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ARTICLE INFO ABSTRACT

Keywords: Over the past years, atmospheric pressure deposition assisted by plasma has attracted interest due to its low cost.
A'P'DBD Among other materials deposited by this technology, titanium dioxide (TiO3) is very popular, mostly due to its
TIQX . good photocatalytic properties. However, due to intrinsic drawbacks of the process, the control of the deposition
;}11:11:;: doping parameters needs to be fine-tuned to obtain a thin film presenting the expected properties. Here we report the
Bandgap deposition of TiOy and N-doped TiOy thin films by dielectric barrier discharge at atmospheric pressure (AP-DBD)

plasma with titanium (IV) isopropoxide and oxygen as reactants, and argon as a working gas during 10 min. In
the first part, we highlight the advantages of heating the substrate at 400 °C during the deposition. Then, the
influence of the oxygen content and power on the morphology and composition is reported. In the second part,
we demonstrate the successful doping of the structure with nitrogen by adding ammonia (NHs) to the working
gas. Through a screening over deposition parameters (i.e. oxygen content and power), the lowest bandgap
reachable was 3.22 eV for a working gas composed of 1.8 vol% of NH3, 5, and 10 vol% of O, and a power of 75
W during the film deposition. Evaluating the formation of oxygen vacancies in the TiOy films and the N doping,
we were able to tentatively explain the observed evolution of the bandgap.

1. Introduction

In the past century, titanium dioxide (TiO3) has been one of the most
studied materials mainly due to its chemical stability, and its optical and
photocatalytic properties in thin film form, which make it appealing for
a large variety of applications such as sustainable energy generation or
removal of environmental pollutants [1,2].

A wide range of techniques is now available to adapt the properties
of TiO4 thin films for the desired application, such as chemical vapor
deposition (CVD) [3], sol-gel [4], inductive coupling plasma enhanced
chemical deposition (ICP-PECVD) [5-71, and magnetron sputtering [8].
Although these methods have their advantages, they suffer from draw-
backs, wet chemistry involves the generation of wastes, while relatively
high-energy consumption is required for dry methods. Moreover, low-
pressure approaches lead to high energy costs due to pumping. Among

the different deposition techniques, Atmospheric Pressure Plasma (APP)
has attracted interest for TiO deposition due to its low cost, ease of
scaling up, and, possibility to fine-tune the thin film deposition [9]. In
APP-based deposition, an organometallic precursor is transferred by a
carrier gas and mixed in the feed gas. This mixture is then injected into
the plasma (e.g. discharge region), where a reactive gas (in this case
oxygen and ammonia) is added. Reactive species are formed from the
feed gas, the reactive gas, and the precursor. The decomposed precursor
is then deposited on the desired substrate [10]. Significant advances
have been achieved in the last years towards the fabrication of TiO; thin
films by APP techniques [9]. First, different Ti-based precursors solu-
tions are commonly used including titanium chloride (TiCly) [11] and
titanium tetraisopropoxide (TTIP, Ti[OCH(CH3)214) [12]. However, the
former produces toxic byproducts and chlorine contamination in the
film making TTIP the most widely used compound since TTIP is much
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more environmentally benign. Then, different plasma generation
methods have been used for the synthesis of TiOy thin film by APP
including dielectric barrier discharges (DBDs) [13], radiofrequency (RF)
[14], and microwave (MW)-driven plasmas [15]. The integration of the
plasma generation in deposition devices allows for the design of two
main systems namely the classical parallel-plate DBD system or plasma
jet (or plasma torch) system. In the first approach, (i.e. direct approach),
the substrate is placed between the electrodes and is, therefore, directly
exposed to the plasma [16] while, in the second approach (i.e. remote
approach), the substrate is located downstream of the plasma generation
region [17]. The main drawback in APP processes relies on the short
mean free path of reactive species (a few micrometers) compared to
those at low-pressure plasmas (several millimeters), which consequently
results in the poorly controlled synthesis of the films [16]. Thus, to
obtain thin films with the desired surface morphology and composition,
systematic control of the operating conditions is essential. There are a
large number of synthesis parameters affecting film synthesis, e.g., input
power [13], frequency [18,19], gas composition [13,20], substrate
surface characteristics [21], and substrate temperature [22]. Besides
significant advances in the APP-DBD approach, some questions remain
unsolved since no in-depth analysis of the effects of these various
deposition parameters on the composition, morphology, and optical
properties is reported. Moreover, most of the depositions have been
carried out at ambient temperature. Thus, only amorphous TiOy was
synthesized after deposition and thermal post-treatment was therefore
mandatory to obtain crystalline TiO» thin films. In addition, the doping
of TiOy by nitrogen during the APP deposition has not been explored in
detail so far.

