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A B S T R A C T

Aerosol deposition (AD) method is a kind of additive manufacturing technology for fabricating dense films such as
metals and ceramics at room temperature. It resolves the challenge of integrating ceramic films onto temperature-
sensitive substrates, including metals, glasses, and polymers. It should be emphasized that the AD is a spray
coating technology that uses powder without thermal assistance to generate films with high density. Compared to
the traditional sputter-based approach, the AD shows several advantages in efficiency, convenience, better
interfacial bonding and so on. Therefore, it opens some possibilities to the field of batteries, especially all-solid-
state batteries (ASSBs) and draws much attention not only for research but also for large scale applications.

The purpose of this work is to provide a critical review on the science and technology of AD as well as its
applications in the field of batteries. The process, mechanism and effective parameters of AD, and recent de-
velopments in AD applications in the field of batteries will be systematically reviewed so that a trend for AD will
be finally provided.
1. Introduction

In general, it is difficult to produce monolithic ceramic structures
integrated with low melting point materials such as metals, glasses and
polymers using conventional methods because ceramic materials typi-
cally require thermal assistance above 1000 �C [1]. Additionally, tradi-
tional thick ceramic films frequently suffer from mechanical reliability
and failures due to poor adhesion, leading to easily peel off from sub-
strates. Therefore, the interfacial bounding between ceramic films and
other components or substrates is particularly important. These issues
can be addressed using a technique known as Aerosol deposition (AD)
that is also sometimes referred to as vacuum cold spraying (VCS), vac-
uum kinetic spraying (VKS) or powder aerosol deposition (PAD) [2,3].
AD is a kind of additive manufacturing method, namely spraying coating
method at room temperature. To achieve a desirable adhesion, the
solid-state particles are accelerated to a super-sonic velocity by carrier
gas in a low vacuum condition. Then particles have ballistic impingement
onto substrate to form a film. A dense ceramic film could be created at
room temperature from raw powder without any thermal assistance in
this process. These films preserve practically all the characteristics of the
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initial materials, making this method suitable for a wide range of uses
[4].

Primordially, a deposition method of ultra-fine particles using a gas
jet was proposed in 1984 by Seiichiro Kashu et al. Ultra-fine metal or
ceramic particles of diameter of less than 1 μmwere utilized to deposit on
a solid surface. This serves as an illustrative example of how this method
can result in the creation of a film with an increased dielectric constant
[5]. The first application related to jet-printed was published in 1997 [6].
For the purpose of actuating micro-electromechanical systems (MEMS),
lead zirconate titanate (PZT) films were fabricated on metal or ceramic
substrate using this method, demonstrating superior ferroelectric and
piezoelectric properties [7]. The X-ray diffraction (XRD) and scan elec-
tron microscopy (SEM) revealed that the perovskite structure of the PZT
remained the same before and after deposition [8]. Only in 1999, the
terminology of “Aerosol Deposition” was put forward by Akedo and his
group [3]. Later they continued to investigate the principle of AD and
densification mechanism of ceramic films. The principle of “room tem-
perature impact consolidation” (RTIC) was proposed [9]. Since its initial
development, this technology has undergone significant advances in both
of process and applications with continuous innovation and expansion by
nstitute, Chongqing, 401123, PR China.
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researchers worldwide. Today, AD applications can be used across
various fields, including electronics, energy devices, biomedical engi-
neering, and numerous other sectors in both research and industries [10,
11]. Although several reviews on AD technology have been published,
there is still lack of understanding of fundamentals and mechanisms, and
applications of AD, particularly in the area of energy storage. Therefore,
this work focuses on the above three important concerns.

Fig. 1 summarizes the merits of AD over conventional ceramic film
production methods. Firstly, it is a deposition process operated at room
temperature, allowing to produce films on a wide range of substrates
without risking damage from high temperatures. Any substrate can be
practically and simply used to manufacture ceramic films by AD. Sec-
ondly, it can achieve good adhesion without diffusion interface. The
adhesion between the aerosol-deposited (ADed) film and substrate is
strong and it is able to surmount a bunch of hurdles in interface reducing
the risk of chemical reactions and ensuring long-term stability. Thirdly,
the ADed films have a highly dense and nanocrystalline structure, which
enhances their mechanical, electrical, and thermal properties. Finally,
due to room temperature deposition, it demonstrates high efficiency and
conveniency. The whole process can be carried out at room temperature
in a much short period of deposition.

For the purpose of coating ceramic films, a variety of deposition
methods are available, such as plasma spraying (PS) [12], pulsed laser
deposition (PLD) [13,14], ion-beam deposition [15,16], chemical vapor
deposition (CVD) [17], cold spray (CS) [18,19] and so on. Table 1
summarizes the features for different deposition methods for ceramic
film production.

Some kinds of spraying methods are assumed to be the mature
technologies whose essential processes and mechanisms have been
observed and described adequately. PS and CVD equipment are already
being produced commercially. A wide range of their products have been
used in various commercial applications. CS is the most similar spraying
method as the AD, which also uses particles with high velocity and small
size to form bonding [20,21]. Compared with other spraying methods,
the AD has advantages in simple operating process and low temperature
requirement. Although the film growth rate using the AD is high, the
efficiency of utilization of powder during AD is still low at present since a
portion of powder is unable to be deposited onto the film but flies away to
deposition chamber. How to recycle the powder is the key issue to
improve the deposition efficiency. It is still in a developing stage with
uncertainty both in process and mechanism, which attracts numerous
researchers to explore further.

