent residues on the substrate. 

In an attempt to counterbalance this effect, a few studies have investigated the impact of weakly ionized, 

non-thermal plasma treatments on these wet-processed thin films of NPs. In particular, Homola et al. 

[21] have reported the mineralization effect of atmospheric pressure dielectric barrier discharge (DBD) 

on the inkjet-printed TiO2 NPs film. In particular, they have indicated the possibility of acquiring high-

quality inorganic TiO2 films by removing the organic moieties of the binder. Chang et al. [22,23] have 

investigated the sintering effect of atmospheric pressure plasma jet (APPJ) on screen-printed TiO2 NPs 

paste. Finally, there have been some reports aiming in the effective nitrogen doping of ordered, 

mesoporous TiO2 thin films using nitrogen/argon (N2/Ar) plasmas at low pressure [24]. 

 

In this framework, this study examines the treatment of thin films formed of spin-coated 5 nm anatase 

TiO2 NPs [25] by an inductively coupled plasma operated in O2 at low pressure. More precisely, through 

judicious control of the plasma properties and using both ex situ and in situ analysis of plasma-processed 
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thin films, we report on the influence of the plasma treatment time on the organic solvent, the TiO2 

crystallites and the nanostructuration of spin-coated TiO2 NPs. In line with the experimental data and the 

energy fluxes of plasma-generated species at the substrate surface, the mechanisms involved in such 

plasma-induced modification are discussed. 

 

2. Material and Methods 

 

2.1 Spin-coating of TiO2 nanoparticles 

 

For wet deposition of TiO2 thin films, a colloidal solution of crystallized anatase TiO2 NPs was spin-

coated on thermally oxidized silicon substrates (500 nm SiO2 on 500 µm Si wafer). Before deposition, 

the SiO2/Si substrates were cleaned in an ultrasonic bath with distilled water, ethanol and isopropanol. 

The colloidal solution, synthesized according to ref. [1] and [25], comprises TiO2 NPs with a well-

defined monodispersed mean hydrodynamic diameter centered at 5 nm. As synthesized, the solvent of 

this solution is a mixture of 4-methyl-1,3-dioxolan-2-one (also known as propylene carbonate (PC)) and 

1,2-propanediol (or propylene glycol (PG)), with a molar fraction in PC, xPC=0.27, where 𝑥𝑥𝑃𝑃𝑃𝑃 =

[𝑃𝑃𝑃𝑃] ([𝑃𝑃𝑃𝑃] + [𝑃𝑃𝑃𝑃])⁄ . In order to deposit a highly-concentrated and sufficiently-thick layer of TiO2 NPs 

by spin coating, the solution was concentrated by evaporating part of the solvent at 120 °C. Consequently, 

due to the lower volatility of PC with respect to PG, xPC increases by enrichment in PC. As shown in 

Figure 1, such change in xPC also modifies the viscosity of the solution (determined using a Lovis 2000 

ME-Anton-Paar viscometer). In this work, xPC=0.6 was used; thus upon further evaporation during spin 

coating, the viscosity remains in a narrow range of values [26]. 



4 
 

 

Because achieving uniform films still remains a challenge by spin coating [27] and in order to get a 

homogeneous layer of TiO2 NPs, a two-step spin coating program was chosen. More precisely, using 

Spin Processor Laurell WS-650Mz-23NPPB, the first step was set to a spinning speed of 1000 rpm for 

30 seconds to ensure a homogeneous spread of the solution on the substrate surface. In the second step, 

a speed of 2000 rpm for 1 minute was used to activate the drying process of the spin-coated layer. After 

each spin-coating set, the substrate was dried at 150 °C for 10 minutes. To acquire a thickness of 40-50 

nm, three spin-coating sets were performed. 

 

2.2 Plasma Treatment of spin-coated TiO2 nanoparticles 

 

TiO2 NPs spin-coated on SiO2/Si substrates were exposed to a low-pressure inductively coupled O2 

plasma. All details on this plasma source can be found in previous publications [28–30]. Briefly, the 

plasma is sustained at 13.56 MHz using a helicon antenna and then expands into a stainless steel 

processing chamber where plasma-substrate interaction occurs. In this system, plasma gases are 

introduced at the top of the plasma source and the high-vacuum pumping system is located at the bottom 

of the processing chamber. The operating conditions (along with the corresponding plasma 

characteristics [7,28,29] recorded close to the substrate surface) used in this study are summarized in 

Table 1. SiO2/TiO2 thin films were positioned in the centre of the substrate holder located in the 

processing chamber. As detailed below, in situ spectroscopic ellipsometry (SE) measurements were 

recorded during pumping as well as during the 20 minutes plasma treatment (PT) in order to monitor any 

possible vacuum- and plasma-induced modification.   
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2.3 Thin film characterization 

 

For the in situ monitoring of the effect of O2 plasma during the treatment on the spin-coated thin film, 

a rotating compensator spectroscopic ellipsometer (J.A. Woollam M-2000) was mounted on the plasma 

system and aligned with the substrate surface. In situ SE measurements were conducted between 245 and 

1000 nm at 71.7° incident angle.  

