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Abstract The coating of titanium dioxide nanoparticles with silicon dioxide has been
carried out by dielectric barrier discharge (DBD) plasma treatments to enhance the ther-
mostability of Titania for applications at high temperature processes. During the first
coating processing step, a closed film of silicon nitride was produced via plasma treatment
in a gaseous mixture of silane and nitrogen, while atmospheric surface contaminations got
mainly removed. In the second processing step, the DBD plasma treatment in oxygen or air
was used to convert the silicon nitride mainly into silicon dioxide. Remaining carbon
impurities at the interfaces between titanium dioxide and silicon nitride after the nitrogen/
silane plasma treatment were subsequently removed simultaneously. Atomic force
microscopy and X-ray photoelectron spectroscopy were employed to study the DBD
plasma treatments of the TiO, nanoparticles.
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Introduction

Titanium dioxide in the form of anatase shows high catalytic activity for degradation of
organic compounds under UV light. However, anatase is the low temperature crystal form.
Upon heating over 400 °C it will transform in rutile, which is the thermostable and inactive
form of titanium dioxide. That limits the applications of titanium dioxide at high tem-
perature processes and the phase stabilization of anatase is therefore of major interest. Qi
et al. [1] have observed that the thermostability of anatas was enhanced up to 1,000 °C
with silicon dioxide coating in a flame synthesis reactor. The SiO, coating was performed
in the same flame as the TiO, nanoparticle formation by adding the precursor SiCl, at a
distance from the nozzle where the formation of the Titania nanoparticles was already
completed. However, when calcinating the coated particles later at temperatures above
900 °C, a part of the anatase nanoparticles transformed into the rutile phase because of the
inhomogenenity of the amorhpous silica layers on the titania particles. Okada et al. [2]
have investigated the effect of silica additives on the anatase-to-rutile phase transition in
liquid phase and concluded that an amorphous silicon layer on titania nanoparticles is
important in retarding the anatase-to-rutile transition by suppressing diffusion between
anatase particles in direct contact and limiting their ability to act as surface nucleation site
for rutile. Since, in contrast to liquid based techniques, the gas phase synthesis enables the
production of high purity nanoparticles at high throughputs a generic process for uniform
coatings is highly desired. Therefore, this contribution explores the feasibility of plasma
coating processes which may be coupled with different nanoparticles synthesis techniques
operated in the gas phase.

Plasma treatments with silane containing process gases for means of film deposition has
been investigated for a long time with regard to various applications. The critical issue for
all of the techniques published so far is to avoid the silane from contact to oxygen, since
this would precipitate this precursor [3]. Especially for the deposition of oxide films, this is
quite challenging, since oxygen is required for the deposition process. Recently, several
approaches are made to deal with this task. One approach is to use elaborate streaming
processes, e.g. capillary jet injection [4], or helicon diffusion setup [5]. The other approach
is to either employ more complex metal-organic precursors as gaseous siloxanes [6, 7], or
to use other oxygen sources, e.g. CO, or N,O [8-14]. The elaborate streaming approaches
on the one hand require complex setups and are difficult to integrate into industrial pro-
cessing chains. On the other hand, changing either one of the precursors, SiH, or O,
towards more complex molecules leads to residual contents of these changed precursors to
remain in the deposited films, such as carbon or nitrogen [15, 16].

While there is a large number of publications available dealing with investigations on
titanium dioxide by means of surface science, especially X-ray photoelectron spectroscopy
(XPS), most of these studies deal with adsorption and chemistry. Publications providing a
full disclosure of binding energies or chemical shifts and full widths at half maximum
(FWHM) for the elements Ti and O are rare [17]. Furthermore, many of the reported values
for binding energies, chemical shifts, etc. are contradictory to some extend [17]. These may
be due to several difficulties in quantitative interpretation of the XPS results of titanium
compounds. Since some of the chemical species in complex Ti-O—N compounds are only
separated in binding energy by about 0.2 eV, this is far beyond the resolution reachable
with commercial X-ray sources. The background is difficult to subtract due to reasonable
inelastic scattering, which gets even more complicated due to intense shake up satellites at
some 13 eV above the main peaks [18]. The main structure used for detailed chemical
analysis of titanium compounds is the Ti 2p, since it is the most pronounced structure of
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the titanium spectrum. Unfortunately, the line widths for Ti 2ps,, and Ti 2py, differ due to
a different Coster-Kronig broadening, just alike most transition metals [18-21]. In addition
to that, the peak areas ratio of the Ti 2p3,, compared to the Ti 2p;,, is commonly assumed
to be 2:1, or even reported to be larger [18], while it should be 1.94 :1 when taking into
account the two different photo-ionization cross sections [22]. The binding energies have
been evaluated from literature very detailed in our previous publication while investigating
the interaction of titanium surfaces with different plasma discharges [23]. These binding
energy values are summarized in Table 1.