Recently AD technology has been further studied for the processing
for the energy storage devices to challenge shortage and pollution of
fossil fuels [22]. The current rechargeable batterie are known to have
safety issue, low capacity and short life-cycle problems due mainly to a
number of factors including flammable organic electrolyte and use of
nonconductive polymer binder [23,24]. Owing to the unique characters,
AD provides more options in the fabrication of better batteries. The ap-
plications of AD in electrode, electrolyte, and hence all-solid-state bat-
teries (ASSBs) are shown in Fig. 2. Fig. 2(a) shows the morphology of
Fig. 1. Characteristics of aerosol deposition method.
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aerosol-deposited (ADed) composite film electrode for lithium battery
[25]. In contrast to the conventional techniques in battery processing,
where polymeric binders are used in fabrication of the electrode layers,
AD provides.

binder-free ceramic layer. Fig. 2(b) demonstrates deposition of the
ceramic-based electrolyte Li1.5Al0.5Ge1.5(PO4)3 (LAGP) on a stainless
steel substrate with a low thickness via AD [26]. The ASSB prepared by
AD is shown in Fig. 2(c). Electrode film of LiCoO2 (LCO) is directly
deposited on the solid-state electrolytes, Li7La3Zr2O12 (LLZO). This ASSB
revealed good electrochemical performance in capacity (Fig. 2(d)) due to
better contact between electrode and electrolyte [27].

2. AD apparatus and process

A schematic illustration showing a typical AD apparatus is displayed
in Fig. 3, typically consisting of three primary parts: (1) an aerosol gen-
eration unit, which includes the aerosol generator and the gas supplier, in
which the powder and gas are mixed to create aerosol, (2) a deposition
chamber, which contains the nozzle and the mobile stage, where the
powder particles from aerosol generator are accelerated and deposited on
substrates, and (3) a vacuum system, which consists of a chamber and a
pump in which the vacuum pump is utilized to create a low pressure in
the deposition chamber whereas the carrier gas and deposition chamber
are connected to the aerosol generating chamber. The delivery of aerosol
with particles from the aerosol chamber to the deposition chamber is
caused by the difference in pressures between the aerosol generator and
deposition chamber. Each part's specifications and construction infor-
mation will be discussed later.

The substrate is mounted in an X–Y moveable stage. The aerosol
generating chamber is then filled with a carrier gas to create an aerosol
that contains particles. The particles are accelerated by gas flow in
aerosol generator at first. Then the particles and gas flow are accelerated
again when they leave from the nozzle due to the pressure difference
between the two chambers. The powder particles are then bombarded
onto the substrate via a nozzle. Normally particles traveling with a su-
personic speed between 200 and 600 m s�1 are propelled to substrates
[4]. The room-temperature impact plays a significant role in consolida-
tion to ensure particles adhesion to the substrates. Amultilayer ADed film
is produced by iteratively moving the substrate multiple times.

Although design and setup of an AD equipment are simple, AD pro-
cess is complicated since it is not only associated with types of raw ma-
terials and substrates to be used but also to how the aerosol is generated
and transported towards the substrate. Most of the AD devices have the
similar basic mechanical construction, but some parts have different
designs to produce films with targeted properties. Within all important
considerations, the aerosol generating unit and the nozzle, are the major
focus of the fabrication and enhancement of the AD machine.

To minimize porosity and increase homogeneity of ADed film, new
designs of AD machine have also been investigated. A small-size and
simplified device named as Micro-Powder Aerosol Deposition (μ-PAD)
was produced [28]. This μ-PAD device uses flexible spot deposition by
circular de Laval nozzle rather than moveable substrate components. It
adapts a discontinuous operation mode, resulting in several seconds
operation time to achieve a thicker film with much less powder quantity
[29]. By this method, the surface profile is a Gaussian-shaped and the
thickness can reach 1 μ m in one time single-shot deposition. Therefore,
this μ-PAD method is better than conventional AD method for repairing
damaged coatings with ceramic films at room temperature [30].

2.1. Aerosol generation unit

An important and crucial unit for the entire operation is the one that is
able to generate uniform and continuous aerosol. This unit is intended to
aerosolize powdered particles and to steadily deliver the homogenous
aerosol to the deposition chamber. The particle size distribution and
agglomeration play an important role on the deposition efficiency of film



Table 1
Features and parameters of different methods for ceramic film production.

methods assisting
devices

adhesion strength materials thickness of
films

particle size Temperature
(Co)

pressure deposition
rate

Aerosol Deposition no Mechanical bonding ceramic 1–200 μm 1–10 μm RT 0.2–20 mbar
Cold Spray no adiabatic shear

instability
ceramic, metal,
polymer

10–200 μm 200 nm 1 atm

Plasma Spraying plasma torch solidification of the
molten particles

ceramic, metal 200 μm-
10mm

10–100 μm 5500–8300 1 atm up to a few
kg/h

Pulsed Laser
Deposition (PLD)

pulsed-laser
beam

solidification of the
molten particles

ceramic, metal,
polymer

200–400 nm 300–800 ultrahigh vacuum
(UHV)/10�9 mbar

Ion beam assisted
Deposition (IBAD)

ion beam
source

ceramic, metal,
polymer

200 nm-
20μm

800 10�7 mbar 0.05 μm3s-1

Chemical Vapor
Deposition

vapor
generator

epitaxy, gas-phase
precipitation

metal, carbides,
nitrides, oxides

<1 μm atoms or
molecules

600–2000 0.2 mbar - 1 atm high

Fig. 2. Battery prepared by AD: (a) cross-sectional SEM image of Sn4P3/C composite electrode film [24], (b) Au electrode on ADed LAGP electrolyte [25], and (c)
surface morphology of an ADed-LCO and (d) charge-discharge plots of all-solid-state battery (ADed LCO - LATP | LLZO | Li cell) [26].