 

The surface morphology of the films was monitored using Scanning Electron Microscopy (SEM) with 

JEOL JSM 7600F, in a secondary electron mode, operating at 5kV. Moreover, Atomic Force Microscopy 

(AFM) was used in tapping mode with AFM Nanowizard II (JPK Instruments) and an Al-coated 

cantilever (PPP-NCHR-50 from NANOSENSORS) with a free resonance frequency of 330 kHz and a 

typical spring constant of about 42 N/m, to investigate the nanostructured topography and roughness of 

the films. Using the ImageJ software, after adjustment of the image’s threshold and transformation in a 

binary format, the size distribution of the NPs was deduced from the AFM scans. Direct Light Scattering 

(DLS) using Zetasizer NanoZS (Malvern) was used to analyze the size distribution of the NPs in the 

colloidal solution. High-resolution Transmission Electron Microscopy (TEM) with S/TEM Themis Z 

G3, operating at 300 keV, (Thermo Fisher Scientific) was used to examine the crystallinity of TiO2 NPs 

and assess any evolution of their size. 

 

X-ray Photoelectron Spectroscopy (XPS) on a Kratos Nova spectrometer with Al Kα radiation at 

1486.6 eV was used to investigate the chemical composition of the topmost surface. Neutralization of 

the surface was applied in order to avoid differential charging effect. Survey spectra were measured from 

1200 to -2 eV (Binding Energy) using a pass energy of 160 eV while high-resolution spectra over specific 
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regions of interest were recorded with a pass energy of 40 eV. Short time measurements were undertaken 

(dwell of 100 per 0.1 eV step-scan for O1s, Ti 2p and 200 ms for C1s,). After checking that no X-ray 

damage was induced, the scans were summed up in order to increase the signal over noise ratio. The 

decomposition and fitting of the measured XPS peaks was carried out using CasaXPS software (Neal 

Fairley, Copyright© 2005 Casa Software Ltd, 2005). After accounting for the background using a U2-

Tougaard background, Gaussian-Lorentzian (30-70 %) functions were selected to model the different 

components. Raman spectroscopy measurements were also performed using a microconfocal Raman 

microscope (Renishaw inVia). The instrument was equipped with a double edge filter to eliminate the 

Rayleigh scattering and a charged couple device (CCD) camera working at a temperature of 220 K with 

a 1024 by 256 pixel array. The setup was composed of a confocal microscope that was equipped with an 

automated XYZ table and an x50 magnification objective. The laser excitation source used was set at 

514 nm and the focused power was checked to avoid any degradation of the samples. Therefore, the 

power was selected at 1.5 mW and a recording time of 1 s with an accumulation of 10 measurements was 

used. 

 

3. Results  

 

3.1 Kinetics driving the plasma-induced modification of nanostructured TiO2 thin films 

 

As mentioned above, in situ SE measurements were recorded during pumping as well as during the 

20 minutes plasma treatment in order to monitor possible vacuum- and plasma-induced modification. 

Spectroscopic Ellipsometry is based on change in the polarization of incident light after reflection by the 

system under investigation, the ellipsometric ratio ρ =  tan(Psi)exp(jDelta) is typically analyzed from 
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the measured angles Psi and Delta. The corresponding evolution of Psi and Delta values with plasma 

treatment time at 633 nm wavelength is plotted in Figure 2.  

 

Here, the measurement was initialized at the beginning of the reactor pumping. After about 97 

minutes, the plasma was turned on (time 0 on the x-axis of figure 2) for 20 minutes and then SE 

measurements were stopped. While the Psi and Delta values remain stable during pumping, significant 

changes of both Psi and Delta can be seen during the first two minutes of the plasma treatment. During 

the 2nd to 10th minute, signal variation becomes less pronounced and a saturation is reached between 10 

and 20 minutes. 

Aiming at further understanding this kinetic evolution, especially in the first minutes of the plasma 

treatment, the in situ SE data recorded at each plasma treatment time were fitted using a model. The 

validity of this model, and therefore the evaluation of the accuracy of the fit, was estimated by the Mean 

Square Error (MSE) [31]. Initially, the ellipsometric model used for the before plasma treatment 

condition (time 0) was the one illustrated in Figure 3a. This model, typically used for plasma-deposited 

anatase TiO2 thin films, is based on Tauc-Lorentz dispersion law with an optical energy gap (Eg) of 

3.2 eV [32]. As seen in Figure 3a, this model reveals significant discrepancy (MSE=273) between the 

experimental (coloured) and simulated (dashed) lines. Therefore, a different model was required to 

adequately represent a film containing spin-coated anatase TiO2 NPs. As mentioned in the experimental 

section, the colloidal solution with TiO2 NPs contains PG and PC. In such conditions, Karpinsky et al. 