Many studies specify the binding energy for the O 1s peak belonging to TiO, [24-29]
very similarly, within just a small standard deviation of 0.37 eV. Thus, the average of all of
these binding energy values, which calculates to 529.9 eV has been used to discuss the
recent results later on in this manuscript. The binding energy of a Ti—-O-N intermediate
species for the O 1s peak has been reported to amount to 531.3 eV independently by
several investigations [24, 27]. The binding energy of adsorbed OH groups has been
evaluated through various references before to amount to 531.8 eV as has been described
in detailed within a previous publication [23]. The N 1s structure of titanium oxynitride
films can contain several pure and oxidized nitrogen states, which have been accounted
according to [23]. All O 1s and N 1s values from reference data have been summarized in
Table 2.

The band bending [30] and charging effects [17, 31-33] tend to become rather large on
TiO, surfaces. Thus, the application of absolute binding energies seems to be inappropriate
when fitting experimental data due to the uncertainty of the binding energy shift induced by
band bending and surface charging. Some of the literature data is recorded with the
experimental setup for charge compensation either by binding energy correction along to
structures of some gold coating [27], or by electron dosage using a flood gun just until the
adventitious carbon peak is found according to given literature [17, 34]. In contrast to these
approaches, taking into account relative binding energies between all species found instead
of absolute values should always lead to a reasonable interpretation of experimental data.

Table 1 Literature values of binding energy, chemical shift and doublet splitting for the Ti 2p structure of
Ti—O-N—compounds in XPS [23]

Peak Tetrahedron Bonding unit Binding energy/eV Chemical shift/eV
Ti 2p3p Ti-Tiy Ti 453.9 0.00

Ti-Ti,H, TiH 454.1 0.20

Ti-TizO0 Ti,O 454.2 1.10

Ti-Ti,0, TiO 455.3 1.35

Ti-Ny TiN 455.5 1.55

Ti-TiO; Ti 03 457.1 3.20

Ti—OxNy4_ TiOxN, 457.1 3.15

Ti-O4 Ti(OH)4 457.1 3.20

Ti-O4 TiO, amorph 458.7 4.80
Peak Tetrahedron Bonding unit Binding energy/eV Doublet splitting/eV
Ti 2pi2 Ti-Tiy Ti 460.0 6.13

Ti-Ti,0, TiO 461.0 5.73

Ti-TiO3 Ti,03 462.7 5.60

Ti-Oy4 TiO, amorph 464.4 5.66

@ Springer



842 Plasma Chem Plasma Process (2013) 33:839-853

Table 2 Literature values of binding energy and chemical shift for the O 1s and N 1s structures of Ti-O-
N—compounds in XPS [23]

Peak Bonding unit Binding energy/eV Chemical shift/eV
O ls TiO, 529.9 0.00
TiO N4 _x 531.3 1.40
Ti(OH), 531.8 1.90
Peak Bonding unit or state Binding energy/eV Chemical shift/eV
N 1s B-N 396.0 —0.60
TiN 396.6 0.00
o-N» 397.3 0.65
CN, 400.0 3.40
v-N 400.0 3.40
NO, 403.5 6.90
N,0,4 (NO,-Dimer) 406.0 9.40
NO; 407.0 10.40

Amongst the given references, the authors tried to collect a consistent set of values
necessary for reasonable interpretation and reproducible quantitative analysis of the XPS
spectra of titanium oxynitrides. Basing on values supported by most papers as reviewed by
Biesinger et al. [17], data from charge corrected measurements on reference samples as
opposed to DFT calculations have been adjoined. Reference data have been completed by
values averaged from independent investigations of several applied samples where stan-
dard deviations are satisfyingly small. The fitting procedures presented later on are based
on these results, i.e. the chemical shifts as well as binding energy differences between
different atoms for the bonding units presented above. The evaluated binding energy
differences as summarized in Tables 1 and 2 have been successfully used before on dif-
ferent plasma treated titania samples [23].