Fig. 3. Schematic illustration of the construction of an aerosol deposi-
tion system.
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[31]. Owing to the small particle, typically ranging from 100 nm or
slightly bigger, the particles tend to agglomerate in the reservoir, namely
aerosol generating chamber, and flow tube. Agglomeration occurs as a
result from the cohesive force between the particles due to van derWaals,
electrostatic, capillary, viscous, adhesive, and so on [32]. To achieve
monodispersed and continuous particles, it is critical to introduce
external force, such as gas shear force, to prevent and destroy the
agglomeration.

There are two kinds of typical aerosol generators using different
principles to aerosolize particles, one of which is fluidized bed generator
and another one is blush generator with powder dispersion unit as shown
in Fig. 4 according to the comparison by Hanft et al. [33]. The fluidized
bed generator is used in most cases due to the merits of simple structure
and easy operation, but its aerosol concentration and feed rate cannot be
controlled. Both of them decrease nonlinearly with operation time
because the fine particles are extracted primarily but the large particles
and agglomeration are extracted hardly. Some additional auxiliary
methods are equipped on fluidized bed aerosol generator to alleviate this
problem assisting in aerosolization, such as the vibrating table. The



Fig. 4. Schematics of (a) fluidized bed aerosol generator and (b) blush generator [32].

Fig. 5. Schematics of different types of Nozzles: (a) convergent nozzle and (b) de-Laval nozzle; CFD predictions: (c) gas speed, (e) temperature for the optimized
nozzles and (f) their actual film of TiO2 [34], (d) ADed film thickness profile (thickness (d) over width (x)) superposed with its corresponding expansion of carrier gas
between the slit nozzle and stage by shadow image [36].
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biggest advantage of the blush generator is better controllability and
stability. The deposition rate is linearly related to prison velocity, aerosol
concentration and time. However, the mechanical structure is too com-
plex which may be more applicable for large scale production with a
27
bigger powder reservoir. Hence, the fluidized bed aerosol generator is
proper for AD in the research stage. The blush generator may play an
important role in large-scale industrial production in the future.
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2.2. Nozzle and stage

Another critical component is the nozzle that delivers the aerosol and
accelerates the particles to final velocity on to the substrate. Since
bonding between the particles and the substrate is closely related to the
kinetic energy of the ejected powder based on the principle of room
temperature impact consolidation (RTIC) [9], the velocity of the particles
just before bombed on to the substrate determines the success of the
deposition [34]. It has been noted that only the particles with appropriate
velocities can be deposited on the substate successfully. If the velocity of
particle is below the minimum critical velocity (Vcr1), the kinetic energy
is insufficient to create adhesion strength between particles and sub-
strate. Conversely, if the velocity of the particle exceeds maximum crit-
ical velocity (Vcr2), possible erosion may take place. Normally, their
critical velocities in the range of Vcr1-Vcr2 where Vcr1 is 200 m s�1 and
Vcr2 is 600 m s�1. Besides, these critical velocities also may change with
properties of materials and substrates. The final velocities of particles are
influenced and controlled by the geometry of the nozzle and stand-off
distance from nozzle to stage during processing. Therefore, it is vitally
important to optimize this component to achieve higher deposition
efficiency.

Two types of nozzles, namely conventional convergent nozzle and de
Laval convergent–divergent nozzle are commonly used in the AD. The
schematic diagram and the two types of nozzles are shown in Fig. 5(a)
and (b). As for convergent nozzle, the reachable velocity of gas is sound
velocity by reason of chocking. On the other hand, the gas can be
accelerated over the sound velocity after passing the throat in de Laval
nozzle [34]. The de Laval nozzle for AD device can be optimized both
experimentally and theoretically using computational fluid dynamics
(CFD) [35]. The width and length of throat is the crucial part in design of
de Laval nozzle. The pressure difference between the exit of a nozzle and
deposition chamber will increase with width of throat decreases [36].
Only a “correctly-expanded” nozzle whose exit pressure is equal to
ambient pressure will not generate the undesirable elements, such as
shear layer, expansion fan and reflected compression shock, that reduce
the deposition efficiency and quality of ADed films. Fig. 5(c) and (e) show
the simulation results in pressure and temperature of optimally modified
nozzle. The corresponding SEM image of titanium dioxide film fabricated
by this kind of nozzle is shown in Fig. 5(f).

Furthermore, the stand-off distance between the nozzle and the stage
needs to be optimized as well. When the substrate is too close to the
nozzle exit, the shockwave generated by the aerosol flow can be reflected
back by substrate and interfere with the subsequent gas flow and parti-
cles, leading to a decrease in deposition efficiency. The experimental
results from shadow imaging method in Fig. 5(d) also indicated this view
[37]. The shock generated in the gas flow are influenced by nozzle ge-
ometry and stand-off distance resulting uniformity of the ADed film.

All in all, Optimization of the nozzle geometry is critical in design of
AD device to improve device performance and achieve deposition of
films with targeted properties.

3. Processing parameters

Quality of the ADed films is dependent on several operation param-
eters as well as materials properties. All of them are equally important
and therefore will be discussed.

3.1. Operation parameters

Numerous experimental parameters control quality of the ADed films.
Among these processing parameters, carrier gas, gas pressure in aerosol
chamber and deposition chamber, gas flow, stand-off distance between
the nozzle and the substrate, and the scan speed are believed to be most
important. Table 2 collects some useful information on the parameters
used.