[25] have proposed a core shell configuration of these NPs. In detail, it was calculated that for 5 nm TiO2 

anatase NPs, a 4.7 Å hydroxylated and organic shell exists. In this framework, the TiO2 nanostructured 

layer was modelled using Bruggeman Effective Medium Approximation (BEMA) with two materials: 

the TiO2 anatase NPs expressed with the Tauc-Lorentz dispersion law [31] with an optical energy gap at 
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3.4 eV (due to the nanometre size of the TiO2 [20,33]) and the low-density thin shell inducing separation 

between the nanoparticles and thus expressed as voids. As highlighted in Figure 3b, the BEMA model 

provides much better agreement between experimental and simulated values (MSE=11) and thus seems 

very well suited for the spin-coated TiO2 NPs system, at least from the optical point of view. Similar 

very-good-quality fits were observed for all operating conditions (not shown here). 

 

From the fit of Psi and Delta spectra recorded at each plasma treatment time, a variety of information 

such as the optical thickness of the film, the fraction of voids, the energy gap (Eg), the refractive index 

of the layer (neff) and the extinction coefficient (keff) can be extracted. Information on the optical 

roughness of the layer could also be analysed. However, due to the rather small thickness of the films 

examined in this work and their very small roughness, roughening effects in Psi and Delta analysis can 

only be estimated. Over the range of experimental conditions examined, optical roughness values 

deduced by spectroscopic ellipsometry were ~ round 2 nm. By fitting and extracting the spectral data as 

a function of treatment time, the plots given in Figure 4 were obtained. Focusing on the 20 first minutes 

of the plasma treatment, the time evolution of the film thickness, the fraction of voids and the energy gap 

(Eg) are displayed in Figure 4a while the optical constants as a function of wavelength for various plasma 

treatment times are presented in Figure 4b. 

  

As a general trend, the film thickness, the fraction of voids and Eg decrease with plasma treatment 

time and then reach steady-state after 10 minutes of plasma treatment. However, further analysis reveals 

that two timeframes can be identified during the first 10 minutes. Between 0 and 2 minutes, the film 

thickness sharply decreases by almost 6 nm (14% of the total thickness) and the fraction of voids rapidly 

reaches 0. This means that the shells and the empty spaces separating TiO2 NPs are removed: this brings 
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TiO2 NPs closer together. Over this time frame, the energy gap remains more or less constant. On the 

other hand, between the 2nd and the 10th minute, the fraction of voids remains 0, the film thickness only 

slightly decreases and the energy gap (Eg) now decreases significantly. As reported elsewhere for TiO2 

systems [33,34], there is a clear dependence between the size of TiO2 crystallites and the energy bandgap 

of the film. Therefore, the decrease in Eg, provided by spectroscopic ellipsometry between the 2nd and 

the 10th minute, suggests an increase in the crystallite size of the spin-coated TiO2 crystallites during 

plasma treatment over this specific time frame.  

 

Regarding the optical parameters of the nanostructured TiO2 layer, Figure 4b reveals that the effective 

refractive index (neff) and the effective extinction coefficient (keff) both increase during plasma treatment, 

with a more prominent increase in the UV (240-340 nm) zone. In terms of spectroscopic ellipsometry, 

the observed plasma-induced modification during the first two minutes (fraction of voids becomes 0, 

reduction in the film thickness, NPs become closer) implies that the initial BEMA layer becomes an 

actual TiO2 NPs layer. Then, the existing TiO2 layer is further treated, resulting in an additional increase 

of the effective refractive index, as observed in Figure 4a. In the same manner, the shift in the onset of 

the extinction coefficient can be related to the decrease of Eg [35,36]. Nevertheless, both the refractive 

index and the extinction coefficient have lower values than the ones obtained for bulk, plasma-deposited 

TiO2 films (𝑛𝑛 = 2.3 at 633 nm) due to the nanometric size of TiO2 NPs in the nanostructured TiO2 film 

obtained by spin coating [32]. 

 

3.3 Morphological and crystallinity analysis of the plasma-treated nanostructured TiO2 thin films  
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Morphological analysis of nanostructured, spin-coated TiO2 thin films were realized by SEM and 

AFM in order to better understand the optical changes observed in the previous section. Further 

investigations on the crystallinity of TiO2 NPs were achieved by TEM. Typical SEM images, TEM 

images and AFM scans obtained before and after plasma treatment are shown in Figure 5. At the scale 

of SEM images (left-hand-side column in Figure 5), the film seems globally homogeneous even if some 

darker contrasts are detected. At this scale, we deduce that these features could be attributed to cracks 

allowing the solvent to be expel during the spin-coating process. After the plasma treatment, the 

nanostructuration of the film globally remains intact. However, the number of the cracks seems slightly 

increased. Since the resolution of the SEM is at 10 nm, one can understand that the exact identification 

of the 5 nm NPs is impossible. From TEM images (also presented on the middle-right side column of 

Figure 5), the basal TiO2 planes indicate crystallized TiO2 NPs before and after plasma treatment. Before 

exposure to the low-pressure O2 plasma, typical crystallite sizes can be estimated at 3.5 ± 0.6 nm whereas 

after the plasma treatment the typical crystallite sizes increases to 4.5 ± 0.9 nm.  