In this study, we report the synthesis of TiOx and TiOy doped with
nitrogen (TiOx-N) by the AP-DBD approach. A rigorous analysis of the
influence of the feed gas composition, the power, and the temperature of
the substrate on the morphology, thin film composition, and optical
properties of the film is reported.

2. Experimental
2.1. Synthesis of TiOy and TiOx-N thin film

The experimental setup is described in detail elsewhere [13,23].
Briefly, the plasma reactor is a homemade DBD reactor composed of a
glass chamber with an inner diameter of 210 mm. The plasma is
generated between two copper electrodes covered with a 3 mm thick
alumina barrier. The gap between the electrodes was fixed to 3 mm. An
AFS G10S-V AC power supply, operating at 2.7 kHz, is connected to the
high-voltage electrode. A homemade induction system, described in
detail elsewhere [24], allows the heating of the sample holder. The
temperature of the sample holder was calibrated using an infrared
camera. Silicon (001) and borosilicate glass has been chosen as substrate
depending on the analysis conducted afterward. The substrate is first
cleaned with isopropanol and methanol before each deposition. First,
the chamber is pumped down to a pressure below 10 Torr and then
backfilled with Ar at atmospheric pressure to avoid air contamination.
TTIP (Titanium isopropoxide, 97 %, Sigma Aldrich) has been used as the
precursor. TTIP is heated at 343 K and introduced in the chamber via a
bubbler and a 1 slm Ar flux. The pipeline between the bubbler and the
chamber is heated at 363 K (measured with a thermocouple during the
synthesis). During the deposition, the total gas flow is fixed to 10 slm.
The O concentration in the injected gas is tuned between 5 and 20 vol%
(i.e. 0.5 to 2 slm, respectively), and the NH3 concentration between 0.9
and 9.4 vol% (i.e. 0.09 to 0.94 slm, respectively). The applied power is
tuned between 15 and 75 W and the deposition time is fixed to 10 min.
The values of power reported in the manuscript correspond to the one
applied from the generator.
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2.2. Characterization

Scanning electron microscopy (SEM) is performed in a HITACHI
STEM-FEG with an acceleration voltage of 3 kV. The images were
treated with ImageJ software to assess the thickness of the film. Each
thickness has been measured 50 times in different SEM images taken in
different positions over the sample. The XPS analysis is performed in a
PHI 5000 VersaProbe with a monochromatic Al Ka (1486.7 eV) X-ray
source. The survey and the high-resolution zone spectra have been
recorded with a pass energy of 187.85 eV and 23.5 eV respectively. The
spectra are calibrated with the C1s peak at 284.8 eV. Multipack software
was used for the analysis composition while CasaXPS for the fitting of
the peak. The UV-visible measurement is performed on a Cary 500 UV
equipped with an integration sphere of 150 mm in diameter. The Raman
analysis is performed in a Senterra Bruker micro-Raman system spec-
trometer with a laser wavelength of 532 nm, an objective x50, a power
of 5 mW, and an integration time of 5 s with 5 repetitions. Near-edge X-
ray absorption fine structure (NEXAFS) was recorded at the PEEM/XAS
beamline (photon energy range of 200-2000 eV) of the SOLARIS Syn-
chrotron (Krakow—Poland) [25]. NEXAFS measurements were carried
out in partial fluorescence yield (PFY) at room temperature.

3. Results and discussion
3.1. Characterization of TiOy thin films

3.1.1. Influence of the substrate temperature

First, we study the effect of substrate temperature on TiOy thin film
properties. In our previous study, the deposition of TiOx by DBD at at-
mospheric pressure and ambient temperature results in a high-speed
deposition of TiOx film made of nanoparticles which can be crys-
talized by a post-annealing step into the anatase phase [26]. Then, when
the deposition is carried out in the same condition, we showed that the
morphology can be tuned with the energy density of the plasma from a
granular to a dense film [13]. Besides a fine control of the morphology,
no crystalline TiOy structure has been reported after deposition.
Recently, the heating of the substrate during the deposition at 673 K has
been used to allow a spontaneous crystallization of the TiOy film [24].
However, no insight into the evolution of the composition of the film has
been reported. Thus, the substrate temperature (Ts,p) during the depo-
sition was tuned from ambient temperature to 673 K, i.e. ambient, 373,
473, 573, and 673 K, and the chemistry of the film was evaluated by
XPS. During the heating experiment, the power (P;,) was fixed to 45 W
and the O, ratio (®g3) to 10 vol%.

