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ABSTRACT

For the purpose of silica surface layer modulation, a pneumatic-controlled two-substance
atomizer with inertia-based coarse droplet separation was operated at different system pres-
sures for tetraethyl orthosilicate precursor aerosol supply during combustion chemical vapor
deposition. A comprehensive testing study was performed to characterize the atomizer's
performance characteristics, initial precursor aerosols at the atomizer's outlet, transformed
aerosols before combustion, combustion aerosols and formed layers. Laser diffraction spec-
trometry, differential electrical mobility analyses and condensation particle counting were
used for aerosol characterization with regard to particle size and particle production quanti-
ties. Layers were characterized by scanning electron microscopy, atomic force microscopy,
spectral ellipsometry, water contact angle measurements and light transmission concerning
geometric properties (thickness, surface structure and roughness) and physical behaviors
(i.e., optical behaviors, hydrophobicity). Results show a quasi-linear relationship of the ejec-
tion mass flow of the pneumatic-controlled atomizer and geometric layer properties which
again show a direct relationship to the physical properties. No correlation was found
between the aerosols before combustion and the combustion aerosols since the majority of
combustion aerosol particles are synthesized solely from the gas phase based on evapo-
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rated precursor material.

1. Introduction

Combustion chemical vapor deposition (CCVD) is a
cost-effective, large-scale coating method for a defined
application of functional thin (nanoscaled) solid layers
on substrates under atmospheric pressure.
CCVD, solid particles (i) are synthesized by flame

During

pyrolysis of a precursor substance (gas, liquid) within
an ignited combustion gas (e.g., butane-air or pro-
pane-air mixtures), (ii) are deposited on the substrate
and (iii) form a disperse thin solid film. CCVD
(Hunt, Carter, and Cochran 1993), which was devel-
oped primary for the purpose of adhesion promotion,
is nowadays employed for applying anti-corrosion
coatings, layers with increased transmission (for SiOy)
(Zunke et al. 2014), semiconducting transparent layers
(based on ZnO) (Zunke et al. 2013) or for reflecting
noble metal layers (Struppert et al. 2010).

Especially for thin coatings made of monodisperse
silicon oxide particles (SiO,) (Stober, Fink, and Bohn

1968), CCVD became an established surface modifica-
tion technology for various substrate materials (e.g.,
glass, silicon wafer, plastic) (Riffer et al. 2013;
Kretzschmar et al. 2018), whereas materials like met-
als, wood, stone, ceramics and textiles are also suit-
able. This is i. a. due to the ability of CCVD to
modulate specific layer properties (e.g., layer thick-
ness, refractive index, hydrophilicity, transmission) via
the versatile combination of different CCVD process
parameters (e.g., kind of precursor, substrate tempera-
ture, substrate velocity, burner-to-substrate distance).
The precursor substance as key parameter of
CCVD can be supplied to the fuel gas air mixture as
continuous phase (i.e., as gas or as liquid) or as dis-
perse phase (i.e., as aerosol) by quite different meth-
ods. However, the supply of the precursor as disperse
phase requires a previous aerosolization of the precur-
sor liquid. For this purpose, different mechanisms of
droplet generation were employed for CCVD in the
past (Jung, Park, and Kang 2010). This includes i. a.
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Figure 1. Schematic illustration of the operated CCVD setup;
A1 =initial precursor aerosol, A2= precursor aerosol before
combustion; A3 = combustion aerosol.

ultrasonic nebulization (Cho et al. 2009; Abram et al.
2019), two-substance nozzle atomization (without
coarse droplet separation) (Murakami, Yagi, and
Kaneko 2005; Chang, Park, and Jang 2008) or inert
gas bubble bursting (Wolden et al. 1998; Davis et al.
2004; Pfuch and Cihar 2004; Abram et al. 2019). In
most studies, comprehensive analyses were performed
on combustion aerosols or resulting layers, but no or
less research effort was spent on the actual precursor
aerosols prior combustion. Thus, there is a knowledge
gap concerning the impact of precursor aerosol char-
acteristics on layer properties. Considering the above
mentioned aerosolization methods, the origin of
CCVD was precursor aerosols with quite different
aerosol characteristics. Ultrasonic nebulization leads
typically to micrometre sized droplets in a size range
between 1 — 10 pm. Two-substance nozzle atomization
without coarse droplet separation is typically accom-
panied by droplet aerosols with bimodal size distribu-
tions, a low (<5wt.-%) mass fraction of droplets
<5um and a considerable mass fraction (>95wt.-%)
of droplets in the size range from 5pum up to 200 pm.