It is commonly recognized that gas flow is one of very important
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parameters since the velocity of the particles is determined by the speed
of the gas and gas pressures [38,39]. Difference in the pressure between
deposition chamber and aerosol chamber influences the adhesion of
particles and substrate [40]. It was noted that the type of the carrier gas
may also affect the morphology of ADed films. For example, the rough-
ness and thickness an ADed Si film using a He gas is much larger than that
through using Ar as a carrier gas [41]. It was also found that using He as a
carrier gas would double the particle velocity than that using air [42].
Nevertheless, the stand-off distance between nozzle and substrate can
seriously modify the morphology of the film, and this tendency is
amplified with the carrier gas flow increase [43]. Although it was also
noted that angle between nozzle and substrate also affects the deposition
efficiency and properties of film, there is no summary of this parameter
because the research in this parameter is limited [44]. The hardness of
powder and substrate material and roughness of substrate surface
strongly affect the interface quality and the interlayer bonding of the
ADed layer [45]. The influence of materials properties will be illustrated
detailly in the next section.

3.2. Pre-heat treatment of powder and post-heat treatment of film

Pre-heat treatment of raw powder or post-heat treatment of film could
be added into the AD process to adjust the mechanical properties of the
ADed film [60,61]. The crystallite size of particles is increased during the
pre-heat treatment at appropriate temperature, which promote the
fracturing and adhesion of particles [62]. Cracks of particles must run
through their crystallites, as only in this case fresh and unsaturated
surfaces can be formed leading to the growth and densification of ADed
film. This detailed mechanism will be illustrated in the next section.

The post-heat treatment of the film after AD may engineer micro-
structure as well as crystallographic structure, and hence mechanical and
functional properties of the films [63]. It is understood that the powder
particles with large kinetic energy may cause severe deformation and
defragment during the collision moment, resulting in formation of
nanocrystal. A post-heat treatment may induce at least three effects,
namely partial annihilation of defects, grain size, crystal structure, and
adhesion of the ADed film [64,65]. Since the purpose of post-heat
treatment is not for sintering, the annealing temperature is around
200–600 �C, which is much lower than conventional sintering temper-
ature [66]. It was found that the permittivity of ADed film could be
largely increased through this processing [67].

To minimize the impact of thermal annealing on substrate and in-
terfaces, rapid annealing has usually been used such as infrared laser
irradiation to suppress local thermal damage to the back sides of the lead
zirconate titanate (PZT)/SUS and substrate near the film edge and to
retain the dielectric and/or ferroelectric properties of the PZT/SUS [68].
Since it is able to promote the grain growth of ADed film which has been
used for different applications [3,69].

4. Mechanisms of adhesion and densification

The mechanism of deposition can be divided into two stages. In the
first stage of AD, the powder particles collide and adhere to form an
anchor layer on the surface of substrate creating a bonding between the
particles and the substrate. This stage is important since it determines
whether the powder can produce a film on this substrate successfully. In
the second stage, the particles continuously deposit on the anchor layer.
By repeating this process through layer-by-layer, finally a thick film is
thus formed. The second stage is crucial for controlling the thickness of
ADed film.

4.1. Collision and adhesion phenomena

Since AD is simply a collision process, the composition of the ADed
film remains unchanged from results of X-ray diffraction (XRD) and en-
ergy dispersive X-ray spectroscopy (EDS) as shown in Fig. 6(a) and (b).



Table 2
Parameters in Aerosol deposition (AD) method from previous works.

Ref Materials Substrate Thickness Pressure in
deposition chamber

Pressure in
aerosol
chamber

Carrier
gas

Gas flow Nozzle
geometry

Scanning
rate

Distance
between nozzle
and substrate

Particle
size

Operation
time

[25] Sn4P3/C Stainless steel
(SUS316L)

20 Pa N2 20 L/min 10 mm * 0.5
mm

2 10 mm 0.5–1.5
μm

20–30 min

[46] Fe2O3 SUS 0.3 μm and
1.7 μm

dried air 20 L/min 25 mm * 0.8
mm

0.5 μm

[47] C-coated LiFePO4 SUS 1 μm dried air 20 L/min 25 mm * 0.8
mm

[47] Graphite SUS 250 nm dried air 20 L/min 25 mm * 0.8
mm

[48] LiFePO4/C SUS304 745 nm 10 torr O2 5*10�4

m3/s
100 mm * 0.8
mm

300 nm 5 min

[26] Li1.5Al0.5Ge1.5(PO4)3 (LAGP) SUS316L 10 μm 10 Pa N2 20 L/min 10 mm * 0.5
mm

10 mm 0.5–1 μm 20 min

[49] LiNi1/3Co1/3Mn1/3O2 (NMC) Liþ-conductive
glass-ceramic
sheets

7 μm 4-8*103 Pa Ar 10 L/min 10 mm*0.23
mm

50 mm/
min

40 min

[50] Al0.2Li6.025La3Zr1.625Ta0.375O12

(ALLZTO)
Cu 30 μm N2; O2 8 L/min;

4 L/min
25 mm * 0.4
mm

1 mm/s 3 mm 8 μm

[51] Li1.3Al0.3Ti1.7(PO4)3 (LATP) SUS 3–5 μm 20 Pa before
deposition and was
kept constant at 120
Pa