The evaluation of the film composition reveals a stable carbon con-
tent near 20 at.% for all Tsyp. The O 1 s peak (Fig. 1a) shows two com-
ponents situated at 531.8 and 530.1 eV corresponding to O—H and
Ti—O bounding. Then the Ti 2p3/» peak (Fig. 1b) is characterized by an
intense component centered at 458.8 eV, attributed to Ti** and a low-
intensity component at 457.0 eV attributed to Ti®* (Inset Fig. 1b); this
component contributes with <3 % to the total intensity of the Ti 2p; 2
peak). Finally, the Cls peak (Fig. 1c) reveals 3 components situated at
284.9, 286.5, and 289 eV corresponding to C—C, C—O, and C=0
bounding [12,27,28]. When increasing Tg,p, a decrease in the intensity
of the O—H, C=0, and C—O components is observed. Compounds like
hydroxyl groups are more likely to become incorporated at low Tgyp, as
they are more volatile at higher T, [29]. According to the Wagner plot
(Fig. 1d), one can see the increase of the Ti LMM Auger peak position
towards higher kinetic energy when increasing T, leading to an in-
crease of the Ti Auger parameter («’). This can be associated with an
increase in the crystallite size and percentage of crystalline phases [30].
Moreover, the FWHM of the Ti 2p3/, peak decreases from 1.62 to 1.31
when increasing Ty}, from ambient to 573 K and then becomes constant.
This could be linked to the fingerprint of a higher degree of order [31].
Overall, it appears that the increase of Ty, likely allows for a better
crystallization of the thin film. Thus, in the next section, Ty is fixed to
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Fig. 1. XPS core level spectra and fitting of TiOx sample deposited at Pi, = 45 W, ®o2 = 10 vol%, and for Ty, = ambient, 373, 473, 573, and 673 K including (a) O 1

s, (b) Ti 2p and (c) C 1 s. (d) Wagner plot of the TiO, samples for different T, The inset of b highlights the Ti®>* component in the Ti 2ps,, peak.

673 K.

3.1.2. Influence of the Oz concentration

To evaluate the influence of the different parameters on the
morphology and the structure of the film, the composition of the gas was
first studied. For this purpose, Pj, was fixed to 45 W. The total flow was
fixed to 10 slm and four O, flows were selected, i.e. 0.5, 1, 1.5, and 2 slm
corresponding to ®pz = 5, 10, 15, and 20 vol%, respectively.

The SEM images (Fig. 2) show the evolution of the morphology of the
film when increasing ®g,. First, one can see a cauliflower-like structure
for all samples (Fig. 2a-d). This structure is characteristic of the depo-
sition by APP PECVD [32,33] and is linked to a fast depletion of the
precursor in the gas phase. This depletion induces the formation of
nanoparticles in the gas phase, which will then agglomerate on the
substrate [33]. For low ®qy (i.e. below 15 vol%) these agglomerates
(Fig. 2a, b, and c) become thinner with increasing ®g2. Indeed,
increasing ®py leads to more effective carbon removal during the
deposition and ultimately to thinner agglomerates [12,20]. This obser-
vation is correlated with the appearance of a porous morphology along
the thickness of the sample (Fig. 2e, f, and g). Meanwhile, when the ®gy
= 20 vol%, the agglomerates start vanishing (Fig. 2d), and the thin film
becomes denser (Fig. 2h). By increasing the ®q2, a decrease in the
thickness of the thin film from ~900 to 400 nm is observed. To support
this observation, an XPS analysis was carried out.

The composition evaluated by XPS (Fig. SI1 and Fig. 3a), shows a
decrease of the carbon amount on the sample surface from 19 at.% to 7