 

AFM was used as a local probe first to have access to the roughness and second to the size distribution 

of the NPs. As shown in figure 5 (middle-left column), the root-mean-square (RMS, Rq) roughness of 

as-deposited and plasma-treated TiO2 films is 2.6 nm. These values are consistent with those estimated 

from spectroscopic ellipsometry (Section 3.1). Before the plasma treatment, Figure 5a reveals that AFM 

scans at low magnification are kind of fuzzy and blurry. Such feature can most likely be ascribed to the 

presence of solvent expelled throughout the film thickness that remains on the film surface after spin-

coating of the colloidal solution. In contrary, after the plasma treatment, the quality of the image is 

significantly improved such that the shape and size of TiO2 NPs can now readily be identified from both 

low and high magnification images. Cross sectional line profile from the same AFM scans are given in 
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Figure 5 (right-hand-side column). Despite the fact that these two profiles have the same Rq (RMS) 

roughness, which is extracted from the total area of the scan, they reveals some differences. From the as-

deposited film, the height variation is more pronounced. Contrary, after the plasma treatment, the height 

variation is smoothened and the variation is less frequent. From these two particular profiles, the peak-

to-valley Rt reaches 14.6 and 11.4 nm, before and after plasma treatment, respectively. This indicates 

that the surface of the NPs is affected by the treatment. 

 

From detailed analysis of multiple AFM scans at low and high magnification, the mean size of spin-

coated TiO2 NPs before and after plasma treatment were extracted. The results are plotted as histograms 

in Figure 6. Size distribution obtained from DLS in the colloidal solution is also shown for comparison. 

From the plots, Gaussian fits were realized to obtain the mean size and the standard deviation. Compared 

to the DLS results of TiO2 NPs in volume, the hydrodynamic diameter increases after the spin-coating 

process. In the colloidal solution, the hydrodynamic diameter is estimated at 4.0 nm and the standard 

deviation is at 0.3 nm. After the spin-coating process, these values increase to 13 nm and 4 nm, 

respectively. Such feature was also observed by other authors (see, for example, [37,38]) and was 

ascribed to the agglomeration of TiO2 NPs during deposition and evaporation of the solvent. Therefore, 

the objects observed and measured by AFM are aggregated TiO2 NPs. After the plasma treatment, there 

is a slight shift of these aggregations to higher values, with a mean size of 16 nm and a standard deviation 

of 5 nm. The fact that the mean size increases with a relatively low standard deviation in AFM scans is 

consistent with previous observations that there is a shift towards higher NPs sizes of TiO2 NPs after 

plasma treatment, observed from SE (section 3.1) associated to an increase in crystallite size as stated 

from High Resolution TEM observations (Middle of Figure 5). 
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3.3 Chemical analysis of the plasma-treated nanostructured TiO2 thin films  

 

For the chemical analysis of the spin-coated TiO2 NPs before and after the plasma treatment, Raman 

spectroscopy and XPS were used. Figure 7 presents the Raman spectra of TiO2 NPs before and after 

plasma treatment with a focus on the Eg band anatase peak. Raman modes can be assigned to the Raman 

spectra of the anatase crystal: 147 (Eg), 200 (Eg), 400 (B1g), 513 (A1g), 518 (B1g) and 642 cm-1 (Eg) 

[39,40]. Since commenting Raman intensities of very thin films requires to be cautions, the analysis was 

limited to the peak positions. Regarding the spin-coated films before plasma treatment, it can be observed 

that the Eg peak lies at 154 cm-1: this value is shifted from the expected anatase 144 cm-1 Eg peak[41,42]. 

It is well-established experimentally that Raman spectra of low-dimensional crystals of semiconductors 

are modified when compared to the corresponding bulk crystal spectra namely, (1) the Raman peaks are 

asymmetrically broadened and (2) their positions are shifted [43,44]. In this context, the results presented 

in Figure 7 confirm that spin-coated TiO2 NPs are anatase crystallites and small in size. Moreover, after 

the plasma treatment, the Eg band peak maintains a similar asymmetrical shape but shifts to 150 cm-1; 

such feature can be related to an increase in the mean crystallite size of TiO2 NPs [42,45], in very good 

agreement with the conclusions of in situ spectroscopic ellipsometry (Section 3.1) and TEM (middle of 

Figure 5) in Section 3.3. 

 

Further chemical analysis was obtained through XPS. As reported by many authors (see, for example, 

[1,46,47]), the signal of titanium element in XPS results from two separated peaks that can be attributed 

to Ti 2p3/2 and Ti 2p1/2. The 2p3/2 peak lies at 458.5 eV as expected for Ti4+ cations in TiO2. The 

contribution of oxygen bonded to titanium atoms and noted as Ti-O appears at 530.0eV. Since the 

colloidal solution of TiO2 NPs was synthesized in an organic solvent, the contribution of carbon element 
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was considered. Therefore, three peaks were identified. The first, at 284.8eV, is usually assigned to C-C 

bonds of both adventitious elemental carbon and the solvent, while the second, at 286.0eV, and the third, 

288.5eV, can be related to -C-O bonds and C=O bonds, respectively. Fitting these peaks with CasaXPS 

software can then provide information on the atomic percentage of the various contributions in 

nanostructured TiO2 films. The results are presented in Figure 8 before and after plasma treatment. As 

expected, the pristine surface reveals a rather significant amount of organic species (40% in total). After 

the O2 plasma treatment, this contribution significantly decreases (22% in total) due to the removal of 

solvent-based organic moieties. 

