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Ceramic integration technology requires downsizing and/or improvement of device performance in many
applications, such as in the fabrication of microelectromechanical systems, display devises, fuel cells,
optical devices, and RF components. For these applications, realization of high-speed deposition rate,
low process temperature, and fine patterning in ceramic coating are very important. The aerosol
deposition (AD) method has many advantages for above requirements in comparison with conventional
thin-film method or thermal spray coating technology. In this article, advantages of the AD method are
highlighted by realizing a comparison with conventional thin-film methods and thermal spray technology.
Challenges associated with AD method are also highlighted. At the end, examples of integration of AD
method in the fabrication of electronic components are also given to show the easiness in usage and in
integration of this method in the device process flow.
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1. Introduction

The manufacturing of ceramics usually requires
sintering at temperatures higher than 1000 �C which
makes it difficult to compound or integrate ceramics with
low-melting point, metals, glass, or plastics. This is a
serious problem for upgrading electro-ceramic compo-
nents and optical components. For example, an effective
and reliable technology is required to fabricate actuators
made of piezoelectric thick films for optical scanners,
micromotors (Ref 1, 2), scanning force microscopy
(Ref 3), micropumps, ultrasonic mixers (Ref 4, 5), and
micromanipulators for medical applications in micro-
electromechanical systems (MEMS). Improvements in
technological process will be very important in the near
future to produce ink-jet printer heads that will reduce
the printing time, and to produce flapper-actuators that
will control the high-speed positioning of recording heads
for high-density storage drives (Ref. 6). For these appli-
cations, using piezoelectric or electrostrictive materials
with large strain and high-speed response often require
dense and thick micropatterned films, thickness exceeding

5 lm in many cases (Ref 2, 7, 8). However, thick layers
produced by conventional thin or thick film methods
usually have cracks and may easily peel from the sub-
strates. With these methods is also difficult to produce
complicate material compositions and fabrication can be
time-consuming and costly.

Figure 1 summarizes the conventional methods used
to fabricate lead-zirconate-titanate (Pb(Zr0.52,Ti0.48)O3,
PZT) films on substrates and the applications of these
films. There are many reports on the fabrication of PZT
films of thicknesses ranging from 0.08 to 5 lm by sol-gel
(Ref 9, 10), sputtering (Ref 11, 12) metalorganic chemi-
cal vapor deposition (MO-CVD) (Ref 13), pulse laser
ablation (Ref 14), electron beam evaporation (Ref 15),
and ion-beam deposition (Ref 16). In these methods,
dense PZT film can be formed and oriented on a Pt/Ti/
SiO2/Si substrate. However, fabrication of PZT films with
a thickness of over 1-3 lm using these methods requires
much attention because there are many problems to
overcome regarding film quality or deposition. Hydro-
thermal synthesis (Ref 17, 18) has the advantage of a
low-process temperature at 150 �C and the poling pro-
cedure is not required. However, the surface roughness
and the density of the films are poor. The PZT thick
films fabricated by the screen-printing method (Ref 19,
20) have a low density and PZT/Pt/Si structures can be
damaged because of the long firing time at temperatures
higher than 800 �C. An improved screen-printing method
with a low-temperature sintering and a high-resistance
electrode has been reported (Ref 21), but the piezo-
electric properties of films produced by this method were
not reported. For sputtered and sol-gel derived PZT thin
films, a postdeposition rapid thermal annealing treatment
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(Ref 22) was introduced to reduce the damage to the
substrate or structure, and to improve the electrical
properties. However, for thick films, with a thickness
over 1 lm, this process was not so effective. The etching
of thick ceramic films by plasma etching (Ref 23),
inductively coupling plasma etching (Ref 24, 25), or
reactive ion etching (Ref 26) is also difficult. For bulk
PZT adhered to a Si membrane, it is difficult to ensure
an adequate mechanical and electrical coupling between
the films and to assemble complex structure. Thus, it can
be concluded that, by conventional methods, fine pat-
terning of thick (over 1 lm) PZT films on Si-based
substrates is still difficult to realize.

To reduce costs and fabrication time and to avoid
damages on circuitry already present on the substrate, it is
very important to have a high-speed deposition rate, a
low-process temperature, and fine patterning. Until now, a
number of studies have been aimed at reducing the sin-
tering temperature for the purpose of reducing energy
consumption, and implementing innovative functional
components through the integration with metal or glass
materials. Several deposition methods based on the prin-
ciple of particle collisions have already been investigated.
Recently, cold spaying method (CSM) for metal materials
has attracted much attention. However, for ceramic
materials this method is not successful.

For these reasons, a new deposition technique based on
collision adhesion of fine particles for fabrication and
micropatterning of thick ceramic layers has been devel-
oped, named the aerosol deposition (AD) method. The
AD (Ref 27-31) is a novel and a very attractive coating
method for ceramic integration. Submicrometer ceramic
powder is mixed with a carrier gas to form an aerosol flow,
ejected through a micro-orifice nozzle and deposited onto
a substrate in the deposition chamber kept under vacuum
during the deposition. A special attention is paid to
the character of primary powder particles and the depo-
sition conditions. Using this method, ceramic layers of
Pb(Zr,Ti)O3, a-Al2O3, Y2O3, YSZ, AlN, MgB2, and other
ceramic materials with nanocrystalline structure, high
transparency, high hardness, and high-breakdown voltage
were formed at room temperature. It is suggested that

during impact of the fine particles with the substrate, a
part of the particle�s kinetic energy is converted into a
bonding energy between the substrate and the fine parti-
cles and between the fine particles themselves. In fabri-
cation of thick films with thickness range of 1-100 lm, AD
method has many advantages in comparison with con-
ventional thin or thick film methods or thermal spray
methods.