at.% when ®g, increases from 5 to 20 vol%. The carbon amount
detected includes remaining from the deposition and storage. To limit
the post-deposition contamination the plasma was running without
injecting the precursor for 2 min after the deposition. The evolution of
the carbon content when tuning ®g; has been discussed in the literature.
First, Shelemin et al. reported that adding 20 vol% of ®q; in a TTIP/N2
discharge leads to a decrease in the carbon content from 37 at.% to 23 at.
% [12]. Moreover, Kang et al. showed by adding only 0.5 vol% of ®¢3 in
a TTIP/He discharge that the amount of carbon decreases from 30 at.%
to 7 at.% [28]. Thus, the addition of O2 in the discharge promotes a
decrease in the carbon content of the coating. Then, Aghaee et al. show
that the increase from 15 to 30 vol% of ®g; to the TTIP/N; plasma leads
to a gradual decrease in the carbon content from 10.1 at.% to <5 at.%
[21]. However, Klenko et al. highlight no change in the carbon content
of the TiO3 when tuning the ®g; between 45 and 75 vol% in a TTIP/Ar
discharge with around 35 at.% residue [20]. Thus, it seems that
increasing ®o leads to a decrease in the carbon content up to a certain
limit. In our studies, with ®g2 = 20 vol%, in the TTIP/Ar discharge, the
carbon residue in our samples (around 7 at.%) is one of the lowest re-
ported in the literature for AP-DBD. The ratio of O/Ti was 1.8 and did
not vary when the @, was varied. From the detailed XPS analysis, one
can highlight changes in the amount of oxygen vacancy (Vo); evaluated
with the ratio between the area under the Ti®* and Ti*" components in
the Ti 2p>? peak (Fig. SI1) assuming that an oxygen vacancy leads to
two Ti®* ions to maintain the electrostatic balance [34]; for increasing
®gs. The evolution of Vg for the different ®g; is plotted in Fig. 3a. The

Fig. 2. (a-d) Plan view and (e-h) cross-section SEM of the morphology of the TiOy thin films deposited with P;, = 45 W, a total flow of 10 slm, and with an ®, = (a,e)

5 vol%, (b,f) 10 vol%, (c,g) 15 vol% and (d,h) 20 vol%. Scale bar: 500 nm.
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Fig. 3. (a) Composition of the TiOy thin film deposited with a P;, = 45 W, a
total flow of 10 slm, and with ®g, = 5, 10, 15, and 20 vol% evaluated by XPS.
(b) Raman spectra and (Inset of (b)) crystallite size of thin film deposited with
®g, = 5, 10, and 15 vol%.

amount of Vg increases when increasing ®o3 this could be correlated to
the crystalline quality of the material since the formation of Vg is
common in amorphous TiOj since it is energetically more favorable than
in crystalline TiO2 [35]. To evaluate the crystallinity of the films, Raman
spectra have been recorded on the films synthesized for each ®g;
(Fig. 3b). It is important to stress here that no X-ray diffraction (XRD)
signal has been detected when analyzing these samples. The presence of
anatase crystallite in the film deposited with low ®q; is revealed since
the bands at 143 em ™, 197 cm ™!, 397 em™ %, 516 cm ™!, and 638 cm ™!
are the fingerprint of TiOy anatase [36]. The presence of the anatase
crystallite on the Raman pattern and not on the XRD one is due to the
non-homogeneous structure of the sample. Indeed, the Raman patterns
are recorded on the cauliflowers-like agglomerates that are constituted
of crystalline structures [33]. For samples deposited with higher ®g5, no
Raman signal has been detected. The crystallite size, L, can be evaluated
by the variation of the position, Aw, and the line width at half maximum,
I', of the main Raman band with the relations:

Aw =k (%) (€D)

L=k (Li> +T, 2

with k; =142.5, ko =180, and I'p = 9.94. « is a scaling parameter of 1.5
[37,38]. This approximation is well adapted for crystallite size below 10
nm [39,40]. The values of I" and A are evaluated by Gaussian fit of the
peak at 144 cm ™. The inset of Fig. 3b displays the crystallite size of the
TiO5 anatase obtained by Raman. When increasing ®g; from 5 to 15 vol
%, a slight decrease in the crystallite size is observed from 5.8 to 4.7 nm,
respectively. Besides decreasing the crystallite size of the thin film,
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increasing ®q; leads to a decrease in the amount of residual carbon and
an increase in Vg.

3.1.3. Influence of the power

P;, is also an important parameter allowing for tuning the
morphology [13,26]. In this study, Tsy, and @2 have been fixed to 673
K and 10 vol%, respectively, whereas Pj, has been tuned between 15 and
60 W. Indeed when Pj, > 60 W, arcs have been observed.