This study focuses on the impact of precursor and
combustion aerosols on layer growth, structure and
properties for substrate coating by CCVD. Therefore,
the objectives of this study were (i) an accurate granu-
lometric characterization of the three relevant aerosol
states (i.e., after generation, before and after combus-
tion) for different aerosolization conditions, (ii) a
multiparameter analysis of the corresponding formed
layers, (iii) a comparison between the aerosol charac-
teristics of the three states with measured layer prop-
erties and (iv) the identification of potential
relationships between aerosol characteristics and
layer properties.

Accomplishing these objectives was realized by the
production of defined monomodal, precursor aerosols

stable over time via a pneumatic-controlled two-sub-
stance atomizer (with inertia-based coarse droplet sep-
aration, also known as Collison nebulizer) was
operated for precursor liquid  aerosolization.
Moreover, no evidence was found that such a type of
atomizer was used for CCVD before. However, gener-
ated aerosols at the outlet of the atomizer as well as
transformed aerosols before and after combustion
were characterized granulometrically by laser diffrac-
tion spectrometry (LDS), differential electrical mobil-
ity analyses (DEMA) and condensation particle
counting (CPC). Resulting solid thin layers were char-
acterized concerning geometric properties (i.e., thick-
ness, surface roughness) and physical behavior
(reflection, hydrophobicity) by scanning electron
microscopy (SEM), atomic force microscopy (AFM),
spectral ellipsometry (SE), water contact angle meas-
urements (WCA) and light transmission (UV-VIS).

2. Experimental details

2.1. Performed CCVD procedure for the
preparation of thin silicon oxide films

Figure 1 provides a schematic illustration of the
CCVD setup that was composed of (i) a two-sub-
stance atomizer (ATM 220 with 0.3 mm nozzle diam-
eter, Topas GmbH, Germany) for precursor aerosol
generation, (ii) a fuel-gas supply unit (50 MD-1B,
SURA Instruments GmbH, Germany) to control the
ratio of fuel-air mixture, (iii) a burner (Arcogas Bl-
100, Arcotec GmbH, Germany) for pyrolysis and (iv)
a movable sample holder for substrate supply.

The two-substance atomizer as described in detail in
(VDI 2017; Gohler et al. 2017) was operated in non-sub-
merged mode with compressed air (at 1bar, 3bar and
5bar system pressure) and the precursor liquid tetraethyl
orthosilicate (pure TEOS, FlukaMerck, Germany). After
leaving the atomizer, the generated precursor aerosols
were mixed prior combustion with the fuel-gas mixture
(ie, 3.6 L-min~" propane + 70 L-min"" air) provided by
the fuel-gas supply unit. To ensure a stoichiometric com-
bustion, the propane to air ratio was set to 1:19.4. After
ignition under these conditions, a laminar flame profile
(Farris et al. 2010) with a temperature profile between
800 and 1800°C (Burkert, Miller, and Paa 2013) is
formed. Analogous to Kretzschmar et al. (2018), thin film
preparation was performed on silicon wafers (p/Bor
(100), single polished, Silicon Materials Inc., Germany)
and float glass (4mm, air face, Saint-Gobain Glass
Deutschland GmbH, Germany) by passing the substrate
with a velocity of 50mm-s~' for 10 times through the
flame at a distance of 20 mm beneath the burner outlet.
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Figure 2. Schematic diagram of the experimental setup(s) operated for aerosol characterization; A1 =initial precursor aerosol at
atomizer outlet; A2 = precursor aerosol immediately before combustion; A3 =combustion aerosol; ATM = two-substance atomizer;
CPC = condensation particle counter; DDS = dynamic dilution system; DIL =dilution system; DMA = differential mobility analyzer;

ESP = electrostatic precipitator.

