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Abstract

Ceramic materials typically have to be sintered at high temperatures, often above 1000 °C. This precludes the coating
of lower-melting substrate materials, such as metals, glasses and polymers, with dense and robust thin or thick ceramic
films. In addition, decomposition or uncontrolled volatilization of the ceramic components can occur at elevated
temperatures. As an alternative, the Aerosol Deposition (AD) method is a spray coating process to produce dense
and nanocrystalline ceramic films at room temperature directly from an initial bulk powder on almost any substrate
material with no need for sintering. This great potential attracts the attention of a growing number of research groups
as reflected by a rapidly growing number of publications.

The objective of this review is to give a holistic overview of the AD science and technology. It describes typical process
equipment and parameters and starting powder and resulting film characteristics. Special attention is given to Al, O3,
TiO,, BaTiO3 and Pb(Zr,Ti)O3, as they represent a few of the most frequently used ceramics in AD. Aerosol Deposition
of many other materials are also described to demonstrate the versatility of this new technology, its ability to realize
novel combinations of materials and microstructures, and its suitability for future applications. Also discussed is the
current state of understanding of aerosol deposition behavior and the experimental and modeling approaches used to
explain the primary aerosol deposition mechanism(s).

Keywords: Dense ceramic films, room temperature impact consolidation (RTIC), vacuum cold spray (VCS), vacunm kinetic spraying
(VKS), gas deposition.

I. Introduction AD film properties are strongly related to the mechanism
of film formation. To date, much work has been done to in-
vestigate the mechanisms and critical material and process
parameters for successful formation and adhesion of solid

films by this technique. Deposition mechanisms have been

The fabrication of ceramic components or coatings often
requires high sintering temperatures above 1000 °C. Join-
ing of ceramic coatings with lower-melting materials such
as metals, glasses, and polymers is difficult. Many func-

tional and structural ceramics can be difficult to process
into dense form without decomposition and/or undesir-
able grain growth, in some cases. It can be challenging to
produce micro-electro-ceramic components based on thin
or thick films. By utilizing the aerosol deposition method
(in literature often abbreviated as ADM or more recent-
ly as AD), it is possible to produce highly dense (greater
than 90 %, up to almost 100 %) ceramic coatings direct-
ly from an initial bulk powder without any high-temper-
ature step on almost any substrate material. This opens up
new fields for the application of ceramic coatings. More-
over, these dense films are usually nanocrystalline, which
can lead to new or improved properties. A typical example
of a bismuth vanadate film deposited on an alumina sub-
strate is shown in Fig. 1. It serves as a motivation for this
review.
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postulated and supported with experiment, but the basic
physical processes involved in the formation of the films
have so far not been fully elucidated.

Fig. 1: SEM fracture cross-section of a ceramic film (bismuth vana-
date) produced by means of aerosol deposition (AD). The AD film
(less dark area on the top) is dense and exhibits excellent bonding
to the alumina substrate. Reprinted from ! with permission from
Elsevier.
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First attempts with a so-called gas deposition method
(GDM) were already made in 1984 2. Using an evapora-
tion system to deposit metals or an aerosol generation
system to deposit ceramic ultrafine particles (UFP), films
of both material classes could be produced with this spray
coating technique. Akedo et al. picked up on this tech-
nology and modified the setup in the late 1990s3. The
so-called jet molding system (JMS) worked under vac-
uum conditions, enabling deposition of various mate-
rials as planar films and also three-dimensional struc-
tures by masking 3-4. Later, the term “Aerosol Deposition
Method” was used instead of “gas deposition” since the
aerosol is usually not generated by vaporization of the
material 5. Many of the early investigations were con-
ducted by Akedo and his group, evaluating opportunities
for this new process and exploring underlying principles
of this room temperature impact consolidation (RTIC).
This work is highly lauded by the authors of this re-
view.

Since its beginning at the National Institute of Industrial
Science and Technology (AIST) in Japan, the investigation,
development and application of the AD process has spread
to different research groups around the world (Fig. 2 (a)).
The charts show that most of the research work in the field
of AD (about90 %) has taken place in Japan and South Ko-
rea, countries with the largest number of research groups.
Since the late 1990s, the publication rate in the field steadi-
ly increased to about 40 articles per year in scientific jour-
nals (Fig. 2 (b)). To date, at least 320 articles have been pub-
lished inreferenced, peer-reviewed journals. This review is
based on many of these.

In 2008, Akedo et al. published the first review paper on
the aerosol deposition method describing process funda-
mentals and a comparison and classification within spray
technologies 6. The paper also addresses the practicability
of AD for fabrication of functional films, and the poten-
tial for integration of this technique into the process chain
for electronic components. Since thisfirstreview, much re-
search has been conducted with regard to mechanistic in-
vestigations, coating properties and new applications.
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In this current review, we emphasize the new investiga-
tions, with connection to the previous work. In the first
section, a typical AD setup is described. Next, we discuss
approaches to explain the deposition mechanism(s) and
important process and material parameters. In particular,
we highlight similarities and differences to the cold spray
(CS) process for metals as a basis towards a better under-
standing of significant materials properties for particle de-
position and film formation in spray technology. In the
main section, we cover recent work on the deposition be-
havior and properties of AD materials with regard to po-
tential applications. Since this part is quite vast in treating
very diverse fields, this section is split into parts, allow-
ing selective access by the reader. Progress on the most fre-
quently investigated materials, Al,O3, PZT, BaTiO3, and
TiO, will be discussed individually. Subsequent sections
focus on special applications for AD films, such as surface
protection and bio-component coatings, magnetic materi-
als, sensors, fuel cells and batteries. Our objective is to give
a holistic overview of the AD process as a new technolo-
gy with emphasis on its potential for new applications and
suitability as a new industrial coating process.

IL. Process Principle and Setup of an AD Device

AD configurations reported in the literature show the
basic components of an aerosol generation unit, a deposi-
tion chamber, and a one- or two-stage vacuum pump for
high gas flow. Different groups use a few different names
for the AD method like Vacuum Cold Spray (VCS) 78 or
Vacuum Kinetic Spraying (VKS) % 10, but there appears to
be no significant difference between the apparatus or pro-
cess parameters. The original expression, “Gas Deposition
Method” (GD) 11 can also be found, however, a different
aerosol unit is used. The powder is loaded into a tube with
connection to the deposition chamber and deposited shot-
wise as a punctiform spot onto the substrate 11,12, More
recently, the aerosol is usually generated by a fluidized

bed.
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Fig. 2: (a) Distribution by country of publications related to aerosol deposition. The number of publishing research groups is given in brackets.

(b) The number of AD papers published per year and cumulative.
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Fig. 3: (a) General schematic diagram of an AD setup (modified after 13) and (b) photo of an aerosol generation unit and AD chamber at the

Department of Functional Materials at the University of Bayreuth.

A schematic and photo of a typical AD apparatus are
shown in Fig. 3. For aerosol generation, a carrier gas is
passed through loose powder contained in a vibrating
chamber, thereby producing a fluidized bed. Driven by
a pressure difference, the aerosolized particles are trans-
ported from the aerosol chamber through a nozzle to the
evacuated deposition chamber. The aerosol is accelerated
by the converging or converging-diverging (de Laval) type
nozzle to velocities between 100 and 600 m/s, forming
an aerosol jet at its outlet. The particles in the focused jet
collide with the substrate at high speed, resulting in their
breakup into nano-sized fragments that re-bond to form
the ceramic film 1.

Decisive parameters for successful deposition are usual-
ly found to be the carrier gas species, gas consumption,
stand-off distance between nozzle and substrate, and the
scan speed. Coating thickness and area are usually adjust-
ed by the number and length of scans over the substrate.
The calculated deposition rate is usually given in a thick-
ness-per-time unit (Lm/min), but because different nozzle
geometries and deposition areas are used, values given in
literature are difficult to compare. Instead, we suggest us-
ing a volume-per-time unit (mm3/min or pm-mm2/min)
with regard to usual film thickness range. Values derived
from our own measurements with different powders were
found to be up to 10 mm3/min (10 000 um-mm?2/min). Ta-
ble 1 summarizes deposition parameters which may affect
the deposition behavior and typical values that are report-
ed in the literature. The pressure in the deposition cham-
ber is usually kept at a minimum of 0.2 to 20 mbar. For a
setup with fixed pipe dimension and nozzle geometry, it is
primarily the carrier gas (different speeds of sound) and its
consumption that define the pressure in the aerosol cham-
ber, and thus determine the pressure difference, kinetic en-
ergy and momentum of the particles in the aerosol jet 14.
Commonly, simple converging slit nozzles of 2.5-25 mm
in width are used for deposition, but nozzle geometry and

dimensions must also be considered as they also influence
the velocity of particles in the aerosol jet.

Table 1: Typical parameters as reported for AD experi-
ments in the literature.

Parameters Reported data from 7:15-21

Pressure in deposition |0.2—20 mbar
chamber

60—1066 mbar

Pressure in aerosol
chamber

Nozzle geometry Slit nozzle 2.5 x 0.2 up to 25 x

0.8 mm?
Carrier gas Air,N,, O,, Ar, He
Gas flow rate 11/min - 30 1/min
Sweep speed 0.05-10 mm/s
Stand-off distance 0.5-50 mm

nozzle — target

The aerosol generation is the first and very decisive step
in the process. Particles of sub-pim to um size are strong-
ly affected by agglomeration through electrostatic sur-
face charge and Van-der-Waals interaction. Due to their
small size and high surface area, they rarely exist as indi-
vidual particles but tend to form agglomerates. Agglom-
erates may reduce the deposition efficiency and coating
quality 22. When using mechanical vibration systems for
aerosol generation, this agglomeration can even be aug-
mented. Therefore, Johnson ez al. applied a commercial
aerosol generator 17. Mihara er al. also used an improved
design with a lifting gas separated from the carrier gas in-
let. They claimed to obtain a more homogeneous film pro-
file, but data on the constitution of the aerosol were not
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shown 23. Unfortunately, re-agglomeration of particles is
most likely to happen after the aerosolization due to high
Brownian diffusion of small particle size 24.

Auxiliary equipment can and has been used as well. Ake-
do et al. implemented a filter and a classifier in the device
to produce a quality aerosol for good deposition 6. Sever-
al studies tested de-Laval nozzles. As was found in simu-
lations, converging-diverging de-Laval nozzles can maxi-
mize kinetic energy and improve flow characteristics and
depositionbehavior compared to conventional converging
nozzles 2526, In order to deposit large areas of 1000 cm?,
a slit nozzle with a 400 mm width has been reported 1927.
Hatono et al. used a multi-nozzle setup of slitnozzles (10x
0.8 mm?2) for large-area coatings on glass plates 28. Besides
larger-area nozzles, another step towards industrial scale-
up to large-area coatings is reel-to-reel processing, as men-
tioned in recent patent specifications 2.

Attempts have been made towards improvements of
coating quality that go beyond aerosol generation im-
provements. At least as important as the equipment and
process parameters are the powder properties. Criteria
like particle size, size distribution, shape and crystallinity
are usually considered to determine film quality. Detailed
analysis and investigations are given in the next section.

III. AD Layer Microstructure and Deposition Mecha-
nism

(1) Microstructure and morphology

No matter the type of ceramic, all successful, “standard”
AD films tend to have similar appearance in SEM images.
The microstructure can be described as dense and pore-
free, consisting of non-distinct nanoscale grains. In cross-
sectional views (Fig. 1, Fig. 4a), adherent films display in-
timate bonding to the substrate. In some cases involving
softer ceramics, indications of plastic deformation of par-
ticles is evident in flow lines or waves parallel to the sub-
strate 630,31,

Fig.4: SEM micrograph of an Al,Oj; film deposited on Cu sub-
strates using 0.5 m particles. (a) Cross-sectional view and (b) pla-
nar view. Reprinted from 38 with permission from John Wiley and
Sons.

One of the outstanding properties of AD films is their
high density ¢, usually exceeding 95 % of the theoretical
material density 32. Any remaining poresin films are small,
especially when compared to sintered bulk samples, with
sizes between 15 and 100 nm 3033, As a result of the high
density, nanograined microstructure and small pore sizes,
AD films are proven to be gas-tight 28 and show a high op-
tical transmittance (shown for PZT and Al,O3) 3435, Ac-
cording to Apetz and Bruggen 36, as well as Krell ez al. 37,
relative densities of at least 99.9 % with pore sizes below
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100 nm are required to avoid light scattering and enable
high transparency. Therefore, the optical appearance of
films prepared by means of AD can predict their quality
and integrity.

A common feature in the planar view of AD films is a
surface relief with a cratering effect (Fig.4b) 38. This re-
lief is on the meso-scale, with diameter, depth, and spacing
of these craters on the order of microns. It has been sug-
gested that the craters are formed via impact of the largest
particles or agglomerates in the aerosol distribution 38. It
is also possible that they result from the preferential depo-
sition upon large initial anchoring particles. High points
may have an amplification effect due to increased depo-
sition due to decreased stand-off distance at the peak and
reduced deposition on neighboring slopes ¢ 39.

In publications by the AD community, two types of
roughness values, R, and Ry have been used to describe
the film surface. The average roughness R, is calculated
as the arithmetic mean of absolute values (vertical devia-
tions of the roughness profile from the center line average,
CLA). Ry or R, utilizes the root mean squared values
instead 40. As a result of the different calculation methods,
R is typically about 10 % larger compared to the corre-
sponding R .

