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Abstract: This work shows that the powder aerosol deposition (PAD) method allows the formation of
films in powder quantities of less than 60 mg, rather than the large amounts that are typically required
for conventional powder aerosol deposition systems. This was achieved by changing the operation
mode to a discontinuous one, resulting in operation times of several seconds. Semiconducting
strontium titanate ferrate SrTijgs5Fey3503_s (STF35) was used as the powder to prove the equal
behavior in terms of adhesion, film quality and electric conductivity compared to conventional
powder-aerosol-deposited films.

Keywords: aerosol deposition method (ADM); vacuum kinetic spraying (VKS); small powder quan-
tities; strontium titanate ferrate (STF); room-temperature impact consolidation (RTIC)

1. Introduction

The powder aerosol deposition (PAD) method, also known as the aerosol deposition
method (ADM) or vacuum kinetic spray process (VKS), has attracted increasing interest
in industry and science over the last years [1-4]. This ceramic film deposition technique
is carried out completely at room temperature. The raw ceramic particles are aerosolized
by a gas flow and accelerated into a vacuum chamber by a pressure gradient. Typical
working pressures for the PAD are 100 to 1000 mbar for the aerosol chamber and 0.01
to 10 mbar for the deposition chamber [5]. The impact of the particles with suitable
kinetic energy leads to the formation of dense ceramic films on the substrate material.
In addition, the particle size has to be suitable for the deposition process. While small
particles (particle diameters less than 100 nm) are deflected by the bow shock in front of
the substrate, particles with a diameter significantly larger than 10 um lead to an abrasion
of the substrate or of the previously deposited film. In return, non-agglomerated particles
in the single-digit micrometer diameter range show good deposition behavior [1]. Neither
substrate heating nor heating of the coating material is necessary [6]. The resulting films
are fully dense and show good adherence. In addition to common technical oxide ceramics
such as Al,O3; and TiO;,, functional ceramics are increasing in importance [7]. The large
variety of materials and the direct processing approach from raw powder makes PAD an
interesting manufacturing process in the field of sensor technology [8,9]. The suitability
of the PAD process for the fabrication of electrolytes in solid oxide fuel cells has already
been demonstrated [10-12]. Furthermore, PAD can be used to process solid electrolytes
such as LiyLaszZryOqp (LLZO) for use in solid-state lithium batteries. The high ionic
conductivity combined with the high deposition rates at room temperature makes this
process interesting [13]. To date, many studies have addressed large-area deposition [14];
however, this requires large amounts of materials. Even when using a small deposition
chamber, at least several grams of powder are required [15]. The deposition of very small
powder quantities in the milligram range is of interest, especially when depositing new
materials that are typically available only in lab-scale quantities.
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In this study, we suggest a discontinuous process, which we refer to herein as discon-
tinuous powder aerosol deposition (DPAD). The goal is to deposit powder quantities of
less than 100 mg within short coating times of several seconds. The typical advantageous
properties of PAD films should are also retained. Very recently, Shoji et al. used a discon-
tinuous process to manufacture a battery cathode from a material combination of LiCoO,
and Li3BOj [16]. Nevertheless, it has not yet been proven that DPAD films show identical
behavior in terms of film quality, adhesion on the substrate and electric conductivity.

2. Materials and Methods

For this study, we used semiconducting strontium titanate ferrate SrTig g5Fe3503—5
(STE35) as the material to be deposited. STE35 is typically applied for resistive oxygen
sensing applications [17]. It shows a high electrical conductivity in the temperature range
between 300 and 700 °C and has already been processed using PAD [7,18]. The synthesis
followed the mixed oxide route, with stoichiometrically mixed starting powders of SrCOs3,
TiO; and Fe,Os3. Milling these starting powders in a planetary ball mill (Fritsch Pulverisette
5, Idar-Oberstein, Germany) with cyclohexane as the solvent yielded uniformly mixed
reactants, followed by a calcination at 1200 °C for 15 h in air atmosphere. Calcined powders
were subsequently milled in cyclohexane to achieve a suitable particle size distribution
for PAD, exhibiting a median diameter of dsy = 3.1 um, as measured by laser diffrac-
tion (Malvern Mastersizer 2000, Worcestershire, United Kingdom). Excess solvent was
removed using a Heidolph rotary evaporator and the powder was then stored at 200 °C in
a drying oven.