2. Aerosol Deposition Method

The AD method is based on shock-loading solidifica-
tion due to the impact of ultrafine ceramic particles with a
surface (Ref 27, 28). First, particles are mixed with a gas to
generate an aerosol. This aerosol is ejected through a
nozzle at low pressure and impacted onto a substrate to
form a thin/thick film. During the impact with the sub-
strate, part of the particle�s kinetic energy is converted
into thermal energy causing increase in temperature at the
point-of-impact and promoting bonding between the
substrate and the particles and also between multiple
particles. However, the detailed mechanism occurring
during the particle impingement with a surface in the AD
method has not been fully clarified yet.

Figure 2 shows the deposition apparatus and Table 1
gives the deposition conditions for the AD method. The
AD apparatus consists of two vacuum chambers connected
by a tube. The first chamber is an aerosol-generation
chamber and the second chamber is a deposition chamber.
The deposition chamber is used for the formation and
patterning of films. The aerosol-generation chamber has a
carrier gas system and a vibration system to mix the
powder with the carrier gas. The aerosol generated in this
chamber is delivered to the deposition chamber by a
pressure difference between the two chambers. The
deposition chamber contains a nozzle, a substrate holder
with a heating system, and a mask alignment system
used for making patterned films. A rotary vacuum pump
coupled to a mechanical booster pump is used to vacuum
this chamber to a pressure of about 50-2000 Pa during
deposition. Figure 2(b) shows various size deposition
machines.

Sintered ceramic powders with a particle size range of
about 0.08-2 lm are typically used as the deposition par-
ticles. After suspension in the carrier gas to form an aer-
osol, the aerosol is accelerated to several hundred m/s
through a rectangular orifice with width <1 mm. Not all of
the aerosol particles will be deposited onto the substrate.
The ratio of deposited to nondeposited particles strongly
depends on particle size and the degree of aggregation of
the particles. To form films with an acceptable density and
material properties, particles with a particular size and
morphology must be used. To generate a jet of particles
with acceptable size and morphology, a de-agglomeration
device and a filter are used between the aerosol-generation
and deposition chamber to break the particles apart as
much as possible and to select particles in a prescribed size
range.

Fig. 1 Fabrication method for PZT layer in various thickness
ranges
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3. Room Temperature Impact
Consolidation

3.1 Consolidation of Ceramic Powders at Room
Temperature

For the AD method, the high-speed film formation of
ceramic films at room temperature with a high density and

a high transparency is possible by optimizing the particle
diameter and deposition conditions. The result is a process
that yields an acceptable consolidation at room tempera-
ture without the need for a thermal treatment. This pro-
cess is called room temperature impact consolidation
(RTIC) (Ref 28, 29, 32).

Figures 3 and 4 show micrographs of typical RTIC
ceramic layers, cross-sectional SEM image of an as-
deposited a-Al2O3 layer at room temperature, comparison
of its x-ray diffraction (XRD) profile with the profiles
obtained for the raw powder and bulk material, and
Transmission Electron Microscopy (TEM) images of as-
deposited layer and starting powder. The formation of
thick films with a thickness over 100 lm having high
transparency were confirmed, as shown in Fig. 3(a) and
(b). Using a multinozzle system, the coating area could be
enlarged as shown in Fig. 3(c). The aerosol deposited films
showed a relatively good thickness uniformity of 1.4%.
The surface roughness (Ra) was <100 nm. The deposited
film has a high density and randomly oriented polycrys-
talline nanostructure with a crystal grains smaller than
20 nm in length. TEM and electron diffraction imaging did
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Fig. 2 Schematic (a) and prototype photograph (b) of aerosol deposition (AD) apparatus

Table 1 Typical deposition conditions (Experimental
parameters)

Pressure in deposition chamber 0.05-2 kPa
Pressure in aerosol chamber 10-80 kPa
Size of nozzle orifice 5 · 0.3 mm2; 10 · 0.4 mm2

Accelerating gas He, N2, air,
Consumption of accelerating gas 1-10 l/min
Maintained substrate temperature

during deposition
300 K

Scanning area (area of deposition) 40 · 40 mm2, 400 · 400 mm2

Scanning speed of the nozzle motion
along substrate

0.125-10 mm/s

Distance between the nozzle
and substrate

1-40 mm
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not show either amorphous layers or hetero structures at
the boundary of the crystal grains. The XRD profiles
confirmed that the spectral phases of the a-Al2O3 particles
were retained in the deposited layer. However, a broad-
ening of the spectral peaks and a slight shift in peaks angle
positions were observed. The reason for the change
between the spectra of the raw particles and the deposited
layer is due to the reduction of the film crystal size and/or
the distortion during the deposition. Clear lattice images
in crystal grains <10 nm were observed, as well as uniform
microstructures at the boundary between the substrate
and the deposited layer. For a-Al2O3 layers deposited at
room temperature, the film density was over 95% of the
theoretical density and Vickers hardness was 1600 HV
(Ref 27). Such a-Al2O3 layers are acceptable for use as
abrasion-resistant coatings (Ref 30). The crystal grain size
of the as-deposited films was smaller than that of the
starting particles because the starting particles break down
during collisions.

Table 2 shows the relationship between Micro Vickers
hardness, the crystallite size and particle impact velocity in
various AD-deposited materials. The layer hardness
increased with increasing particle-impact velocity, and
sometimes was higher than that of the bulk material,
which was sintered at a high temperature. Critical particle
velocities for an acceptable RTIC ranged from 150 to
500 m/s, and the velocity needed to create films with
acceptable hardness tended to increase with increasing
sintering temperature for a particular ceramic material.