 

4. Discussion 

 

Based on the experimental data presented in Section 3, the main effects observed after the O2 plasma 

treatment of the spin-coated TiO2 nanostructured thin film are (i) a mineralization of the film due to the 

removal of solvent-based organic moieties surrounding TiO2 NPs (evidenced by XPS and AFM), (ii) a 

densification of the film (evidenced by in situ SE) and (iii) an increase of the crystallite size and of the 

agglomeration of TiO2 NPs (evidenced by in situ SE, AFM, TEM, and Raman spectroscopy). A way to 

explain these features is by understanding both the nanoparticles and the O2 plasma itself. On the one 

hand, as already mentioned, Karpinsky et al. [25] have proposed a core shell configuration for TiO2 NPs 

synthesised according to ref. [1] and [25]. As a result, for the case of 5 nm TiO2 anatase NPs dispersed 

in PC and PG, a 4.7 Å hydroxylated and organic shell exists around TiO2 NPs. On the other hand, over 

the range of experimental conditions investigated (see all details in Table 1, [29]), the population of O 

atoms (no=1.7x1014 cm-3) is much larger than the O2
+ ion density (ni=1.6x109 cm- 3). This predominance 

of O atoms in the low-pressure plasma promotes their interaction with the film and thus provides a 
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smooth and selective chemical etching rather than rapid and non-selective ion bombardment. Based on 

these features, an attempt to illustrate the effect of the O2 plasma treatment on TiO2 NPs is presented in 

Figure 9. 

 

During the first kinetics characterized by a fairly constant energy gap (and thus crystallite size) and a 

significant decrease of the film thickness and of the fraction of voids (0-2min, see Figure 4), chemical 

etching of the organic part of the NPs’ shell occurs, densifying the layer and leading to the production of 

CO, CO2 and H2O volatile by-products in the plasma volume [29]. This behavior, depicted in Figure 9b, 

can be confirmed by the decrease of the concentration fraction of organic species measured by XPS. 

During the second kinetics characterized by a decrease of the energy gap (and thus a rise of the crystallite 

size) and of the film thickness (2-10min, see Figure 4), the O atoms have better access to the total 

thickness of the film such that they become able to reorganize the remaining shell with the core. This 

reorganization leads to an even thinner shell and to the addition of a TiO2 layer surrounding the initial 

TiO2 core by the formation of O-Ti-O bonds. These aspects are illustrated in Figures 9c and 9d and 

ultimately lead to the configuration displayed in Figure 9e. Through both in situ SE and Raman 

spectroscopy, it can be verified that this layer is contributing to the growth of the total TiO2 crystallites, 

meaning that they remain in an anatase and not amorphous phase. 

 Many groups have attempted to investigate the mechanism leading to the crystallization of amorphous 

NPs in weakly ionized, non thermal plasmas [48–50]. The plasma-particle interactions leading to the 

heating of the TiO2 NPs could be a suitable explanation to this phase transformation in O2 plasmas at 

low pressure. In order to estimate the temperature of the NPs (TNPs) over the range of experimental 

conditions examined, a steady-state power balance equation 𝑄𝑄𝐼𝐼𝐼𝐼 = 𝑄𝑄𝑂𝑂𝑂𝑂𝑂𝑂 was used [48,49]. In this case, 

the simple model of a single NP on the substrate surface was used. Here, the total input power QIN and 
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total output power QOUT at the NPs’ surface can be obtained from the corresponding energy fluxes JIN 

and JOUT, 𝑄𝑄𝐼𝐼𝐼𝐼 = ∫ 𝐽𝐽𝐼𝐼𝐼𝐼𝐴𝐴 𝑑𝑑𝑑𝑑 = ∫ 𝐽𝐽𝑂𝑂𝑂𝑂𝑂𝑂𝐴𝐴 𝑑𝑑𝑑𝑑, where the integrals are performed over the studied surface 

area. 