He 5 L/min 4 mm2 1 μm

[52] Cu coated on Si Cu 8 pa 4 μm
0.035 mg

[40] Mg2Ge Cu 3,7 μm 2 pa 8*105 pa Ar D ¼ 10 10 mm 0.5–3 m.
[53] Li4Ti5O12 SUS 3.0–3.3

μm(0.42
mg)

10 pa N2 20 L/min 10 mm * 0.5
mm

10 mm 5�6 μm 20 min

[54] SnO Cu 80–100 μg several ten Pa 7*105pa Ar D ¼ 0.8
[55] Sn4P3 SUS 20�30 Pa N2 10 L/min 10 mm * 0.5

mm
10 mm/s 10 mm 10 min

[56] Na2Zn2TeO6 (NZTO) SUS 25 μm 50 pa Ni 10 L/min 10 mm * 0.5
mm

10 mm/s 10 mm 10 min

[57] Li0.35La0.55TiO3 (LLT) SUS 10–20 μm 35 mm * 0.8
mm

[58] LiV3O8 (LVO) Li7La3Zr2O12

(LLZO)
20 Pa N2 20 L/min 10 mm * 0.5

mm
10 mm/s 10 mm 0.5–2 μm 5–10 min

[27] LiCoO2(LCO) LLZO 15 μm Ar 15 L/min 0.1 mm * 10
mm

600 mm/
min

2.2 μm

[59] LiNi1/3Co1/3Mn1/3O2 (NCM) þ
LATP

LLZO 20 μm 3–5 Pa/8*102 Pa Ar 10 L/min 10 mm * 0.23
mm

50 mm/
min

10 μm

Summary
[2]

0.2–20 mbar 60–1066
mbar

Air, N2,
O2, Ar,
H2

1 L/min -
30 L/min

10 mm*0.5 m
to 35 mm*0.8
mm

0.05–10
mm/s

0.5–50 mm 200 nm-
5 μm
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Fig. 6. (a) XRD pattens of ADed film and raw powder [69], (b) EDS results of Na3V2(PO4)3 ADed film [70], (c) finite-element method simulation of the shock pressure,
(d) changes of local temperature by impact of particle with the substrate [71], and (e) load vs. displacement curves as well as SEM images before and after loading for
four 3 μm particles (LP1, LP2, LP4, and LP5) [75].
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Since AD is operated at room temperature and no thermal energy is
provided, there will be no thermally driven diffusion, which is also re-
flected by the XRD spectra [70,71]. According to results of experiments
and simulations from several works, it is proved that no melting occurs
during collision. For example, the shock pressure at the impact area and
maximum local temperature on the spots of collision do not exceed 10
GPa (Fig. 6 (c)) and 500 �C (Fig. 6 (d)), respectively, assuming the ve-
locity of the α-Al2O3 particles is about 300 m s�1 which was gotten from
experiments. This temperature is much lower than the melting point of
Al2O3. So, it is obvious that the adhesion of the film is not caused by
chemical reaction or melting but by mechanical bonding [72].

Since kinetic energy of particles is one of the key parameters in AD
process, understanding the flying speed of the particles during deposition
30
and hence adjust the parameters become critical in AD. Particle image
velocimetry (PIV) [34], the time-of-flight method (TFM) and
impact-pressure method (IPM) are therefore used for investigating the
velocity of solid particles in the AD [73,74]. It has been noted from the
measurements that the velocities of the particles are in the range from
200 to 600 m s�1 which agrees with simulation results of gas flow ve-
locity at the exit of a nozzle.

The computational fluid dynamics simulation (CFD) is used to
simulate the possible flight path of particles with various sizes, enabling a
probabilistic sense to demonstrate how the majority of particles impact
on to the substrate. The simulation results suggest that clumps of particles
are effectively broken up during impact on substrate [75]. In-situ
micro-compressions in SEM and TEM which simulate collision of
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particles on a substrate provides some useful information on the bonding
mechanism between the particles and the substrate (Fig. 6(e)), suggest-
ing that the bonding mechanism is through plastic deformation and
fracture of particles under applied compression [76]. It is proved that
single ceramic particle can be plasticly deformed when it hits on the
substrate in AD process. It is also noted that the degree of mobile dislo-
cations will be accommodated depending on the kinetics of the particles
in AD.

The crystallite size of the ADed film compared with the grain size of
the original particles was largely reduced during impacting from 1 μm to
a few tens of nanometer. Fig. 7(a) through 7(b) show the SEM images of
the raw powder and the ADed films [72]. It is obvious that the crystallite
size of the ADed film is smaller than that of the raw particle size, which is
also estimated by the full width at half of maximum intensity of the XRD
measurement. The orientation of the ADed film depends more on
anisotropy of chemical bonding than the anisotropy of particle shapes of
raw powders [70]. All the examples above provide the evidence of par-
ticles’ fracture in consolidation of deposition.

The mechanical bonding between particles and the substrate as well
as between particles and particles of the ADed film was further charac-
terized by transmission electron microscopy (TEM) with assistance of
focused ion beam (FIB). It was observed that the particles were broken
into “splat” to form anchor layer when impacting on substrate with high
Fig. 7. SEM images: (a) raw particles, (b) cross-section of ADed film [72] and (c) a-
interface of particles-substrate [42], and (e) three regions (bottom, middle, top) of t
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hardness in Fig. 7(d)I [77]. The dislocations of substrate under the sur-
face should be caused by particle impacting and bouncing off which can
be observed in Fig. 7(d)I. The interfaces of particle-substrate and
particle-particle were scrutinized by TEM at different magnification
which are showed in Fig. 7(d) II-IV. It is clear that the sound bonding
appeared in the middle region of interface of splatted particle and sub-
strate. Meanwhile, there is obvious gap between the edge of splatted
particle and substrate. When at higher magnification, a small layer of
disorder phase was investigated in the interface of bonded region. This
proved the mechanical bonding in the interface and deformation of
substrate are due to the high kinetic energy of particles.

