N

N

Low-temperature deposition of self-cleaning anatase
TiO2 coatings on polymer glazing via sequential
continuous and pulsed PECVD
Benjamin Dey, Simon Bulou, William Ravisy, Nicolas Gautier, Mireille
Richard-Plouet, Agnes Granier, Patrick Choquet

» To cite this version:

Benjamin Dey, Simon Bulou, William Ravisy, Nicolas Gautier, Mireille Richard-Plouet, et al..
Low-temperature deposition of self-cleaning anatase TiO2 coatings on polymer glazing via se-
quential continuous and pulsed PECVD. Surface and Coatings Technology, 2022, 436, pp.128256.
10.1016/j.surfcoat.2022.128256 . hal-03658054

HAL Id: hal-03658054
https://hal.science/hal-03658054v1
Submitted on 30 Aug 2022

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://hal.science/hal-03658054v1
https://hal.archives-ouvertes.fr

Manuscript Click here to view linked References %

Low-temperature deposition of self-
cleaning anatase TiO; coatings on
polymer glazing via sequential continuous
and pulsed PECVD

DEY Benjamin !, BULOU Simon "“*, RAVISY William 2, GAUTIER Nicolas > , RICHARD-

PLOUET Mireille 2, GRANIER Agnés 2, CHOQUET Patrick !

'Luxembourg Institute of Science and Technology, Materials Research and Technology
Department, 5 Avenue des Hauts-Fourneaux, L-4362, Esch-sur-Alzette, Luxembourg
YInstitut des Matériaux Jean Rouxel (IMN), Université de Nantes, CNRS 2 rue de la

Houssiniére, BP 32229 44322, Nantes, France

*corresponding author: Dr. Simon BULOU, simon.bulou@list.lu

Mr. Benjamin DEY, benjamin.dey@]list.lu

Dr. Simon BULOU, simon.bulou@]list.lu

Dr. William RAVISY, william.ravisy@cnrs-imn.fr

Mr. Nicolas GAUTIER, nicolas.gautier@cnrs-imn.fr

Dr. Mireille RICHARD-PLOUET, mireille.richard@cnrs-imn.fr
Dr. Agnes GRANIER, agnes.granier@cnrs-imn.fr

Dr. Patrick CHOQUET, patrick.choquet@list.lu

Page 1 of 42


https://www.editorialmanager.com/surfcoat/viewRCResults.aspx?pdf=1&docID=74781&rev=1&fileID=2243777&msid=b7301bfd-933f-4c1b-b9d2-c8d1643783eb
https://www.editorialmanager.com/surfcoat/viewRCResults.aspx?pdf=1&docID=74781&rev=1&fileID=2243777&msid=b7301bfd-933f-4c1b-b9d2-c8d1643783eb

Abstract:

Photocatalytic properties of semiconductor materials, studied now for decades, represent huge
potentialities as environmentally friendly self-cleaning surfaces. Up to now, inexpensive and
non-toxic TiOz-based photocatalysts remain the most interesting solution from practical and
industrial point of view. Nevertheless, obtaining titania surface in its anatase phase, polymorph
presenting the best photocatalytic property, usually requires high temperature. Hence, anatase
containing self-cleaning titania coatings are still limited industrially to inorganic glazing. In this
article, we present an innovative sequential deposition method using continuous and pulsed
plasma enhanced chemical vapour deposition enabling the deposition of anatase photocatalytic
thin films at substrate temperature below 60 °C. The morphology and crystalline structure of
the TiO> thin films deposited in both pulsed and continuous modes are investigated. Then, the
combination of these two methods used sequentially successfully led to the deposition of self-
cleaning TiO2 coatings on thick polycarbonate substrates without alteration, opening a new way
for the deposition of photocatalytic coatings on thermolabile substrates such as organic glazing

or lenses.

KEYWORDS : pulsed plasma; anatase TiO; low temperature PECVD; Polycarbonate;

photocatalysis; self-cleaning coatings
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1.1 Introduction

Photocatalysis is an advanced oxidative process involving light, a catalyst, and a pollutant
(organic compounds, industrial dyes, viruses, bacteria, and so on). From an environmental
perspective, this reactive pathway is often considered as a potential green alternative to
conventional wastewater treatments (sedimentation, filtration, or ozonation) as it can lead
to the absolute mineralization of the pollutant and not only to its separation from the medium
[2],[3]. As a more practical application, TiO> coated glazing (Pilkington Aktiv, Kastus) display
a very good self-cleaning ability enabling to cut down the maintenance and cleaning costs in
term of both money and chemical wastes || |. So far, many semiconductors have proven their
abilities to effectively take part to photocatalytic reactions (CdSe, Fe;O3, WO3, BioWOe,
BiVO4, CdS, ZnO, TiO2) but up to now, TiO; and TiO;-based photocatalysts remain the
favoured candidates [4]. Intrinsic properties of TiO», namely its low toxicity, low price,
significant photocatalytic activity and high chemical, mechanical and photo-stability, justify
the prominent place these systems have and will take in today’s and tomorrow’s photocatalytic
applications. Nonetheless, few intrinsic impediments are still slowing down its industrial
expansion. On the one hand, its band gap, around 3.2 eV, restricts TiO; light absorption to the
extreme blue tail and UV part of the solar spectrum which represents less than 5% of the solar
energy shining on Earth surface [5]. And on the second hand, the most photocatalytic
polymorph of TiO; (anatase), usually requires high temperature (>150 °C) either during the
synthesis or a post annealing treatment, preventing thus the deposition on thermolabile
substrates such as many polymers.