Lee et al. 38 reported a decreased roughness R, with in-
creasing number of scans from 1 to 20 for alumina films.
Butthis set of experiments used a very low aerosol concen-
tration in an attempt to demonstrate a “hammering” effect
on previously deposited particles and their size reduction.
The deposition rate and absolute thickness of these par-
ticular films were not reported. The substrate was copper,
and the surface roughness was measured with a line scan of
just 4 um. A subsequent paper described the dependence
of deposition rate and roughness on the substrate materi-
al 40. Measurement details were not given (a4-pum line scan
might be presumed from earlier work), but it was report-
ed that harder substrates (polycrystalline alumina and sap-
phire) resulted in higher R, roughness values than softer
substrates (Cu, glass). Micrographs suggest that the crater-
ing effect is more pronounced on copper, the softest sub-
strate.

On the other hand, using “normal” deposition condi-
tions (i.e. relatively high aerosol concentration and depo-
sition rates), the same group (Lee et al. 31) found an in-
creased roughness with increasing number of scans and
film thickness for polished copper substrates (see Fig. 5).
In these experiments, R was measured by means of AFM
imaging over scan areas (40 um x 40 um) which includ-
ed at least a few surface special wavelengths (SSW) pro-
duced by the cratering. Roughness values were therefore
somewhat higher than reported in the case described in the
previous paragraph. In a similar way, AD alumina films
on glass and alumina substrates show increased roughness
with large number of scans. The curves for alumina and
glass substrates in Fig. 5 were derived from our own exper-
iments with films deposited at the University of Bayreuth,
and averages of five 10 x 10 micron AFM images acquired
at the New Mexico Tech. Altogether, these results suggest
a trend toward higher film roughness with increased sub-
strate hardness and roughness.
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Fig.5: Roughness of AD Al,Oj films as a function of number of
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substrates are from unpublished work from the authors’ group,
modified after 31,

Recent publications by Piechowiak et al. 15 and Henon
et al. 39, also show a cratering effect with MAX phase
Ti3S1C, (Fig. 6a and Fig. 6b), and similar behavior where
the roughness increases with film thickness (Fig. 6c).
Though absolute crater size increased, the relative crater
depth decreased with thickness. The plot shown in Fig. 6¢
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also illustrates a transition from the first stage anchor lay-
er formation, where bonded crystallites near the substrate
are observed to be 20 nm in size, to second stage film
buildup, where grain sizes of up to 200 nm with wave-
like patterns are observed. The authors suggest a corre-
sponding mechanism that changes from brittle fragmen-
tation to more plastic deformation. Softer ceramics may
or may not exhibit the cratering, but in any case give rel-
atively rough films as deposited. In some cases, such as
BaTiO;3 41, roughness has been reduced through anneal-
ing, while in other cases, such as copper and titanium sub-
stituted bismuth vanadate films (BiCuTiVO,), roughness
increases with annealing when significant grain growth
occurs L.

AD coatings should not be generally classified as “con-
formal”. The topography of the AD layer surface does not
necessarily correlate to the initial underlying surface to-
pography. Resulting coating roughness depends on the de-
position mechanism of the anchor layer (which depends
on the nature of the substrate), as well as on the nature
of the aerosolized particles, their distribution and impact
velocities during the growth stage. At small length scales,
roughness values may be small due to nanoscale particles,
but at larger length scales, topography may be dominated
by self-inflicted damage from the impact of larger particles
in the distribution, which gives surface undulations or cra-
tering with large SSW.

b) 50 repetitions, R, = 300 nm
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Fig. 6: AFM analysis of AD Ti3SiC, films on glass substrate. (a) 10 repetitions, thickness r = 1.2 um, R, =50 nm (b) 50 repetitions, thickness
=10 um, R, = 300 nm. (Both scans are 50 x 50 um. Z-height scale is different for each according to peak-to-valley height.) Reprinted from 15
with permission from Elsevier. ¢) Roughness and relative crater depth as a function of film thickness, modified after 30.
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Beside the unusual but characteristic film microstruc-
ture, the crystalline phase composition can be affected by
aerosol deposition. In most cases, the crystalline phases
found in the powder are retained in the sprayed film, so
no major phase transformations takes place during depo-
sition 142,43 However, a few materials may tend to under-
go a phase change during AD #4. For example, Iwata et al.
observed a hexagonal to cubic crystal structure transfor-
mation in aluminum nitride 4346, Ryu et al. used electron
beam diffraction to detect a highly disordered, amorphous
TiO,-phase within a nanocrystallite anatase AD film 47.
This is perhaps an extreme case of the typical decrease in
XRD crystallinity accompanying the 7 situ grain size re-
duction.

(2) Mechanisms

AD is in some ways analogous to cold spraying (CS),
where a dilute-metals-particle-laden pressurized gas
is accelerated to supersonic velocities in the range of
500-1000 m/s using a converging-diverging nozzle 48.
Experimental and numerical studies 4951 have focused
on parameters influencing the particle velocity, tempera-
ture and pressure of the primary gas, the cross-sectional
area of the nozzle throat, and the nozzle-substrate stand-
off distance. CS relies on plastic deformation, adiabatic
shear instability and the creation of a metallic jet to allow
metallic bonding to take place at substrate-particle and

Vcritical, cs
100 | :

20 mm Cu ball
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particle-particle interfaces 2. The criterion for effective
bonding in CS has been explained based on the adiabat-
ic shear instability (ASI) of the particle 33. According to
Schmidt et al. 52,54, the most important criterion for de-
position is that the impact velocity exceeds a material-
dependent critical velocity (Fig. 7). There is another criti-
cal velocity at which a transition from particle deposition
to substrate erosion takes place 5255,

Attempts to deposit a ceramic (TiO,) using CS apparatus
at the Helmut-Schmidt-University in Hamburg met with
limited success 5. While single layer films were possible
using a ductile, metallic substrate, buildup of thick films
appeared to be difficult given typical CS process parame-
ters. The authors suggest that bonding of ceramics using
CS depends on shear instabilities in the substrate. In most
cases, brittle ceramics erode the substrate.

An AD apparatus uses different process parameters than
CS. Lower absolute pressures, no gas preheating, and
smaller starting particle size lead to lower particle speeds
and lower temperatures upon impact . Critical velocities
are believed to exist for AD as well 1455, For AD ceram-
ics, these velocities and deposition efficiencies appear to
be lower than in CS (Fig. 7), although they have not been
precisely quantified and are material (particle and sub-
strate) dependent. Akedo has suggested a critical velocity
of about 150 m/s for AD Al,O3 and PZT 14,
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Fig.7: A possible “Deposition Window” (deposition efficiency vs particle velocity during impact) for AD (area A) compared to that for cold
spray of ductile metal (area C). Erosion takes places for very high particle velocities and during cold spray of brittle materials (area E). For
particle velocities below v iicql, N0 deposition occurs (area N) (modified from 52).
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The bonding mechanism for brittle particles is likely dif-
ferent than for CS metals. During particle collision with
the substrate, a portion of the kinetic energy is convert-
ed into a bonding energy. According to Akedo 6 14, dense
structures result due to the reduction of crystallite size
by fracture and/or plastic deformation rather than by lo-
cal melting. This statement is supported by experimental
observation of crystallite size, along with simple simula-
tions 4. Lee et al. 38 studied AD of Al,O5 using careful se-
quential SEM and AFM experiments with increasing num-
ber of scans and concluded that the initial anchor layer is
formed by plastic deformation of Al,Oj; particles, even on
a compliant copper substrate. They proposed that parti-
cle deformation and cracking due to a hammering effect
of subsequent bombarding particles is the main deposi-
tion mechanism. Thus, the AD process is appropriately al-
so called room temperature impact consolidation (RTIC).

Fig. 8 showsaschematic of the process. Depending on the
particle size and state of agglomeration, different process-
es can take place during the impact, as described in Fig. 8a.
Very small particles (<< 100 nm) with low kinetic energy
are significantly slowed down by bow shocks and the stag-
nation point of the flow, and therefore get deflected before
they reach the substrate or bounce elastically. Sufficient-
ly sized particles (200 nm — 5 um) undergo the described
RTIC mechanism during impact by fracturing and plas-

tic deformation and therefore adhere to the substrate or
the already deposited film. The reported empirical parti-
cle ranges are convenient for most materials, but still are
dependent on material properties like hardness, fracture
toughness and density. Larger particles (>> 10 um) obtain
kinetic energies that are too high, leading to an abrasive
blasting of the substrate/film (similar to sand-blasting).
These particles are likely to fracture too, but without plas-
tic deformation. Even if a powder contains appropriate-
sized particles, agglomeration can still disturb the deposi-
tion. Agglomerates absorb a part of the kinetic energy and
affect the momentum transfer between particle and surface
while impacting, and by that, impede the RTIC process.
Films then tend to be porous, with decreased strength and
adhesion.

The AD process can be separated into two stages
(Fig. 8b), the creation of an anchor layer (1), and subse-
quent film buildup (2). Stage (1) includes an initial plastic
deformation of the substrate surface by first impacting
particles, associated with an increase of the roughness (es-
pecially for softer substrate materials like metal and glass).
Mechanical entanglement might also play a more impor-
tant role in the buildup stage 6. Film growth in stage (2)
takes place by RTIC of subsequent particles.
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Very recent work at Sandia National Labs 57 has provid-
ed direct evidence for the plastic deformation of submi-
cron Al,Oj using in situ compression experiments on a
single particle. While 3 um particles, which were highly
defective single crystals, fractured into many pieces in a
brittle manner under load, the defect-free 0.3 pm parti-
cles deformed plastically with relatively large accumulat-
ed strain before fracturing and becoming polycrystalline.
During deformation, dislocation activity was observed
within these small particles. Yoshida ez al. used a compara-
ble compression test system to investigate the strength of
submicron Al,Oj3 particles 58. In this case, ductile defor-
mation was not witnessed, either due to the particle size or
the imaging limitations of the experiment. Brittle fracture
was assumed, and a mean strength of 2.9 GPa was deter-
mined by means of Weibull analysis for particles with av-
erage size of 0.7 um diameter. This measured strength is on
the order of the impact pressure calculated from modeling
experiments (see next section). Though these experiments
are static rather than the dynamic, high rate impacts during
AD, itis afirst step in understanding the mechanisms 7.

Akedo ¢ suggested that the following questions about
AD remain unanswered: Does the creation of clean and
actrve particle surfaces make bonding possible at low tem-
perature? Is there a chemical reaction during impact? Nao
et al. have recently published one of the few papers with
direct evidence of chemical bonding between anchoring
Al,Oj particles and the copper substrate, as electron en-
ergy-loss spectra (EELS) from the interface suggested the
presence of ionic and covalent bonding between Cu (sub-
strate) and O2-(Al,03) >.

There is much evidence that the anchor layer is critical
to film adhesion and stability ¢0. Substrate properties, of
course, influence the deposition and determine the dom-
inant bonding mechanism, especially in the first stage. It
has been demonstrated how substrate hardness affects AD
film properties 40. Ductile and/or low-melting substrates
can be expected to give strong film anchoring by local in-
terface deformation and perhaps melting. High hardness
substrates can be expected to lead to efficient particle size
reduction and dense consolidation as the film grows in
thickness, but might require higher velocity particles to

a)

Pressure
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form an adherent anchor layer initially. Very recent work
by Kim et al. 61 demonstrated that the unique properties of
bulk metallic glasses provided for both excellent adhesion
and effective consolidation of an Y,0O3 layer. The initial
substrate roughness plays an important role. Kim et /. in-
vestigated the influence of an Al,Oj5 interlayer on metallic
aluminum produced by plasma electrolytic oxidation with
differing roughness, R . Increasing R, from 0.4 t0 0.9 pm
decreased the deposition rate, and R, above 1.5 um com-
pletely inhibited the formation of an AD layer. It is be-
lieved that an increased surface roughness prevents the de-
position of particles, especially when the depth of the sur-
face valleys is greater than the particle size 62. Maki ez al.
showed a strong reduction of the deposition rate above a
deposition angle of 30° (angle between the aerosol jet axis
and the substrate normal.) 63. This can help to explain the
negative effects of substrate roughness, and the non-con-
formal nature of AD coatings.