Study has shown that formation of the anchor layer is also influenced
by the relative hardness ratio between the particle and the substrate. For
example, it was observed that the particles were broken into “splat” to
form anchor layer when impacting on substrate with high hardness [77].
Otherwise, the formation of the anchor layer is a bit different at a faster
rate on a substrate with low hardness such as Cu metal substrate [78].
When hard ceramic powder is used, such as alumina, due to its high
hardness and strength, the particles will not be plastically deformed, and
instead the anchor layer will be formed via denting the Cu surface upon
impact of the alumina particles onto the surface and the particles embed
into the soft substrate (Fig. 7(c)). Microstructure characterization reveals
that the grain sizes on the top layer of a film is much smaller than that at
Al2O3 particle embedded in Cu substrate [78]; Cross-sectional TEM images: (d)
he ADed film [79].
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the bottom region of the film if a soft substrate is used, indicating less
deformation and fragment of the particle since large amount kinetic
energy of the particles is absorbed by the soft substrate. This phenome-
non is called “cushioning effect” of the ductile substrate due to the dif-
ference between the mechanical properties of the ductile substrate and
hard particle [79]. As a result, the porous layer containing voids formed
near the soft substrate as shown in Fig. 7(e) providing the possibility for
fabricating the flexible electronic devices.

Based on all observations, it can be concluded that to achieve good
adhesion and anchor layer, particles with sub-micro size, hardness,
microstructure, and substrate are critical, and velocity prior collision.
During the extremely short period of collision, most of the kinetic energy
of particles is absorbed by severe plastic deformation and fracture of
particles, some of it is dissipated as heat, and small portion is stored in the
particles as strain energy. Furthermore, the substrate is also subjected to
deformation particularly during formation of the anchor layer. The
mechanochemical bonding might also be possible at the interface of the
middle area of “splat” and substrate which is similar to grain boundaries.
At the same time, the particles might embed into the soft substate to form
anchor layer. Although there are small gaps between substrate and edges
of particles, the bonding between anchor layer and substrate would be
strengthened in the subsequent deposition process.

4.2. Consolidation and growth of ADed film

A thick film is made by repeated deposition layer-by-layer similar to a
3D printing process. Therefore, the interaction of particles between
layers plays a significant role in formation of a film and adhesion [75]. In
the stage of consolidation and growth of ADed film, particles continue to
collide on to the anchor layer at a velocity in the range of critical ve-
locities, providing the similar conversion of energy, deformation, and
mechanochemical bonding. In addition, the subsequent particles collide
on to the edges of previous “splat”, leading to strengthening the bonding
between previous particles of the layer and the substrate, which is
schematically shown in Fig. 8(a). The kinetic energy of subsequent par-
ticles is not only used for deformation and converted into bonding en-
ergy, but also for compaction of the previous layers of particles,
reinforcing the particle-particle bonding. This phenomenon is termed as
“tamping effect” or “hammering effect” that is the crucial effect for for-
mation of ADed film with dense structure and great adhesion to the
substrate [80]. The higher particle velocity, the stronger tamping effect,
achieving a compact bonding between particle and particle, and between
particle and substrate. These processes are repeated layer-by-layer until a
targeted thick and dense ADed film is formed.

So far, the fundamentals of consolidation mechanism of the ADed film
Fig. 8. (a) Schematic diagram of the densification procedure of ADed fi
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are still in the exploration stage. Some researchers are trying to explain it
by mechanical bonding mechanism of particle-particle and particle-
substrate through simulation and characterization of the ADed film.

4.3. Requirements for materials

The success of bonding between particles and substrate as well as
between particles themselves is significantly influenced by particles'
behaviors. Therefore, precise control of the raw material's features is
essential, such as particle distribution size, shape, density, hardness,
macro-defect density, and microstructure.

It has been noted that only particles of a right size and size distri-
bution can be deposited properly on the substrate at the right velocity.
The particle size in range between 200 nm and 5 μm can be accelerated
by proper gas flow to around 200–600 m s�1. The kinetic energy density
for particles is estimated to be 79–711 MJ/m3, assuming that a little
kinetic energy is lost to thermal energy at impact while the majority of
kinetic energy is transferred to deformation energy [76]. Fig. 9 shows the
different phenomena when the particles within different size collide on
the substrate. With sufficient high kinetic velocity, suitable-sized parti-
cles would be able to withstand the high deformation energy associated
with dislocation plasticity (without fracture) and to achieve the adher-
ence to the substrate. However, for tiny particles, they may be elastically
bounced back when colliding to the substrate. For too large particles,
they may be fractured at a high kinetic energy during the collision. In the
interim, the large particles may abrasively blast and scrap the surface of
the substrate. Additionally, agglomeration of particles is a significant
issue for film densification which is often encountered and tremendously
affects quality of the ADed film as well as the deposition efficiency.
Agglomeration of nanoparticle that is typically caused by van der Waals
forces, static electronical forces, and moisture has a big issue since the
kinetic energy will be consumed for breaking the agglomeration instead
of being transferred into bonding energy [81].