 

During the O2 plasma treatment, the total input energy flux includes the contributions of positive ions 

(Jions) following either their acceleration in the plasma sheath surrounding the NP at floating potential or 

their neutralization at the NP surface. In addition, electrons (Je) as a result of their random motion around 

the NP at floating potential and O atoms (Jass) following their recombination-association event at the NP 

surface. In this framework, the total energy flux towards the NPs can be written as [48,49]: 

 

 𝐽𝐽𝐼𝐼𝐼𝐼 = 𝐽𝐽𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 +  𝐽𝐽𝑒𝑒 + 𝐽𝐽𝑎𝑎𝑖𝑖𝑖𝑖 = 𝑛𝑛𝑖𝑖 �
𝑘𝑘𝐵𝐵𝑂𝑂𝑒𝑒
𝑚𝑚𝑖𝑖

(𝐸𝐸𝑖𝑖𝑖𝑖𝑖𝑖+ 𝛤𝛤𝑖𝑖 𝐸𝐸𝑖𝑖) + 𝑛𝑛𝑖𝑖 �
𝑘𝑘𝐵𝐵𝑂𝑂𝑒𝑒
𝑚𝑚𝑖𝑖

 2𝑘𝑘𝐵𝐵𝑇𝑇𝑒𝑒 +

 1
4
𝑛𝑛𝑂𝑂 �

8𝑘𝑘𝐵𝐵𝑂𝑂𝑔𝑔
𝜋𝜋𝑚𝑚𝑜𝑜

𝛤𝛤𝜊𝜊𝐸𝐸𝑑𝑑𝑖𝑖𝑖𝑖𝑖𝑖        (1) 

 

where 𝑘𝑘𝐵𝐵 is the Boltzmann constant, 𝑚𝑚𝑖𝑖 is the mass of O2
+,  𝐸𝐸𝑖𝑖𝑖𝑖𝑖𝑖 = 𝑒𝑒 (𝑉𝑉𝑝𝑝 − 𝑉𝑉𝑓𝑓) is the sheath potential 

(where 𝑉𝑉𝑝𝑝  is the plasma potential, 𝑉𝑉𝑓𝑓 is the floating potential and 𝑒𝑒 is the electron charge), 𝛤𝛤𝑖𝑖 is the 

recombination coefficient of the positive ions on the NP surface (here, 𝛤𝛤𝑖𝑖 = 1 is assumed), 𝐸𝐸𝑖𝑖 is the 

ionization energy (12.06 eV for O2), 𝑚𝑚𝑂𝑂 is the mass of O atoms, 𝐸𝐸𝑑𝑑𝑖𝑖𝑖𝑖𝑖𝑖 is the dissociation energy (5 eV 

for O2), and 𝛤𝛤𝜊𝜊 is the recombination coefficient of O atoms on the TiO2 NP surface. Over the range of 

experimental conditions investigated, the 𝛤𝛤𝜊𝜊 value can be estimated between 0.4 and 1 [51] (here, a 

maximum contribution was assumed such that 𝛤𝛤𝜊𝜊 = 1). For the 3.3 Pa, O2 plasma investigated in this 
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study, all of these contributions can be calculated using the plasma characteristics (ni, ne, n0, Eion, Te, Tg, 

Ts) listed in Table 1. As shown in Table 2, the main contribution to the total input energy flux is Jass.  

 

Regarding the total output energy flux JOUT (heat loss term), the contributions include thermal 

conduction with the neutral gas species striking onto the NP surface (Jcond,gas), thermal conduction with 

atoms from the solid substrate (Jcond,solid  ) and  radiation cooling (Jrad). For the 3.3 Pa, O2 plasma, the 

mean free path of the gas molecules (𝜆𝜆𝑔𝑔𝑎𝑎𝑖𝑖) is much higher than the diameter of TiO2 NPs such that the 

equation used for thermal conduction effects is the one for the free-molecule regime [52]. In this context, 

JOUT can be written as follows [53]: 

 

𝐽𝐽𝑂𝑂𝑂𝑂𝑂𝑂 = 𝐽𝐽𝑃𝑃𝑖𝑖𝑖𝑖𝑑𝑑,𝑔𝑔𝑎𝑎𝑖𝑖 + 𝐽𝐽𝑃𝑃𝑖𝑖𝑖𝑖𝑑𝑑,𝑖𝑖𝑖𝑖𝑠𝑠𝑖𝑖𝑑𝑑 + 𝐽𝐽𝑟𝑟𝑎𝑎𝑑𝑑 = 𝛾𝛾+1
16(𝛾𝛾−1)  𝛼𝛼 𝑝𝑝

�𝑂𝑂𝑔𝑔
�8𝑘𝑘𝐵𝐵
𝜋𝜋𝑚𝑚

�𝑇𝑇𝐼𝐼𝑃𝑃𝑖𝑖 − 𝑇𝑇𝑔𝑔� + 𝜆𝜆𝑠𝑠
𝑑𝑑𝑠𝑠

(𝑇𝑇𝐼𝐼𝑃𝑃𝑖𝑖 − 𝑇𝑇𝑖𝑖) +

𝜖𝜖𝜖𝜖�𝑇𝑇𝐼𝐼𝑃𝑃𝑖𝑖4 − 𝑇𝑇𝑔𝑔4� (2) 

 

where 𝛾𝛾 is the adiabatic coefficient (𝛾𝛾=1.4 for oxygen), 𝛼𝛼 is the accommodation coefficient (𝛼𝛼 =0.9 for 

oxygen), 𝑝𝑝 is the pressure, 𝑚𝑚 is the mass of gas molecules, 𝜖𝜖 is the emissivity of the TiO2 NPs, and 𝜖𝜖 is 

the Stefan-Boltzmann constant. For the heat loss by thermal conduction with the solid, ds is the thickness 

of the substrate (ds=500 μm for SiO2/Si substrate) and λs is the heat conductivity of Si which is the main 

material of the substrate (λs=130 Wm-1K-1). In the last term of Equation (2), the emissivity is 𝜖𝜖 =0.8 [54]. 