Few years ago, TiO2 nanopowders were largely investigated for photocatalytic applications as
they provide high surface/volume ratio and by consequence, the most promising photocatalytic
efficiency. Nevertheless, the use of nanoparticles presents serious impediments. In particular
for wastewater treatment, the post recovery of TiO, powder from wastewater remains

mandatory (toxicity of TiO; nanoscale suspension |6/, [7], [£], [9]), expensive and laborious
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[10]. To overcome these issues, well adherent and stable TiO> coatings need to be developed
before any process upscale. As a matter of fact, wet-chemistry route, already led to dispersed
anatase nanopowder synthesis < 100°C via multiple steps processes or long aging treatment (7-
14 days at 40°C [11], 2 days 60°C [12]). But, up to now, the main route to obtain anatase TiO>
on polymer’s surface still relies on immobilization of these crystalline powders via a reasonable
heat treatment . However, the adhesion between the polymer and the crystalline catalyst
might not be good enough and therefore may jeopardize the mechanical stability of the polymer-
supported photocatalyst [9], [14], [15], [16]. Anyhow, it appears that appropriate plasma pre-
treatment of the polymeric substrate could increase the adhesion between TiO> powders and
polyethylene and polypropylene surfaces [ 17]. Thus, the development of processes allowing, in
a reasonable time frame, to deposit highly photocatalytic TiO> crystalline layer with good
adhesion on polymeric substrate is a cornerstone of its further expansion at an industrial scale.
Plasma Enhanced CVD technology has shown its ability to synthesize TiO> anatase thin films
at substrate temperature significantly lower than thermal CVD (below 150 °C whereas Tsu, >
200°C are usually required in CVD processes) thanks to the reactive plasma species produced.
But most of the time, the deposited materials remain amorphous below 150°C [18]. Hence,
several experimental investigations have been pursued to get a well-crystallized titania layer at
low substrate temperature. Among them, we can cite few articles where process parameters
such as the Ti precursor (Titanium tetrachloride TiCls,Titanium tetraisopropoxide TTiP,
Tetrakis(dimethylamido)titanium(IV) TDMAT, Titanium ethoxide Ti(OEt)s), precursor
dilution , , plasma gas composition (Ar, Oz, Ho, N> and mixtures), plasma
configuration (direct or remote ), excitation frequency (Low frequency [25],
Radiofrequency and Microwaves [26]), power input [27], substrate biasing [28], epitaxial
growth [29], [30],[31] and even samples thickness [32], [33], [34], [35], have been explored.
More recently, the way that the plasma discharge is assisting the CVD process has been studied

to tailor the films properties and quality. Hence, pulsed waves plasma have been investigated
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to further decrease the temperature of the coatings while maintaining a partially crystallized
structure [36]. In a recently published paper [37], we demonstrated the great ability of pulsed
wave (PW) Electron Cyclotron Wave Resonance (ECWR) plasma technology to deposit
crystalline TiO2 at low temperature. Based on fine tuning of the duty cycle (DC = Tpiasma
on/(Tpiasma on + Tplasma off)) and the gas composition, one could deposit anatase TiO2 at Tsub max <
120°C with a growth rate of 10 nm.min"!. Interestingly, the thickness deposition rate appears
slightly higher in pulsed deposition mode by comparison with a continuous wave plasma. This
suggests that at a pulse frequency of 10 kHz, the film deposition is occurring during both
periods (Ton and Tofr), implying a superposition of different growth mechanisms.

To better understand the deposition mechanisms at stake in pulsed discharge process, we
investigate in this article the morphology and the crystalline structure of films deposited with
both plasma modes, a continuous wave mode with a discharge power of 500 W and a pulsed
wave mode (DC = 50%; f = 10 kHz) with a crest power of Pcrest SOOW. These investigations
pointed out that, when using pulsed plasma, the substrate temperature can be precisely tuned
and kept low but the appearance of anatase nuclei is significantly delayed. Thus, we propose a
two steps deposition method, combining a continuous waves plasma step (CW) and a pulsed
wave plasma step (PW) successively. This Sequential Deposition mode (SD) using our ECWR
PECVD process has enabled the deposition of photocatalytic anatase TiO> below 60 °C. The
practical relevance of this process is finally assessed with the deposition of photocatalytic
anatase Ti0O; coating on thick polycarbonate sheets (2 mm). The coated polycarbonate exhibits
an important and rapid self-cleaning effect, thus opening the way for elaboration of
photocatalytically active surfaces on a wide range of thermolabile substrates such as low

melting point polymers.
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2.1 Experimental