The literature reporting on silicon oxides, silicon nitrides and mixtures of both com-
pounds is quite divided about binding energies and chemical shifts for XPS. From a large
number of references, a set of binding energy values has been selected, just similar to
evaluation with regard to the titanium compounds presented above. The binding energy
values and chemical shifts of the Si 2p and the O 1s for the silicon oxides have been
gathered from Himpsel et al. and Sutherland et al. [35, 36] Both were employing syn-
chrotron radiation for sufficient resolution, while charging effects were minimized through
oxide film thicknesses. The chemical shifts and relative binding energies of the Si 2p for
the silicon nitrides have been taken from Choo et al. [37], who investigated nitrogen
terminated silicon nanoparticles. Even though the measurements on these nanoparticles
might have been influenced by charging effects, this would not have any impact on relative
energies and shifts. The N 1s binding energies for the silicon nitrides have been identified
from combined theoretical methods and experiments by Rignanese et al. [38]. The Si 2p
core level energy for the precursor molecule SiH,4 has been taken from data tables by Jolly
et al. [39]. All binding energy differences evaluated from the given references are sum-
marized in Tables 2 and 3.

The tetrahedron notation used in Tables 1, 2, 3 and 4 as well as during the discussion of
our recent results is implemented analogous to the notation of Cova et al. [34] for silicon
oxynitride films. Since there are several bonds inducing equal oxidation states at the titanium
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Table 3 Literature values of binding energy and chemical shift for the Si 2p structure of Si—-O-N—
compounds in XPS

Peak Tetrahedron Bonding unit Binding energy/eV Chemical shift/eV References

Si2p  Si-Siy Si 98.3 0.00 35
Si-Si;0 Si,O 99.3 0.95 35
Si-Si;N SisN 99.5 1.20 37
Si-Si,0, Sio 100.1 1.75 35
Si—Si,N, SisN, 100.7 2.40 37
Si-Si0; Si,0, 100.8 2.48 35
Si—SiN; SiN 101.8 3.50 37
Si-0, Si0, 102.2 3.90 36
Si-N, SisN, 103.3 5.00 37
Si—H, SiH, 107.3 9.00 39

Table 4 Literature values of binding energy and chemical shift for the O 1s and N 1s structures of Si-O-
N—compounds in XPS

Peak Tetrahedron Bonding unit Binding energy/eV Chemical shift/eV References

O Is O-Si, Si0, 5322 36

N Is N-Sij SizNy 397.8 0.00 36
N-Si,0, (H3SiO)N(SiH3), 399.6 1.77 38
N-Si,0, (H3Si0),N(SiH3) 401.6 3.78 38
N-O; (H3Si0)3N 403.4 5.55 38

atoms, the notation of oxidation states is not unique and thus not capable for discussions. The
different models that are commonly used to describe the structure of amorphous nonstoi-
chiometric alloys are the random bonding model (RBM) and the random mixture model
(RMM) [40—43]. According to silicon-centered tetrahedrons considered by Cova et al. the
discussion of titanium species will be held considering titanium-centered tetrahedrons.
Silicon films grown by low pressure chemical vapor deposition techniques have been found
difficult to analyze with the strict models RBM and RMM. Thus, a more general model has
been proposed to be useful especially for films grown under highly nonequilibrium condi-
tions, e.g. plasma-assisted chemical vapor deposition techniques. The new approach pro-
posed by Cova et al. the extended random mixture model (ERMM) demands a well choice of
the most adequate tetrahedral structures among all possible candidates. After exclusion of
unlikely tetrahedrons, the remaining units have to be considered during the numerical fitting
of XPS spectra, using binding energies gained through calculations as well as reference
spectra of pure standard samples. Finally, the fractions of the total number of atoms
belonging to that species can be calculated taking into account the stoichiometry coefficient
for the species related to the particular tetrahedron [40].