For the 3.3 Pa, O2 plasma examined in this study, the main contribution to the total output energy flux 

JOUT comes from 𝐽𝐽𝑃𝑃𝑖𝑖𝑖𝑖𝑑𝑑,𝑖𝑖𝑖𝑖𝑠𝑠𝑖𝑖𝑑𝑑 and from 𝐽𝐽𝑃𝑃𝑖𝑖𝑖𝑖𝑑𝑑,𝑔𝑔𝑎𝑎𝑖𝑖. In this context, assuming 𝑄𝑄𝐼𝐼𝐼𝐼 = 𝑄𝑄𝑂𝑂𝑂𝑂𝑂𝑂 Equations (1) and 

(2) can be simplified as 
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𝑄𝑄𝐼𝐼𝐼𝐼 = 𝑑𝑑𝑝𝑝
1
4
𝑛𝑛𝑂𝑂 �

8𝑘𝑘𝐵𝐵𝑂𝑂𝑔𝑔
𝜋𝜋𝑚𝑚𝑜𝑜

𝐸𝐸𝑑𝑑𝑖𝑖𝑖𝑖𝑖𝑖 = 𝑑𝑑𝑐𝑐𝑖𝑖𝑖𝑖𝑐𝑐
𝜆𝜆𝑠𝑠
𝑑𝑑𝑠𝑠

(𝑇𝑇𝐼𝐼𝑃𝑃𝑖𝑖 − 𝑇𝑇𝑖𝑖) + 𝑑𝑑𝑝𝑝  𝛾𝛾+1
16(𝛾𝛾−1)  𝛼𝛼 𝑝𝑝

�𝑂𝑂𝑔𝑔
�8𝑘𝑘𝐵𝐵
𝜋𝜋𝑚𝑚

�𝑇𝑇𝐼𝐼𝑃𝑃𝑖𝑖 − 𝑇𝑇𝑔𝑔�  = 𝑄𝑄𝑂𝑂𝑂𝑂𝑂𝑂

 (3) 

 

were 𝑑𝑑𝑝𝑝 is the surface integral of the NP area i.e. 𝑑𝑑𝑝𝑝 = 4𝜋𝜋𝑟𝑟𝑝𝑝2, with a NPs’s radius rp=2.5 nm for the case 

of 5 nm TiO2 anatase NPs and 𝑑𝑑𝑐𝑐𝑖𝑖𝑖𝑖𝑐𝑐 the cross-sectional area between the NP and the plane substrate. 

Assuming a round sphere in contact with a plane, based on Hertz equation, 𝑎𝑎 = �3𝑊𝑊𝑟𝑟𝑝𝑝
4𝐸𝐸∗

3
 [55], the radius 

of the spherical cap in contact can be deduced. 𝑊𝑊 is the weight of the NP, 𝑟𝑟𝑝𝑝 its radius and 𝐸𝐸∗ is the 

effective elasticity modulus between the TiO2 NP and the SiO2/Si substrate. The resulting radius is 

significantly low verifying the assumption that the contact between the NP and the substrate is a single 

point.   

 

For a typical substrate temperature of Ts=400 K (as measured by temperature-sensitive labels located 

at the substrate’s backside [7]), the temperature of the NPs can be estimated to 𝑇𝑇𝐼𝐼𝑃𝑃𝑖𝑖=744 K. This value 

indicates that the conduction of the substrate is negligible due to the geometry (small contact area) of the 

system under consideration, the main cooling parameter is the one of the conduction with the gas and 

𝑇𝑇𝐼𝐼𝑃𝑃𝑖𝑖 becomes comparable to the temperature  achieved for NPs in the gas phase of dusty plasmas 

[48,49,56]. Crystallization of amorphous TiO2 NPs or nanotubes (NT) has been studied by several 

authors using either thermal annealing (furnaces) or hydrothermal treatment techniques. In such 

conditions, crystallization temperatures in the 720 - 1070 K and 320-470 K ranges have been reported 

for thermal annealing and hydrothermal treatments, respectively [25,57–60]. Ohsaki et al. [61] have also 

investigated the transformation of sol-gel derived TiO2 films by RF plasma at a substrate temperature 
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lower than 400 K and a duration of treatment at 2 min. From these studies, it seems that the energy fluxes 

of plasma-generated species, and thus the corresponding values of TNPs (especially on the topmost 

surface), obtained over the range of plasma conditions investigated are sufficient to induce a 

transformation of the additional TiO2 thin amorphous layer to form anatase TiO2 NPs with larger 

crystallite sizes than in as-deposited, spin-coated TiO2 thin films. 