1.1. Plasma Enhanced Chemical Vapour Deposition process

The experimental set-up (Figure 1a) used was equipped with a low-pressure radiofrequency
(13.56 MHz) Electron Cyclotron Wave Resonance Plasma Enhanced Chemical Vapour
(ECWR-PECVD) source (COPRA DN 200 CF, CCR Technology) [38]. This plasma source
consists in a single turn RF driven electrode and a low transverse static magnetic field (|§ |:
tens of Gauss) allowing the creation of high-density plasma even at low pressure (< 10~ mbar)
[39]. A grounded tungsten grid at the exit of the source allows confining the plasma inside the
source. A quasi-neutral plasma beam (composed of electron, ions and neutral species) diffuses
out through the extraction grid and interacts in the deposition chamber with the titanium
precursor. Titanium (IV) tetraisopropoxide (TTiP, TifOCH(CH3)2]4, 97 wt%, Sigma-Aldrich)
vapour is injected into the deposition chamber with a bubbler system at room temperature and
using argon as carrier gas. The pressure in the bubbler was maintained between 4.5 and 5.1
mbar (TTiP saturated vapour pressure = 0.13 mbar @ 23°C). Ar carrier gas flow was fixed at 7
sccm, thus corresponding to 0.16 sccm of TTiP introduced into the deposition chamber by
means of a dispersal ring between the ECWR plasma source and the substrate holder. The
ECWR plasma source was fed with a mixture of Ar and O; with a flowrate of 12.5 and 37.5
scem, respectively. The total pressure in the chamber was set at 5.10~ mbar, thanks to a throttle
valve installed between the deposition chamber and the turbomolecular pump. In this work,
Ti0; films were deposited on intrinsic silicon substrate ((100), thickness = 280 um, single side
polished) and on thick polycarbonate (PC) sheets (2 mm, GoodFellow). The substrate
temperature was measured thanks to a K-thermocouple taped on the top of each substrate. The
ECWR plasma source can work both in continuous and pulsed modes. For this study, both

modes were used, and a frequency of f = 10 kHz was applied for the pulsed mode.
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Although the set up descibed in a previous work enabled to deposit anatase TiO2 at Tsub max <
120°C [37], it has been sligthly tweaked in the perspective of lowering the deposition
temperature even further. As such, copper substrate holder was used and temperature evolutions
were compared with the one obtained previously on a stainless steel substrate holder. The
evolutions of the substrate temperature under 500 W CW (red) and 500 W pulsed with a duty
cycle of DC = 50% (green) are displayed in Figure 1b. From a manufacturing point of view,
this statement is very important as it demonstrates the possibility of this plasma source to
synthesize an anatase phase surface at really low temperature (<100 °C) and opens the

possibility to synthesize photocatalytic surfaces on thermolabile substrates.
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Figure 1 : ECWR set-up (a) and substrate temperature as a function of deposition time under 500W CW (red)
and 500W pulsed DC = 50% 10 kHz (green) for two different substrate holder made out of stainless steel (triangles)
and copper (spheres) (b)

1.2. Structural Characterization

The surface morphology was investigated by Scanning Electron Microscopy (SEM) performed
using a Hitachi SU-70 Field Emission-SEM. The crystalline structure of the films was analysed
using a Renishaw inVia micro-Raman spectrometer. A laser beam (A=532 nm, P=2.6 mW) was
focused on a 1 pm? area on the top surface of the coating. For all the coatings analysed, Si

characteristic peak of the wafer could be observed at 521 cm’!, therefore we assume all the

coating was scanned.
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The crystalline structure and preferential orientation of crystallites have been investigated
through X-ray Diffraction (XRD) using a Bruker D8 Advance diffractometer (Cu Ka radiation)
in Bragg-Brentano geometry (20 = 22 to 64°, step 0.03°, acquisition for 10 h). TiO> anatase
peaks were attributed thanks to JCPDS file number 8§9-4921. TiO; thin film thickness was
determined by SEM on cross sections In addition, FIB prepared cross sections of two
representative as-deposited TiO> coatings (CW and PW) were investigated using transmission
electron microscopy (S/TEM Themis Z G3, 300kV, Thermo Fisher Scientific). Selected
Electron Area Diffraction (SAED) was conducted along the thickness to assess whether the

different regions of the films were crystalline or not.
1.3. Functional properties investigations

The photocatalytic activity of the as-deposited TiO> films was evaluated by measuring
Methylene Blue (MB) degradation in aqueous solution under 2 mW/cm? UV exposure (Herolab
UV-8 SL, 365 nm, 16 W) and solar simulator (LCS-100, Oriel Instruments). The samples were
immersed in aqueous MB solution (1 umol.L') and stored in dark into a black box overnight
before being exposed to the light source so the adsorption/desorption equilibrium could reach
a steady state. The UV lamp was positioned at 10 cm above the samples, corresponding to 2
mW/cm? irradiance on the samples surface (irradiance measured by a radiometer RM 12,
Opsytec Dr.Grobel). MB concentration of the solution was then quantified by measuring its
absorbance at 665 nm (UV-Visible Spectrophotometer, Tecan Infinite M1000 Pro). The
photodegradation kinetic was determined through the monitoring of absorbance decrease as a
function of UV illumination duration. The concentration of the MB solution was set at 1
umol.L! so we assumed that the active sites on the TiO> surface were in excess compared to
MB molecules. Therefore, a pseudo-first order kinetic is a relevant model to fit the data and
extract the degradation constant k (h™).