Although distortions were included inside the films, a
rise of the substrate temperature due to particle collisions
was not observed. Consolidation of ceramic powders was
possible at room temperature without the use of binders.
Even if the formation of thin films using RTIC does not

require sintering, it produces high-density films. Accept-
able room-temperature deposition was observed not only
for oxide materials such as a-Al2O3, lead-zirconate-
titanate (PZT: Pb(Zr52,Ti48)O3), and Ni-Zn-Fe3O4, but
also for non-oxide materials such as AlN and MgB2. In
either case, particles with diameter greater than 80 nm are
needed to make films having an acceptable hardness.

3.2 Impact Particle Velocity and Local
Temperature Increase during AD Process

The particle�s velocity during the AD method was
measured by a time-of-flight method, in which some part
of the particles flow was mechanically cut from the total
flow and deposited onto a moving substrate. The deflec-
tion of the deposited pattern from the center axis, the
geometrical dimensions and the moving substrate speed
provide data to determine the particle flow velocity
(Ref 31). The merit of this method is that the impact
particle velocity is directly measured. This is a more
accurate method than the conventional measurement
using a high-speed camera that can only estimate particle
flow velocity. Figure 5 shows the relationship between the
impact particle velocity and gas consumption in control-
ling the particle velocity. The particle impact velocities
were estimated as varying from 150 to 500 m/s. The
critical velocity for RTIC of a-Al2O3 was 150 m/s. This
implies a very small kinetic energy compared to that
detained in the conventional shock compaction process.
Using the values measured for particle impact velocity, the
local rise in temperature and the shock pressure at the
point of impact between the particle and the substrate
were simulated by finite-element method (FEM) compu-
tational simulations using AUTODYNs-2D (CRC Solu-
tions Co., Tokyo, Japan) with Johnson-Holmquist
material model (Ref 29, 33, 34). In the simulation, the
particle diameter was set to 0.3 lm, which was the same as
the average diameter of the starting a-Al2O3 powder. Bulk
material constants of a-Al2O3 (Ref 35) were used for these
simulations. The maximum local temperature rise and the
shock pressure at the point of impact during layer for-
mation does not exceed 500 �C and 2.5 GPa, as shown in
Fig. 6(a) and (b). This local increase in temperature is too
small to induce any ceramic sintering. Consolidation fea-
tures of ceramic material fabricated using the AD method
are fundamentally similar to those in the case of the shock
compaction method. However, the local rise in tempera-
ture and the compact pressure for brittle materials such as
ceramics and glasses were less than those of over 1000 �C
and 10 GPa that are typical for conventional shock wave
synthesis (Ref 36, 37).

3.3 Densification Mechanism of Ceramic Layers
in AD Process

From the simulation and experimental results, it may
be concluded that particle partial or total melting does not
occur during collision. Then, how can the reduction of the
crystallite size for the starting particle and the production
of dense structures during deposition be explained?

Pt/Ti/SiO2/Si - substrate 

(a)

(c)

α -Al2O3(4 µm)(b)

40 nm

Fig. 3 Photograph of AD-ceramic layer deposited at room
temperature using RTIC phenomenon. (a) Thick ceramic layer:
over 500 mm; (b) transparent ceramic layer: 99% @ 400-900 nm;
and (c) wide area coating: 200 · 200 mm2
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There are two possible explanations:

(i) First,onlysmallparticles<20 nm inthe jet flowwill actually
take part at the deposition to form the layer, and/or

(ii) Second, fracture and deformation of starting particles
are obtained during the impact with the substrate to
fill up the gaps between the deposited particles.

To clarify this, a mixed aerosol of a-Al2O3 and PZT
powders was deposited to form a composite layer. The cross
section of this layer was observed by HR-TEM to investigate
the densification and bonding mechanism of ceramic parti-
cles. Figure 7(a) and (b) shows TEM images of the a-Al2O3/
PZT composite layers. Selected area diffraction (SAD) for
both starting particles indicates that these particles have a
single crystal structure. Black and white regions indicate
PZT and(a-Al2O3, respectively, because lead elements are

αα-Al2O3

(×10,000)
2Theta

Raw material

AD layer

Bulk

(a) (b)

(c)

Fig. 4 Microstructure of a-Al2O3 layer deposited at room temperature by AD method. (a) cross-sectional SEM image of as-deposited
layer at R.T.; (b) comparison of XRD profiles; (c) TEM images of starting powder and as-deposited layer at R.T

Table 2 Mechanical properties of as-deposited AD
layers

Material

Hardness (Hv)
Average

crystallite
size of the
layer (nm)

Particle
velocity at

the collision
(m/s)

Layer
(deposited

at R.T.) Bulk (a)

Oxide
A-Al2O3 1200-2100 1900 ± 100 13-20 150-500
PZT 400-550 350 ± 50 10-30 100-300
(Ni,Zn)Fe2O3 700-750 1040 ± 80 5-20 250-600
Non-oxide
AlN 1100-1470 1180 ± 90 5-15 200-600
MgB2 700 ÆÆÆ 5-20 300-550

(a) Bulk sample were prepared from the same starting powder as
layers, by conventional sintering procedure (at temperature over
1200 �C)
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much heavier than aluminum elements and the electron
absorption for each element depends on their mass.
A laminar structure along the substrate plane was only
observed in the cross section TEM image. Inside black and
white regions, electron diffraction patterns with an 80 nm
electron beam irradiating diameter indicate a typical net-
pattern image, as shown in Fig. 7(b), and randomly oriented
small crystallite <20 nm were observed in a zoom-up image.
These crystallites were almost the same in size as those in the
as-deposited a-Al2O3 films (shown in Fig. 4c). The volume
of the black part, assuming an oval shape, was close to that of
starting particles of PZT. The fracture toughness of the
a-Al2O3 starting particle was estimated as 3-6.5 GPa by the
special nano-indentation system (Ref 38). This value was
close to the value obtained for maximum impact pressure in
the simulation meaning that the a-Al2O3 starting particle is
most likely to be fractured during impaction. From these
results, it was concluded that the dense structure occurs due

the reduction of crystallite size by fracture or plastic defor-
mation at room temperature during the AD process. This
explanation for densification of ceramic particles during the
AD process is different from that of conventional shock
compaction. The plastic deformation of ceramic particles at
room temperature can be assumed not only for a-Al2O3 case
and may be a general phenomenon because AD layers for a
large variety of ceramic material could be easily formed.