In order to illustrate the difference between a conventional PAD apparatus and the
proposed novel DPAD setup, Figure 1 describes the schematic layouts of both setups. In
the conventional apparatus, as introduced in Figure 1a, a continuous carrier gas flow is
forced through an aerosol generation chamber on a vibrating table, fluidizing the ceramic
particles. A pressure gradient from the aerosol to the deposition chamber caused by the
vacuum pump accelerates the particles through a nozzle and makes them collide with
a substrate. If the velocity of the particles is suitable (typically above 150 m/s [19]), the
collision leads to the formation of films, which is known as room-temperature impact
consolidation (RTIC) [14].
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Figure 1. Schematic drawing of the PAD apparatus: (a) conventional PAD apparatus; (b) novel
DPAD apparatus.

The setup and operating mode of the proposed DPAD apparatus are shown in
Figure 1b. This layout features several deviations from the standard setup, namely a
miniaturized aerosol chamber, an additional gas pressure chamber, and a de Laval nozzle
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to achieve higher gas velocities. Here, a defined carrier gas volume and pressure are utilized
to form and accelerate the aerosol instead of the continuous gas flow used in conventional
PAD. Before each deposition run, oxygen as a carrier gas is fed through valve 1 into a gas
pressure chamber with a total volume of 16,000 mm? (including the piping between the
valves and the gas pressure chamber). After closing valve 1, valve 2 is used to lower the
pressure in the pressure chamber to the intended absolute pressure of 1.5 bar, controlled
by the connected pressure gauge. The small powder quantities are filled into the aerosol
chamber and subsequently a vacuum is slowly applied to the deposition chamber until an
absolute pressure of below 1 mbar is reached. Since the aerosol and deposition chamber
are directly connected by pipes, the STF35 powder is already at the identical vacuum level,
whereas the pressure of 1.5 bar is held by the solenoid valve in the pressure chamber. When
opening the solenoid valve (switching time of less than 3 milliseconds), a transient gas flow
fluidizes and transports the STE35 powder through a round de Laval nozzle and ejects it
onto the substrate within seconds. Within this short procedure, the film is formed and the
coating is finished. Four different substrates are used to characterize the deposited films:

e  Fire-polished stainless steel substrates for film profile measurement with a laser
scanning microscope (Zeiss LSM900, Oberkochen, Germany) and for the Daimler—
Benz Rockwell-C adhesion tests [20,21];

e  Alumina substrates for scanning electron microscope (SEM, Zeiss Leo 1530, Oberkochen,
Germany) fracture patterns;

e  Silicon wafer for X-ray diffraction analysis (XRD, Bruker D8 Advance, Billerica, MA,
USA) measurements;

e  Alumina substrates with sputtered platinum interdigital electrodes for the temperature-
dependent electrical conductivity measurements.

The weight difference of the aerosol chamber prior to and after the discontinuous
deposition gives information about the actual powder mass that contributes to the film
formation and the powder mass that remains in the aerosol chamber. In Table 1, the term
“filled-in powders” means the mass prior to the discontinuous deposition process, whereas
“discharged powders” denotes the mass that contributes to the film. Despite the significant
reduction in powder quantities, the deposition efficiency (ratio between deposited film
mass and discharged powder) remains in line with typical PAD value of about 0.1% [22].
The difference between the filled-in powder and the discharged powder sticks to the walls
of the aerosol chamber and does not contribute to the film formation. The error of the
balance is 1 mg. The different substrate materials and the related characterization methods
are mentioned in Table 1.

Table 1. Coated substrates with corresponding powder quantities.