[MB], = [MB], xe™"
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3.1 Results and discussion

In a former article, it was established that, providing a fine tuning of plasma deposition
parameters, TiO> thin films growth occurs following a transition from amorphous to anatase
along the thickness . During these studies, the ECWR plasma source has shown its ability
to readily deposit anatase layers with high power input and at a high deposition rate
(=10 nm.min™!). Also, it is worth mentioning that the proposed process provides very good
uniformity of coating thickness (+/- 5 % thickness on 5x5 cm? surface) and excellent crystalline
homogeneity. Whereas substrate temperature is a major factor to tune the layers from
amorphous to anatase structure, it appeared that thanks to a fine tuning of the plasma pulsing
parameters, it is possible to favour anatase crystal germination at lower temperature (<120°C).
In the following article, we focus on the feasibility to synthesize anatase TiO: films by ECWR
at very low temperature (below 80°C).

To progress in the global understanding of TiO> growth mechanisms in this pulsed plasma
conditions on low substrate surface temperature, we have then carried out a study of the TiO2
morphology and crystallinity obtained for CW and PW mode. To do so, coatings obtained with
different deposition duration for both modes were deposited, then hereafter, analysed
thoroughly by SEM (Figure 2), Raman spectroscopy, X-ray diffraction (XRD), Transmission

Electron Microscopy (TEM) and Selected Area Electron Diffraction (SAED) analysis.
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Figure 2 : TiO, SEM topviews micrographs obtained for different deposition time using CW process (a) and
PW process (b)

According to SEM top view micrographs (Figure 2), noticeable differences clearly appear
between TiO: coatings deposited with continuous (CW) and pulsed (PW) plasma, in particular
regarding the density and size of large bright islands visible on the surface. Indeed, coatings
synthesised using CW plasma (Figure 2a) already exhibit white nuclei sprouting all over the
surface after 30 min deposition, this may correspond to the anatase coalescence stage. Also,
from these surface observations and considering that the coating is elaborated with this plasma
process at low substrate temperatures, supported by our previous work [40]|we propose that
these brighter islands are associated to the top of a columnar coating. This statement is verified
with TEM observations of FIB prepared cross-sections of thick TiO: coatings (Figure 3). In
addition, several TEM analysis of TiO; thin films deposited using the same process but with
different experimental conditions (unpublished results) evidenced that bright grains visible on

the topmost surfaces using SEM are the top of crystalline columns. This growth mechanism
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may be in agreement with the Kolmogorov model of growth for crystalline TiO> during its
coalescence step [26]. After 60 min deposition, one can see well-defined top faceted columns
spread all over the coating surface. Besides, the surface of TiO: layers synthesised using PW (f
=10 kHz, DC = 50%, Pcrest =5S00W), (Figure 2b) shows only few white sparse features dispersed
in the dark-contrasted sublayer after 30 min deposition. This may indicate that the start of the
nucleation phase using PW is delayed compared to CW. After 60 min deposition time using
PW, the already existing nuclei enlarged, and new ones start popping out of the dark-contrasted
sublayer. After 120 min of PW deposition, the surface appears almost entirely covered. In order
to further study the thin film growth mechanism, and more particularly, the structure transition
along the thickness, TEM and SAED observations were achieved on FIB prepared cross

sections of 900 nm thick (2 hours deposition) TiO; films deposited in both modes (Figure 3).
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Figure 3 : TEM and SAED analysis of 120 min CW (a) and PW (b)

Figure 3 displays SAED measurements carried out on 4 different areas for CW (Figure 3a) and
PW (Figure 3b) coatings. For CW deposited coating, SAED of area Al corresponds to Si
substrate. SAED in the first tens of nanometre of deposited coating, corresponding to the
transition fibrous/columnar, revealed characteristic features of both amorphous and anatase
TiO,. Upper in the layer, SAED of areas A3 and A4 (approximatively at 500 nm and 800 nm
from the Si surface respectively), present electronic diffraction signature corresponding to
polycrystalline anatase phase. Regarding the PW deposited coating (Figure 3b), area B1 is
clearly representative of Si substrate. When pointing at the fibrous dark-contrasted matrix (B2)
no crystalline structure is evidenced by SAED confirming the amorphous nature of this
structure. Upper in the layer (B3 and B4), SAED analysis reveals evidences of titania
crystallised under anatase phase.

Thus, as evidenced from other characterisation techniques, one can observe two regions in the
cross-view. Also, SAED evidenced that the fibrous dark structure at the interface

Substrate/Ti0> is amorphous whereas in the larger bright columns arising at the surface, the
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electron diffraction patterns are typical for TiO> anatase variety. It is worth mentioning that the
amorphous TiO layer is thicker in PW than in CW mode (170 and 60 nm respectively).
Similarly, the transition layer (coalescence layer) is thicker in PW than in CW mode (360 nm
and 135 nm respectively). Besides, the width of the crystalline columns (measured and averaged
on several TEM images) for CW mode is around 80 nm whereas the column width obtained in
PW appears bigger (140 nm). These differences revealed that in the case of CW, numerous
anatase nuclei are formed and the coalescence stage is quickly reached leading to a competitive
growth of the columns. Whereas in PW mode, due to the lower density of anatase nuclei, this
competitive growth is limited. This concept of coalescence thickness (i.e., thickness once
coalescence is achieved) for TiO> grown by pulsed and continuous waves ICP-PECVD has
been evidenced in another work thanks to in-situ ellipsometry [41]. The coalescence thickness
value may vary depending on the plasma source configuration, titanium precursor flow and RF
power applied.