The SEM images of the thin film deposited for the different Py, are
displayed in Fig. 4. For a sample made with Pj, = 15 W (Fig. 4a and e),
the film is very thin (<150 nm). In this case, due to the low Pj,, a lower
amount of electrons are available to dissociate the precursor, thus the
deposition speed is slower. When Py, = 30 W, the film presents a dense
morphology (Fig. 4b, f). When P;j;, = 45 W, the film becomes porous with
a more visible cauliflowers-like structure (Fig. 4c and g). Finally, for Py,
= 60 W, the porous morphology is even more obvious, and the film
consists of aggregations of nanoparticles (Fig. 4d and h) as mentioned
previously. When comparing the morphology of these films, deposited at
673 K, with the one reported in the literature for a deposition at ambient
temperature, no notable difference can be reported [13]. The film
deposited at low power is dense while the one deposited at high power is
porous. Indeed, for low-power regimes, the film appears more compact
since it is likely constituted aggregate of nanoparticles with a core-shell
structure where a plasma polymer phase grows around a TiO; cluster
[12].

The chemical composition and the structure of the film surface were
analyzed by XPS (Fig. 5a) and Raman (Fig. 5b), respectively. The con-
centration of carbon on the surface of the thin film deposited at 15 W is
23 at.% indicating a high content of residue from the precursor. Then,
the concentration of carbon contamination decreases to 15 at.% for Pj,
= 30 W along with the appearance of a weak Raman signal corre-
sponding to TiO, anatase. The concentration of residual carbon remains
constant for Pj, = 45 W, while the Raman signal of the anatase phase is
observed. Finally, for P;;, = 60 W, the concentration of carbon slightly
decreased to reach 12 at.% and the Raman signal of anatase is visible.
The decrease in the carbon residue of the film is coherent with the
literature since the energy density per molecule increases when
increasing the power [12]. In the low-pressure plasma polymerization
process, this can be evaluated by the Yasuda factor [41]. The Yasuda
parameter shows a correlation between the discharge power (P) and the
flow rate (F). At high P/F, the film is more inorganic, whereas, when the
ratio P/F is low, the film turns out to be more organic [12]. This
behavior agrees with our observations since the precursor flow rate is
similar for all samples and only the power is tuned. The XPS analysis
reveals a decrease of the O/Ti ratio when increasing the power going
from an over-stochiometric film at P;;, = 30 W to a sub-stoichiometric
film for P;, above 45 W. This observation could be explained by the
stronger dissociation of oxygen when increasing Pi,. The amount of Vg
in the thin film is constant for the different P;, at around 1 %. The Raman
analysis of the sample deposited at the different P, highlights the slight
increase of the crystallite size from 4.7 to 5.2 nm when increasing Pj,
from 30 to 60 W, respectively. Therefore, we conclude that increasing
Pj, leads to a strong modification of the morphology from a dense to a
porous film. Moreover, it also allows the growth of bigger crystallites
together with a slight decrease in the carbon residue.

3.2. Doping of the TiOy thin film

The deposition of TiOy thin film has been carried out by adding NH3
in the injected gas aiming to dope the TiOy to reduce its bandgap. This
would allow the utilization of a wider range of the solar spectrum to
activate the photocatalytic activity of the material. Indeed, TiO5 has an
intrinsic wide bandgap that limits the excitation to the UV range, cor-
responding to around 5 % of the solar spectrum.
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Fig. 4. (a-d) Plan view and (e-h) cross-section SEM of the morphology of the TiO thin films deposited with ®o, = 10 vol% and Pj, of (a, ) 15 W, (b, f) 30 W, (c, g)

45 W, and (d, h) 60 W and Ty, = 673 K. Scale bar: 1 pm.
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Fig. 5. (a) Evolution of carbon concentration and the ratio O/Ti, evaluated by
XPS, of the TiOy thin film deposited with an ®o, = 10 vol%, a total flow of 10
slm, and P;, = 15 W, 30 W, 45 W, and 60 W. (b) Raman spectra and (Inset of
(b)) crystallite size of thin film deposited with P;, = 30 W, 45 W, and 60 W.

3.2.1. Influence of the substrate temperature

Compared to previous studies reporting the synthesis of N-doped
TiO5 [12,23], our films have been heated at different temperatures (373
K to 673 K) during their growth. The influence of Ty, on the composi-
tion has been studied keeping the other parameters constant (i.e. ®gy =
5 vol%, ®ny3 = 1.8 vol%, a total flow of 10 slm, and P, = 45 W).