2.2. Macroscopic ejection performance of
the atomizer

The ejection performance (e.g., gas flow, mass flow of
liquid, loading, droplet size) of atomizers depends
strongly on the properties of both the propellant gas
(i.e., kind of gas and quantity of flow) and the precur-
sor liquid (i.e., density, viscosity, surface tension).
Moreover, the expansion of gases (Joule and Thomson
1852), which is the basis for atomization, and droplet
evaporation (May 1973) are accompanied by a tem-
perature change that effects the liquid to be atomized
due to the temperature dependency of basic liquid
properties like density, viscosity and surface tension.
Accordingly, preliminary analyses (designated as
macroscopic analyses) were performed to characterize
(i) the ejection airflow, (ii) the ejection mass flow of
TEOS and (iii) the impact of cooling phenomena on
the atomizer’s performance.

The ejection airflow as well as the ejection mass
flow were characterized for varying system pressures
(i.e., operational pressure) in 0.5 bar steps from 0.5 bar
up to 6.0bar. In the case of ejection airflow analyses,
the atomizer was operated without precursor liquid in
combination with a precision manometer (PMM,

Modell 312.20 - 6 bar, WIKA Alexander Wiegand SE &
Co. KG, Deutschland). Airflows were measured by
means of a bubble flow meter (BFM, Model Gilibrator
2, Sensidyne LP, USA) for volumetric airflows up to 6L/
min and a mass flow meter (MFM, Model 4040, TSI
Inc,, USA) for > 6L/min. In the case of ejection mass
flow analyses, an analytical balance (Kern EW 150-3 M,
Components GmbH, Germany) came into operation.

To characterize the impact of cooling phenomena on
the precursor liquid, the temperature change for TEOS
within the liquid reservoir of the atomizer was measured
for each configuration (i.e., for 1bar, 3bar and 5bar sys-
tem pressure) over lh (time resolution of 20s) by
means of a K-type thermocouple (Data-Logger
Thermometer 306, Conrad Electronic SE, Germany).

2.3. Granulometric aerosol characterization

Due to the different conditions that effect the aerosol
state within the CCVD setup (c.f. Figure 1), aerosol
characterization was performed at three relevant
regions for the three types of aerosols (Al, A2, A3),
i.e, immediately at the outlet of the atomizer (Al, ini-
tial precursor aerosol, without drying effects), after
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mixing with the fuel gas (A2, precursor aerosol before
combustion, incl. drying effects) and after combustion
(A3, combustion aerosol). For the characterization of
each of the mentioned aerosols, a specific experimen-
tal setup was designed and operated. To improve the
intelligibility, the three experimental setups were
merged to one within Figure 2.

As mentioned above, precursor aerosol generation
was realized by operating the atomizer with compressed
air (system pressure of 1bar, 3bar, 5bar) and the pre-
cursor liquid TEOS. To counteract precursor liquid
cooling that effects considerably the ejection perform-
ance, the liquid reservoir of the atomizer was thermo-
stated during analyses at 25°C (Model Elmasonic P30H,
Elma Schmidbauer GmbH, Germany).

At first, the initial precursor aerosol (A1) was charac-
terized in a distance of 5mm to the outlet of the atom-
izer by laser diffraction spectrometry (LDS, Model
HELOS/KR-H2487, Sympatec GmbH, Germany) accord-
ing to ISO (2009a). The intrinsically measured volume-
weighted transformed density distributions (qs*) based
on LDS (evaluated with Fraunhofer theory, Babick 2016)
covered a size range from 0.5um up to 175um (meas-
urement range R3) and contain thus no data below
0.5pum, but prior analyses on the base of liquids with
low vapor pressure showed that an extrapolation of the
whole size distribution is possible (Gohler et al. 2017).
Accordingly, the received size data were fitted primary
to lognormal size distributions (qs*) to determine the
overall volume-weighted median diameter (xsq3) and the
geometric standard deviation (o). Afterwards, the vol-
ume-weighted data were converted
weighted ones according to (Hatch and Choate 1929;
1SO 2005).