In order to confirm that the bright structures emerging out of the dark contrasted matrix are
associated to the density of anatase phase, semi quantitative analysis of TiO> films were carried
out by Raman spectroscopy and are reported in Figure 4a (CW) and b (PW).

Since the laser probe interacts with the total thickness of each TiO; coating (evidenced by the
Raman diffusion peak observation of Si substrate at 512 cm™! for all analysed coatings) and
because the focalisation of the laser is similar (focalisation on the top-most surface), it can be
assumed that the area of the Raman diffraction peaks is representative of the total quantity of
anatase embedded in the coating. Figure 4c represents the integrated area under the main
characteristic peak of anatase (Eg 144 cm™) for CW and PW synthesis. For CW deposited
coatings, a linear increase of anatase amount as a function of the layer thickness is observed
from 200 nm. This implies that after a certain thickness, the quantity of new anatase crystals
synthesised is constant with time. On the contrary, PW mode needs a period before a regular

increase of anatase amount occurs. Consequently, for a similar deposition duration, the overall
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amount of anatase synthesized in coatings deposited in PW mode is lower than for the coatings
deposited in CW mode. Also, according to Figure 4c, it can be reported that the transition
between amorphous to anatase starts after a film thickness of 300 nm and spreads up, at least,
to 900 nm for the films deposited in PW mode. This statement is in good agreement with SEM
and TEM micrographs, which indicated that, between 30 and 120 min deposition, crystalline
nucleation, coalescence, columns formation and columns development were occurring
concomitantly. More interesting, this high density of anatase on topmost surface is obtained at
a substrate temperature not exceeding 60°C thanks to PW mode. On the contrary, CW
deposition process does not offer such flexibility. Raman diffusion spectra also provided a
qualitative information about the size of crystallized grains incorporated into the layers

The evolution of Full Width Half Maximum (FWHM) of the Eg mode peak at 144 cm™ is
depicted in Figure 4Figure 5d. One can see that the FWHM of CW deposited samples is lower
than these for PW mode for the same deposition time, revealing bigger anatase crystallites size
in the CW deposition condition. Besides, the FWHM decreases in both modes with increasing

deposition time, indicating that the crystallite size increases as the films grew thicker.
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To complete, XRD analysis of different coating thicknesses deposited in both modes also

confirmed the crystallinity evolution as a function of deposition time. In addition, it also

enlightens strong differences in terms of preferential crystalline orientation (Figure 5).
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Figure 5 : XRD spectra of samples deposited in CW (a) and PW (b) for different thicknesses

Indeed, several diffraction peaks typical of anatase variety (according to JCPDF file N°89-
4921) are detected. The detected diffraction peaks are located at 20 equal to 25.3° 36.2° 37.7°
38.7° 48.2° 54° and 55.1° corresponding to the indexations of anatase planes (101) (103) (004)
(200) (105) and (211) respectively. It is worth noticing that (200) plane is only observed for
CW mode deposited coatings whereas (103) plane only appears for the 900 nm thick TiO; film
deposited in PW mode. Compared to the expected intensities for a randomly oriented powder,
some variations are observed and are attributed to preferential growth along given directions.
Indeed, by calculating the Lotgering factors for the different deposition conditions, it is possible
to illustrate the difference between the two modes as a function of the coating thickness and to
detect possible preferred orientation degree of thin films, along the perpendicular direction to
the substrate [43]. These factors for all samples are presented Figure 6. (211) and (004)
crystallographic planes are identified as preferential facets for CW and PW respectively.
Indeed, for the 900 nm thick films, the Lotgering factor was evaluated around L211) = 0,40

(CW) and Los) = 0,40 (PW).

a)o+! b) .
0.2 4
] 02
5 0.0 4 5
° 1 °
& 0.2 L 004
o 4 o
£ £
‘% -0.4 -‘% 0.2
3 ol S
1 I 200 nm -0.4 1
0581 [ 250 nm [ 450 nm
] B 700 nm I 700 nm
4.0 I 00 nm 06 [ 200 nm
T T T T T T T T T T T T
(101)  (004)  (112)  (200)  (105)  (211) (101)  (103)  (004)  (112)  (105)  (211)
Miller indices (hkl) Miller indices (hkl)

Figure 6 : Lotgering Factor calculated for TiO, samples deposited by ECWR PECVD in Continuous Wave (a)
and Pulsed mode (b)
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Amongst various features that have a significant role in photocatalytic activity (PCA), the
impact of the crystallographic planes exposed to the pollutant have attracted a lot of attention
[44.,45], [46], [47]. It is here interesting to point out that PW deposited samples offer a
preferential orientation for (004) planes which is one of the {001} plane family. The reactivity
of the {001} planes family is attributed to two main factors. The main one is their high surface
energy and the other is a high density of unsaturated five-fold coordinated Ti centers that
provide acidic centres for dissociative adsorption of H>O molecules [48].