(3) Modeling

Finite element modeling (FEM) simulations of a sin-
gle particle impact with a substrate were conducted using
the AUTODYN software with the Johnson-Holmquist-
2 material model (JH-2) 6465 to estimate local temper-
ature and shock pressures as shown in Fig. 914, which
appear to be sufficient to overcome the fracture tough-
ness of a-Al,O3 and fracture the particles 38. Molecu-
lar Dynamics (MD) simulations were first conducted by
Ogawa 06-68 for single particle impacts. ZrO, was select-
ed as the ceramic, with known interatomic potentials. Par-
ticles were 10 nm in diameter, with 60 000 atoms being con-
sidered for calculation. With a threshold speed of 500 m/s,
slip planes inside the particle were activated upon collision
with the substrate, and the particle was subdivided into a
few grains. The mechanism is enhanced at higher speeds,
until a speed at which the crystal structure is destroyed
and a disordered (amorphous) phase can appear. It is un-
known whether ceramic particles in AD reach these veloc-
ities. Variation of the incident angles was also shown to af-
fect the manner of deposition, leading to particle rolling, a
tail structure, and activation of different slip planes in the
substrate ¢7.

b)
Temperature

Fig. 9: FEM simulation of the local rise in temperature and shock pressure during impact of particle with the substrate for AD deposition. Impact
particle velocity was 300 m/s. Reprinted from 14 with permission from John Wiley and Sons.
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Recently, Daneshian and Assadi 69 furthered the work by
Ogawa by increasing the particle size to 50 nm, and utiliz-
ing a Lennard-Jones potential together with a cut-off ra-
dius, r.< 7/a, to select a level of brittleness, where 7 is the
atomic separation, and sis the characteristic length param-
eter in the Lennard-Jones model. Simulations were done
for different particle size and velocity, showing that par-
ticles do begin to deform without breaking as the parti-
cle falls below a critical size, and that deformation can be
accompanied by polycrystallization and bonding to the
substrate. The results were summarized in a parameter se-
lection map showing conditions for successful deposition
of brittle materials (see Fig. 10). While this affords a good
qualitative description of the process, it is unclear how
wellit matches AD experiments quantitatively. The Sandia
National Labs group conducted atomistic simulations of
nanoparticles in compression, which showed that the dis-
locationsslip during plastic deformation only occurs in per-
fect crystallites. Simulations of same-size submicron par-
ticles with pre-existing flaws showed signs of brittle frac-
ture like the larger particles. This corroborated their ex-
perimental observations, described earlier in the previous
section %,
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Fig. 10: The window of deposition as function of the average par-
ticle diameter d,, and velocity v, for intrinsically brittle materials;
from molecular dynamlcs simulations in comparison to analytical
fracture model (after 69).

While these simple models are a start, they are not suffi-
cient to describe the AD phenomenon thoroughly. They
are either static/low rate or are single particle, although a
morerecent study by Chunez al. 70 conducted atwo-parti-
cle numerical analysis yielding a max temperature (600 K)
and pressure (5 GPa) comparable to Akedo’s single-par-
ticle simulations. Most are 2-dimensional, and do not in-
volve the transient effects of fracture and deformation of
the previously deposited particles on the surface, or the
mechanical interaction of particles between themselves.
More satisfying would be a multi-particle, 3-D, time-de-
pendent simulation. The JH-2 is a ceramic constitutive
model used within hydrodynamic code for explicit dy-
namic simulations of high strain rate behavior (typical-
ly impacts at the macro-scale) 64,65, It uses time-depen-
dentmaterial parameters (elastic at time O, nonlinear there-
after). A difficuley with the JH2 is that it requires several
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material constants, a few of which are familiar (e.g. mass
density, shear and bulk moduli, tensile strength), but many
others can only be inferred from uncommon flyer plate ex-
periments or ballistic impact tests. Consequently, the full
range of constitutive constants necessary for AD simula-
tion are only obtainable for ceramics being considered for
armor and other ballistic type applications. Realistic im-
pact modeling of micro-particles during AD is therefore
challenging, but is an area of great interest.

Simulations of the particle-laden gas flow are also im-
portant for a homogeneous film thickness and quality.
Lee et al. 2526 as well as Schmidt et al. 52, simulated the
effects of the nozzle geometry and spray conditions on
the flow characteristics in aerosol spray processes. Non-
optimized nozzles generate shockwaves in the gas flow
between the nozzle opening and the substrate, leading to
an increased expansion and fluctuation of the carrier gas,
thereby giving non-uniform coatings. However, an opti-
mization by decreasing the chamber pressure and increas-
ing the diverging angle drastically improved the flow uni-
formity and particle velocity. Another crucial effect is the
formation of a bow shock area right before the substrate.
A higher pressure and density within this area increases
drag on particles. Smaller particles with lower kinetic en-
ergies can be deflected by the stagnation point of the gas
flow. Modeling of the complete aerosol deposition pro-
cess, 1nclud1ng aerosol generatlon gas flow dynamics with
ceramic particle interaction and eventually the deposition
of particles has a very large and complex scope. However,
progress in thisarea would greatly improve the general un-
derstanding and the ability to predict and control the film
deposition.

(4) Material parameter effects

All AD studies have found that adhesion and film quality
depend not only on process parameters, but also on parti-
cle size, distribution, agglomeration, moisture, etc. of the
starting ceramic powders. Ceramic powders with a pri-
mary particle size range of about 0.08 -2 pm and a com-
pact spherical shape are typically used as the deposition
particles. The ratio of deposited to non-deposited parti-
cles strongly depends on the particle size and on the degree
of agglomeratlon so de-agglomeration devices and/or fil-
ters are sometimes used between aerosol generator and
the deposition chamber 6. Akedo 71 also reported an opti-
mal powder milling time prior to deposition of PZT pow-
der. Subsequent groups reporta powder pretreatment reg-
iment involving high-energy milling 1,23,60, This suggests
that a residual strain in the crystal lattice of particles may
be a prerequisite for deposition. Defects and strain corre-
spond to elevated stored free energy and may enhance par-
ticle bonding. They can also assist the fracturing of parti-
cles on impact. But these hypotheses have not been fully
explored yet.

The right choice of raw powder is crucial for the suc-
cess of AD. Powder characteristics are important at ev-
ery stage, from generation of the aerosol, to particle ac-
celeration in the nozzle, to impact, packing, and bonding.
Average particle size alone is not sufficient information,
and is also complicated by agglomeration. Particle poros-
ity, roughness, surface area, and inter-particle friction are
also expected to be of consequence. The compressibility
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index (CI) is dependent on all of these characteristics, and
is used in traditional ceramic processing as an indicator
for flowability of powders 72. It may be a figure of merit
for starting powders used for AD. Exner et al. €0 recent-
ly correlated the CI and the specific surface area (SggT)
of Al,O3 powders, to the resulting quality of films pro-
duced by aerosol deposition. For alumina substrates (high
hardness), it was found that a high powder specific surface
area (5.5 to 8 m2/g) is correlated with good film deposition
and adhesion. For glass substrates, high-quality, well-ad-
hered, stable AD films were associated with lower SggT
(less than 3.5 m2/g) and a compressibility index within a
tight range of about 44 to 47 % (see Fig. 11). Fig. 12 illus-
trates the changes that occur during high-energy milling:
size reduction and broadening, loose agglomeration, and
texturing of surfaces, all of which may play arole in depo-
sition. Work remains to separate and quantify the relative
effects of these characteristics, for hard and soft ceramics.
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Fig. 11: Empirical study on aerosol deposition rate and film quality
on glass substrates plotted against the compressibility index of
alumina powders (post grinding) (modified using data of 60).The
symbols denote the quality of the deposited films. The arrow
indicates the powder in Fig. 12. Reprinted from 60 with permission
from Elsevier.

(5) Aerosol co-deposition (AcD)

AD has already enabled a variety of ceramic films on
many different substrates. Resulting films usually ex-
hibit mechanical and physical properties similar to the
bulk. The opportunity to produce composite films via
aerosol co-deposition (AcD) adds another degree of free-
dom to the process73. While AD sprays only a single
ceramic powder, AcD utilizes a powder mixture of two
or more materials. These mixtures can consist of vary-
ing ratios of ceramic 147475 metallic 76-78 or polymer-
ic 79=81 components, and can include exotic materials like
graphene 82,83 carbon nanotubes 84, or chitosan 85. The
term “aerosol co-deposition of ceramics (AcDc)” has been
used in the special case when solely ceramic powder mix-
tures are deposited 73.

By forming a composite film, properties can be adjust-
ed, for instance, electrical parameters like conductivity 86
or permittivity 87, as well as mechanical characteristics like
hardness 88, porosity 89, or adhesion to the substrate °.
AcD films can also be dense and can exhibit uniformly dis-
tributed components. Depending on the mixing ratio and
relative particle sizes of the aerosolized powders, one can
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obtain either a dispersion of one phase in a continuous ma-
trix of the other (Fig. 13a), or two interpenetrating contin-
uous phases (Fig. 13b) 73.

Fig. 12: SEM of a commercial a-Al,O3 powder (indicated by the ar-
row in Fig. 11); before and after high-energy milling, which was suc-
cessful in depositing good quality films on glass substrates. Reprint-
ed from 60 with permission from Elsevier.

Fig. 13: Cross-sectional SEM image of AcDc composite films a) dark
TiO,-particles dispersed within a bright continuous Bi,O3-matrix
b) random mixture of continuous V,05 (dark) and Bi,O3 (bright)
particles. Reprinted from 73 with permission from John Wiley and
Sons.
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The RTIC process is still the dominant deposition mech-
anism in AcD, but differences can occur during impact
of powder species with varying properties like hard-
ness, density and particle size. Especially for powders
with widely differing hardnesses, only the softer materi-
al is likely to undergo deposition by means of RTIC as
a matter of fracturing and plastic deformation, while the
much harder material tends to get embedded in the soft-
er one without fracturing. However, harder particles can
improve the overall densification of the film by a peen-
ing and hammering effect 73. Due to possibly diverging
aerosolization and deposition behaviors, a change of film
composition from the starting powder mixture can occur
91,92 which should be taken into consideration.

With AcD, some film characteristics can be realized that
cannot be achieved with conventional AD. While AD typ-
ically leads to dense fllms, AcD can enable the formation
of porosity (in order to increase the film surface area or
permeability) by introducing a fugitive phase in the film.
This phase can then be removed in a film after-treatment,
either by leaching (tricalcium phosphate with hydrochlo-
ric acid) 93 or by burning out a polymer (polyethylene
glycol/PEG 79, polyvinylidene fluoride/PVDEF 92). These
films with porosities up to 50 % maintain a good strength
and adhesion to the substrate 20. Polymeric substitutions
like polytetrafluoroethylene (PTFE) also proved benefi-
cialfor AcD coatings onflexible integrated substrates 9495
and PET % by giving plasticity to the films and avoiding
erosion of the soft substrates by absorbing high energies
during deposition. Additionally, a reduction of residual
film stresses can be achieved 7. By avoiding impact frac-
turing, the crystallite size of the ceramic starting powder
is retained, and distortion of the crystal structure is also

avoided 80,87,94,

Electrical properties of thick films can easily be tuned
using mixtures. The alumina content within the com-
posite film was calculated from permitivity values of
films (Fig. 14a) 91. As found from these results, there is
a preferred deposition of polyimide, since the content in
the film is higher compared to the sprayed powder. The
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electrical conductivity of SiC was increased significantly
with the addition of TiN above the percolation threshold
(Fig. 14b) 8,77,83,86_ The oxidation resistance can also be
increased with composite films 85,92,98,

Beyond the changes expected to occur with annealing,
such as increased crystallinity, elimination of structural
defects 74, another variation is to i situ calcine a compos-
ite AcD film at an appropriate temperature so that a sin-
gle-phase material results. This of course requires a well-
controlled stoichiometry and a homogenous distribution
of phases within the composite film to enable the forma-
tion of the intended compound. Exner ez al. 73 very recent-
ly demonstrated that calcination of an AcDc film (shown
in Fig. 13a) led to a single phase Bi4Ti30;, film with high
and uniform porosity.

IV. Materials and Applications

AD is a process with the potential to manufacture a large
variety of ceramics, oxide and non-oxide, for a variety of
applications, functional and passivation. This broad range
of materials and applications is reflected in the literature.
The most carefully investigated materials, Al,O; (Section
4.1), PZT (4.2), BaTiO3 (4.3), and TiO, (4.4) will be dis-
cussed individually in this overview, with special respect
to possible applications for AD. The subsequent sections
are divided into the application fields of surface protec-
tion coatings (4 5), biocomponents (4.6), magnetic mate-
rials (4.7), sensing applications (4.8), energy applications
in fuel cells (4.9) and secondary battery systems (4.10).

(1) Alumina (AL,Os)

Alumina is an oxide ceramic with widespread applica-
tions owing to its outstanding chemical (inert), mechan-
ical and dielectric properties 9. Its use as protective, insu-
lating, or wear-resistant coatings might be improved and
broadened by applying dense films on temperature-sensi-
tive and flexible substrate materials via AD (see Fig. 15).
With around 50 publications, alumina is one of the most
frequently examined materials for AD. As mentioned ear-
lier, most fundamental research is conducted on this mate-
rial.
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Fig. 14: Influence of composite film contents on a) relative permittivity of an Al,O3-polyimide composite film (modified after 21) b) elec-
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Fig. 15: Alumina coating (10 x 20 mm?2, thickness 8 tm) on a flexible
steel foil. Courtesy of Dept. of Functional Materials, University of
Bayreuth.

With regard to the mechanical properties of AD alumina,
hardnesses between 1100 HV and 1800 HV 40, 97,101, 102
(bulk value 2600-2700 HV 100) and a good adhesive
strength (64 MPa) to the substrate 103 have been obtained.
Owing to these excellent mechanical properties, anti-
scratch and anti-smudge 194, as well as anti-wear coatings
can be envisaged by means of AD. Specifically, hard and
smooth AD Al,Oj surfaces on industrial rollers are be-
ing considered instead of Cr-plating 191. Good chemical
stability and corrosion resistance at a neutral salt spray
test was reported 101 (details in Section 4.5). A thermally
protective AD Al,Oj3 coating on Al substrates for heat
radiation applications has also been reported 105.

It should be mentioned that a very common epiphe-
nomenon of hard AD films is the high residual film
stress 80, found to be as high as 2 GPa when nitrogen is
used as carrier gas #2. Using oxygen instead of nitrogen
as the carrier gas reduces this residual stress by 50 % and
by additional annealing of the films at only 300 °C, the
residual stress was eliminated completely 42.