 

5. Conclusion 

 

      Through this study, we have investigated the impact of a low pressure O2 plasma on thin films formed 

of spin-coated anatase TiO2 nanoparticles with a core shell configuration. It was shown that the pumping 

process for acquiring a low-pressure environment in the plasma reactor does not affect the optical 

properties of the films measured by in situ spectroscopic ellipsometry. In contrast, two kinetics were 

identified during plasma processing. For very short plasma treatment times, chemical etching of the 

hydroxyl and organic shell by O atoms induces a mineralization of the nanostructured TiO2 film with no 

significant changes in the film morphology and nano-crystallinity. For larger time scales, a rise in the 

crystallite size of anatase TiO2 NPs was first suggested from in situ spectroscopic ellipsometry and then 

confirmed by TEM and Raman analysis. In line with this finding, a rise of the size of TiO2 agglomerates 

was also observed by AFM. In addition, a significant increase of the effective refractive index and 

extinction coefficient was highlighted. Based on this complete set of data, it was proposed that following 

chemical etching of the hydroxyl and organic shell, the O2 plasma treatment can produce an additional 

TiO2 layer surrounding the initial TiO2 core through the formation of O-Ti-O bonds. In addition, given 

the relatively high temperature of TiO2 nanoparticles provided by the energy balance between input 

energy fluxes (mostly through heterogeneous recombination of O atoms on the nanoparticles surface) 
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and output energy fluxes (mostly through thermal conduction with atoms from the surrounding gas), it 

was concluded that they remain in an anatase and not amorphous phase. Overall, low-pressure O2 plasma 

treatments represent fast and efficient post-deposition tools for tailoring, with a degree of control, the 

optical properties and nano-crystallinity of the TiO2 thin films formed of spin-coated anatase TiO2 

nanoparticles. Based on these results, we infer that tuning the plasma parameters (change the plasma 

species) could possibly give additional degrees of freedom to clean and heal the surface of oxide NPs, 

especially in case they are prepared in solution. Thus demonstrating that the NPs surface can be made 

accessible for reactive species by plasma treatment for short duration, is of great interest in the many 

fields such as electrochemistry or photocatalysis.  
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Figure 1: Graph of viscosity to the molar fraction in propylene carbonate xpc value. The values indicated by black stars are 
experimental ones using reference solutions with different starting xpc values; the red square corresponds to as-synthesized 

colloidal solution. 
 
 
 

 

 
Figure 2: In situ evolution of Psi and Delta values with time, during the pumping and the 20-minutes plasma treatment. 

Results are shown for only one sample although comparable values were observed for other samples. 
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Figure 3: Psi-Delta values obtained from in situ spectroscopic ellipsometry before plasma treatment (full lines) and from 
simulations (dashed lines). The results are shown as a function of the photon wavelength. In a), the model is based on a 

plasma-deposited anatase TiO2 material (TL, for Tauc-Lorentz dispersion law) whereas in b) the model relies on a 
combination of TiO2 NPs and void (BEMA, for Bruggeman Effective Medium Approximation). The schematic 

representation of the models are also shown in the topmost figures. 
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Figure 4: a) In situ spectroscopic ellipsomerty results indicating the thickness evolution, the percentage of void, and the 

energy gap during the 20 minutes of the plasma treatment. b) Evolution of the effective refractive index (neff ) and effective 
extinction coefficient (keff) for different times during the 20 minutes plasma treatment (PT). Black, red, blue, purple and 

green lines correspond to Before PT., 1 min, 5 min, and 10 min. 
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Figure 5: (from the left) Surface Scanning Electron Microscopy (SEM) Images, Transmission Electron Microscopy images, 

Atomic Force Microscopy (AFM) scans and cross sectional line profiles AFM of the a) non treated spin coated TiO2 
nanoparticles (NPs) thin film and b) 20 minutes plasma treated TiO2 NPs thin film. Scale bar for SEM: 100 nm and Root 

Mean Square (RMS) Rq roughness values are indicated on the AFM scans. 
 
 
 

 
Figure 6: Size distribution of TiO2 nanoparticles (NPs) deduced from Atomic Force Microscopy scans before (magenta) 

and after (blue) plasma treatment for 20 minutes. The size distribution of TiO2 NPs obtained from Dynamic Light 
Scattering in the colloidal solution (black) before spin coating is also shown for comparison. 
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Figure 7: Anatase Eg Raman band before (pink) and after plasma treatment (blue). 

 
 
 
 
 

 
Figure 8: Stacked columns (%) of the chemical composition of the TiO2 thin film surface before and after the plasma 

treatment. 
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Figure 9: Schematic illustration of the spin-coated TiO2 nanoparticles (NPs) a) before the plasma treatment, b) during the 
first kinetics (1-2 min) and c) during the second kinetics (3-15 min). Schematic illustration of the d) as synthesized, TiO2 

NPs, in core-shell configuration and e) after the plasma treatment. 
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