By comparison, the Cold Spray (CS) method (Ref 39, 40)
for metal coating requires particle velocities over 500 m/s to
fabricate high-density layers, being much higher than the
ones required for AD method. Also, melting points of
ceramic materials are higher than that of metal materials
and ceramics are more difficult to deform. Therefore, the
bonding mechanism in the case of AD cannot be explained
as for the case of the CS method. To date, the bonding
mechanism between the fine particles themselves and
between the substrate and the fine particles has not been
clarified. There are still some questions to be answered
regarding the AD deposition. Does the generation of a
clean and active layer of starting particles makes the particle
bonding at a low temperature possible? Is some kind of
chemical reaction induced during impaction? To answer
these questions more studies are needed on the bonding
mechanism of ceramic particles during the AD deposition.

3.4 Influence of Carrier Gas

If the carrier gas and pressure in the deposition
chamber are properly selected to reduce the electrical
discharge during the particle deposition, transparent PZT
and alumina films with transmission efficiencies of 60-90%
at wavelengths ranging from 400 to 800 nm can be formed
at room temperature (Ref 29, 32). The reason why this can
be achieved is because during deposition the size of the
defects (pores, grain boundaries) in the starting particles is
reduced being smaller than those found in sintered, bulk
materials, and because the particle grain size is smaller
than the wavelength of the visible light. Carrier gas and
gas flow seem to have an effect over the AD films optical
properties. Plasma illuminations have been observed

(a) (b)
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Fig. 6 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 (Ref 29)

0 5 10 15 20
0

100

200

300

400

500

600

Air

He

V
el

oc
ity

 (
m

/s
)

Gas consumption (l/min)

Al
2
O

3

PZT
Al

2
O

3

PZT

Fig. 5 Relationship between impact particle velocity and gas
consumption to control the particle velocity for different gases
(nozzle of 10 · 0.4 mm2)
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during collision of fine particles with the substrate due to
the fracture of brittle materials (Ref 41). Photographs of
PZT films deposited at room temperature using He or N2

as carrier gas and the emission spectra at the point-of-
impact are shown in Fig. 8. The color of the deposited
films is influenced by the carrier gas. Considering previous
reports (Ref 28, 29), the film color change is explained by
discharging during the deposition. Such discharging
induces defects in the film and the drastic decrease of the
films transmittance. When He gas has been used, if con-
sumption was increased, plasma discharging was increased
and thus the film color became even darker. The results of
the emission investigation will be reported in detail later.

4. Deposition Properties and Film
Patterning

4.1 Deposition Ratio and Influence of Starting
Powder Properties

High-deposition rates can be achieved easily with AD
method because the source material is already in particle

state form. These deposition rates are at least 30 times
higher than other conventional thin-film formation meth-
ods. Therefore, the AD method is an attractive manu-
facturing process due to high throughput. The particle
velocity and concentration in the aerosol jet at the nozzle
increases with increasing carrier gas flow rate, resulting in
increased deposition efficiency. Starting particle proper-
ties, such as the average particle size and the size distri-
bution, mechanical, and surface properties can also
strongly affect the deposition efficiency (Ref 42).

The deposition rates for PZT AD layers using powders
subjected to various milling procedures are indicated in
Fig. 9. It can be seen that, by increasing the milling time,
the deposition rate of the PZT layer significantly increased
and reached a maximum of 73 lm/min for a 5 mm2

deposition area when powder was milled for 5 h. This
value is 30 times higher than that for a starting powder
without the milling procedure. An interesting fact is that
the deposition rate decreased as a result of further milling
to 30 h. It is assumed that particle surface properties (for
example, surface activation, defects, and gas absorption)
will change by longtime milling making them less probable
to be deposited in the same conditions. This milling

Crush of particles

(c)

50nm

(b)

PZT

Direct ion of shock loadingDirect ion of shock loading(a)

Al2O3

200nm

Fig. 7 TEM image a-Al2O3/PZT composite layer and densification mechanism. (a) Cross-sectional TEM image; (b) zoom up image; and
(c) densification image (Ref 29)
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procedure is applicable to control the porosity of ceramic
layers deposited by the AD method.

The starting powder particle size and shape strongly
influence the RTIC phenomenon in the AD method. If
spherical a-Al2O3 ultra-fine particles with average particle
size around 50 nm were used, after AD deposition the
films have a pressed-like structure and the RTIC
phenomenon could not be observed even if the ejecting

particle velocity from the nozzle was over 400 m/s and
particle size was very small (Fig. 10a). In contrast, if
nonspherical a-Al2O3 fine powder with average particle
size around 1 lm was used, the deposited particles on the
substrate were consolidated at room temperature and
RTIC phenomenon was observed even for particle
velocities around 200 m/s, as shown in Fig. 10(b). As a
result, high density and transparent ceramic layers were
obtained. These results are explained by aerodynamic
properties of the particle jet flow near the substrate. If
particle size and weight are too small, the particle follows
the carrier gas flow as shown schematically in Fig. 11.
Therefore, the particle velocity normal to the substrate is
largely decreased and is not high enough to obtain RTIC
phenomenon. A more detailed investigation about the
particles aerodynamic properties in the AD method is still
needed to be conducted.