Fig. 6 shows the evolution of the O 1 s, Ti 2p, and N 1 s XPS peaks for
different Tsyp. Without heating, the O 1 s peak has to be fitted with one
more component than in the XPS spectrum shown in Fig. 1a. This peak,
located at 533.5 eV, corresponds to O—C groups. When Ty}, increases,

this peak disappears and, as observed for the TiOx samples (Fig. 1a), a
decrease in the intensity of the OH component can be observed and
explained by the promotion of the desorption of hydroxyl groups when
increasing Tsup. The Ti 2ps/2 peak can be fitted using two components
including Ti*" at 458.8 eV and Ti®" located at a lower binding energy, i.
e. 457 eV. When increasing Tp, the amount of Vg increases as discussed
before. Then, the FWHM of the Ti 2p3,» peak follows a behavior similar
to the one reported for the TiOy, i.e. going from 1.75 to 1.31 for Tgyp, from
ambient to 673 K, respectively. Therefore, a higher order is expected in
the film deposited at higher Tgyp. The N 1s peak of the sample prepared
without heating contains three contributions The component located at
400 eV which can be assigned to interstitial nitrogen in the TiOy struc-
ture is observed for all samples [42]. Then, a component at high binding
energy (i.e. 407.1 eV) that could be assigned to nitrate compounds [21]
tends to vanish when increasing Tgyp. This can be understood as follows:
nitrate compounds can be created by the degradation of NO gas
considering the photocatalysis process on TiOy [43] which would be
activated by the light emitted from the plasma. Nevertheless, when
increasing Tgyp, the nitrate compound disappears since they are unstable
under heating and tends to decompose in NO. Then a second component
at 401.7 eV could be assigned to Ny [42,44]. This component is present
for all deposition conditions and decreases when increasing Tgyp. TO
support this hypothesis NEXAFS analysis was performed on the samples
(Fig. 7).

As NEXAFS spectroscopy probes the electronic structure of the ma-
terial, we evaluate the presence of different N-bonding environments to
verify the XPS analysis. Spectral features are given based on their sim-
ilarities to the NEXAFS spectra reported for molecular nitrogen and
inorganic nitrate salts [45-49]. The N K-edge spectrum (Fig. 7) shows a
broad low-intensity band centered at 401 eV. To examine in detail this
region of the spectrum, we recorded a spectrum in the 400-402.5 eV
photon energy range with 0.1 eV of step energy (inset of Fig. 7), and the
observed peaks are characteristic of Ny molecules [45,50,51]. The set of
peaks observed in this energy range is a fingerprint of the N2 molecule
due to its vibrational structure [51]. The peak centered at 400.8 eV is
assigned to the transition from the N 1 s electronic state to n* orbital
[51]. The observed fine structure in the N K-edge undoubtedly proves
the presence of Ny molecules in the N-doped TiO5 sample. This behavior
agrees with reported DFT calculations showing that nitrogen atoms in
TiOy are energetically unstable and spontaneously form trapped or
gaseous Ny [52]. The narrow band centered at 404.8 eV was reported to
arise from transitions of the N 1s level to the 2a2" (z*) LUMO orbital of
NO®~ anion [47]. At higher photon energy, a broad featureless band
from 410 to 420 eV was reported to be generated from N 1 s transitions
to the 5al1 ' (6*N — O) and doubly degenerated 5¢’ (6*N — O) orbitals of
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Fig. 7. NEXAFS of the N K-edge of N-TiOy sample deposited with P, = 45 W,
Doy = 5 vol%, Pypz = 1.8 vol%, and Tgyp, = 373 K.

NO3~ [50]. The presence of nitrogen in different chemical environments
was confirmed by XPS measurements (Fig. 6¢), which agree with pre-
vious XPS studies of nitrogen-doped TiO; [42]. Overall, the increase in
Tsub when adding NHj3 in the working gas leads to N-TiOy thin films with
a higher amount of Vo compared to the samples deposited without NHs.
The interstitial nitrogen (Nj) in the structure represents 1.8 at.% for all
Tsup. In line with the results mentioned earlier for thin films without
NHs, the Wagner plot reveals an increase of o when increasing Tgyp
(Fig. SI2), thus an increase in the crystallite size can be expected.
Moreover, less carbon residue is observed for Tgy, = 673 K.

3.2.2. Influence of the NH3 flow

The influence of ®yy3 has been evaluated by keeping ®p2 = 5 vol%
and Py, = 45 W. Four NH3 flows have been selected to reach ®yy3 = 0.9,
1.8, 5.8, and 9.6 vol%.