The electrical properties of alumina AD films have been
intensively investigated. Films have been produced with
low leakage current up to a bias of 100 V (film thick-
ness 10 um) 196 and high electric breakdown fields of
>60 kV/mm 106,107 They have a dielectric constant
(between 7 and 10) and a low dielectric loss (tan 4 be-
tween 0.005 and 0.052280,95,108-110) comparable to
bulk material (9.9 and 0.0002 respectively at RF frequen-
cies 99) 22,80,95,109,110, D, W. Lee et al. showed that the di-
electric properties can be influenced by the choice of start-
ing powder 199, Small particles (0.5 pm) built a film with
a grain size of 10 nm, showing frequency-independent
electric properties (tan ¢ of 0.05 and relative permittivity
of 9.4); whereas larger and agglomerated Al,Oj particles
builta film with larger grain size showing higher dielectric
constant and loss with stronger frequency dependence.
Al,Oj5 dielectric layers are discussed for metal core cir-
cuit boards for LEDs 106 and for integrated substrates.
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Alumina films are also suggested for band pass filters (RF
modules).

Concerning the optical properties of AD alumina, it
is possible to produce highly transparent films of up to
80 % transmittance in the wavelength between 350 nm
and 900 nm at a film thickness of 0.6 um 32. The trans-
mittance decreases with increasing film thickness and also
with increasing particle velocity. Transmittance decreases
due to Mie scattering below 800 nm as the wavelength
approaches the size of the crushed particles 197.

As mentioned in the previous section, properties can be
varied by co-depositing Al,O3/polymer composite films.
The residual stress can be reduced by adding polytetraflu-
oroethylene (PTFE) %7 or polyimide (PI)380. Of course
such composites enhance the plasticity of the deposited
films due to the intrinsic plasticity of the polymer 8% 9.
Kwon et al. investigated the difference between using PI,
a thermosetting polymer, and polymethylmethacrylate
(PMMA), a thermoplastic with lower hardness and shear
modulus, in a 70/30vol% Al,Os/polymer mixture 88. In
both cases, the surface morphology was described as sim-
ilar to the single phase Al,O; films, but hardness was sig-
nificantly reduced from that of Al,Oj5 films (1200 HV) as
expected. However, there were significant differences be-
tween the two polymer admixtures (PMMA vs PI) as seen
in deposition rate (low vs high), crystallite size (35 nm vs
47 nm), and hardness (202 HV vs 25 HV) respectively. The
somewhat surprising results are explained by a difference
inimpact behavior; distortion of PMMA vs fragmentation
of PI particles. Ultimately, there was a lower amount of
PMMA actually remaining in the composite film, which
was responsible for the higher hardness of the compos-
ite, despite the lower hardness of PMMA. The proposed
difference in the deposition mechanism, attributed to a
difference in mechanical properties of the two polymers,
is depicted in Fig. 16 $8.

Al,O3-polymer composites have also been used to tune
the dielectric properties of AD films. By adding PI or
PTFE, the dielectric constant was adjusted down to 4.5
and the dielectric loss was reduced by a factor of 2 to
0.01 108, 111 'The low dielectric constantand loss are attrac-
tive for embedding passive components via 3D integration
(system in package). 80,108

(2) PZT (Pb(ZrTi)Os

The piezoelectric materials of greatest interest are fer-
roelectric ceramics based on Pb-containing perovskites,
for example Pb(Zr,T1)O3 (PZT). They offer a high piezo-
electric constant, and diverse chemical modifications al-
low one to tailor the properties 112. The application of PZT
thick films in microelectromechanical systems (MEMS),
e.g. as micro-actuators 113 or for energy harvesting 114, is
a major research topic. More than 60 publications empha-
size the interest in fabricating PZT films by AD.

Early investigations in 1999 by Akedo and Lebedev
showed that the piezoelectric properties of AD films de-
pend on post-deposition annealing . With a remanent po-
larization P, <5 WC/cm? and a coercive field £, <5 kV/cm
in the as-deposited state, it was increased up to 35 pC/cm?
and 47 kV/cm by annealing at 800 °C (Fig. 17). This im-
provement was attributed to crystal growth after deposi-
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tion that occurred during annealing 3. Further studies in-
dicated that the remanent polarization could be increased
to 40 uC/cm?2 115 and the dielectric constant to 2000 116,

Based on Akedo’s work, many studies also rec-
ognized the importance of post-deposition anneal-
ing 578,81,113,115-133 and reported a relationship between
grain size and electrical properties of PZT films (compa-
rable to the properties of BaTiOj5 films shown in Section
4.3). At a grain size below 0.1 um, no 90° domain walls
were observed, resulting in decreased electromechanical
properties 134. Nakada ez al. also reported on the domain
wall motion inside AD films using PbTiO3 powder 128,
They assume that the deposition mechanism causes a uni-
form strain in the film plane resulting in crystal lattice
distortion and defects in the crystal grains. This may sup-
press the domain wall motion leading to a smaller dielec-
tric response. Through annealing the dielectric properties
improve, which indicates Debye relaxation due to domain
wall motion and the recovery from crystal lattice distor-
tions and defects in the crystal grains.

Annealing can be accomplished either in an electric fur-
nace or by means of laser irradiation 117,130, but temper-
atures of at least 600 °C have been needed for adequate
piezoelectric properties. In order to lower this annealing
temperature, the influence of film irradiation with a fast
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atom beam (FAB) generating a plasma between nozzle
and substrate or using a plasma inside the aerosol trans-
portation tube was investigated 135. The remanent polar-
ization was two times higher, the dielectric permittivity
was improved by 25-45 % using both FAB and plasma
for the as-deposited layers and layers annealed only at
400 °C. The authors suggest that the enhanced ferroelec-
tric properties are caused by a reduction of defects and
contamination inside the film. O, -FAB mainly reduces
the number of oxygen vacancies on the surface of prima-
ry particles and deposited layers, which is indicated by a
change of the color of the as-deposited layers from black
to yellow. Such an improvement was not observed with
Ar-FAB. With both FAB and plasma irradiation, the pot-
processing temperature could be reduced to below 500 °C,
which was sufficient to obtain enhanced ferroelectric and
piezoelectric properties.

Besides an adequate pre-processing of the starting pow-
der 71,120 a5 already described in Section 3.4, the varia-
tion of the carrier gas and its mass flow is another way
to influence the piezoelectric properties. Helium carrier
gas-deposited samples showed slightly better piezoelec-
tric properties than N,-deposited ones. For both carrier
gases, the spontaneous and the remanent polarization de-
creased while the coercive field increased.

Cu substrate

A0, particle on PMMA particke on
deposited PMMA particle  Deposited AlLO, particle

T
Cu substrate

Al:O; particle on
deposited Pl particle

2

P1 particle on
Deposited Al,O, particle

-

Cu substrate

distoted PMMA particles

fragmented Pl particles

&
&

Cu substrate

Fig. 16: The influence of polymer admixtures on the aerosol deposition of Al,O3. (a) Typical AD Al,Oj films formed by impact consolidation.
(b) PMMA particles distorted by Al,O; particles. (c) PI particles fragmented by Al,O; particles (from 88).
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Akedo fabricated PZT-AD films of high density (over
95 % relative density) with good transparency 32. Trans-
parent films with an optical transmittance (7) up to 80 %
(from 500 nm to 800 nm wavelength) have been report-
ed 35,71,78,118,124,136,137 "There appears to be a strong de-
pendence of T on the carrier gas used for deposition 131:
With He gas, T = 25 %. Whereas with N, O, or air,
T >60 % (all transmittance values between 500 nm and
800 nm wavelength measured on 2-um-thick films). High-
ly transparent films of PZT 35 118 and lanthanum-modi-
fied PZT (PLZT) 138-141 demonstrated electro-optical ac-
tivity (refractive index change with applied electrical field).

A few perovskite solid solutions have been pre-
pared by means of AD, including relaxor ferroelectrics,
Pb(Ni,Nb)O;-PZT 116,125,142 and  Pb(Zn,Nb)Os-
PZT 74,126,133,143 Another aim of PZT composite films
is the reduction of the residual stress inside the deposit-
ed films. As already described, an additional annealing of
the as-deposited film is necessary in order to obtain good
piezoelectric properties. Depending on the substrate used
for deposition, a thermal expansion mismatch of the PZT
film and the substrate material may cause the film to crack
or delaminate from the substrate. By depositing a mixture
of PZT and polyvinylidene fluoride (PVDF) the residu-
al stress can be reduced 81,132, In the annealing step after
deposition, the PVDF phase was burned and uniformly
dispersed sub-micrometer pores capable of relaxing the
residual stress were generated. This lowers the relative
permittivity of the film with increasing PVDF content but
the piezoelectric d33 coefficient was preserved (250 pC/N
adding 3 % PVDF; 56 pC/N adding 10 % PVDF). It is
also possible to use an excess-PbO powder to reduce the
residual stress inside the deposited layers 133. The residual
compressive stress of the films containing 2 % excess-PbO
before and after post-annealing at 900 °C was measured
using high-resolution XRD and it was found to decrease
from 190 to 160 MPa after the annealing process. This ef-
fect is assumed to be related to PbO evaporation building
elastic pores and thus influencing the residual stress.

PZT-gold composite films were produced in order to in-
fluence the optical properties and produce colorful trans-
parent nano-composite films. Mixtures from 0.0015 to
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0.045 wt% gold affected the transmittance of the films
at designated wavelengths 122, Improved surface plasmon
resonance (SPR) properties were achieved by adding less
than 1wt% gold. The SPR wavelength position can be
controlled by adjusting the permittivity of the PZT matrix
by annealing 78.

AD PZT and related films have potential for use in
MEMS devices, such as in energy harvesting (genera-
tors) 18,114,144 micro-actuators 145147 optical micro
scanners 113,119,148,149 or metal-based optical resonant
scanners 150, Freestanding membranes for the use as mi-
cropumps or micromixers 121 have also been reported.
Proposed electro-optic applications include modula-
tors 35,138,141 |ike a Mach-Zehnder Interferometer, on-
chip optical interconnections 3% and an ultra-small elec-
tro-optical field probe on top of an optical fiber edge 137.

(3) Barium titanate (BaTiO;)

Barium titanate is the prototypic ferroelectric ceramic
with simple perovskite structure. Owing to the high per-
mittivity (up to values of 10 000), it is the most widely used
dielectric in multilayer ceramic capacitors (although not
in its pure form) 99. More than 30 publications about AD
BaTiO; demonstrate that it is a material of interest. AD-
processed BaTiO5 can be dense with high purity 151, and
several studies have proved its suitability for use as thick
film 152 and embedded capacitors 153,154, Others demon-
strated thatit can be deposited on LTCC substrates 155 and
on flexible metal substrates for use in flexible electron-
ics 156, Further potential applications are in microelec-
tronic packaging 137 and electronic devices via micropat-
terning 158,

As known for many years, the permittivity of BaTiO;
depends on the grain size of the ceramics. It shows a max-
imum in the range of about 1 um and strongly decreases
with decreasing grain size as shown in Fig. 18 134,159,160,
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Fig. 18: Grain size dependence of the relative permittivity of Ba-
TiOs, after 134,159, 160,

Grain size and residual stress also influence the permit-
tivity of AD BaTiOj3. AD films prepared by Hoshina et
al. 159 showed very small crystallite sizes in the range of
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20 nm after deposition. Dielectric measurements on an-
nealed films showed an increase of the relative permittivi-
ty with increasing grain size from 680 (24 nm) up to 2800
(170 nm) 159 (Fig. 18). Other papers describe the influence
of post-deposition annealing on the relative permittivity
of AD films #1,103,159,161 Compared to values of the per-
mittivity from Arlt ez al. 160, the AD films seem to have
a higher permittivity than conventional thin films with
comparable grain size. This has not been fully explained,
and should be considered for future investigations.

AD BaTiO;/PTFE composites have been prepared with
low PTFE content (0.1 wt%) 87. This resulted in an in-
crease of the grain size inside the deposited film, but the
relative permittivity of composite films was very low.

Many investigations regarding the dielectric properties
revealed problems of high leakage currents through the
deposited films 41,152-154,156,162-165 Qh et al. found the
leakage current rose strongly for film thicknesses below
1 um 162,165 They attributed this to a change in the leakage
current mechanism. Microscopic defects like porosity and
not fully crushed particles inside the film are presumed to
be the origin for this negative effect. These defects may
result from agglomerates in the aerosol that got fractured
while impacting on the substrate but did not have enough
energy toformadense ceramic layer. Oh ez al. also showed
that the non-uniform electric-field concentration at the
rough interfaces between the BaTiOj films and the metal

substrates influence the leakage current at high electric
fields 162,165,

(4) Titanium Dioxide (TiO,)

Titanium dioxide, also called titania (TiO,), is a non-
toxic, inexpensive ceramic material with a wide range of
applications. TiO,, primarily used in one of two major
crystalline polymorphs (rutile or anatase), features good
chemical and thermal stability, a good transparency in the
range of visible light 166 together with a high refractive in-
dex of 2.5 t0 2.7 9. It provides a high permittivity of 80 at
room temperature 167 and intrinsic n-type semiconduct-
ing properties with a large band gap of over 3 eV 167, Its
photoelectrochemical 168 and photocatalytic conversion
capabilities 169 are highly application-relevant. Porous ti-
tania films show a great potential for the use in dye-sensi-
tized solar cells or in devices to purify waste water, due to
its antibacterial and photo-degradation abilities.