Substrate Powder Quantities/mg Purpose
- Filled-in Discharged -
Stainless steel 12 7 LSM: surface and film profile characterization
Stainless steel 21 11 Daimler—Benz Rockwell-C adhesion test
Silicon wafer 54 36 XRD
Alumina 60 30 SEM
Interdigital electrode 29 11 Electric conductivity measurement

A closer look at the formed film was taken using a confocal laser scanning microscope
(Zeiss LSM900, Oberkochen, Germany) to assess the shapes of the films, while an SEM
fracture pattern (Zeiss Leo 1530, Oberkochen, Germany) was used to assess the microstruc-
tures of the films. The crystalline phase composition, microstrain and the nanocrystalline
structure were investigated using XRD (Bruker D8 ADVANCE, 1D-Lynxeye detector,
Ge-Ka1l monochromator, Billerica, MA, USA), including Rietveld refinement (X'Pert High-
Score Plus).

The adhesion of the film was proven via the Daimler-Benz Rockwell-C test in accor-
dance with VDI 3198 [23]. Analogously to the Rockwell-C hardness measurement, a 120°
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diamond cone indenter was pressed into the film and the stainless steel substrate with a
load of 150 kg (or 1471 N). Subsequently, an optical assessment of the indentation spot
and its circumference was performed and it was categorized from HF1 (excellent adhesion,
only minor cracks allowed) to HF6 (complete delamination of the surroundings of the
indentation). According to VDI 3198 [23], the maximum film thickness may be less than or
equal to 5 um [20,21].

Electrical characterization was carried out at temperatures between 100 and 700 °C
in 100 °C steps upon heating and cooling in air to investigate the typical PAD annealing
behavior via temperature-dependent resistance measurements (DC, Keithley model 2700,
Solon, OH, USA) of the film. Here, alumina with platinum sputtered interdigital electrodes
was used as a substrate. The distance between the fingers d and the width of the fingers w
of the electrodes were 10 pum, respectively. The length of the fingers [ was 1 mm,; therefore,
the total surface area of the finger-structured electrodes was 0.8 mm X 1 mm, having
n = 20 pairs of fingers. The film thickness & = 800 nm was derived using LSM. To obtain
an approximately uniform film thickness on the electrode structure, the maximum of the
Gaussian-distributed film contour (see Figures 2b and 3, respectively) was aimed in the
middle of the electrode structure. In the surroundings, with a radius of 0.5 mm around
the maximum of the Gaussian-shaped contour, the film thickness can be assumed to be
approximately constant. This allows the use of Equation (1) to calculate the geometry
factor of the interdigital electrode and to determine the electrical conductivity ¢ from the
measured electrical resistance R [24]:

1 d 1 1

SR @n—Dhtamwh R V% @

o

(a) (b)

Figure 2. STF35 film deposited by DPAD on a stainless steel substrate: (a) light microscope image of
the as-deposited film; (b) three-dimensional film profile as measured by LSM (with color-indicated
film thickness).
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Figure 3. Extracted 2D film profile of the STE35 film formed by DPAD. The dashed arrow within the
insets depicts the extracted line.

3. Results

The DPAD method will be discussed in the following sections, which allows the use
of small powder quantities to obtain films of equal quality and behavior.

3.1. Contour, Thickness and Crystalline Structure of the Film

Figure 2a shows an STF35 film deposited on stainless steel. The circular contour of
the film resulted from the round de Laval nozzle, with diameters of 1.6 and 5 mm for the
throat and orifice, respectively. The darker appearance of the core zone relates to the throat
diameter of the de Laval nozzle. The corresponding LSM image is shown in Figure 2b,
where a Gaussian-shaped surface contour can be observed. The maximum film thickness of
h ~ 1 um can be derived from the extracted two-dimensional profile in Figure 3. Similarly
shaped profiles were observed for Al,O3, TiO; and ZnO in another unpublished study.

An SEM fracture pattern of STF35 on an alumina substrate is shown in Figure 4.
Starting from the synthesized STF35 powder with a mean particle diameter of 3.1 um, the
fracture pattern shows a dense film with crystallite fragments in the nanometer range. In
accordance with Akedo et al,, this is a typical feature of a PAD film, as the impact leads to
fragmentation and distortion of the deposited particles [25].