An advantage of AD method over conventional thin
film and thermal spray coating methods is that substrate
surface does not need precleaning to achieve good depo-
sition. During the initial deposition stage, the particles
impacting the substrate will act as cleaning agents in a
similar way as in sand-blasting processes. Surface con-
taminants such as dirt and oils are removed by the initial
particle collisions. The deposition automatically begins
when the surface becomes sufficiently clean. The film
adhesion strength to glass and metal substrates may be in
excess of 30 MPa, because anchoring layer having a

5 mm

Photograph of as-deposited
layer at room temperature  

Plasma spectrum during the collision
of particle with the substrate  

(b)

(a)
(a)

(b)

Fig. 8 Influence of carrier gas to the transparency of as-deposited layers (Ref 32) (a) He gas and (b) N2 gas

Fig. 9 Deposition rate for PZT film formation at room tem-
perature using powder milled for different duration times with
(black bar)/without (gray bar) heat-treatment procedure at
800 �C for 4 h in air (Ref 42)
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thickness of about 100-200 nm was formed in the interface
between the substrate and the deposited layer. To obtain
maximum adhesive strength, a substrate with suitable
hardness and elasticity is needed to allow the formation of
the anchoring layer. A substrate that is very soft will be
etched by the particle jet flow and the deposition will not
occur. On the other hand, when a substrate with large
hardness value is used the adhesion strength between the
deposited layer and substrate is weak and the film may
easily peel-off.

4.2 Patterning Properties of Ceramic Film

Ceramic film patterning can be achieved by using a
mask deposition method, in which a particle jet is
impacted onto the substrate through a defined pattern
mask that contains openings with width of at least 50 lm.
In this case, it is important to consider the aerosol jet flow
in the deposition chamber and through the mask orifices.
If the pressure in the deposition chamber is not sufficiently
low, the particle jet is scattered by the edge of the open-
ings in the mask and the resulting mask pattern is not
preserved on the substrate.

The effect of the ceramic particles sprayed onto a
substrate change from deposition to erosion (Ref 43), as
shown in Fig. 12, depending on the particle diameter,
velocity, and angle of incidence, b, of the particle jet to the
substrate. In the figure, bc is the angle of incidence when
deposition rate and abrasion rate have the same value, and
the normalized thickness is the thickness of the PZT layer
after AD deposition relative to the initial value of PZT
thickness. These factors also influence the layer density
and surface roughness. However, to achieve acceptable
patterns through a mask with acceptable detail the angle
of incidence of the particle jet must be kept within a
specified range. This is because the angle of incidence
affects the flow patterns on the downstream side of the
mask, which in turn affects the deposition efficiency and
the degree to which the mask profile is distorted.
Figure 13 shows a thick, patterned PZT layer deposited
under optimum deposition conditions onto Si, SUS, and
Pt/Si substrates (Ref 44). A ceramic microstructure with a
50-lm line width and aspect ratio (line height/line width)
>1 can be patterned by controlling the substrate heating
temperature and starting particle properties. The AD
method is useful for making piezoelectric films more than
10(lm thick, for applications such as ultrasonic devices.
However, the pattern width <50 lm were difficult to
obtain. Recently, the production of ceramic fine patterns
using AD method and lift-off process was tried. The
hardness and thickness of the photo resist layer was
chosen carefully. As a result, a minimum pattern width
<10 lm for a 2 lm thick PZT and a-Al2O3 layers were
obtained, as shown in Fig. 14.

5. Other Similar Methods and
Comparison with the AD Method

5.1 Coating Process Based on Collision of Solid
State Particles

Several deposition methods based on the principle of
solid state particles collision have already been investi-
gated. From previous studies, particle deposition in the
AD method strongly depends on the particles diameter
and velocity. Figure 15 shows a comparison between AD
method and other deposition methods based on collision
of solid state particles according to the particle diameter
and velocity. The deposition methods can be classified in
two, depending on the type of particle acceleration:

(Pressed compact) (Consolidation in ADM)

50 nm

(a) (b)

600 nm

Fig. 10 Influence of starting particle diameter for RTIC
phenomenon on AD method. (a) Average diameter: 50 nm and
(b) average diameter: 700 nm

Large particle

Small particle

Substrate  

Fig. 11 Particle trajectories in an aerosol jet flow near substrate
on AD method
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(i) acceleration by electric filed (electrostatic particle-
impact deposition, EPID method (Ref 45) and Macron
Beam method (Ref 46)) and (ii) acceleration by gas
transportation (CS method, Ref 47; GD method, Ref 48;
and AD method). For all these methods, the formation of
the thin/thick films is based on the acceleration of small
particles and their impacts with the substrate. The EPID
process was the precursor of the coating technologies
using electrical field acceleration of ultrafine particles and

was originally developed by Ide et al. (Ref 49). The gas
deposition (GD) method (Ref 50) is a coating technology
of ultrafine particles via acceleration by mixing with high-
speed carrier gas flow and was originally developed in
ERATO Hayashi UFP-Project in Japan. Cold Spray
method (Ref 39, 40) was developed by Anatolii Papyrin at
the Institute of Theoretical and Applied Mechanics of the
Russian Academy for producing metallic thick coatings.
The hypersonic plasma particle deposition (HPPD) was

Fig. 12 Particle jet flow angle of incidence effect to deposition properties (Ref 43)

Fig. 13 Patterning properties of thick ceramic layers on AD method using mask deposition method
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originally developed at Minnesota University (Ref 51) for
Si, SiC, and ceramics thick coatings. The supersonic clus-
ter beam deposition (SCBD) method (Ref 52) was
not included here, because the cluster size was about
103 atoms and collision phenomenon was slightly different
from that in collision of fine or ultrafine particles.