Second, particle number concentrations and num-
ber-weighted particle size distributions of the precur-
sor aerosols immediately before combustion (A2, i.e.,
after mixing with fuel gas, 500mm distance from
atomizer to mixing zone, 100 mm distance from mix-
ing zone to burner) were characterized after passing a
commercial bypass dilution unit (Model DDS 560,
Topas GmbH, Germany) by condensation particle
counting (CPC Model 3022A, TSI Inc., USA) and dif-
ferential electrical mobility analysis (DEMA) accord-
ing to ISO (2009b). The operated DEMA system (i.e.,
a scanning mobility particle sizer, SMPS Model
3938L75, TSI Inc., Shoreview, USA) that was com-
posed of an aerosol neutralizer (Model 3077, TSI Inc.,
USA), a differential electrical mobility classifier (con-
trol unit Model 3082 with DMA Model 3081A, TSI
Inc., USA) and a condensation particle counter (CPC,

into number-

Model CPC 3775, TSI Inc., USA) was adjusted to a
size range from 16 nm up to 1000 nm.

To analyze the combustion aerosols (A3), the same
instruments as employed for the dried precursor aero-
sols prior combustion (A2) were used, but aerosol
sampling as well as aerosol conditioning differed.
Aerosol sampling was performed in a height above
the burner of HAB = 700 mm in an open setup con-
figuration. To avoid artifacts from background aero-
sols, the whole laboratory was continuously purged
with particle free air by means of a laminar flow
bench (Model LF-VM-K0615, STEAG Laminarflow
Prozesstechnik GmbH, Germany). Additionally, two
further commercial dilution units (DIL 555 and DIL
556 calibrated for 3.01/min, Topas GmbH, Germany)
were operated for a defined reduction of the consider-
able high particle number concentrations. For the pur-
pose of qualitative analyses by scanning electron
microscopy (SEM, Model DSM982 Gemini, Zeiss AG,
Germany), an electrostatic precipitator (ESP, proto-
type of Model NAS 3089, TSI Inc., USA) according to
Dixkens and Fissan (1999) was operated.

The mentioned experimental conditions and setups
for the granulometric characterization of the dried
precursor aerosols before combustion (A2) and the
ones for the combustion aerosols (A3) were prior the
main analyses validated/crosschecked concerning
diverse actuating variables that could have a potential
effect on the results. In the case of the aerosol before
combustion (A2), the particle purity of the fuel-gas
mixture and the impact of the chemical composition
of the process gas (i.e., fuel-gas mixture vs. particle
free air) as well as the residence time within the tub-
ing (i.e., by operation with 25L/min, 50 L/min and
75L/min process gas flow) were characterized. The
particle number concentrations for the pure fuel-gas
mixture were at least 150 times lower than the ones
measured with atomizer operation (cf. Figure 6) and
are thus negligible. The analyses concerning both the
chemical composition and the residence time showed
also no effect on the number-weighted size distribu-
tions. Accordingly, one can assume that the A2 aero-
sol was within the drying equilibrium. In the case of
combustion aerosols (A3), the combustion of the pure
fuel gas mixture and different heights above burner
(i.e., 70cm, 75cm, 80 cm, 90cm) were analyzed. The
combustion of the pure fuel-gas mixture lead to con-
siderable particle number concentrations up to 3-10%°
1/cm’ but were more than 300 times lower than the
combustion aerosols based on TEOS (cf. Figure 6).
The HAB variation showed also no effects on the
measured size distributions.
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standard deviation (volumetric aerosol flow based on single
measurements on five different nozzles identical in construc-
tion, precursor mass flow based on four measurements on
one nozzle).

2.4. Layer characterization

Thin film characterization was performed concerning (i)
surface structure by scanning electron microscopy
(SEM), (ii) surface roughness by atomic force micros-
copy (AFM), (iii) layer thickness and refractive index by
spectral ellipsometry (SE), (iv) hydrophobicity by water
contact angle analysis (WCA) and (v) light transmission
by ultraviolet/visible light (UV/VIS) spectrometry.