The SEM images of the film deposited by tunning ®yy3 are shown in
Fig. 8. When ®yy3 = 0.9 vol%, a structure composed of large aggregates
generating porosity is observed (Fig. 8a and e). The morphology is
similar to the one obtained without NH3 (Fig. 4c, g). For ®yy3 = 1.8 vol
%, the size of the agglomerates reduces while keeping the porosity
(Fig. 8b, f). When further increasing ®yps, the film becomes dense
(Fig. 8g and h) and an increase in the size of the agglomerates can be

Fig. 8. (a-d) Plan view and (e-h) cross-section SEM of the morphology of the N-TiOy thin film deposited with an ®g3 = 5 vol%, P;, = 45 W, and ®yu3 = (a, €) 0.9, (b,

f) 1.8, (c, g) 5.8, (d, h) 9.6 vol%. Scale bar: 1 pm.



A. Chauvin et al.

seen between 1.8 and 9.6 vol% (Fig. 8b, c, and d). It is interesting to
point out that when increasing the amount of reactive gas (either O3 or
NHj3) and keeping the other parameters constant, the same morpho-
logical evolution is observed going from a porous to a more compact
coating (Figs. 2 and 8). The composition of the thin film obtained by XPS
(Fig. SI3) shows a similar amount of nitrogen in the thin film for all the
conditions, i.e. 2 at.%, with no change in the peak shape. Moreover, the
N; and the Vg density are constant at ~0.7 and ~0.6 % respectively.
Therefore, we can conclude that besides, affecting the morphology, the
increase of the NH3 content in the working gas does not change the
composition of the thin film.

When tuning the other parameters such as ®g; or Pjj in the presence
of NHj in the working gas, a similar evolution of the morphology to the
one observed for TiOy films is observed. The thin film prepared at low Pj,
exhibit a denser structure than the one made at high Py, (Fig. SI4). No
changes in morphology were observed for the thin film deposited with a
different ®gy. The variation in the film composition follows the same
trend as the one observed for the undoped thin films when ®g, was
varied: the increase of ®q, increases the amount of Vg in the thin film
until reaching 4.2 % for ®gy = 20 vol% (Fig. 9) similarly to the undoped
case (Fig. 3a). The amount of Nj in the thin film increases up to 1.15 %
for ®p2 = 15 vol% and then drops when reaching a higher ®g,. Overall
the AP-DBD approach using NH3 in the working gas allows the creation
of N; in the structure without modification of the morphology or
composition. To tune the amount of N;j in the structure, one should vary
with ®gp.

3.2.3. Bandgap analysis

The effect of nitrogen doping on the bandgap values of the TiOx thin
films is evaluated.

When the power reaches 75 W with ®g3 = 5 vol% and ®yy3 = 1.8 vol
%, arcs avoid the preparation of samples similarly to Section 3.1.3. The
arcing phenomenon is due to the high density of electrons in the
discharge and it is linked to Paschen’s law [53,54]. For a discharge in
pure Ar, arcing is observed for low P, (<45 W). When adding O, and/or
NHjs to the gas mixture, the electron density decreases and the limit for
arcing is increasing. Thus, the arcing is only observed for low amounts of
O, and/or NHs and high Pj,.

The bandgap (Eg) has been evaluated by using the Tauc plot method
[55,56]. It is important to note here that our samples have a significant
absorption of sub-bandgap energy photons (Fig. SI5a). This can be due
to defects, doping, bulk, or surface modification which can introduce
intraband gap states that reflect light in the absorption spectrum [55]. It
is, thus, important to take this parameter into account for the
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Fig. 9. Amount of Vg and N; evaluated by XPS of the N-TiOy thin film deposited

with P;, = 45 W, a total flow of 10 slm, ®yy3 = 1.8 vol%, and ®py = 5 vol%, 10
vol%, 15 vol%, and 20 vol%.
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determination of Eg by the Tauc plot method since a direct application of
the Tauc method would result in an inaccurate estimation of Eg as
already seen in several publications. In our case, the ‘baseline method’
has been used. Briefly, by modeling and extrapolating a baseline signal
tangent from the absorption value below the bandgap, one can estimate
Eg with the intersection with the Tauc slope (Fig. SI5b) [55,56].

Besides a decrease of Eg when adding NHj in the gas mixture, even
for a low amount (i.e. 0.9 vol%) going from 3.3 eV to 3.23 eV with @y
=10vol% and Pj, = 45 W, no change can be seen when further increases
®nys (Fig. SI6). This behavior can be related to the fact that increasing
®nys during the deposition did not affect the composition. The decrease
of Eg when adding NHj to the gas is likely linked to the addition of ni-
trogen in the TiOy structure (Fig. SI3). The p orbitals of nitrogen
contribute to the electronic bandgap narrowing by mixing with O2p
orbitals. This leads to a shift of the absorption edge towards the visible
range [57].