Generally, in these coating methods, it is considered
that the kinetic energy of the fine particles is released at
the impact during the very short collision time, which is
<1 ls, residing in an increase of the surface temperature of
particles at the contact area above the melting point

helping particle to bond to the surface (Ref 49, 50).
However, it has been observed that the particles bondage
is almost realized in solid state form. The principles of
these methods are completely different from that of the
conventional thermal spray method, which need melting
or partial melting of the starting particles to make parti-
cles bond. In addition, it is not clear whether the bonding
state between particles in fine particle layers formed by
each technique is the same. There are few reports about
the mechanism of energy conversion during a particle
collision with a substrate, but we suspect that some dif-
ferences in the deposition mechanisms between these
methods exist.

The EPID method is more appropriate for conductive
material due to the necessity of charging up the particles.
Thick film formation (over 1 lm) with EPID method has
not been reported yet (Ref 49). It is believed that ultrafine
particles could be imbedded partially in the substrate at
the time of collision and a mixed layer consisting of par-
ticles and the substrate materials is formed. It is also
believed that layer growth for this method is low because
of weak bonding between the jet particles. For the GD
method, metallic and ceramic ultrafine particles having a
diameter <100 nm and a highly activated surface are used.
These ultrafine particles are formed by the condensation
of an evaporated metal under high-pressure conditions in
a vacuum chamber. In HPPD method, active ultrafine
particles are also used and these particles are produced
under a high-pressure condition after the condensation
from the gas phase in the nozzle. Deposition properties in
the HPPD method and the SCBD method show the same
tendency as that in the GD method as reported in Ref 51
and 52. Deposition efficiency of the EPID method seems
very low. On the other hand, the GD method, the CS
method and the HPPD method have high-deposition
rates. In the case of the CS method, large size particles
with a diameter over 10 lm are accelerated by hot carrier
gas at 300-600 �C and sprayed on a substrate under

Fig. 14 Fine patterning of ceramic layers deposited by AD
method using lift-off process with photo-resist

Fig. 15 Comparison between AD method and other methods based on collision of solid state particles
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atmospheric condition using ultrasonic nozzle (Laval
Nozzle). This method is very similar to the AD method
and the conventional thermal spray coating process, but
producing ceramic coatings has not been successful so far.

5.2 Comparison between AD method
and other methods

The GD method enables the formation of metallic
nano-crystal layers at room temperature. However, the
layer density is low ranging between 50 and 80% of that of
the bulk material. To obtain a high-electrical conductivity
comparable to that of bulk material, grain growth of
deposited layer using a thermal heat treatment such as
substrate heating or heating of carrier gas is necessary
(Ref 50). In addition, a high-density layer structure and a
high adhesion with a substrate were not obtained for
impact velocities <500 m/s (Ref 31). With AD method and
CS method, highly dense and hard layers having a thick-
ness of several mm can be obtained with relative ease. In
addition, these methods seem to be very practical methods
due to the simplicity of device structure. But, for the CS
method, the formation of ceramic layers was not reported
at all, though there were many reports for the formation of
metal and metal alloy layers. In addition, for low-melting
point materials such as Al, Ni, or Cu, the particle impact
velocity to obtain the formation of a coating, known as
critical velocity, was very high, ranging between 500 and
700 m/s (Ref 39, 47). In contrast, high-temperature melt-
ing materials such as a-Al2O3 can be deposited at room
temperature by the AD method. The particle impact
velocity is low and ranging between 150 and 400 m/s as
shown in Fig. 4. The deposition properties are different
from that of the CS method. For the AD method, the
kinetic energy, particle diameter and velocity of the par-
ticles are smaller than that in the CS method. These results
can be explained by the fact that particle impact velocity
on the CS method is reduced by the reflection the jet flow
and by resistance of the air layer near the substrate in
atmospheric conditions. As a result, impact velocity and
pressure in the CS method are not enough to produce the
RTIC phenomenon, though the particle velocity just after
ejection from the nozzle is very high. It is believed that a
critical particle mass is necessary to overcome the slow-
down resistance by the atmospheric layer near the sub-
strate. Therefore, no reports on the deposition of small
particles having a diameter <5 lm with the CS method
could be found. With the AD method, it is possible to
deposit not only metallic materials, but also ceramic
materials. It is believed that the AD method and the CS
method have RTIC phenomenon for solid state particles
as common principle, as both deposition conditions and
microstructures are comparable in the reported papers.
However, it has to be pointed out that the AD method is
different from the CS method because RTIC conditions
for these two methods are very different.

At the present state, the understanding of the deposi-
tion mechanisms due to the collision of solid state fine
particles is insufficient. A more detailed understanding is
necessary and will be needed in a near future.

6. Electrical Properties of AD films and
Improvements by Heat Treatment

Fundamentally, the above-mentioned coating methods
are based on the shock-loading consolidation of solid state
particles with or without thermal or plasma energy assis-
tance. The microstructures of the films produced by these
methods are completely different from those of the films
made by typical spray-coating methods, because the pri-
mary powders used are not melted before impact with the
substrate and particles are directly bonded in their solid
state. The expected features for these methods are a dense
film formation at a low temperature and the retaining of
the primary material composition and the crystal struc-
ture. However, there is no report about applications of
these methods to electrical and functional materials. It
should be mentioned that, if the crystal structure of the
ceramic particles is retained during the deposition, the
processes temperature might be decreased and the appli-
cation of these methods are expected to spread to the
electro-ceramics materials.

The AD layers deposited at room temperature gener-
ally have high-electrical insulation and electrical break-
down characteristics that exceed that of the bulk material.
For example, the electrical breakdown of a-Al2O3 and
Y2O3 exceeded 3 MV/cm and for PZT it was found to
exceed 500 kV/cm (Ref 27, 53). The volume resistivity, the
dielectric constant, and the dielectric loss of a-Al2O3 layer
formed by AD method were 1.5 · 1015 X cm, 9.8 at 1 kHz
and 0.2%, respectively (Ref 54). Those values are almost
the same as those of the bulk material. Such electrical
characteristics can be useful for developing devices such as
electrostatic chucks (Ref 55), electrical insulation layers
with a good thermal conductivity for high power electric
devices.