Aerosol deposition of TiO, films has been described in
more than 30 publications. Physical properties like elec-
trical conductivity, microhardness and wetting behavior
have been reported. Park et al. examined the wettability of
AD titania films and the influence of different post-treat-
ment procedures 170-172 As-deposited thick films show
hydrophobic behavior with a water contact angle of about
30°, which is also caused by the rough honeycomb struc-
tured film surface. A post-treatment by means of CF plas-
ma etching could decrease the contact angle with increas-
ing etching time to about 5° after 10 min 170, as a result
of an incorporation of fluorine in the film surface. Very
thin AD films with thicknesses between 60 and 200 nm
were treated with UV light (wavelength 365 nm) for up to
5 h 171 also resulting in a decrease in the contact angle to
almost 0. Here, AD films exhibit an advantage over con-
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ventional dip-coated films, which retain much higher con-
tact angles. By a suitable heat treatment of AD TiO, thin
films (150 nm thickness), superhydrophilicity (contactan-
gle nearly 0°) can eventually be achieved without any fur-
ther surface modification (Fig. 19) 172,

This can be explained by combined effects of a change
in surface microstructure, roughness and crystal structure.
With annealing up to 500 °C, the surface tends to form
a meso-porous morphology, also visible from a slightly
roughening from R, =3.5nmto R, = 4.9 nm. Additionally,
aphase change takes place and up to 30 % of anatase/rutile
are converted to the highly hydrophilic brookite phase.
Superhydrophilic films can be used to enable anti-fogging
and self-cleaning behavior for windows and mirrors. Fan
et al. studied the starting powder influence on the micro
hardnessand morphology of titania films 7. They observed
denser films when they used smaller particles with only
20 nm in size instead of 200 nm. Films produced with
200 nm particles also showed a low micro hardness of
235 HV, much smaller than typical sintered bulk samples
(Knoop hardness 713-1121 kg/mm?2 190, corresponding
to 675 HV and above), and therefore only a weak bonding
between the nanoparticles was suggested.
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Fig. 19: Relationship between the water contact angle and annealing
temperature. Adapted with permission from 172. Copyright (2014)
American Chemical Society.

AD titania films exhibit typical semiconducting behav-
ior. Sahner et al. observed a p- to n-type change with in-
creasing temperature and decreasing oxygen partial pres-
sure 173 in accordance with literature. Within the mea-
sured temperature range of 750 to 970 °C, the semicon-
ductor was close toitsintrinsic conductivity minimum and
therefore only a shallow oxygen dependency was detect-
ed. Local annealing by means of laser irradiation 174 was
proven to improve the electrical conductivity by over two
orders of magnitude. Local temperatures between 800 °C
and 1400 °C induced the formation of oxygen vacancies,
resulting in a decrease in resistance and a change to a
gray color 173, whereas higher temperatures destroyed the
films.

Possible applications of titania films are mainly based on
its photocatalytic activity under UV irradiation. For that
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purpose, porous film structures are of high importance, in
contrast to other AD films where dense films are preferred.
The overall surface area of films increases with higher val-
ues of porosity, adding additional adsorption sites and
therefore enhancing the photocatalytic conversion capa-
bilities. Kim ez al. described the general suitability of TiO,
coatings produced by AD for waste water treatment 176.
Yang et al. firstly proved the successful decomposition of
organic pollutants (phenol) in aqueous solutions by AD
TiO, films under UV irradiation 89. The photocatalytic
conversion performance was significantly improved by
inducing porosity within the film, achieved by an aerosol
co-deposition of TiO, and polymeric polyethylene glycol
(PEG) followed by subsequent removal of PEG by an-
nealing. Annealing temperatures of 450 to 500 °C result-
ed in highest photocatalytic activities owing to the largest
porosity, combined with best adhesion to the substrate.
Instead of PEG, also B-tricalcium phosphate (TCP) could
be used to generate porosity ?3. Amounts of 10 to 45 wt%
TCP were added to the TiO, powder and sprayed to com-
posite films. Subsequently, TCP was leached out by HCI,
leaving a porous film behind. Higher amounts of TCP lead
to more porosity and to stronger photocatalytic activities
owing to improved adsorption effects. Park er al. high-
lighted the antibacterial properties of AD TiO, films 43,47,
with a nearly complete removal (“photokilling”) of E. coli
germs from the specimen after only 1 hour of UV radi-
ation. Also a complete decolorization of methylene blue
was observed in less than 2h under UV exposure. Solar
light could be used as well (instead of UV), showing a
slower conversion rate, but clearly demonstrating the ca-
pabilities. TiO, films were suggested as cost-effective pho-
tocatalysts in applications for purification of contaminat-
ed air or water, pathogen inactivation and self-cleaning ce-
ramic tiles.

A second application field for titania AD films are dye-
sensitized solar cells (DSSC). These cells are based on a
semiconducting material located between a photo-sen-
sitized anode and a dye in contact with an electrolyte.
Gritzel and O‘Regan 168 invented the modern type of this
solar cell, therefore it is also referred to as the Gritzel
cell. DSSC are considered a low-cost way to convert solar
to electric energy, since inexpensive materials and pro-
duction processes can be applied. As with photocatalyt-
ic applications, a porous film is highly favorable. This
porosity is used to infiltrate the necessary light-absorb-
ing dye. The dark-purple-colored Ruthenium-based dye
Ruthenium 535-bisTBA is most common to investigate
the photoelectrochemical effect in AD titania films 8% 177,
Films are typically prepared on indium or fluorine-doped
tin-oxide (ITO/FTO)-coated glass substrates as elec-
trodes.

Different ways to induce porosity in titania films were
investigated. Fan et al. showed that the performance of
a DSSC can be enhanced by increasing the film porosity
using aerosol co-deposition AcD 79. The porosity is again
controlled by different amounts of polymeric PEG, which
were embedded in the composite film as volatile compo-
nent. Annealing at 450 °C completely removed PEG and
led to 41 % porosity. Devices with these porous films ex-
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hibited short circuit current densities up to 145 A/m? and
a conversion efficiency of 7.1 %, while non-porous ones
only achieved 90 A/m? and 5.1 %, respectively. Porous
films without any binder were produced by Cho ez al. 177
by means of aerosol deposition of titania powder mixtures
consisting of small and large-diameter particles (25 nm and
700 nm). Very small particles prevent the formation of ful-
ly dense films owing to a lack of momentum required
to enable the RTIC mechanism. Nevertheless, a good
connection between smaller and larger particles through
necking was observed, which facilitates the transport of
electrons. A subsequent heat treatment at 450 °C improves
necking and increases the short circuit current densities by
raising the number of electron paths. Yang ez al. achieved
film porosities between 43 % and 50 % by spraying a so-
called strengthened powder 20. This contains 0.5-3 um-
sized porous particles which were prepared from 25 nm
particles by mixing with PEG, followed by annealing
at 450 °C, hydrolysis with TiCly, and final sintering at
500 °C. The AD films featured a bimodal pore size dis-
tribution with two peaks at 15 and 50 nm, while 25 nm
particles generated a unimodal distribution with an aver-
age pore size of 17 nm 33. This bimodal pore size distri-
bution improves the dye infiltration together with the ion
diffusion coefficient, leading to higher photovoltages.

A differentattempt to enhance the efficiency in DSSC de-
vices is to introduce a dense titania blocking layer between
electrode and porous film (Fig. 20).

Fig.20: Cross-sectional SEM image of a dye-sensitized solar cell
prepared by focused ion beam. a) cell with porous AD TiO, for dye
infiltration and compact AD TiO, film as blocking layer b) porous
AD TiO, (high magnification). Reprinted from 177 with permission
from Elsevier.
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The dense layer suppresses unwanted electron recombi-
nation in indirect routes between FTO and electrolyte 177.
Heo et al. stated that an only 46-nm-sized titania AD film
drastically improves the efficiency of the DSSC from 3.3
t0 5.6 %, whereas thicker films above 70 nm negatively in-
fluence the overall efficiency owing to a lower transmit-
tance and an increased electrical resistance 178. Kim ez al.
intended to decrease the recombination rate by increas-
ing the conductivity of titania by means of the addition
of varying amounts of graphene 83. 0.3 wt.% graphene in-
creased the efficiency from 3.1 to 5.0 %, also caused by
favoring the formation of photogenerated electron-hole
pairs. More graphene reduces the efficiency owing to high-
erabsorption of light, therefore reducing the generation of
electron-hole-pairs and photoexcited electrons.

Additional applications for AD titania films include cor-
rosion-resistant layers on metals like magnesium 179 or as
photoelectrodes for the environmentally friendly hydro-
gen production based on photoelectrochemical solar wa-
ter splitting 180.

(5) Surface protection coatings

For passivation of metallic surfaces in low-temperature
applications, many low cost techniques exist such as spray
painting, anodizing, etc. Typically, substrates (like met-
als) suffer from oxidation at high temperatures. As shown
for a Cu substrate, a 1-pum-thick dense coating of Al,O4
can prevent the coated area from oxidation damage (test-
ing temperature 400 °C) (see Fig. 21). With high hardness,
good chemical and temperature stability, passivating ce-
ramics like AIN; TiN, Al,O3, TiO,, and Y,O3, etc. are
successfully used to prevent underlying materials from
degradation by wear, corrosion or temperature influence.
Since dense and um-thick films can be fabricated with AD
at high deposition rates, it has an advantage over other
coating techniques especially in this field of application.

a) b)

5mm 5 mm

Fig.21: Demonstration of corrosion protection effect of Al,O3
films prepared by AD-mask-deposition on Cu substrate (a) as-
deposited and (b) after temperature treatment at 400 °C in air.
Courtesy of Dept. of Functional Materials, University of Bayreuth.

Oxidation of metallic surfaces is probably the most com-
mon reason for materials degradation, and thus a potential
application field for AD coatings. As further discussed in
Section 4.9, numerous studies deal with oxidation prob-
lems of metallic interconnects in SOFC 98, 181185 The
high temperature may lead to Cr-diffusion and formation
of low-conductive interlayers. This is reduced by using
AD diffusion barrier coatings of stable and highly conduc-
tive materials. Plasma etching is a highly corrosive tech-
nique and frequently used in semiconductor fabrication.
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Coating of influenced parts can be very helpful to diminish
contamination of products ¢2. Y,O3; and other rare earth
oxides show an enhanced stability against plasma ero-
sion 186, Deposition behavior of different rare earth oxides
on different metal substrates was investigated ¢1. Com-
pared to conventionally employed alumina from plasma
spraying, Jung et al. showed a significantly smaller erosion
rate of rare earth oxide AD films by a CF, + Ar plasma
along with an enhanced electric breakdown strength 186

Other examples of applications of AD films for surface
protection are reported in the literature. Piechowiak et
al. 15 achieved AD coatings of Ti3;SiC, with thickness-
es over 15 um. This MAX-phase material shows excel-
lent thermal shock behavior up to high temperatures as
well as good chemical stability and mechanical proper-
ties. Attempts to improve abrasion resistance of films have
been made using AcD with powder composites where the
major component is blended with a very hard material
like e.g. diamond powder 17,104, As one step toward this
goal, Charles et al. 17 investigated deposition behavior of
mixtures of soft ZnS and diamond powder. They found
good film formation for low amounts of diamond pow-
der whereas contents > 50 % lead to abrasion. Mechanical
tests concerning the mechanical strength of these compos-
ite films have not been shown 17.

Seto et al. 101 achieved the deposition of alumina on an
aluminum roller, commonly used in industrial machines
and processes. They showed impressively that AD of ce-
ramic materials can be applied to more complex substrate
structures and can cause a real improvement in terms of
wear resistance. 5-um-thick coatings of Al,O; on test sub-
strates showed superior wear resistance and chemical sta-
bility (see Fig. 22 and Fig. 23) compared to bare aluminum
substrate and also to Cr-plated aluminum alloy substrates.
This is expressed through a higher resistance against abra-
sion in a ball-on-disc wear test and salt spray testing with
selectively damaged samples. Film adhesion, as well as
hardness (in this case between 1100 HV and 1590 HV
(10.8-15.6 GPa), play a key role for applications like this.

Further detailed studies about electrochemical corrosion
properties of YSZ and TiO, coatings for different met-
al alloy substrates are conducted by Ryu et al. 179,187,188,
Using acidic, basic and neutral solutions, they tested the
chemical stability of substrate materials and films, assert-
ing for each scenario an improved stability performance
when the substrate was coated 187.

In principle, AD can be used for most applications in-
volving exposure to harsh environmental conditions and
highly corrosive processes. With its high deposition rate
and the dense structure of its coatings, AD satisfies a need
in current process technology for such applications.

(6) Biocomponents— bydroxyapatite

Hydroxyapatite (HA), Ca;q(PO4)¢(OH),, is the major
mineral component of human bone. Synthetic HA, used
as a surface coating on metallic implants, exhibits excel-
lent biocompatibility, bioactivity and osteoconductivity
resulting in a stimulation of bone growth between the in-
terface of the implant and the natural bone tissue. To pro-
mote the oesteogenesis, a rapid and stable fixation of the
implant on the surrounding bone can be achieved 189199,
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Fig.22: Result of wear test on samples of aluminum alloy, uncoated, with Cr plating and AD film of Al,O; 101,
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Fig. 23: Neutral salt spray test on damaged Al,O3 and Cr plating films 101,

The currently prevailing coating method of HA for den-
tal and orthopedic implants is plasma spraying. It exhibits
several significant disadvantages. The high process tem-
peratures lead to cracks in the films resulting in poor film
quality and rapid degradation of the HA coating 18. By
employing the AD technique, the thermal stress on the
coating can be circumvented, leading to economic, almost
crack-free and dense HA films and presents new possibil-
ities for the production of improved HA coatings.