Shape and microstructural features of the particles also affect film
properties [82]. For example, The ball-milled and heat-treated powder
which has polycrystalline structures formed by partially aligned dislo-
cations exhibited higher deposition efficiency due to its increased plastic
deformability [83]. The thickness and grain orientation of the ADed film
is influenced by particles’ shape by comparison of the same composition
particles in different shape, such as, sphere, plate-like and angular [84].
According to the results from Langevin dynamics simulations mono-
disperse, polydisperse, aggregated, and coalescing particles, the pore size
distribution modes in ADed films is near or above the primary particle
geometric mean radius [85].

It is crucial to produce the suitable size and shape of the particles to
lms [79] and (b) impact phenomenon of particles in different size.



Fig. 9. (a) Image and (b) XRD spectra of the LVO film on a Ta-doped Li7La3Zr2O12 (LLZO) pellet by AD [57], (c) initial charge-discharge curves and (d) cycle
performances of ASSB (Li/LiPON/LATP-sheet/NMC-composite-film by the NMC-30/Pt). The inset shows the cross-sectional SEM image around the composite film
electrode/LATP-sheet interface [48], EIS of the Li–Au | LLZO | ADed LBO-LCO cell (e) before cycling, (f) during 1st charging and (g) evolution of the resistance
components with cycling, and (h) in-situ SEM analysis of the degradation mechanism of the Li–Au | LLZO | ADed LBO-LCO [110].
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avoid agglomeration. Ball milling, pre-heat treatment and sieving
method have been used to control the particles’ properties in some
studies [86]. Controlling the size and shape of particles is believed to be
effective for increasing the deposition efficiency and obtaining high
quality films.

5. Applications of AD in batteries

Nowadays, battery is playing an important role in daily life, especially
in the mobile electronic devices and electrical vehicles. However, it also
faces various tough challenges such as capacity, cyclicity, and safety is-
sues. The AD has been explored for a variety of applications to overcome
these issues, including as a method for depositing solid-state electrolyte
(SSE), cathode and anode materials, and current collectors.

In the processing of deposition of the cathode and anode electrodes, it
has shown promise in producing high-quality cathode electrodes with
improved electrochemical performance and stability. On the other hand,
the AD shows more possibility in the production of ASSBs which are
considered as the candidate to solve the safety issue of batteries. Not only
it can deposit the thin film electrolyte with high quality but also it is able
to integrate other battery components with solid-state electrolyte for the
development of high-performance and long-lasting ASSBs.
5.1. Deposition of electrodes

It is still challenging to develop a high-capacity electrode where ions
can intercalate/(de)intercalate at a fast rate with good cyclic stability. To
understand the difference between the electrodes used in current
rechargeable batteries and ASSBs. Let's first look at the way of prepara-
tion of conventional electrodes. The conventional preparation of elec-
trodes is mainly based on the slurry-casting method, in which the active
materials, conductive carbon and nonconductive binders are mixed into a
slurry form which is then cast on aluminum or copper foil [87]. In this
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process, conductive carbon provides an electrical contact between the
active materials and current collectors. The binders are used to integrate
the individuals of active materials, conductive additives, and current
collectors [88]. Regrettably, the binders are generally insulating and
electrochemically inactive, which not only decreases the electrical con-
ductivity but also has some side effects with the electrolyte [89,90]. Both
conductive carbon and binder are not ion conductive but the liquid
electrolytes that penetrate into the electrodes providing good channel for
ion conduction. AD provides the possibility to alter the composition of
electrodes which can deposit the active materials on current collector
without additives [91].

From deposition point of view, AD shows great potential in electrode
manufacture which could fabricate the electrode without thermal treat-
ment and additives. On the current collector or SSE, it can quickly deposit
the powdered electrode active ingredients. Additionally, the ADed elec-
trode has stronger adherence to the substrate than an electrode made by
conventional method using carbon and binders [25]. Strong adhesion
would prevent active materials from falling off during charge and
discharge cycles, improving cyclic stability. Table 3 tabulates some
earlier works of the ADed electrodes being employed with liquid and
polymer electrolytes.

The alloy-based anode fabricated by the AD shows better electro-
chemical properties due to high electronic mobility [55]. For example,
the capacity retention of the ADed Sn4P3 electrode in a cell with a
polymer electrolyte was much better than that in a cell with a liquid
electrolyte after galvanostatic cycling. It might be attributed to a reduced
microstructural change of the ADed film and no side effect with polymer
electrolyte after galvanostatic cycling with polymer electrolyte.

Meanwhile, electrodes fabricated by AD also meets some problems.
Although the ADed film has the similar structure and physical properties
as its raw powder, the crystallite size of the ADed film is smaller than the
particle size before deposition, which may affect the electrochemical
performance [3]. The ADed film has a strong mechanical bonding with



Table 3
Summary of the previous studies about cases of ADed electrode.

ref category deposited materials cathode anode electrolyte capacity stability comment

[25] anode tin phosphide–carbon
(Sn4P3/C) composite film
on ss

Li Sn4P3/C liquid 1000 mAh/g
(theoretical
gravimetric
capacity ¼ 1255
mAh/g)

700 mAh/g after
100 cycles; 380
mAh/g even after
400 cycles

[47] cathode C-coated LiFePO4 C-coated LiFePO4 Li liquid 14 μAh/cm2 at 1
μA/cm2, 158 mAh/
g

50 cycles

[47] cathode graphite Li graphite liquid 22 μAh/cm2 50 cycles good cycle
performances are
observed at 1 and
50 μA/cm2

[48] cathode
and
anode

LiFePO4/C LiFePO4/C Li liquid 31 mAh/cm2 50 cycles poor rate capability
at 0.2 and 2C rates