Experimental Details

An ultra high vacuum apparatus with a base pressure of 5 x 10~"" hPa is used to carry out
the experiments [44]. All measurements were performed at room temperature.
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Electron spectroscopy is performed using a hemispherical analyzer (VSW HA100) in
combination with a source for metastable helium atoms (mainly He* 3s 1) and ultraviolet
photons (Hel line). A commercial non-monochromatic X-ray source (Specs RQ20/38C) is
utilized for XPS.

During XPS, X-ray photons irradiate the surface under an angle of 80° to the surface
normal, illuminating a spot with a diameter of several mm. For all measurements presented
here the Al K, line (photon energy 1,486.6 eV) is used. Electrons are recorded by the
hemispherical analyzer with an energy resolution of 1.1 eV emitted under an angle of 10°
to the surface normal. All XPS spectra are displayed as a function of binding energy with
respect to the Fermi level.

For quantitative XPS analysis, photoelectron peak areas are calculated via mathe-
matical fitting with Gauss-type profiles using OriginPro 7G including the PFM fitting
module, which applies Levenberg—Marquardt algorithms to achieve the best agreement
possible between experimental data and fit. To optimize our fitting procedure, Voigt-
profiles have been applied to various oxidic and metallic systems previously, but for
most systems the Lorentzian contribution converges to zero. Therefore, all XPS peaks
are fitted with Gaussian shapes. The background correction was done by the combination
of a Shirley-type background correction with the high binding energy site limit at the
maximum of the first shake up satellite and a subsequent linear subtraction. Although it
has been shown that constant tail background approaches yield best results, its advantage
is negligible due to the lack of pure standard spectra [18]. Photoelectric cross sections as
calculated by Scofield [22] with asymmetry factors after Powell and Jablonski [45],
taking into account asymmetry parameters after Reilman et al. [46] and Jablonski [47] as
well as inelastic mean free paths from the NIST database [48] (using the database of
Tanuma, Powell and Penn for elementary contributions and the TPP-2 M equation for
molecules) as well as the energy dependent transmission function of our hemispherical
analyzer are taken into account when calculating stoichiometries. All film thickness
evaluations have been done from XPS results via attenuation of the Ti 2p peak
employing the intermediate mean free path (IMFP) in the film, the angle 6 between the
surface and the direction of electron detection and the peak intensities I, before and I4
after film deposition using the formula [49]:

d:IMFP-COSG-1n|:LO:|.
I
Plasma treatments have been carried out employing a dielectric barrier discharge. The
plasma source is mounted to a preparation chamber with a base pressure of 5 x 10~® hPa
which is connected directly to the UHV recipient via a common transfer system and has
been described elsewhere [50]. An alternating high voltage pulse generator with a pulse
duration of 0.6 us and a pulse repetition rate of 10 kHz is connected to the dielectric
isolated electrode, while the sample forms the grounded counter electrode. The discharge
gap is set to about 1 mm and the discharge area is about 2 cm?® During the plasma
treatment, a voltage of 11 kV (peak) is measured. The high voltage supply delivers a power
of 2 W, the plasma power density can be calculated to 1 W/em? and with a plasma
treatment time of 60 s, an energy density of 60 J/cm? is applied to the sample The increase
of the sample temperature during the plasma treatment does not exceed 10 K [51].
Silane (Linde Gas, 1.5 at% in 98.5 at% N,), O, (Linde Gas, 99.995 %) and ambient
atmospheric air are offered via backfilling the chamber using a bakeable leak valve. The
gas line is evacuated and can be heated in order to ensure cleanness. A quadrupole mass
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spectrometer (Balzers QMS 112 A) is used to monitor the partial pressure of the reactive
gases simultaneously during all experiments. The titanium dioxide nanoparticles (Degussa
P25, 99.5 % TiO,, average diameter 21 nm) are deposited onto a molybdenum washer as
suspension in ethanol, which is afterwards evaporated.

The topography of the TiO, particles prior to and after the plasma treatments is
determined by Atomic Force Microscopy (AFM) using a Veeco Dimension 3100 SPM. All
measurements are performed in Tapping Mode with Al-coated silicon cantilevers (NSC15,
Micromasch). The typical resonance frequencies of this series are about 325 kHz, typical
spring constants are in the range of 40 N/m. The radius of the tip curvature is less than
10 nm. All images consist of 512 lines each containing 512 pixels. They are recorded with
a line-scan frequency of 0.5 Hz. SPIP (Image Metrology A/S) is used for the depiction of
the AFM images and the calculation of the average surface roughness (RMS) according to
ISO 4287/1.