Hahn et al. used the AD method to produce HA on ti-
tanium substrates and investigated the influence of crys-
tallinity on the biocompatibility and osteogenic response
of HA coatings 191. Commercially available HA pow-
der was pretreated and deposited on the Ti substrates
with a gas flow rate of 5 I/min. The coating indicated
no cracks, pores or delamination and exhibited a densi-
ty of 98.5 % of the theoretical density. The tensile adhe-
sion strength between the coating and the titanium sub-
strate was 30.5 MPa, being twice as high as demanded in
the ISO 13779 -2 for coatings of HA (15 MPa). XRD mea-
surements revealed a grain size of 16 nm and amorphous
regions for the as-deposited coating. Since the biocompat-
ibility is affected by grain size, a heat treatment was con-
ducted in order to adjust the grain sizes and to decrease the
amorphous phase. Heating the film at 400 °C for 1h in-
creased the average grain size to 29 nm and eliminated the
amorphous domains, thus significantly increasing the al-

kaline phosphatase (ALP) activity. Further heat treatment
at 500 °C for 1 h led to grains of 100 nm size but reduced
the ALP activity drastically (Fig. 24a).

The bone-calcium phosphate-coated implant bonding
process can be improved by mixing less soluble HA with
the more soluble B-tricalcium phosphate (3-TCP). The
partial dissolution of the coating and formation of apatite
on the coating surface leads to fast bonding of the implant
to the bone. By applying the AD method (or more exact-
ly AcD), the optimum ratio of pre-mixed HA/B-TCP can
be co-deposited and the biological performance of calcium
phosphate coating can be enhanced 187. It is reported that
the biphasic coating of 30 % HA and 70 % B-TCP leads to
the highest cellular response on titanium substrates. Films
of a thickness of 2 um were both free of cracks and free
of pores. The ALP activity of the investigated specimen is
shown in Fig. 24b).

Si-doped HA (Cag(PO4)6(S104)(OH),_,) is report-
ed to exhibit an increased bioactivity that leads to a higher
cellular response than pure HA coatings 192. Hahn et al.
employed the AD to fabricate dense Si-HA films on tita-
nium metal exhibiting a high tension strength of 28 MPa.
The AD films had a thickness of 5 m and the cell prolifer-
ation as well as the ALP activity was highest for 1.4 wt%
Si-doped HA.
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Fig.24: ALP activity of MC3T3-E1 cells on control, HA, Heat treated HA at 400 °C (HT400) and 500 °C (HT500) (a) and the corresponding
ALP activity of biphasic coatings of HA and TCP (b). Reprinted from 26,191 with permission from John Wiley and Sons.

Fluorine doping of HA (FHA) was investigated as well.
Being less soluble than pure HA, it exhibits a better long-
term stability in a biological environment. The as-deposit-
ed fluorine doped HA (FHA) films had a high adhesion
strength of 38 MPa on pure titanium and exhibited a ho-
mogenous film thickness of 5 um. Owing to the improved
dissolution resistance and good biocompatibility, the
FHA coating with a composition of Ca;o(PO4)((OH)F
had both the highest ALP activity and the best cellular
response 193,

HA on biodegradable polymers is used as scaffold for
bone tissue regeneration. Coated with HA, mainly poly-
L-lactic acid (PLLA) is used due to its good osteoconduc-
tivity and biocompatibility. Kitajima ez al. deposited HA
on PLLA films with a rate of 25 um/min followed by a
heat treatmentat 200 °C for 20 minutes to prevent the films
from peeling off. Dense and pore-free HA films were suc-
cessfully formed on PLLA substrates 194. Other promis-
ing biodegradable materials are alloys of magnesium ow-
ing to their good biocompatibility and excellent biolog-
ical performance, but their corrosion resistance towards
body fluids is poor. By coating AZ31 Mg alloy with hy-
droxyapatite-chitosan composite using the AcD method,
dense films without pores or cracks were produced and
the corrosion resistance of AZ31 Mg was substantially en-

hanced 85,194,

Besides synthetic hydroxyapatite, xenogeneic (i.e. bone-
derived) HA (XHA) can be deposited with AD method.
Being of bovine origin, it is of almost unlimited availabil-
ity at low cost and an alternative for artificial HA. Kim
et al. used specially prepared xenogeneic HA to fabricate
1-2 pm thick and homogeneous films on TigAl,V sub-
strates, widely used for biomedical implants. XHA is al-
so used when coating zirconia substrates. ZrO, inherent-
ly exhibits low bioactivity owing to its bioinertness, but
has many advantages as a structural or dental implant be-
cause of its strength, toughness and wear resistance. Zir-
conia substrates were AD-coated with XHA and densely
compacted HA films with a thickness of 1 -2 pm, strong-
ly bonded to the surface, were obtained. No delamination,

pores or microcracks were detected and the as-deposit-
ed films exhibited a tensile adhesion strength of 31 MPa.
When immersed in simulated body fluids, the dissolution
behavior of the AD-XHA coating was stable compared to
standard plasma-sprayed HA coatings 16,195

(7) Magnetic materials

AD can also be employed to prepare magnetic ceram-
ics. Hereafter we describe two most commonly investigat-
ed materials, namely Sm-Fe-N, a rare-earth-based perma-
nent magnet with a high coercive field and soft magnetic
Ni-Zn-Cu ferrite film magnets with a low-coercive field,
used as an electromagnetic wave absorber.

(a) Sm-Fe-N

When downsizing electromagnetic devices and motors,
rare earth magnets play a decisive role. Even though there
are various methods to fabricate thin magnetic films, their
magnetic properties deteriorate owing to defects intro-
duced in the surface area. Hence other deposition meth-
ods, like pulsed laser deposition (PLD) or sputtering
are emerging methods to fabricate these thin magnet-
ic films 196, However, their deposition rates (1 um/min)
are too low to produce thin permanent magnets on large
scale 197,

Again, the AD method offers advantages of very dense
films and high deposition rates 197. Both Maki et al. 198 and
Sugimoto et al. 196 investigated the influence of AD on the
microstructure and the magnetic properties of Sm-Fe-N
films. AD films with thicknesses up to 190 um and a depo-
sition speed of 16 um/min were reported, exhibiting film
densities of 5.43 to 6.24 g/cm3, (7181 % of the theoreti-
cal density of Sm,Fe;7N3) 197,

The magnetic properties were measured parallel and per-
pendicular to the AD films with a thickness of 77 pm de-
posited on SiO, substrates 198. Compared to bulk pow-
ders, the remanence By of the AD films decreased from
0.62 T to 0.42 T, being only 68 % of the initial value. The
saturation magnetization, J, of the films was determined
atamagnetization of 2T to be 0.75 T, which is 12.5 % low-
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er than that of the host powder (J o5 =0.8 T) 19%. These
differences can be attributed to the lower density of the
AD films or to oxidization effects. Concerning the mea-
surement direction there was no distinctive difference ob-
served between the measurement parallel and perpendic-
ular to the film 1%.

However, the coercive field H jincreased from 920 kA/m
for the bulk material to 1340 kA/m perpendicular and
1420 kA/m parallel to the film respectively, whichisanim-
provement by over 50 %. It should be noted that these val-
uesareobtained by AD withoutany further heattreatment,
in contrast to other methods mentioned above, like PLD
or sputtering. The demagnetization curves of Sm-Fe-N
bulk powder as well as AD films are shown in Fig. 25.

0.8
= = Host Powder
[ = AD film (parallel} -
0.6 b —— AD film (perpendicular) +7

Magnetization J/ T

2.0 -1.5 -1.0 -0.5 0.0 0.5
Magnetic Field u# H/ T
Fig. 25: Demagnetization curves of Sm-Fe-N films produced by AD
compared to raw powder. Reprinted from 197 with permission from

John Wiley and Sons.

SEM images were used to elucidate the microstructure of
the AD films. Maki et al. 197 report average grain sizes of
1.94 pm for the raw powder, whereas the AD films exhibit
an average grain size of 0.32 um, which is very close to the
single-domain grain size (0.3 pm) of Sm,Fe;N,. Pinning
of domain walls by grain boundaries, and lack of domain
wall movement explains the high coercive fields 197.

Having applied an external magnetic field during the
aerosol deposition, Sugimoto ez al. 200 reported improved
magnetic properties of AD Sm-Fe-N films. When two
Nd-Fe-B permanent magnets were placed facing each oth-
er parallel to the film plane, an external magnetic field up
to 0.19 T was applied. There are also reports of employ-
ing the magnetic field perpendicular to the substrate, but
no significant improvement in the magnetic properties of
the AD films was observed 200, Fig. 26 shows the demag-
netization curves of aerosol deposited Sm-Fe-N with or
without an external magnetic field of 0.19 T perpendicular
to the AD layer.

While the coercivity H rises by only 5% from
1420 kA/m to 1480 kA/m, the remanence By augments
distinctively from 0.42 T to 0.54 T, which is an increase of
29 % compared to AD films deposited withoutan external
magnetic field 201,

There have also been investigations on the influence of
the deposition angle of the nozzle during the aerosol depo-
sition. Although no improvements on the magnetic prop-
erties of Sm-Fe-N were reported, the surface roughness of
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AD films decreased, when the deposition angle of the noz-
zle was increased by 45° 63,
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Fig.26: Demagnetization curves of aerosol deposited Sm-Fe-N
with or without an external magnetic field. Reprinted from 201 with
permission from the Japan Institute of Metals and Materials.

(b) Ceramic ferrites

Soft magnetic ferrites such as (Ni,Zn,Cu)Fe,O 4 are used
as high-frequency inductor cores and power supplies,
where high magnetic permeability and remanence, and
low coercive field, conductivity and magnetic loss are de-
sirable. Ferrites are also used to suppress electromagnetic
interferences (EMI), where both high real and imaginary
permeabilities (#,” and z,”) are desirable. The increase of
microwave radiation owing to the use of wireless commu-
nication tools, like cellular phones (0.9 - 2.6 GHz) or wire-
less LAN applications (2.45 GHz) demands suitable ma-
terials for miniaturized EM absorbers. Lebedev et al. em-
ployed AD to fabricate Ni-Zn-Cu ferrite films at a depo-
sition rate of 2 um/min, which is considerably higher than
that of the commonly used techniques like CVD or PLD
exhibiting a deposition rate of only 0.067 um/min 202,
Films of (NiO.4ZnO.4CuO.ZO)0_52(136203)0'43 with a thick-
ness of 6 um were obtained. Owing to the small grain size
of 20 nm and high internal strain of the as-deposited films,
atemperature post-treatment was conducted at 800 °C for
5 minutes in air in order to relieve the stress and increase
the grain size. With this post-treatment, the saturation
magnetization of the annealed samples could be increased
from 0.147 T to 0.3 T compared to the as-deposited films.
However, the coercive field remained high (H .=40kA/m)
in contrast to the bulk material with H_=4.7 kA/m.

This behavior was circumvented by Kagotani ez al. using
different ferrite powder compositions 293. While the de-
position conditions remained the same as in 202, the mag-
netic properties of Nig,5Znq ¢5sCuq 1,Feq 9304 AD films
were nearly equal to that of sintered ferrite samples after a
heat treatment of about 1000 °C as can be seen in Fig. 27.
Annealing of the films is again considered to decrease the
distortion induced by the deposition process and therefore
also decrease the anisotropy energy resulting in a reduced
coercive field. While J; and H . are almost equal to the sin-
tered specimen, the permeability . doubled from 100 to
200 at a frequency of 10 MHz.
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Fig.27: Aerosol deposited nickel zinc ferrites: Dependence of sat-

uration magnetization and coercive field on annealing temperature
(after 203),

To avoid heat treatments, composite films using Fe and
Ni-Zn-Cu ferrite powders were processed by means of
AcD 204,205, Both ferrite and iron powders were mixed
together and then deposited. While the coercive field did
not change much, the saturation magnetization increased
considerably with increasing Fe content 294. Furthermore,
as-deposited films with high Fe content show a relative-
ly high permeability comparable to the heat-treated Ni-
Zn-Cu ferrite AD films. For a better process control in
terms of Fe content in the AD films, Ni-Zn-Cu and Fe
powder were co-deposited using two aerosol-chambers
and double nozzles by Sugimoto et al. 7. In this way, it
was also possible to control the fabrication of stacked AD
films in which the Fe content could be controlled. Mul-
ti-layer films were obtained with the ferrite layer exhibit-
ing a thickness of 1 pm and the Fe layer 15 um, respective-
ly. Kim et al. succeeded in depositing Ni-Zn-Cu films on
flexible PET sheets by mixing the ferrite raw-powder with
PTFE powder. In this way uniform AD films with high
thickness of 80 um were obtained °.