Surface structure or topographic analyses were per-
formed by thermal field emission scanning electron
microscopy (Model Supra 55 VP, Carl Zeiss Microscopy
GmbH, Germany) with an InLens detector at 5kV on
films formed on silicon wafers.

Surface roughness characterization by AFM (Model
MFP 3D Classic, Asylum Research) was performed on
sample areas of (20 x 20) um” in tapping mode with a
silicon micro cantilever (Model AC160TS-R3, Olympus
Corp., Japan). Received height data were used to calcu-
late root mean square values (designated as Ry or RMS)
for the description of the surface roughness according to
Gadelmawla et al. (2002).

Layer thickness and refractive index were characterized
by spectral ellipsometry (Model SE 850, SENTECH
Instruments, Germany). Analysis were performed at 50°,
60° and 70° measuring angle, while for the purpose of
data evaluation a CaucHy model was used, with layer
thickness and refractive index being the fitted parameters.

Analyses concerning the hydrophobicity of the thin
films were performed by optical water contact angle
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analysis (Model OCA 15, DataPhysics Instruments
GmbH, Germany) for layers formed on glass substrates.
Light transmission of the thin film layers on glass
substrate was characterized by UV/VIS spectrometry
(Model Lambda 2, PerkinElmer Inc., USA) over a
wavelength range from 350 nm to 1050 nm.

3. Results and discussion
3.1. Ejection performance

Figure 3 provides at first the volumetric aerosol flow
and the corresponding precursor mass flow offered by
the atomizer for various system pressures.

According to Figure 3, the volumetric airflow
increases linearly with the system pressure from
approx. 1L/min at 0.5bar system pressure up to
approx. 5L/min at 6bar system pressure. The precur-
sor mass flow increases with increasing system pres-
sure from 38.9mg/min at 1bar over 106.6 mg/min at
3 bar to 138.1 mg/min at 5bar. The different slopes of
precursor mass flow and volumetric aerosol flow are
accompanied with loadings of 28.1mg/L at 1bar,
37.3mg/L at 3bar and 31.8 mg/L at 6 bar.

As mentioned before, cooling phenomena can have
a significant effect on the ejection performance of the
atomizer. In this context, Figure 4 shows the change
of the precursor liquid temperature within the reser-
voir over the atomizer’s operation time for different
system pressures.

As it can be concluded from Figure 4, droplet drying
and the Joule-Thomson effect lead for each system pres-
sure to a significant decrease of the precursor liquid
temperature over time. Moreover, one can observe that
higher system pressures cause accelerated cooling and
lower temperatures after 60 min. The maximum tem-
perature decrease was determined to be approx. 2K for
5bar system pressure. Additional performed rheological
analyses (MCR301, Anton Paar GmbH, Austria) showed
that the dynamic viscosity of the used TEOS increases
from (10.8 +£2.4) mPa-s to (13.3+2.4) mPa-s for a tem-
perature decrease of 4K from 25°C to 21°C. With
regard to the operation times realized in this study, the
viscosity change for TEOS can be neglected here.
However, for the purpose of long-term operation or
other precursor liquids, a thermostating of the atom-
izer’s liquid reservoir is generally recommended.

3.2. Aerosol characteristics

Figure 5 compares the number-weighted size distribu-
tions for the analyzed system pressures of the three
types of aerosol (Al, A2, A3), i.e., for the droplet size
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Figure 4. Influence of the Joule-Thomson effect on the precur-
sor liquid TEOS within the liquid reservoir of the atomizer for
different system pressures.

distribution of the precursor aerosol at the outlet of
the atomizer (Al), the dried precursor aerosol prior
combustion (A2) and the chemical transformed com-
bustion aerosol (A3). All size distributions are plotted
over the intrinsically measured equivalent diameters,
i.e., in the case of Al over the laser diffraction equiva-
lent diameter that corresponds here to the projection
area equivalent diameter (Xg,) and in the cases of A2
and A3 over the electrical mobility diameter (Xep)
that can also be seen as a kind of projection area
equivalent diameter.