Although PZT layers deposited at room temperature
exhibit piezoelectric and ferroelectric behaviors, their
properties are unacceptable for practical applications
because of the structural defects introduced and the
reduction of the crystallite size during deposition. By
postannealing in air at temperatures ranging from 500 to
600 �C, a grain growth of fine crystals and a defect
recovery in AD layers was observed, which dramatically
improved the ferroelectric properties. The dielectric con-
stant (e) and the piezoelectric constant (d31) of post-
annealed layers formed at 600 �C were 800-1200 and
)100 pm/V (Ref 56), respectively, which is comparable to
the values obtained with conventional thin-film formation
methods. Moreover, the electrical breakdown (<1 MV/cm)
and the Young�s modulus (>80 GPa) of the AD films
exceeded those obtained with conventional thick film
formation technologies. By postannealing at temperatures
up to 850 �C, a remnant polarization (Pr) of 38 lC/cm2

and a coercive field strengths (Ec) of 30 kV/cm were
obtained in the PZT films (Ref 57, 58). Even without
adding any special additives to the fed particles or using
special procedures, compared to conventional screen-
printing methods, the AD method permits a 300-400 �C
reduction of the process temperature. For films deposited
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using both conventional and AD methods, the effect of
heat treatment on electrical properties of the films is
shown in Fig. 16. For both conventional bulk and thin-film
processes, heat treatments at more than 600 �C were re-
quired to obtain crystallization and densification of the
films. The most important characteristic of the AD
method is that, compared to the properties of films
deposited using classic coating methods, the as-deposited
film has a more dense and crystallized structure being
close to the bulk material.

7. Device Application Developments

7.1 Piezoelectric Device Applications

Already microdevice applications such as MEMS
optical scanner, ink jet head and ultrasonic motor have
been developed using piezoelectric materials. Using the
AD method, a high-performance optical microscanner
with a scanning speed at a resonance frequency over
30 kHz and a scan angle (peak-to-peak value) over 30� in
atmospheric environment was successfully fabricated by
the deposition of the piezoelectric materials at a high rate
onto the scanner structure fabricated by Si-micromachin-
ing or mechanical punching, as shown in Fig. 17 (Ref 59,
60). This optical scanner with a high-scanning speed is
expected to be a key component for various types of
sensor for the next generation of projection display
devices. Further research is still under way targeting the
realization of 3D displays and holographic data storages
and the development of fast response spatial light modu-
lators aiming to replace the liquid crystal technology.
PZT-based Magneto-Optic Spatial Light Modulators
(PZT-MOSLM) prototype, shown in Fig. 18, has been
fabricated by incorporating a piezoelectric thick film into
magneto-optic materials (Ref 61). In MOSLMs, the high-
switching speed results from the fact that the pixel
switching is achieved by switching the direction of mag-
netization, up or down within 1 ns. The novel MOSLM
driven by an electric field instead of a magnetic field was
first achieved by using the piezoelectric effect of AD-PZT
thick films, which reduces the anisotropic energy of the
structured garnet film. The pixels could be easily switched

in the presence of a small external bias field. As a result,
the power consumption of such MOSLM was drastically
reduced being 10 times smaller than that of a conventional
current driven type one. Successful pixel switching at
20 MHz has already been achieved with an 8 V drive
voltage. Tube typed ultrasonic micromotors, shown in
Fig. 19, were also fabricated as the prototype for the

Conventional Thin Film Method
CSD)(PVD,

Bulk properties

Low Temperature Sintering

crystallization

densification

crystallization densification

densification

Fig. 16 Improvement of electrical properties of ferroelectric AD layers by heat treatment

PZT layer on Si cantilever

Pt/Ti (bottom electrode)

PZT layer (6 µm)
Au(upper electrode)

SiO 2/Si
(50 µm)

Reflection mirror

PZT/Si
unimorph
cantilever

Upper electrode

Fig. 17 Optical microscanner driven with PZT thick layer
deposited on Si-MEMS structure by AD method. Scanning
speed: over 30 kHz; scanning angle: over 30�
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application of the AD method (Ref 62). In this device, a
10-lm PZT thick layer was deposited on a stainless steel
tube having a 2-mm diameter by using another advantage
of AD method that consists in successful deposition onto
curved surfaces. The rotation speed of this ultrasonic
motor ranged between 1200 and 1500 rpm for a 7-15 V
drive voltage.

7.2 High-Frequency Devices Applications

With increasing CPU speed and higher communication
frequencies, the surface mounting technology has reached
its limit in the development of the high-frequency devices
in the GHz band. The present technologies of low-
temperature-cofired ceramics (LTCC) and ceramics/polymer
composites are not necessarily satisfying the demands
because of the degradation of material properties. To
tackle the problem, highly accurate fine scale integration
of the dielectric, magnetic and metallic materials are
required, and further miniaturization and higher perfor-
mance devices are needed. An embedded capacitor with
multilayer structure in FR-4 printed circuit board, shown
in Fig. 20, has been developed by depositing BaTiO3 ferro-
electric materials onto a Cu substrate using the AD
method (Ref 63, 64). A capacitance of over 300 nF/cm2

was achieved, being 10 times larger than the competitive
technology of ceramics/polymer composite films. Thus,
this technology has yielded the world top performance for
a capacitor fabricated at process temperature <300 �C.