(8) Materials for sensing applications

An increasing number of sensors is required in almost
all application fields, like automation engineering, quali-
ty management, exhaust gas, and environmental measure-
ment engineering 206,207,208 This trend is increasing the
demand for smaller and cheaper devices with enhanced
accuracy. Aerosol deposition offers great potential to im-
prove existing sensor devices, as well as to enable new, pre-
viously impossible or unthinkable designs ¢. The general
suitability of AD films for sensing applications has already
been proven for gas sensors and pyroelectric sensors.

Sahner et al. used dense films of heavily iron-doped
strontium titanate (SrTiy;Feq 305 5, STF) as oxygen and
propane sensors 173. The electrical resistance of the semi-
conducting STF ceramics served as the sensor signal. All
measured samples exhibited the typical increase in resis-
tance Wlth decr.easmg oxygen Partlal pressure (po,) ar}d
maintained their temperature-independent resistance in
the range from 700 to 800 °C, which is in good agreement
with published bulk data. Furthermore, the same sensor
is able to quantify propane concentration in the range
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of 200 to 2500 ppm when operated at the low temper-
ature of 400 °C. The sensor signal was heavily affected
by the film thickness, leading to a much higher resistance
change and therefore sensitivity for lower film thicknesses
around 3 um. The authors emphasized the greatly simpli-
fied film preparation with the AD technique compared
to conventional screen printing followed by sintering.
With elimination of the sintering process, the formerly re-
quired SrAl,O, diffusion barrier layer, which prevented
the reaction with the substrate at high firing tempera-
tures, is no longer required. In addition, STF AD films
feature increased adhesion and strength. Bektas ez a/. con-
ducted similar experiments on dense, semi-conducting
tantalum-doped barium ferrate (BaFe ;Tag303_5, BFT)
AD films 209, achieving an even wider temperature range
with a temperature-independent response to po  from
700 to 900 °C. While the resistance was nearly unaffected
by usual exhaust gas components (like NO, NO,, CO,
CO,, H,O, C3Hy) at 800 °C, a particular selective re-
sponse to the NO concentration in the range from 1.5
to 2000 ppm becomes dominant at temperatures between
350and 400 °C. Consequently, an application in air quality
monitoring at 400 °C and under constant oxygen concen-
trations was suggested.

In contrast to the dense AD sensor films in 173 and 209,
Hsiao et al. investigated gas-sensitive films of zinc ox-
ide (ZnO) with a porous structure produced by AD 210,
Porosity was intended to improve the gas-sensing charac-
teristics by increasing the surface-to-volume ratio of the
film. The porous film morphology is probably a result
of the low carrier gas flow of 3 I/min, which led to re-
duced particle velocities and therefore inhibited the typ-
ical RTIC mechanism. After deposition, films were an-
nealed by means of laser radiation to modify the film sur-
face. Within the operating temperature range from 110 to
180 °C, carbon monoxide (CO) concentrations between
100 and 1000 ppm were measured. The system showed the
highest sensitivity at shortest response time to CO at a
temperature of 180 °C.

Aerosol deposition was also successfully applied for dif-
ferent negative temperature coefficient (NTC) thermistor
materials. The resistance R of NTC materials rapidly de-
creases with increasing temperature, following the equa-
tion R = A exp(B/T). A is a constant, T the temperature
in Kelvin and B the thermistor constant, acting as a mea-
sure for the temperature sensitivity of the material. NTC
materials 211 exhibit a suitable behavior for temperature
sensors or IR detectors like microbolometers or pyroelec-
tric detectors. Ryu et al. investigated the aerosol deposi-
tion of NiMn,O, and the NTC properties of resulting
films 212,213, The resistance, R, of the films showed the
typical exponential power-law behavior, with a thermis-
tor constant B above 3900 K, being significantly higher
than those of screen-printed films. Annealing up to 700 °C
lead to a decrease in both, the total resistance R and the
thermistor constant B. With the addition of Co and Fe as
dopants 214, the constant B could be enhanced up to over
5600 K. Ryu et al. concluded, that AD films of NiMn,O,
mightbe applicable in temperature-sensing and related ap-
plications. Hsiao 215 proposed a sensor layout using AD
ZnO films on Si3N4/Si substrates with Au/Cr electrodes.
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A single AD ZnO film was already able to detect radiation
from an IR laser with modulated frequencies, but only at
a single frequency band. A multi-frequency band pyro-
electric sensor was successtully achieved by combining
two ZnO films on the same bottom electrode: A 20-um-
thick AD film and a 1 um RF magnetron sputtered layer.
The thinner layer with a small thermal capacity is able to
detect higher frequencies, while the noticeably thicker AD
film measures smaller frequencies owing to its large ther-
mal capacity. This suggested layout could therefore cover
the sensing frequency band from 4 to 40 kHz with fast re-
sponse.

Aerosol-deposited PZT films were investigated for ap-
plication in magneto-electric devices 143216 by combin-
ing ferromagnetic/magnetostrictive and ferroelectric/
piezoelectric phases. With the application of an external
magnetic field, the mechanical deformation in the magne-
tostrictive phase was transferred to the piezoelectric phase
through elastic coupling, resultingina piezo-induced volt-
age. Furthermore, AD PZT films have been reported as
sensing components in a tactile sensor device or as piezo-
electric resonators in acoustic-wave mass sensors 1.

(9) Fuel cell materials and applications
Solid oxide fuel cells (SOFC) are widely studied, since

they are expected to become a competitive technology for
future statlonary and distributed power generation. The
operating temperature is generally in the range between
800 and 1000 °C, which offers the advantage of reforming;
thus the fuel cell is not limited to hydrogen, but can uti-
lize a variety of (fossil) fuels 217. However, high-tempera-
ture processes are subject to material degradation, ageing
and thermal expansion-contraction mismatch of compo-
nents such as metallic interconnects. Therefore, there is a
desire to lower operation temperatures to the intermediate
(IT-SOFC) temperature regime (500 — 800 °C) 217. This in
turn leads to the need for ceramic electrolytes with en-
hanced ionic (protonic or oxygen ionic) conductivity at
lower temperatures in order to reduce ohmic losses. This
could also be achieved with thinner electrolyte films in the
SOFC, as long as the films can be kept dense, gas-tight and
stable, which are the basic requirements for operation.

Most coating processes lack the ability to produce such
films for SOFCs or cannot be scaled up to large areas, but
the AD method offers promise for both dense electrolyte
and also porous electrodes. Another advantage of AD is
the low process temperature. For conventional fabrication
of SOFCs, high temperatures above 1000 °C are need-
ed to co-sinter the individual components, anode, elec-
trolyte, and cathode, to a stable and gas-tight package 218.
AD can be used to fabricate dense films at room tempera-
ture, although a modest annealing step is usually necessary
to achieve acceptable electrical properties.

Only one paper was found concerning proton-conduct-
ing electrolyte films fabricated by means of AD 219. Most
studies are about oxygen ion conductors such as yttri-
um- and scandium-stabilized zirconia (YSZ and ScSZ, re-
spectively) 28,220,221 " lanthanum strontium gallate mag-
nesite (La,Sr)(Ga,Mg)O3 (LSGM) 21, 222 3nd gadolinium-
and samarium-doped ceria (GDC and SDC, respective-
ly) 19,223, Hatano et al. 28 aerosol-deposited ScSZ on a
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porous ceramic substrate and made dense 8 pm-thick
films. Gas tightness was proved in a N, leak test. Choi
et al. 221 deposited dense, 7.5 um-thick YSZ films on a
porous NiO-YSZ substrate. After annealing up to 1000 °C
in air, the YSZ film showed no gas leakage, and the max-
imum power density (MPD) of the cell with AD-YSZ
electrolyte and LSCF cathode was improved. Beyond the
temperature of 1000 °C, annealing in air was found to in-
crease the porosity resulting in leakage of the electrolyte
film, whereas annealing at 1200 °C in reducing gas did not
affect the density.

Besides degradation owing to pore formation, anoth-
er serious ageing mechanism is the formation of low-
conductivity interlayers between components as a result
of diffusion 222. Annealing temperatures of 1200 °C and
higher, which can be necessary for electrolyte fabrication,
can cause severe cell degradation as a result of Ni diffusion
from anode into the LSGMC electrolyte and formation
of electronically conductive LaNiOj5. Again, AD at room
temperature can avoid this problem. Since the aerosol-
deposited crystallite size is usually less than 100 nm, an-
nealing at a modest temperature helps to increase crys-
tallite size and reduce electrolyte resistance. In addition,
by building an AD buffer-layer, Choi et al. 27 improved
degradation stability of the electrolyte-cathode interface.

Several studies are dedicated to counteracting degrada-
tion of the metallic (e.g. steel) interconnects caused by
oxidation at higher temperatures 28 181,183 =185 which
causes an increase in resistance attributed to the forma-
tion and growth of a low conductivity Cr-rich interlayer.
Choi et al. 181,185 compared conventional steel intercon-
nects with different AD-coated samples in respect of the
rise of the area-specific resistance (ASR) while testing the
long-term stability of interconnects (Fig.28). As can be
seen, all samples show an increase of ASR with oxidation
time, but the degradation of the e.g. MnCo,0,-coated
sample was delayed with six times lower ASR after ten
times the aging time (1000 h). Even better results were
obtained with AD protection films of (LaggSrp,)MnO;
and LaNiOs.
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Fig. 28: Area-specific resistance of bare stainless steel (SS) and dif-

ferent AD-coated steel versus oxidation time at 800 °C in air (af-
ter 181,185),
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The electrode components of an SOFC need to be porous
to provide three phase boundary surfaces. Highly porous
films of large area usually have stability problems, and
need to be sintered at elevated temperatures (>1000 °C)
which, in turn, causes grain growth 92. Choi ez al. realized
AD films for several cathode materials like (La,Sr)MnO3
(LSM) 183 (La,Sr)(Co,Fe)O5 (LSCF) 183,220,222,224 3pd
composites like LSM-YSZ 92and LSCF-GDC 21,27, They
adjusted the porosity by co-deposition (AcD) of a pow-
der mixture of (La,Sr)(Co,Fe)O5_s (LSCF) perovskite ox-
ide with polyvinylidene fluoride (PVDF) 224, Porosity in-
creased and adhesion strength to the electrolyte substrate
decreased with increasing amount of PVDF 224, For max-
imum power generation, an optimum between porosity
for gas permeability and adhesion for ion conduction has
to be found. With a PVDF content of 5 wt%, the power
curve for the cell gave a maximum power density (MPD)
of 0.79 W/cm? at 650 °C. Even higher MPD values were
subsequently obtained for a different cell setup with both
dense electrolyte and highly porous cathode fabricated by
AD, as shown in Fig. 292222, A maximum power genera-
tion can be found for an optimal porosity (polymer load-
ing) and optimal annealing temperature (see Fig. 29b).

The PVDF content also has an effect on crystal size of
the film 224, Presumably due to the compliant polymer
preventing fracture of the ceramic particles while impact,
the crystal size increases, as can be seen from XRD results.

An overview of AD-processed SOFC film materials is
given in Table 2 with some comment on properties. Ow-
ing to the low-temperature processing, an even broader
spectrum of materials and combinations may be realized
for improved cell performance. For example, BiMeVOx
AD films have recently been deposited, and conductivity
measured 1. Future research should focus on thelong-term
stability of AD-processed SOFC components.

(10) AD in battery applications

Energy storage using batteries is increasing in portable
communication devices and electric vehicles, for example.
For high-energy applications like electric vehicles, sec-
ondary batteries still suffer from low specific capacity and
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energy compared to conventional combustion systems,
making them less competitive 223. In comparison to lead-
acid and Ni metal hydride, lithium ion batteries (LIBs)
have certain advantages in terms of power and energy den-
sity 225,226 but have safety issues. A solution is all-sol-
id-state batteries (ASSBs). Besides high capacity, the cycle
stability and capacity retention over long life-time needs
to be ensured. Dense and thin electrolyte layers in the
low-um range can guarantee safe operation by minimiz-
ing ohmic losses. As in SOFCs, good adhesion and elec-
trical contact between components is required for battery
cells. As one of the first, Popovici et al. showed a fully
AD all-solid-state battery consisting of Li; Ti5O ¢, (LTO)
anode, Lij 3Alq5Ti; 7(PO,)3 (LATP) electrolyte and Li-
CoO, (LCO) cathode 227. Cells were tested, but the per-
formance was not sufficient.

In order to increase the mass-specific capacity, novel
materials are being studied 223. Silicon, for example, is a
promising anode material showing high lithium storage
capacity based on the formation of Li-Si alloy (e.g. Li5,Sis5
with a theoretical specific capacity of 4200 mAh/g228).
This capacity is around ten times higher than that of con-
ventionally used graphite (LiCg4 with theoretical capacity
of 370 mAh/g). Butalong with this reaction comes astrong
volume change of approximately 400 %, leading to par-
tial destruction of the anode material and low cycle stabil-
ity. One group uses the so-called gasdeposition for Si and
composite materials of Siand various additives 12, 229-237,
Punctiform films are formed with a round nozzle by a
shot-wise injection of a prescribed amount of powder in-
to the carrier gas. Cyclo-voltammetry and cyclic charge/
discharge characterizations were conducted on these sam-
ples. Most studies deal with powders of coated Si (e.g.
Cu 236, Ru 235, Ni-P 233) as well as co-deposition of e.g.
La,Si/S112 and Mg,Ge/Si234. At least for small coating
areas, cycling stability and retention were improved over
AD films of pristine Si (Fig. 30). Of the shown materials,
in particular the Ni-coated Si showed high stability with
a specific capacity higher than 500 mAh/g over the whole
cycling range.
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Fig.29: (a) SEM micrograph of a fracture surface of a cell (electrolyte and cathode by AD) tested at 750 °C (Reprinted from 222 with per-
mission from Elsevier) and (b) I-U and I-P characteristics of cells with different annealing temperatures (operation temperature 750 °C)

(after 222),
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Table 2: Overview on materials deposited by means of AD for the use as components in SOFC application.