Nevertheless, the (001) planes are usually swallowed up by others more stable such as the facets
{101} as the film grows thicker because of its higher surface energy [49] (energies (y) of main
crystallographic planes observed in the literature are reported to be classified as follows y111;
(1.61 J.m?) > yqi0 (1.09 J.m2) > ygo013 (0.9 J.m2) > yo105 (0.53 J.m™) > yq101; (0.44 J.m?)).
This behaviour is generally detrimental for heterogeneous catalytic processes because higher
crystal surface energy enables a better water and organic compound adsorption therefore
enhancing their photodegradation kinetic . Consequently, PW deposited samples present a
favourable highly active plane of anatase crystal thanks to their preferential orientation.
Besides, it has been reported that (101) and (001) planes displayed reductive and oxidative sites
respectively. Thus, having both exposed facets to the external medium can promote the natural
separation of photogenerated charges [44]. Hence, anatase TiO: layers deposited in PW mode
presented in this article offers the advantage of containing a mix of highly reactive planes.
Thus, for the synthesis of crystalline TiO> layers for photocatalytic applications, both plasma
modes offered advantages and drawbacks. On one hand, 500 W delivered continuously to the
gas discharge (CW) brought up crystalline germination at the early stage of growth, namely at
60 nm for the used experimental conditions (i.e., after 5/6 min). Nonetheless, the increase in
temperature was linear with time with a slope of 0.57°C/min and jumped from nearly room
temperature to 100°C within two hours, which may be too high for many polymers with rather

low glass temperature transition. On the other hand, PW allows keeping substrate temperature
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below 60°C but may take up to three times longer to start to initiate a sparse anatase nucleation
sites. Regarding the crystallization mechanisms of CVD vacuum processes, other authors have
also reported on an incubation layer before triggering any germination of crystalline sites. This
intermediate amorphous layer is not only detected during the growth of crystalline TiO> but
also for various inorganic coatings. To circumvolve this inconvenience, different authors have
proposed process adaptations. Beato ef al. applied a SiF4 — He plasma pretreatment to suppress
the intermediate amorphous layer of their pc-silicon films . Nie et al. looked deeper into
the thickness dependence crystallization of HfO; and Al>O3 by Atomic Layer Deposition (ALD)
revealing a critical thickness and temperature triggering the amorphous to crystalline transition

. Another example was given by Kukli ef al. who deposited zirconia layers at various
thicknesses and temperatures. It turned out that this critical thickness could be lowered from
hundreds down to few nanometers by a severe increase (100 to 600°C) of substrate temperature.
Hence, for these CVD or ALD processes, the main path to reduce or even suppress the growth
of the amorphous intermediate layer is driven by an increase of the substrate temperature.
However, Borras ef al. who also worked on the synthesis of TiO> by PECVD, have shown that
in addition to temperature, an increase of the oxygen concentration in the discharge can
accelerate the amorphous to anatase transition [53]. Also, Yasuda et al. demonstrated the great
interest of seeding anatase crystal germs to quickly achieve the growth of complete anatase film
at low temperature . For that, they used the combination of an anatase bottom layer plus an
acceleration voltage of 600 V to the ionic oxygen species impinging the substrate. The
amorphous intermediate layer was suppressed and the homo epitaxial growth readily occurred
at room temperature by using the so-called “Oxygen-ion-assisted Reactive Evaporation
technique”. Thus, it is possible to grow anatase TiO2 at room temperature under vacuum process
providing an appropriate ionic energy/flux and bottom seeding layer. However, the current
cornerstone of such approach lays in the high temperature required to grow the appropriate

crystalline bottom-most layer.
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In the last part of this study, we hereafter propose an original approach to deposit anatase
coating films while keeping the substrate temperature under 60°C. To do so, the process will
combine the two deposition regimes in order to take advantage of both plasma modes. Hence,
a sequential deposition (SD) regime composed of two different steps is proposed in the
following section. First, a bottom-most layer is deposited in continuous mode, to take advantage
of the fast and efficient anatase nucleation ability of the CW mode. Second, the growth of the
anatase containing nuclei is further achieved by a pulsed plasma process to lower the substrate
temperature increase induced by the plasma. The results regarding this sequential process are

summarized in Figure 7.

Sequential Deposition

T Wy W s T s g
RS R
P, _’,'z;_*v *‘ B L AT, S
{ i’?,'itf_\f‘.’ﬂ*‘; wi N 3{‘.