Results and Discussion

The results on the plasma based silicon dioxide coating are presented in two parts. First, the
TiO, substrate is cleaned by heating up to 600 °C prior to the SiH4/N, plasma treatment,
followed by an O, plasma treatment. In the second part, the substrate is plasma treated in
SiH4/N, as prepared with all atmospheric adsorbates at the surface and afterwards oxidized
by a plasma treatment in atmospheric air.

Plasma Treatment of Cleaned TiO, Powders in SiH4/N, and O,

Figure 1 shows the XPS spectra of (from left to right) the C 1s, Ti 2p, O 1s, Si 2p and
N 1s regions of a cleaned TiO, powder sample (black lines and squares, top spectra), after
the SiH4/N, plasma treatment (red lines and triangles, middle spectra) and after the sub-
sequent O, plasma treatment (green lines and diamonds, bottom spectra). The samples
were cleaned by heating up to 600 °C, the Ti 2p and O 1s regions resemble a stoichi-
ometric TiO, very well. Even though some residual carbon remains, most adsorbants have
been removed by the cleaning procedure.

After the plasma treatment in the gaseous mixture of SiH, and O,, the intensities of the
Ti 2p and O 1s structures are severely reduced due to the deposited overlayer. The
intensity of the C 1s decreases less than that of the Ti 2p and O 1s peaks, indicating some
kind of distribution of the carbon through the adsorbed film. The Ti 2p region clearly
reveals a second state at the low binding energy side of the original Gaussians, which
corresponds to Ti—-TiO3 (Ti,03) according to the literature values for the chemical shifts
(see Table 1). After the plasma treatment, Si 2p and N 1s structures are found. The N 1s
region reveals only one peak, corresponding to nitrides. Since small amounts of oxygen
have been found to inhibit the formation of titanium nitrides during plasma treatments [23],
all nitrogen is assumed to be bound at the adsorbed silicon, which is supported by the
absence of any sign of nitrides or oxynitrides in the Ti 2p region. The O 1s structure also
reveals a second peak after the plasma treatment, which might correspond to some com-
pound of the adsorbed silicon. The amount of this second O 1s peak is rather small
compared to the N 1s intensity, thus any silicon oxides are neglected in the analysis. The
Si 2p region is displayed together with the resulting Gaussians for Si—SizN, Si—Si;N,,
Si—SiN; and Si-Ny (corresponding to SizN, SizN,, SiN and Si3;Ny). Even though the
resolution of the spectrometer does not allow a certain discrimination between these
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Fig. 1 XPS spectra of the C 1s, Ti 2p, O Is, N 1s and Si 2p regions of the cleaned TiO, powder (black
lines and squares, top spectra), after SiH,/N,—plasma treatment (red lines and triangles, middle spectra)
and after subsequent O,—plasma treatment (green lines and diamonds, bottom spectra) (Color figure online)

species, the N 1s peak appears to determine the position of these peaks very well,
employing the binding energy differences from Tables 3 and 4. Futhermore, the
assumption of a negligible amount of oxynitrides is strongly suggested by the absence of
any surplus N 1s species. Taking all this into account, the absolute fractions of the four
species suffer from the described variances. Nevertheless, the fit results qualitatively reveal
the existence of at least all silicon nitride compounds in the deposited film. The silicon
nitride film thickness calculation via attenuation of the Ti 2p peak yields about 3.1 nm.

The subsequent O, plasma treatment nearly eliminates the C 1s peak, while the nitrogen
concentration is reduced to about one-third. The Ti 2p region again shows only the peaks
corresponding to stoichiometric TiO,. The O 1s structure shows a significant increase of
the second peak, indicating its correlation to silicon oxides. An additional third peak
appears in the O 1s region after O, plasma treatment, which is most probably due to OH
groups adsorbed after the plasma treatment from some residual water in the O, gas. The
Si 2p region now consists mainly of one peak at the binding energy position of SiO,
relative to the corresponding O 1s peak. The second peak at the low binding energy side is
at the position of Si—Si,N,, but the obvious broadening indicates some remaining Si—SizN
and Si—SiNj3, too. Nevertheless, the silicon nitride fraction is remarkably reduced. The film
thickness of the silicon oxynitride layer slightly increases up to 3.7 nm.