According to Figure 5, the system pressure shows
for each type of aerosol a significant impact on the
aerosol size distribution.

With increasing system pressure, the droplet size at
the outlet of the atomizer (Al) decreases typically.
This was also observed within the intrinsically meas-
ured volume-weighted LDS data, where the volume-
weighted median diameter decreases from Xso3+(Al,
Ibar) = 1.22um via Xs503+(Al, 3bar) = 1.04um to
Xs0,3+(Al, 5bar) = 1.02um. A slight divergent behav-
ior can be observed in Figure 5 for the number-
weighted droplet size distributions, which originates
from lognormal extrapolation of LDS data. Of course,
the switch from 3bar to 5bar leads to a decrease in
the number-weighted median diameter from xs0+(A1,
3bar) = 231 nm to Xsg9+(Al, 5bar) = 188 nm, but for
l1bar system pressure a number-weighted median
diameter of xs500+(Al, 1bar) = 203nm results. This
deviation is rather attributed to an overestimated
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Figure 5. Mean (n = 3) number-weighted aerosol size distribu-
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extrapolation of LDS data), immediately prior combustion (A2,
based on DEMA) and after combustion (A3, based on DEMA);
Xem = electrical mobility diameter of DEMA, x4, = projection
area equivalent diameter of LDS for coarse particles and
Fraunhofer theory.
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ture gas (i.e., without precursor substance TEOS).

geometric standard deviation than on the atomizer
performance. Accordingly, the number-weighted drop-
let size distributions (A1) in Figure 5 are less suitable
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Figure 7. SEM images of electrostatically deposited combustion aerosol particles (a, b, ¢) and of formed films on silicon wafer (d,

e, f) for 1bar (a, d), 3bar (b, ), and 5 bar (c, f) system pressure.

Figure 8. Surface structure by AFM analyses of the formed films on silicon wafers at 1bar (left), 3 bar (middle) and 5 bar (right)

system pressure.

for deeper discussions but allow a rough aerosol size
classification in comparison to the dried aerosols
before combustion and the combustion aerosols.

The dried precursor aerosol before combustion (A2) is
approx. one order of magnitude finer than the droplet
aerosol at the atomizer’s outlet and decreases also with
increasing system pressure from Xsooppma(A2, 1bar) =

42 nm via Xs00pema(A2, 3bar) = 34nm to Xsoopemal(A2,
5bar) = 31 nm.

Contrary to the two above discussed correlations,
the particle size of the aerosol after combustion (A3)
increases with increasing system pressure from
Xs0,00EMA(A3, 1bar) = 27nm via Xs00pema(A3,
3bar) = 43nm to Xs00pema(A3, 5bar) = 55nm and
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Figure 9. Transmission spectra of the formed coatings in com-
parison to the uncoated reference substrate.

is approx. in the same size range as the precursor
aerosol before combustion (A2). In order to explain
this behavior, a consideration of the prevailing particle
number concentrations respectively particle generation
rates of both the aerosols before combustion and after
combustion is helpful (see Figure 6).

According to Figure 6, particle number concentra-
tion and particle generation rate increase with increas-
ing system pressure for the aerosol before combustion
(A2), but decrease after combustion (A3). Moreover,
the total particle quantities (i.e., particle number con-
centration or particle generation rate) of the combus-
tion aerosols are several times higher than for the

dried precursor aerosols, i.e., 263 times at 1bar, 66
times at 3 bar and 40 times at 5 bar.

Since also SEM images of electrostatically deposited
combustion aerosol particles (see Figure 7) are in line
with DEMA data and show for larger particles the typic-
ally fractal shape, the majority of combustion aerosol
particles are synthesized solely from the gas phase based
on evaporated TEOS. Consequently, there should be no
direct correlation from the aerosols after leaving the
atomizer or the dried precursor aerosol before combus-
tion on the combustion aerosols. However, granulomet-
ric data of both types of aerosols provide clues
concerning reactant impurities (here TEOS) and maybe
on impurities within the layers. Consequently, separation
of drying residues before combustion e.g., by filtration
could be one way to improve layer impurity beside cost
intensive use of ultrapure TEOS. On the other hand,
condensation particle counting could be used for process
monitoring for quality control.