30 min in Pulsed mode to
competitively grow anatase,

e N e

30 min in Pulsed mode 30 minin CW modeto 30 minin CW modeto
to sparsely nucleate anatase densely nucleate anatase densely nucleate anatase

Figure 7 : SEM top-views micrographs of TiO; coatings synthesised with PW (a,d), CW (b,e) and sequential
deposition (SD) plasma processes (c,f) after 30 min (a,b,c) and 60 min (d,e,f)

One can clearly see that SD deposited coating top surface (Figure 7f) displays a high density of
anatase containing crystallites, visually very similar to the coating deposited in CW (Figure 7e¢).
As a confirmation, the main anatase Raman peak (Eg at 144 cm™) amplitude of the SD layer
appears almost equal (83%) to the one synthesised with continuous plasma, indicating that
nearly the same amount of anatase is synthesised (Figure 8a). Hence, the photocatalytic activity
of SD and CW thin films (Figure 8b) are very close (apparent kinetic constants of 0.17 and 0.18
h! respectively). Although the amount of anatase appears to have a great influence on
photocatalytic properties, various factors such as morphology, porosity, crystals orientation

must be considered. In addition, the substrate temperature has been monitored all along the
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deposition duration (Figure 8c) for 1Th CW, 1h PW process and SD process (30min CW + 30
min PW). As expected, at the beginning of the growth, the temperature of the substrate using
SD is following the one of the CW process but after 30 min, when the plasma is switched from
CW to PW, the curve inflects to follow the pulsed mode temperature trend. Thus, at the end of

the SD process (1h) the final temperature of the substrate reaches 58°C only.
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Figure 8 : Raman spectra (a), MB degradation rate under UV (365 nm, 2 mW/cm?) (b) and sample
temperature evolution as a function of deposition time (c)

To assess the interest of this combining deposition process, for practical applications, the
experimental parameters were adapted to demonstrate its ability for the deposition on a 2 mm
thick polycarbonate substrate, denoted PC, (thermal conductivity 0.22 W.m.K™"). Figure 9
illustrates the major advantages of Sequential Deposition for the deposition of TiO; thin films

on polycarbonate substrates.
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Figure 9 : Pictures of CW and SD coated polycarbonate substrates(a) UV-Vis spectra of raw polycarbonate,
SD TiO; coated polycarbonate and CW TiO, coated polycarbonate (b) and Raman spectra of raw polycarbonate, PW
and SD TiO; thin film on polycarbonate
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Figure 9a presents the top-views of titania films deposited on thick PC substrates in CW and
SD deposition mode, respectively. CW mode induced a continuous substrate temperature
increase bringing the polycarbonate up to its melting point and therefore strongly degrading its
physical properties. On the contrary, polycarbonate coated using the SD process (CW
nucleation layer then PW) did not show any degradation. This visual analysis was confirmed
by the UV-vis transmission measurements (Figure 9b). Indeed, overall transmission of the CW
sample appeared to be around 20% which indicates a major deterioration of the PC optical
properties. On the contrary, TiO> coated PC substrate using the SD mode displayed only a minor
transmission reduction in the visible range, from 90 % to 85 % approximately (oscillations
superimposed to the transmission curve for the coated PC are due to interferences within the
TiO; layer). Besides, Raman scattering did not reveal any anatase evidence in the TiO layer
deposited using PW mode only, whereas anatase peak is clearly visible for the TiO, coated PC
using SD mode (Figure 9c). All these results clearly evidence the advantages provided by the
sequential plasma deposition process proposed in this article.

If the interest of the SD method was demonstrated to deposit anatase TiO» on thick
polycarbonate without damaging the substrate, its functional properties are now discussed
(Figure 10). On Figure 10a, the anatase coated PC substrate shows a good ability to degrade
methylene blue in aqueous solution under simulated solar irradiation, within a period of 6 h
leading to an apparent rate constant degradation of 0.4 h!. As an illustrative demonstration TiO»
coated polycarbonate sample was soiled with an artificial sebum to simulate a fingerprint
(Artificial Sebum, ASTM D4265-14, Pickering Laboratories) then the coated PC sample was
irradiated under the light of a solar simulator. To show the efficiency of the TiO, layer, an
aluminium foil masked the upper part of the fingerprint during the irradiation time. After 1 hour
of exposure, the irradiated part of the fingerprint had nearly completely vanished (Figure 10c).

This illustrative example showed the potentialities of this sequential deposition method to
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promote for example, a self-cleaning surface on manufacturing products, such as polymeric

ophthalmic lenses.
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Figure 10 : MB degradation for various solar simulator illumination time (a) rate constant degradation of
MB for blank, raw polycarbonate and SD deposited TiO; on PC (b) and after/before picture of artificial sebum
degradation under sunlight exposure (c)

Whereas conventional Chemical Vapour Deposition can bring up photocatalytic properties to
mineral glass substrate at an industrial scale [4] (BIOCLEAN glazing, Saint-Gobain), very few
options are available to do the same on polymers. In their review about polymer-supported
TiO,, Singh et al. noticed that most of the techniques employed to deposit photocatalytic TiO>
on polymeric substrates rely on wet chemistry route based on the immobilization of anatase
Ti0; particles via a reasonable heat treatment | 1 3 |. These techniques require long deposition or
aging time and large amounts of solvents. Knowing the low wettability of polymeric supports,
approaches relying on particle immobilization might jeopardize the good adhesion between
both raising thus the question of durability and cyclability of such samples. With the perspective
of depositing a thin anatase containing layer at rather low substrate temperature, ALD has been
shown to be a viable process provided thorough Ti precursor, oxidant and temperature
combination (TTiP + H2O at Tsw > 150°C [54], TiCls + H20 at Tew 150°C [55], TiCls + H20
at Tsup = 125°C [56]). To decrease the substrate temperature required for anatase nucleation
whilst increasing the Growth Per Cycle, plasma enhanced ALD (PEALD) have shown
promising results (TiCls + O2/Ar plasma at Tsup = 90°C [57]). Ratzsch et al. thoroughly tuned
their PEALD settings to deposit anatase containing coating at Tsuw = 70°C with TTiP + O»