Figure 2 depicts the AFM images of an untreated TiO, powder sample (a) and the
cleaned TiO, powder sample after consecutive treatments in silane/nitrogen and pure
oxygen (b). In the image of the cleaned powder several discrete particles can be discovered
despite the strong agglomeration which shows up in most regions of the picture. The
average diameter of the untreated particles is about 22 £ 3 nm which is in good agreement
with the manufacturer information. The RMS roughness of the surface amounts to
13.3 nm. The average diameter of the particles after the plasma treatments amounts to
31 + 6 nm, indicating an overlayer thickness of approximately 3 — 7 nm in comparison to
the aforementioned diameter of 22 nm. The RMS roughness is slightly smaller (12.1 nm),
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Fig. 2 AFM images of an untreated TiO, powder sample (a, left image) and the cleaned TiO, powder
sample after SiH4/N,—plasma treatment and subsequent O,—plasma treatment (b, right image), the image
areas are 1 x 1 pm?

but the basic structure with several distinct particles and huge areas of agglomerates is
preserved.

The two step film deposition process employing a plasma treatment in a gaseous
mixture of 1.5 % SiH, and 98.5 % N, followed by a plasma treatment in pure oxygen has
been shown to grow a film consisting of mainly silicon dioxide. The increase in film
thickness by the second plasma can be explained by the different lattice constants. The
final film thickness estimated by peak attenuation in XPS is in good agreement to the
standard deviation of the augmentation of the particle diameter. The transformation of the
initially grown silicon nitride has progressed considerably with only about 5 % residual
SisN4 molecules within the film.

Plasma Treatment of as Prepared TiO, Powders in SiH4/N, and Air

Figure 3 shows the XPS spectra of (from left to right) the C 1s, Ti 2p, O 1s, Si 2p and
N Is regions of a TiO, powder sample as prepared (black lines and squares, top spectra),
after SiH4/N, plasma treatment (red lines and triangles, middle spectra) and after the
subsequent air plasma treatment (green lines and diamonds, bottom spectra). The untreated
powder sample yields only the Ti—O4 structures in the Ti 2p region, while the O 1s regions
shows a main feature corresponding to titanium oxides as well as a surplus peak at higher
binding energies corresponding to atmospheric surface adsorbates. The C 1s region shows
a broadened structure due to the various adsorbates, which seems to consist of at least two
peaks. The peak at lower binding energies may be corresponding to atomic carbon,
whereas the peak at higher binding energies represents carbon oxides [52].

After the SiH4/N, plasma treatment, the Ti 2p intensity decreases due to the deposited
overlayer, again, while in this case no surplus peaks appear, indicating no plasma-induced
reduction of the TiO, surface. The Si 2p region again reveals a variety of silicon nitrides to
be present in the just deposited film. Again, the single N 1s peak as well as the absence of
any surplus peaks in the O Is region suggest that no oxynitrides have been formed. The
C 1s peaks does not decrease as much as the Ti 2p and O 1s peaks, thus indicating some
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Fig. 3 XPS spectra of the Ti 2p, O 1s, C Is, N s and Si 2p regions of the TiO, powder as prepared (black
lines and squares), after SiH4/N,—plasma treatment (red lines and triangles) and after subsequent air—
plasma treatment (green lines and diamonds) (Color figure online)

kind of distribution through the deposited film, again. The attenuation of the Ti 2p signal
yields a silicon nitride film thickness of about 3.7 nm.

The subsequent air plasma leads to an increase in the Ti 2p intensity, indicating the
corresponding decrease in the thickness of the deposited film. The O 1s region shows a
very large new peak, that can be assigned to the silicon oxides, while the peak due to
adsorbates is gone. The C 1s and N 1s intensities are significantly decreased and the two
C 1s peaks can not be distinguished any more. The Si 2p region shows two additional
peaks at higher binding energies that can be assigned to mainly Si—O,4, while the peak at
highest binding energies can not be correlated to any oxide, nitride or oxynitride species.
The thickness of the silicon oxynitride film is considerably increased and now amounts to
about 4.9 nm.