Additionally, electro magnetic interference (EMI)
wave absorbers and microwave imaging sensors are cur-
rently under development. The EMI suppression proper-
ties of Fe-ferrite film prepared by the AD method on a
polyimide film were studied (Ref 65). The deposition rates
of Fe-ferrite composite films increased proportional to the
Fe ratio of Fe-ferrite powder before deposition. The
Fe-ferrite composite film with Fe:ferrite = 8:2 (weight
ratio) showed a remarkable EMI mitigation characteristic
for microstrip line structures in the range of 2.5-10 GHz.
Fe-ferrite composite films were also applied by the AD
method on flexible printed circuit (FPC), as shown in
Fig. 21. The FPC was connected to a transmitter board
and a receiver board. Compared with a FPC without
Fe-ferrite composite films, the FPC with such a film could

Fig. 18 PZT-based magneto-optic spatial light modulators dri-
ven with PZT thick layer deposited on Bi-YIG single crystal
structure by AD method (Ref 61)

10 mm

Φ 2.0 mm

SUS tube
t= 200 µm

PZT thick 
Layer

(10 µm)

PZT thick PZT thick 
LayerLayer

(10(10 µµm)m)

Au-electrode

Fig. 19 Tube typed ultrasonic motor driven with PZT thick
layer deposited on SUS tube by AD method

LSI素子アンテナ

キャパシタ

フィルタ

Aerosol deposited 
layer (BaTiO3 )

Filter

Capacitor

Antenna
LSI

Future RF-module Relative dielectric constant : 400 (Max) 
Capacitance density : 300 nF/cm2 

Fig. 20 Formation on thin film capacitor in FR4 resign printed circuit boards at room temperature using AD method (Ref 63)
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suppress electric field intensity by about 10 dB around
1.2 GHz in the far field, which was the resonance fre-
quency of the FPC.

7.3 Optical Devices Applications

With the anticipated requirement of ultra-high-speed
integrated optical circuits to deal with the need for high-
capacity information processes, the development of an
ultra-high-speed optical modulator has been studied.
Using the AD method, PLZT electro-optic materials have
been successfully deposited onto a glass substrate at
100 �C lower than the conventional processing tempera-
ture. Transparent film was successfully obtained (Fig. 22)
having an electro-optical constant (rc) of 102-168 pm/V
that is two times larger than that of conventional thin films
and 5-6 times larger than that of single crystal LiNbO3

denoting the world�s highest performance (Ref 66, 67). A
Fabry-Perot typed optical modulator using this film was
also fabricated. Recently, a microscopic electro-optic field
probe (Ref 68) was fabricated by directly depositing a
Pb(Zr0.3Ti0.7)O3 layer onto an optical fiber edge having

125 lm in diameter using the AD method, as shown in
Fig. 23. An RF electro-optic signal was successfully mea-
sured over a microstrip line. The capability for GHz range
fields was also shown. This device has a great potential for
detailed electrical characterization in the microscopic
regions of high-performance electronic products such as the
interconnecting parts between LSI packages and printed
circuit boards and spaces among different LSI chips in a
package. In the future, the development of a high-speed
optical modulator with a low-driving voltage using a cera-
mic film is intended for applications in a wide variety of
areas such as the realization of miniaturization of network
equipment and high-speed computer data transfer.

8. Summary

In this article, the high potential of AD technique on
the fabrication of electro-ceramic thick films for micro-
device applications has been highlighted. By comparison

FPC

Fe/Ferrite 
composite 
AD layer 

Fig. 21 EMI suppression layer (Fe/Ferrite) deposited on FPC at
room temperature by AD method

Fig. 22 Electro-optic layer directly deposited on Si structure for Si-nano-photonic devices (ultra-high-speed integrated optical circuits at
10 GHz range) by AD method, and EO constant (rc) of this layer (Ref 66)

Fig. 23 SEM image of an optical fiber edge that was taken from
the side after PZT film was deposited on a fiber facet (Ref 68)
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with conventional thin-film technology and thermal spray
coating processes, the AD method shows important
advantages such as: (i) high-deposition rate, (ii) low-pro-
cess temperature, (iii) dense film formation at a low
temperature, and (iv) primary material composition and
crystal structure is retained in the deposited films due to
RTIC process.

For AD method, the following topics have been dis-
cussed:

1. High-speed formation of ceramic films at room tem-
perature with high densification (over 95%) and high
transparency (60-90%) is possible by deposition con-
ditions and/or ceramic particle diameter optimiza-
tions. Film formation is possible without thermal or
plasma energy assistance due to a process called
RTIC. The influence of particle impact velocity, the
carrier gas and starting powder properties on the
deposition rate has been analyzed in an attempt to
offer a reasonable explanation for the deposition
mechanism. The deposition is explained by particle-
substrate and particle-particle bondage due to the
pressure and rise in temperature at the point of impact
and particle break down during collisions.

2. Comparison of AD method with conventional thin-
film technology and thermal spray-coating processes
has been performed by making short descriptions of
the techniques that shows similarities with AD meth-
od and revealing their minuses.

3. The electrical properties of AD films were investi-
gated along with the effects of a heat treatment on the
deposited films for a-Al2O3 and PZT. The AD
a-Al2O3 films generally have a high-electrical insula-
tion and electrical breakdown characteristics that
exceed the values for the bulk material. Also, the
dielectric constant and piezoelectric constant of the
thermally treated (600 �C) PZT is comparable with that
obtained by conventional coating methods but electri-
cal breakdown and Young modulus have higher values
than those for conventional film coating techniques.

4. Application of AD method into fabrication of elec-
tronic components has been introduced. Examples of
piezoelectric, high frequency, and optical devices
fabricated using AD method are shown emphasizing
on the advantages offered by this technique.

The AD technique has the advantage to offer the
possibility to deposit on any kind of substrate materials an
array of materials in solid form.

More research is needed to clarify the deposition and
recovery by annealing mechanisms and to understand the
consolidation and particle-substrate and particle-particle
bonding mechanisms.
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