3.3. Layer properties

Phenomenological considerations of the CCVD coat-
ings show that the produced thin silicon oxide films
were colorless and transparent on both the silicon
wafers and the glass substrates.

The SEM images in Figure 7 provide a rough
impression on the formed layer surface structures.

As can be deduced from the SEM images in
Figure 7, the fraction of coarser aggregates/agglomer-
ates (>0.2 um) decreases with decreasing system pres-
sure. Furthermore, an increasing polydispersity can be
observed with increasing system pressure.

The increase of both the content of coarser agglomer-
ates and the polydispersity is also accompanied by an
increase of the surface roughness and consequently by
an increase of the surface area as exemplarily shown in
Figure 8 on the base of the performed AFM analyses.

AFM analysis showed for the pure reference substrate
(i.e., the uncoated glass substrate) a surface roughness
(i.e., root mean square) of about 0.2 nm, while for 1bar
system pressure a value of 4.7nm was determined, fol-
lowed by 9.0nm for 3bar and 12.5nm for 5bar.

However, with increasing system pressure also the
refractive index increases from 1.28 for 1bar, 1.41 for
3bar and 1.43 for 5bar as the SE analyses show. These
values are in line with the literature (Pfuch et al. 2008)
and indicate that the layers become more glass-like with
increasing system pressure (theoretical refractive index
of glass is 1.45). The SE analyses show furthermore an
increase of the layer thickness from 39.4nm for 1bar
via 57.6 nm for 3 bar to 93.7 nm for 5 bar.
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Table 1. Determined ejection airflow, ejection precursor mass flow, median particle diameters (xso,) and geometric standard
deviation of the particle size distributions for A1, A2, and A3 aerosols, layer thickness, refractive index, water contact angle, sur-
face roughness, and transmission from the as-deposited silicon oxide thin layers on silicon substrate and float glass.

Property Unit

Aerosol generator - -

System pressure bar -
Ejection airflow L/min -
Ejection precursor mass flow mg/min

Loading mg/L -
Xs0,3+ (A1) pum -
Geometric standard deviation - -
Xs0,0,0ema (A2) nm

Geometric standard deviation -

Particle generation rate (relative standard deviation) 1/s

Xs0,0,0EmA (A3) nm

Geometric standard deviation -

Particle generation rate (relative standard deviation) 1/s

Surface roughness R, nm 0.2°
Layer thickness d nm -
Refractive index npayer - -
Water contact angle ® ° 20.0°

Transmission T @ 550 nm % 90.0°

ATM 220 ATM 220 ATM 220
1 3 5
1.38+0.05 2.86+0.09 434+0.16
38.92+2.82 106.58 +1.71 138.08 +2.67
28.11 37.33 31.84
1.22 1.04 1.02
2.17 2,03 2.12
419+18 337406 31405
174 167 163
0.77 x 1009 (+0.74%)  2.70 x 1009 (+0.76%)  4.30 x 1009 (+0.70%)
269+0.6 426+05 54.7+0.8
1.59 1.75 1.73
1.98 x 1011 (£1.76%)  1.75x 1011 (£1.89%)  1.68 x 1011 (+1.98%)
47 9.0 125
394+1.2 576+15 93.7+2.1
1.28 £0.02 1.41+0.01 1.43+0.01
316 217 <5P
89.8 90.2 90.9

2Untreated reference substrate.
bBelow detection limit.

WCA analyses show, that the water contact angle of
the layers decreases from 31.6° (1bar) via 21.7° (3 bar)
to <5° (below detection limit, bar) with increasing sys-
tem pressure. Accordingly, the layers become increas-
ingly hydrophilic. This correlates well with the increase
of the surface area that is accompanied with a higher
area-specific number of OH groups and thus with a
higher surface energy.