plasma [54], which is one of the lowest temperature recorded to our knowledge. Although, ALD
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process is known to result in very conformal coatings, its growth rate is rather low. For example
Ratzsch et al. witnessed anatase apparition (sparse hillocks) at 70 °C for coatings of 185 nm
[54], obtained after > 5000 cycles with one cycle being 26.530 s, resulting in an overall film
deposition duration over 36h. Besides, Physical Vapour Deposition (PVD) techniques also
enabled deposition of anatase TiO; at low substrate temperature. Zeman et al. adapted the total
pressure and O partial pressure of their reactive RF magnetron sputtering process to reach
anatase at 120°C with a growth rate of 3.2 nm.min"! and a thickness of 250 nm [58]. Zhou et al.
obtained anatase coating below 75°C with a growth rate =~ 0.2 nm.min"! with a DC magnetron
sputtering reactor [59]. After the optimization of their High Power Impulse Magnetron
Sputtering (HiPIMS) process, anatase/rutile layers with photocatalytic activity were deposited
on PET and PC substrates by Ratova et al [60]. If HIPIMS appears as a promising mean to
deposit rutile and rutile/anatase mixture on thermo labile substrate, the operating window to
obtain anatase as the major phase and at a reasonable growth rate seems extremely restricted
[61]. Hence, among the different processes allowing the deposition photocatalytic anatase TiO>
on thermolabile substrate reported in the literature, the process proposed in this manuscript
appears attractive as it combines low substrate temperature, decent growth rate and good

polymer/Ti0; adhesion.

4.1 Conclusion

In this article, the morphology and the crystalline structure of different TiO2 coatings
synthesized with a low-pressure radiofrequency (13.56 MHz) Electron Cyclotron Wave
Resonance PECVD process in continuous and pulsed mode discharges (DC = 50%, 10 kHz)
were compared. To do so, different samples with thicknesses ranging from 200 to 900 nm were
deposited in both modes and thoroughly characterised. It came out that the plasma discharge
mode highly influences the crystalline structure of TiO,. The continuous wave mode (CW)

leads to an entirely covering crystalline top surface after only 30 min of deposition (thickness
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of 200 nm) and then, the coating continues to grow following the typical Kolmogorov model.
In pulsed wave mode (PW), a thicker incubation layer is required to generate a similar
crystallites coverage top surface. Besides, this deposition condition allows to better control the
substrate temperature increase and to maintain it below 60°C after 2 hours of plasma deposition.
In the second part of this article, the interest of using a deposition method combining the
respective advantages of both plasma modes was explored. Hence, the film deposition was split
in two steps. The first one, using CW mode, allows a rapid nucleation of anatase nuclei and
then, the second step, involving pulsed wave deposition, furthers anatase growth while limiting
the heat transferred to the substrate. TiO> thin films obtained using this sequential mode
exhibited almost equivalent anatase content and similar photocatalytic activity than the coatings
obtained in the CW mode, whereas the final substrate temperature was lowered. This sequential
deposition mode was successfully applied to deposit a photocatalytic anatase TiO> layer on 2
mm thick polycarbonate sheet. Indeed, physical and optical properties of PC sheet remain
unaltered thanks to the very limited temperature increase induced by the sequential process
(T<60 °C). The photocatalytic activity of such polycarbonate coated sheets has been assessed
through MB photodegradation in solution whereas their self-cleaning properties were
demonstrated via the vanishing of an artificial sebum fingerprint exposed to a solar simulator.
One-hour illumination induced the disappearance of the artificial fingerprint. The proposed
process thus appears of major interest for the functionalisation of transparent polymeric sheets
that are widely used in practical industrial applications such as polymer lenses and glazing
industry. However, it is worth mentioning that the ECWR plasma source (COPRA DN 200 CF,
CCR Technology) used for this article is more suited to R&D applications, mainly because of
the limited substrate area that can be coated. Indeed, this source provides a plasma beam which
allows the deposition of homogenous coating over a surface of 5x5 cm?. As this ECWR
technology can be extended to larger plasma sources and adapted to different shapes, the

transfer of this coating solution can be easily implemented. In order to assess the up-scalability
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of the proposed process, a semi-industrial pilot line equipped with a larger ECWR plasma
source (plasma beam of 120x320 mm) was recently settled in LIST facilities. This new
deposition line is also equipped with a roll-to-roll substrate holder allowing the deposition of
photocatalytic TiO> coatings on larger surfaces in dynamic operation. This development is still
on-going and already provided promising results, with the successful deposition of anatase TiO>
coatings on 300 mm wide roll-to-roll mode. This confirms the potential of the proposed process

for industrial applications that would be assessed in future articles.
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