Following our observations, ®gy and P, seem to have a significant
impact on Eg. Fig. 10a shows the evolution of Eg as a function of the ®gy
and Pj, for samples prepared with ®yy3 = 1.8 vol%. First, no specific
trend can be observed besides a decrease of Eg for Py, higher than 30 W.
For @2 =5 and 10 vol%, the lowest Eg is reported for P;, = 45 and 75 W
while for ®gy = 15 and 20 vol%, it is for 60 and 45 W. Then, turning ®o>
leads to a stronger modification of the bandgap with a minimum of Eg
for oz =5 and 10 vol%. To look into some possible explanations for the
narrowing of Eg, an insight into the composition of the films has been
carried out by XPS (Fig. S7, Fig. 10b, and c). First, the importance of
adding O to the gas is highlighted by the drop in the O/Ti ratio with
only ®oy = 5 vol% (Fig. SI7). The high value of the O/Ti ratio for the
coating made without oxygen in the gas mixture highlights the low
dissociation rate of the precursor. Oxygen species are highly reactive
and will create volatile compounds which will allow the removal of the
remaining carbon from the precursor [12]. An explanation arises from
the different amounts of dopant in the coating together with the
different amounts of Vg. N doping of TiO, is always accompanied by
oxygen vacancies (Vo). The charge imbalance between N3~ and 0%~ can
be compensated by the Ti®* ions of V. In this case, the N dopant can
gain electrons via charge transfer from Ti>" ions increasing the occu-
pation number of electrons in the N2p states. Thus, different N/Vgo
dopants lead to different electronic properties [58-61]. To follow the
influence of the N doping, N; content has been reported for the different
conditions (Fig. 10b). Nj increases when increasing Pj, and ®q3 in the
gas mixture (except for Py, = 30 W). Then, the amount of Vg was fol-
lowed for the different Pj, and @y (Fig. 10c). One can see a different
behavior for Vg compared to the case of undoped TiOy (Fig. 3a). In the
case of N-TiOy, for all P;,, the amount of Vg is constant when tuning the
@, until 10 vol% followed by a decrease for higher ®g,. The amount of
Vo can be correlated to the Eg since the minimum bandgap is also re-
ported for ®g, = 5 and 10 vol% (Fig. 10a). However, the amount of Vg
only cannot fully explain the evolution of Eg, thus a balance between a
high amount of N;j together with a high amount of Vg has to be reached
to get a low Eg. Further work will focus on the determination of the
valence band position to propose a band structure of the TiOy coating
and highlight the impact of the N-doping [62].

4. Conclusion

The deposition of TiOy and N-TiOx by AP-DBD has been reported to
be an efficient way to tune the morphology and structure of the thin film.
The deposition by AP-DBD with heating the substrate at 673 K has
proven its ability to reduce carbon contamination in the thin film and to
promote larger anatase crystallites within the film compared to the one
deposited at ambient temperature. The increase of the ®g, allows for a
denser film, and a lower amount of carbon residue together with an
increase of Vo, however, it also decreases the crystallite size. The in-
crease of Pj;, (in the range of 30 W to 75 W) leads to a switch from a dense
to a porous film. It also increases the crystallite size and slightly
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Fig. 10. (a) Bandgap of the N-TiOy thin film deposited with ®yu3 = 1.8 vol%
and for different ®, and Pj,. For better visibility, the standard deviation has
been removed and corresponds to 0.02 eV. Evaluation of the (b) N; ratio, (c) Vo
for the samples deposited with ®yy3 = 1.8 vol% for different ®q, and for Py, =
(black square) 30 W, (red circle) 45 W, (blue triangle), 60 W and (green dia-
mond) 75 W.

decreases the carbon residue. Adding NH3 to the working gas allows the
effective doping of the structure by interstitial nitrogen. When
increasing ®yps, the film becomes denser without modifying the
composition. To increase the Nj in the film, one needs to increase ®g3
and Py,. The optical evaluation of the energy bandgap reveals that the
®o and Pj, have affected the value of the bandgap. The lowest value of
Eg,i.e. 3.22 eV, was observed for the @2 of 5-10 vol% when 1.8 vol% of
ammonia was introduced into the gas mixture.
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