In Fig. 4, AFM images of the untreated TiO, powder sample (a) and the uncleaned
powder sample after the process combination of silane/nitrogen plasma followed by air
plasma treatment (b) are depicted. The surface exhibits large agglomerates of TiO, par-
ticles. Only a few distinct particles could be identified, which explains the considerably
larger deviation range of the average particle diameter of 35 &= 7 nm. The RMS roughness
of the surface amounts to 16.5 nm and is therefore considerably larger compared to the
oxygen treated sample. The increase in the particle size indicates an overlayer thickness of
4 — 10 nm.

The silicon nitride film deposition process via a plasma treatment in a gaseous mixture
of 1.5 % SiH, and 98.5 % N, on as-prepared TiO, powders yields a notably larger film
thickness compared to the cleaned powders. This may be caused by the surplus oxygen and
carbon species introduced into the film by the molecules initially adsorbed on the surface.
The subsequent air plasma treatment has been shown to transform the silicon nitride film
very effectively into a silicon oxide film. In this case, the final film thickness estimated by
peak attenuation in XPS is quite well within the standard deviation of the augmentation of
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Fig. 4 AFM images of an untreated TiO, powder sample (a, left image) and the uncleaned TiO, powder
sample after SiH4/N,—plasma treatment and subsequent air—plasma treatment (b, right image), the image
area is 1 x 1 pm?

the particle diameter. The residual content of SizN, molecules in the film after the air
plasma treatment amounts to about 3 %, which means the transformation of the initial
grown silicon nitride has progressed even better than for the oxygen plasma on the TiO,
powders cleaned prior to the SiH4/N, plasma treatment (Tables 5, 6).

Comparison of Both Film Deposition Pathways

Figure 5 shows the process scheme of the experiments above. Comparing the results from
Sections “Plasma Treatment of Cleaned TiO, Powders in SiH4/N, and O,” and “Plasma
Treatment of as Prepared TiO, Powders in SiH4/N, and Air”, it seems to be unnecessary to
clean the surface of the particles from atmospheric adsorbates in a separate process step
before the film deposition. The nitrogen content of the SiH4/N, process gas has been shown
to remove all oxygen containing contaminations, while the remaining carbon got mostly
removed by the subsequent oxidizing plasma. The predominance of the nitrogen molecules
in the air plasma treatment did not have any negative effect on the conversion of the silicon
nitride into silicon oxide. Indeed, the air plasma treatment at 1,000 mbar seems to be much
more effective than the oxygen plasma treatment at 200 mbar, while the oxygen partial
pressures were comparable. This enhancement may originate in an increased generation of
the reactive oxygen species via a deexcitation path of the nitrogen as described by
Trompeter et al. and Penetrante et al. [53, 54]. Nevertheless, both deposition pathways
have been shown to produce smooth silicon oxide films with negligible amounts of residual
silicon nitride, whereas no influence on the titanium dioxide particles took place. All film
thicknesses, oxide ratios and nitride fractions have been summarized in Table 7.

Summary

The coating of titanium dioxide nanoparticles with a silicon dioxide film has been per-
formed by means of plasma treatment employing silane as gaseous precursor. In contrast to
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Table 5 XPS results for the cleaned TiO, powder sample upon SiH4/N,—and subsequent O,—plasma
treatment

System Peak Species Binding FWHM/ Relative Stoichiometry
energy/eV eV fraction (%)
Cleaned TiO, Cls Interfacial  286.0 2.98 1.00 3.2
O 1s TiO, 531.6 2.00 1.00 69.3
Ti2ps3pn  TiO, 460.3 1.94 1.00 27.5
Ti2pip TiO, 466.0 2.46 1.00
After SiH,—plasma Cls Interfacial  286.3 2.05 1.00 2.8
N Is SizNy 399.4 1.97 1.00 16.10
O 1s TiO, 531.6 1.96 0.80 28.2
OH (ads)  533.5 1.79 0.20
Si 2p SizN 101.1 2.14 0.14 43.8
SizN, 102.3 2.14 0.47
SiN 103.4 2.14 0.34
SizNy 104.9 2.14 0.05
Ti2psn  Ti0s 458.4 0.12 0.12 9.1
TiO, 460.2 0.88 0.88
Ti2pin  Ti05 464.0 0.16 0.16
TiO, 465.9 0.84 0.84
After subsequent O,-plasma  C Is Interfacial - - - 0.0
N Is SizNy 399.4 3.04 1.00 5.0
O 1s TiO, 531.1 1.90 0.21 65.7
Si0, 5339 2.62 0.74
OH (ads.) 5364 2.31 0.05
Si 2p SizN, 102.3 2.81 0.11 23.7
SiN 103.4 2.81 0.01
Si3Ny 104.9 2.81 0.00
SiO, 105.0 2.81 0.89
Ti2psn  TiO, 459.9 2.07 1.00 5.7
Ti2pyp, TiO, 465.6 2.80 1.00