Alumina substrate

500 nm

Figure 4. SEM fracture pattern of STF35 on an Al,O3 substrate.
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An STF35 film deposited on silicon wafer was examined using XRD at 26-angles
between 25° and 55°. Figure 5 shows the XRD pattern of the STF35 film and an STF
powder reference. The positions of all reflexes coincide well, pointing out that a phase-
pure STF film was formed by DPAD; however, a significant broadening of reflexes can be
detected. These features are similar to conventional sprayed PAD films, as discussed by
Sahner et al. [26]. The broadened reflexes are an indication of a strongly reduced crystallite
size. An additional Rietveld refinement of the XRD pattern of the film yielded a crystallite
size of 56 nm and a microstrain of 0.63%. The order of magnitude of the microstrain and the
crystallite size fit very well to reported films of functional ceramics, such as BiCuTiVOy [27]
and Li5.3A10‘4La3Zr1.5Ta0.5012 (ALLZTO) [28]

relative intensity / a.u.

25 30 35 40 45 50 55
20/°

Figure 5. XRD patterns of STF35 powder (black) and an STF35 film (blue).

3.2. Film Properties

The good adherence of the coatings is a key feature of PAD films; therefore, a Daimler—
Benz Rockwell-C adhesion test was performed. The optical microscope image of the
indentation is shown in Figure 6a. The image neither shows cracks nor any kind of
delamination in the surroundings of the indentation and can, therefore, be classified as
HF1 (excellent adhesion) according to the test chart in Figure 6b.

/ " s
E Cracks [FE =] Substrate

(@) B (b)

Figure 6. Daimler-Benz Rockwell-C adhesion test: (a) indentation of an STF35 film produced by DPAD; (b) test chart of
different adhesive strengths according to [20,21]. Reprinted with permission from Elsevier.

The electrical conductivity of STF35 films prepared by conventional PAD was carefully
studied in [18]. As explained in [6], the electrical conductivity is already present within the
as-deposited films, but is lowered by several orders of magnitude. To return the electrical
conductivity to levels close to the bulk value, thermal post-treatment of the deposited film
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is often required. This annealing step restores the undistorted crystalline lattice, i.e., the
microstrain diminishes [6,27,28].

An Arrhenius-like plot of the electric conductivity is shown in Figure 7. Starting at
100 °C and o = 1077 Sem ™!, increasing the temperature T results in significantly increased
conductivity, reaching a maximum of 4.6 x 1073 Sem~! at 700 °C. Upon first cooling, the
conductivity decreases, with similar behavior to that described by [6], to approximately
1072 Sem ™! at 100 °C. The subsequent second heating and cooling cycle follows exactly
the behavior as the first cooling cycle, reaching identical maximum conductivity at 700 °C.
Figure 7 is very similar to the data shown in [6], showing the irreversible enhancement of
the electrical conductivity during initial heating, which is a typical behavior of electrically
conductive PAD films. Despite the slightly lower electrical conductivity compared to
previously published data on STE35 PAD films [18], this is further proof that it is possible
to deposit films using DPAD of similar quality and behavior as with conventional PAD.

T /°C
800 600 400 300 200 100
T T T T T

]073 L
7 1074+
g -
3 ~
w100
o)

1% cycle
2" cycle

1.00 1.25 1.50 1.75 2.00 225 2.50 2.75
1000/T / 1/K

Figure 7. Electrical conductivity during two thermal annealing cycles.

4. Conclusions

DPAD provides an approach to produce dense ceramic films at room temperature,
even with small powder quantities below 100 mg. Films were successfully sprayed using
small aerosol powder batches of 12 to 60 mg with short spraying times of about one second.
A Gaussian-shaped film profile was observed, caused by the circular de Laval nozzle
geometry. The thickness of a single deposition shot almost reached about 1 um. The
particles of the deposited powders were fragmented in nanometer-sized crystallites, as
also observed for conventional PAD. Excellent adhesion and the well-known irreversible
change in the electric conductivity upon initial heating proved that the discontinuous
mode of operation with small powder quantities allows for the fabrication of PAD films.
Using the proposed DPAD setup, the necessary powder quantities for the successful film
deposition are significantly lowered from the kilogram or gram range to tens of milligrams.
This may allow researchers to use the PAD technique to process and characterize films of
powders that are expensive or only available in very small quantities.
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