Material Ref. |Comment
Oxidation resist./buffer |(La,Sr)MnO3 (LSM) 183 |Interconnect (IC) oxidation resist., 10 um,
layers (BL) ASRgo0 °C,100h: 20.6 mQ-cm?
184 IC oxidation resist., 10 um, ASR g0 oc, 1000h: 10-4 m€-cm?
YSZ-LSM 98 |IC oxidation resist., 2— 6 [Lm, various powder mixtures
(La Sr)(Co,Fe)O3_5 (LSCF) |18 |IC oxidation resist., 10 um, ASRgog o, 10h: 11.7 mQ-cm?
MnCo,0, 185 |1C oxidation resist., 3 um, ASRgqq o, 1000h: 13-4 mQ-cm?
LaNiO; 181 |IC oxidation resist., 5 um, ASRgoq o 1000h: 7-34 mQ-cm?
(Gd,Ce)O,_5 (GDC)- 27 |Diffusion barrier, YSZ|GDC-Gd,O3|LSCF-GDC
Gd203 (E|BL|C), MPD750 °C: 1.74 W/sz
Interconnect (IC) (La,Sr)CrO5 (LSC) 28 120 um, cylindrical cell
Cathode (C) LSM-YSZ 92 135 um, Ni-YSZ|YSZ|LSM-YSZ-PVDF (A|E|AD-C),
MPD6OO oCt 0.14 W/sz
LSCF 222 [Ni-GDC|LSGMC|LSCF (A|AD-E|AD-C), MPD 5 oc:
0.9 W/cm?2; diff. annealing temp.
224 | Diff. PVDF-mixture; Ni-GDC|LSGMC|LSCF (A|AD-
E|AD-C), MPD 50 oc: 1.11 W/cm?
21 [Ni-YSZ|YSZ|LSCF (A|AD-E|JAD-C)
220 |(La,Sr)TiO; diff. barrier, Fe-Cr|LST|Ni-
GDCJ|YSZ|LSCF (Support/BL|A|AD-EJAD-C),
MPD750 oCt 0.71 W/sz
LSCF-GDC 21 |25 um, Ni-GDC|LSGMC|LSCF-GDC (A|AD-E|JAD-C)
Electrolyte (E) Sc-stabilized ZrO, (ScSZ) |28 |8 um, gas leakage test
Smo'zceo‘goz_g (SDC) 223 1.5 Um, N1|SDC|LSCF (A|AD—E|C), MPD7OO oCt
0.34 W/cm?2
(La,S)(GaMg,Co)Osy |22 |Ni-GDC|LSGMC|LSCF (A|AD-E|AD-C),
(LSGMC) MPD 50 0c: 0.9 W/cm?; diff. annealing temp.
21 |7 um, Ni-GDC|LSGMC|LSCE-GDC (A|AD-E|AD-C),
MPD65O oCt 0.39 W/sz
YSZ 21 |75 um, Ni-YSZ|YSZ|LSCF (A|AD-YSZ|AD-LSCE),
diff. annealing temp./atm., gas-tightness-test
220 |(La,Sr)TiO; diff. barrier, full cell setup: Fe-Cr|LST|Ni-
GDCJ|YSZ|LSCF (Support/BL|A|AD-EJAD-C),
MPD750 oCt 0.71 W/sz
Gd-doped CeO, (GDC) 19 | AD and oxygen ion conductivity
Y-doped BaZrO5 (BZY) 219 |BSZY20, Protonic ceramic fuel cell, diff. powder synthe-
SiS, MPD7OO oCt 0.18 W/sz

Good adhesion of films to the substrate materials over
long cycling, a decisive advantage of AD, was also ob-
served for these Si films. Again, these experiments were
conducted on small area samples with thicknesses of
1—4 um. Attempts at larger areas have not been reported
as far as the authors know.

Ahn et al. described the aerosol deposition of graphite
and of iron oxide, the latter being another potential an-
ode material with high theoretical capacity for lithium
ions 238, Several investigations show cyclability up to 1000
discharges 12,229,233,235 Many AD battery cells show spe-

cific discharge capacities far below the theoretical value
of the material. Inada ez al. interpret this behavior as an
effect of film strain and degraded crystallinity resulting
from the AD mechanism 239. By depositing agglomerated
LiyTisO4, (LTO) powder as anodes, they formed porous
films with a crystallinity comparable to the raw powder
and free of internal stress. Using a liquid electrolyte set-
up, the discharge capacity of the films was found to be
as good as 91 % of the theoretical specific capacity (ca.
175 mAh/g) of LTO (0.5C-rate) with good capacity reten-
tion over 100 cycles.
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Several groups are also dealing with processing
of cathode materials such as LiFePO, (LFP)240-242
LiNi,CoyMn,O, (NMC) 243, 244 and LiMn, O, 1.

There are also studies on AD of Li-ion conduct-
ing electrolyte materials like the NASICON-type
glass-ceramics Lij 3Al55Ti; 7(POy); (LATP)245 and
Lij 5Al55Ge; 5(POy); (LAGP)246, as well as on
Li;LasZr,Oq, (LLZO)24. Khan et al. 246 deposited
LAGP films of more than 10 pm on platinized silicon
substrates. The films showed low conductivity in the
range of 8.5-10-% S/cm in the as-deposited state. Howev-
er, with annealing at temperatures of 600 and 750 °C, the
conductivity could be increased to values of 10-5 S/cm
and 10-* S/cm, respectively. However, this temperature
step may be detrimental, since it can cause cell degrada-
tion from thermal expansion or diffusion.

Table 3 summarizes the literature on battery anode, cath-
ode, and electrolyte materials processed by AD.

As shown already in previous sections, materials prop-
erties like ion conductivity are strongly influenced by the
crystallinity of the material. Especially for solid electrolyte
applications, a dense film morphology is indispensable.
This often comes with process-related small crystallite
sizes and lattice distortions, which are assumed to result
inunwanted low conductivities owing to increased overall
resistances of the material. To a good part, recovery of the
electrical properties can be achieved by thermal treatment
at temperatures markedly below the particular sintering
temperature. On the other hand, the technically relevant
parameter for electrolyte films is the area-specific resis-
tance, which is also dependent on the film thickness. Since
AD films in the low um-range can be produced densely,
this might be a superior advantage of AD.

V. Conclusions and Outlook

In this overview, we have reviewed and summarized the
ongoing development in the field of aerosol deposition
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since the publication of the first overview paper by Akedo
in 2008. There is growing interest in this field, as evidenced
by the increasing number of research groups and their sci-
entific publications. Presently, a large variety of ceramic
materials, devices and applications are being contemplat-
ed.

Fundamental research has mostly been conducted on
Al,O3. Simulations of particle impact during AD indicate
that high energy and strain rates lead to fracturing of parti-
cles, corroborating overwhelming experimental evidence
of reduced grain size. This is thought to be a relevant step
for anchor layer formation and film growth. Continuous
bombardment of the growing film with (large) particles,
the so-called hammering effect, is thought to be the im-
portant mechanism for further build-up and consolidation
of the film. While the general picture of impact consolida-
tion is now agreed upon, questions about the detail, like
the particle-particle interaction and possible chemical re-
actions taking part during film formation remain unan-
swered. One recent investigation provides evidence for
a chemical bond between film particles (Al,O3) and the
substrate (Cu). Such detailed investigations should be ex-
tended to cover other materials. A better understanding
of the aerosol deposition mechanism(s) and relevant pow-
der characteristics will aid the production of higher qual-
ity films and higher deposition efficiencies. More work is
needed.

The first commercial AD productis an Y,O3 coating for
improved plasma resistance applications 28. For wear-re-
sistant or passivation coatings, AD is very close to meeting
the material demands of high density, good adhesion, and
scratch resistance. The films usually do not need thermal
post-treatment since full functionality is achieved in the
as-deposited state. An increasing number of companies is
applying for patents 250-253 in the field of solid electrolyte
batteries, as well as optical and MEMS devices. In 2010,
Akedo stated that already more than 40 patents were sub-
mitted each year by Japanese companies 254.

Electronic ceramics like PZT and BaTiO3 have been
aerosol-deposited, but properties of sprayed films — espe-
cially if dominated by grain boundary effects — are often
different from bulk ceramics. This is due to the reduced
particle size and crystallinity, and increased residual stress
in the film. Annealing treatments must often be used to
improve properties to acceptable levels, but at least these
annealing temperatures are typically far lower than nor-
mal sintering temperatures. This gives AD a distinct ad-
vantage.

Regarding SOFCs applications, annealing could take
place during initial usage at the operation temperature
of several hundred degrees Celsius. For battery AD sol-
id electrolytes, partial recovery from the lowered ionic
conductivity has also been observed. The area-specific
resistance (ASR) may be effectively controlled with AD
layer thickness.
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Table 3: Overview on investigated materials for battery cell applications conducted with AD

Material Ref. Comment
Anode Li,TisO4, (LTO) 227 Full cell setup by AD
239 91 % of discharge cap. of theoretical cap. (at 0.5C rate), good cap.
retention
Si 237 Carrier gas influence, spot-like gas deposition
Si (Cu-coated) 236 Spot-like gas deposition; 570 mAh/g at 1000 cycles
FeSi/Si 230 Influence of mechanical grinding
Si (Ru-coated) 235 Punctiform gas deposition; 570 mAh/g at 1000 cycles
Si (Ni-, Ni-Sn-, Ni-P-coated)| 229 Punctiform gas deposition; 790 mAh/g at 1000 cycles (Ni-P)
Si (Ni-P-coated) 233 Point-like gas deposition; 780 mAh/g at 1000 cycles
Si (Niand Cu-coated) 231 Punctiform gas deposition
Ti0,/Si 232 Point-like gas deposition; 710 mAh/g at 900 cycles
Mg,Ge 248,249 | Punctiform gas deposition
Mg,Ge/Si 234 Punctiform gas deposition
LaSi,/Si 12 Punctiform gas deposition; 500 mAh/g after 300 cycles
Graphite 240 Thickness: 250 nm; Full cell test
Fe,O; 238 Film Thickness: 300 nm
Cathode LiCoO, (LCO) 227 Full cell setup by AD
LiNi;/3Co1,3Mn{ 50, 243 Discharge cap. 152 mAh/g at 20 cycles
(NMC)
LiNig 4Coq3Mng 30, 244
LiMn,0y, 11 79% of initial discharge cap. after 500 cycles
LiFePO, (C-coated) 240 Thickness 1 um; Full cell test
242 Thickness 0.75 um
241 SSB: AD-LFP/LLZO/Li metal
Electrolyte |Lij3Alp3Ti; #(POy)s 227 Full cell setup by AD
(LATP)
245 Ohulk: 3-62:1073 S/cm; gpyp:1.12:10°6 S/cm
Lij 5Alg5Ge 5(POy)s 246 Thickness of 10 um; Effect of annealing on conductivity,
(LAGP) Tas-dept 8:49-1079 S/em, 075002 1.16:10°* S/cm
Li;La3Zr,Oq; 247 Film thickness LLZO: 20 um; SSB: AD-LFP/AD-LLZO/Limetal

Although touted as a means to thick ceramic films with
high density, AD canalso be used to produce adherentand
stable films with controlled porosity. This opens up new
applications in the fields of membranes, sensors, catalytic
supports, etc. This is beginning to receive attention, with
novel approaches for engineering porosity using mixtures
of materials in co-depositions (AcD and AcDc). Other tai-
lorable features include gradient, multilayering, and pat-
terning.

Additional materials and applications for AD will un-
doubtedly emerge, likely in the very near future. Ex-
pectations are for energy-related materials, like ther-
moelectrics 255256, and superconductors 257 =259, opti-
cal coatings, and thermal barrier coatings. Materials like
metallic glasses, which are studied intensively at the mo-

ment 19, are also promising candidates for commercial
application. Several AD attributes such as coating flexibil-
ity on metal or polymer foils, patterning of surfaces, and
multilayer or material and porosity gradient films, all give
potential for application in many fields.

Engineering challenges which remain for commercial
adoption of AD as a competitive manufacturing process
include: scale-up to larger coating areas using larger or
multi-nozzle designs 28, reel-to-reel processing of large
areas 29 and deposition onto complex (non-planar) ge-
ometries. One major disadvantage for AD is the very low
deposition efficiency, often less than 1% 260. A deeper
investigation of process efficiency and materials recycling
or recirculation in the process is necessary to limit costs.
Just a few publications deal with this 260,261 despite its
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importance with respect to commercialization of this pro-
cess.

On the other hand, for low-volume production or rapid
prototyping requiring flexibility, AD offers an advantage
over conventional coating processes. AD may also enable
a significant decrease in environmental load (toxic chem-
icals), as well as power consumption and manufacturing
time 262, For example, patterning of films is possible with
masks directly during coating, eliminating the need for
toxic etching chemicals. Power consumption can be dras-
tically lowered, since AD films require lower temperature
heat treatment, or in some cases no treatment at all. Short
cycle times and small investment costs for the equipment
make AD an economical coating process.
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