existing techniques that use pure silane [5, 14], silane diluted in hydrogen [14, 55, 56] or
silane diluted in noble gases [57-59], the described process bases on a nitrogen gas with
only 1.5 % silane content. Thus, the easy handling of this process gas allows a cheap and
simple implementation even for industrial application. The silicon nitride film resulting
from this process gas has afterwards been converted into silicon dioxide by means of an
oxygen or air plasma. While the oxygen supply is one of the critical points in all existing
techniques for SiO, film deposition from silane precursors, the whole process is simplified
by splitting the deposition and the oxidations into two steps. Furthermore, the combination
of these two plasma treatments cleans the nanoparticles surfaces during the deposition
process from all atmospheric contaminants or adsorbants. Best results for clean film
deposition were gained on nanoparticles that have not been cleaned prior to the deposition
process and using atmospheric air for the oxidation step, despite all possible contamination
sources.
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Table 6 XPS results for the as prepared TiO, powder sample upon SiH4/N,—and subsequent air—plasma

treatment
System Peak Species Binding FWHM/ Relative Stoichiometry
energy/eV eV fraction (%)
As-prepared TiO, Cls C-C,C-H 286.7 2.55 0.70 15.4
C-0 290.3 423 0.30
O 1s TiO, 531.6 1.87 0.92 61.2
OH (ads.) 5335 1.61 0.08
Ti2p3pn  TiO, 460.4 1.83 1.00 234
Ti2pip, TiO, 466.1 241 1.00
After SiH4-plasma Cls C-C,C-H 286.1 1.81 0.73 59
C-0 288.1 1.31 0.27
N Is SizNy 399.3 2.04 1.00 20.1
O 1s TiO, 531.6 2.21 0.76 20.6
Si0, 533.9 3.94 0.24
Si 2p SizN, 102.2 2.34 0.70 46.5
SiN 103.3 2.20 0.30
Ti2p3n  TiO, 460.2 2.24 1.00 6.0
Ti2py, TiO, 465.8 2.94 1.00
After subsequent air-plasma  C 1s Interfacial ~ 287.5 4.42 1.00 2.3
N Is SizNy 399.9 2.35 1.00 3.0
O 1s TiO, 5313 1.64 1.00 63.9
Si 2p SizN 101.6 2.56 0.03 27.8
SizN, 102.8 2.56 0.00
SiN 103.9 2.56 0.26
SizNy 105.4 2.56 0.00
Si0, 105.9 2.56 0.69
- 109.4 2.56 0.02
Ti2p;n  TiO, 460.1 1.89 1.00 3.0
Ti2p;, TiO, 465.9 2.92 1.00
Si-N film on SiOz film on
TiOz particles TiOz particles TiOz particles
SiH4/N2 air
plasma plasma

Mo substrate

Mo substrate

Mo substrate

Fig. 5 Process scheme of the proposed two-step film deposition technique employing the combination of a

SiH4/N, plasma and an air plasma

The application of the presented process includes the coating of individual particles
inside a system of two particle flow reactors. Therefore, dispersed nanoparticles will be
carried by the gaseous flow through a system of two similar plasma reactors that will be

subject of a prospective project.
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Table 7 Summarized film thicknesses and oxygen/metal ratios

System Si—O-N overlayer thickness O over Si+Ti ratio Nitride fraction
Heated TiO, powder - 2.52 0.00

+SiH4/N, plasma 3.14 0.53 1.00

+0, plasma 3.69 2.23 0.03
Untreated TiO, powder - 2.61 0.00

+SiH4/N, plasma 3.73 0.39 1.00

+Air plasma 4.88 2.08 0.05
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