As already indicated by the changes in the refractive
index, the optical properties of the formed layers
changes significantly. Figure 9 shows therefore the trans-
mission spectra of the formed layers in comparison to
the one received for the non-coated reference glass sub-
strate. To improve the visualization of changes below
450 nm, the whole transmission spectrum is shown over
two diagrams with different scaling.

As it can be deduced from Figure 9, the transmission
spectra of the formed layers differ from the spectrum of
the non-coated reference substrate. The layer formed at
5bar, showed at a wavelength of 550 nm with 90.9% the
highest transmittance, followed by the 3bar layer with
90.2% and the 1bar layer with 89.8%. This is due to
two effects that significantly influence the transmission.
An increase in layer thickness up to a maximum of
140 nm leads to an increased transmission. At the same
time, a higher refractive index leads to lower transmis-
sion. The transmission improvement of samples with
low refractive index is up to 2%, while this of higher
refractive index is 1%. In contrast, the transmission
improvement of layer thicknesses in the range of 40 nm
is 0.5% and at 100nm 2% (Pfuch et al. 2008). In com-
bination of a low refractive index and a low layer thick-
ness (1bar), the transmission improvement is low (in

this case negative). There is a transmission improvement
for a high refractive index and a high layer thickness
(5bar) of about 1%. In comparison to the literature
(Raut et al. 2013), this is a slight improvement.

3.4. Comparison of aerosol characteristics and
layer properties

The most relevant data on the ejection performance
of the atomizer, the aerosol characteristics and the
corresponding layer properties are summarized in
Table 1.

Table 1 shows a linear relationship between system
pressure of the nebulizer and the aerosol properties. It
also shows a linear relationship with the layer proper-
ties. An increase in the system pressure results in an
increase of ejection air flow as well as the ejection
mass flow and the particle generation rate (before and
after combustion). In addition, an increase in the sys-
tem pressure leads to an increase in the layer thick-
ness, the surface roughness (and thus the surface area)
and the refractive index.

4. Summary and conclusion

To characterize the modulation of silica layer properties
by varying the granulometric state of tetraethyl orthosili-
cate precursor aerosols during CCVD, a commercial
two-substance atomizer (with inertia-based coarse drop-
let separation) was operated for precursor liquid aeroso-
lization. In a comprehensive testing program, both
aerosol characteristics and layer properties were ana-
lyzed. Aerosol characterization was performed on the
initial generated aerosols at the atomizer’s outlet (A1) by



10 B. S. M. KRETZSCHMAR ET AL.

LDS and on the transformed aerosols immediately
before (A2) and after combustion (A3) by DEMA and
CNC. Formed layers were characterized concerning geo-
metric properties (i.e., thickness, surface roughness) and
physical behavior (reflection, hydrophobicity, transmit-
tance) by SEM, AFM, SE, WCA and UV-VIS).

The analyses showed in most cases a quasi-linear
relationship between system pressure of the pneu-
matic-controlled atomizer and aerosol characteristics as
well as layer properties. Thus, an increase of the sys-
tem pressure was accompanied with an increase of
ejection airflow, ejection mass flow, particle generation
rate (before and after combustion), layer thickness, sur-
face roughness (and thus surface area) and refractive
index. Contemporaneously, the water contact angle of
the layers decreases with increasing system pressure,
i.e., the layers become increasingly hydrophilic that is
attributed to surface-specific number of OH groups.

No correlation was found between the aerosol states
before combustion (i.e., for the droplet size at the atom-
izer's outlet and the dried aerosol before combustion)
and the combustion aerosols. This is caused by the fact
that the majority of combustion aerosol particles are syn-
thesized solely from the gas phase based on evaporated
TEOS. But granulometric data of aerosols before combus-
tion provide clues concerning reactant impurities and
maybe on impurities within the layers. Consequently,
separation of drying residues before combustion e.g., by
filtration could be one way to improve layer impurity
beside cost intensive use of ultrapure TEOS. On the other
hand, condensation particle counting could be used for
process monitoring for quality control.
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Endnotes
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of 10 was operated instead of the natural logarithm.
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