[52] anode Cu coated on Si Li Cu coated
on Si

liquid 870 mAh/g 61 % 1000cycyles

[40] anode Mg2Ge Li Mg2Ge liquid 95 mAh/g 35 % 200cycles
[93] anode Mg2Ge/Si Li Mg2Ge/Si liquid 1200 mAh/g 50 % 200 cycles.
[94] anode Ru coated on Si Li Ru coated

on Si
liquid 1500 mAh/g 39 % 1000cycyles

[26] anode Li4Ti5O12 Li Li4Ti5O12 liquid 159 mAh/g (0.5C);
125 mAh/g(20C)

98 % 100 cycles
(1C)

[95] anode Ni–P coated Li Ni-coated liquid 1590 mAh/g 50 % 1000cycyles
[54] anode SnO Li SnO liquid 580 mAh/g (0.07C) 43 % 50 cycles
[91] cathode LiNi0.4Co0.3Mn0.3O2

(NCM)
LiNi0.4Co0.3Mn0.3O2

(NCM)
Li liquid 44.7 μAh/cm2 43.5 μAh/cm

2cycles
[46] cathode Fe2O3 Fe2O3 Li liquid 150 mAh/cm2 Thicker, better rate

performance
[95] cathode Na3V2(PO4)3 Na3V2(PO4)3 Na liquid 32.2 mAh/cm2 88.6 % 1000 cycles
[96] cathode LiNi0.5Mn1.5O4 (LNM)-

LATP composite
LNM-LATP composite Li lithium

phosphorus
oxynitride
glass(LiPON)

6.8 mAh/g (100C) 3.7 mAh/g for 21st-
25th cycles (100
�C)

500 �C annealing;
graphite film
between Li and
LiPON

[55] anode Sn4P3 Li Sn4P3 polymer 900 mAh/g 78 % 75 cycles 420 mAh/g liquid
electrolyte

Table 4
Summary of the previous studies about cases of ADed electrolyte.

Ref materials substrate conductivity

[26] Li1.5Al0.5Ge1.5(PO4)3 (LAGP) Stainless
steel (SUS)

0.5*10�5 S/cm

[50] Al0.2Li6.025La3Zr1.625Ta0.375O12

(ALLZTO)
Cu 4.7 *10�5(23 �C);

3.1 *10�4(70 �C) S/
cm

[51] Li1.3Al0.3Ti1.7(PO4)3 (LATP) SUS 1.12*10�6 S/cm
[56] Na2Zn2TeO6 (NZTO) SUS 0.74 *10�5 S/cm
[57] Li0.35La0.55TiO3 (LLTO) SUS 6.38 * 10�7 S/cm
[102] Li7La3Zr2O12 (LLZO) AL 7 * 10�5 S/cm
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current collector or with SSE, which may result in large interface stresses.
Due to poor electric as well as ionic conductivity, the thickness and mass
load of the electrodes is limited [46]. To address these issues associated
to electric conductivity and ion transportation in the electrode, the active
powder particles can be lightly coated a layer of carbon or incorporated
with small amount of electrolyte [92].

5.2. Electrolytes

Solving the safety problems is one of the main objectives of the next
generation battery. SSE is a good substantial for organic liquid electrolyte
to reduce the safety risk of batteries [97]. There are several kinds of
solid-state electrolytes used to create the ASSBs. including Oxide- [98],
phosphate- [99,100] and polymer-based electrolytes [101].

SSE thin film with low thickness can achieve better conducting
properties. It can also be used in micro-device and increase the volu-
metric energy density. Table 4 shows the conductivity of electrolyte thin
films fabricated by AD. Although the ionic conductivity of ADed film
electrolyte is more than one order of magnitude lower than that of sin-
tered electrolyte by conventional method, it still has a lower total resis-
tance value due to the small thickness.

5.3. All-solid-state battery

Since ASSB employ nonflammable SSE to replace the organic liquid
electrolyte, the safety concern of battery can be largely reduced [103,
104]. However, the interface between electrode and electrolyte in ASSB
is solid-solid, which is very different from the liquid-solid in the tradi-
tional battery, leading to another issue. Normally, for the traditional
cells, the surface of the electrode is wetted with liquid electrolyte and the
additional electrolyte infiltrates into the active materials, resulting in a
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good contact for charge carriers’ transportation, whereas the SSE has a
rigid interface with electrode particles at point-to-point contacts limiting
the ion transport [105]. The volume change of the electrode during
electrochemical cycling may also cause damage to these rigid connects,
restricting ion conduction and electrochemical response in the electrode
[103]. How to produce a striking interface between the electrode and the
SSE hence becomes a key to improve the electrochemical performance of
ASSB. Fabrication of battery through AD may provide a solution to
directly integrate the thick electrode film on to the SSE or the electrode
and electrolyte layer-by-layer, which is not only cost-effective but also of
high quality in comparison with other deposition technologies such as
PLD [106,107], CVD [108], plasma spraying [109], and ion-beam
deposition [110]. As stated before, AD process is a room temperature
operation. This heating-free and binder-free process enable to eliminate
the mismatch of thermal stability of both electrodes and solid electro-
lytes, and reduces the likelihood of undesired side reactions (e.g. mutual
diffusion layers) between the materials [59]. Some studies although
limited are summarized in Table 5.



Table 5
Summary of ASSBs fabricated by AD.

ref category deposited materials substrate cathode anode electrolyte capacity stability comments

[49] Cathode LiNi1/3Co1/3Mn1/3O2

(NCM)
LATP NCM Li LATP-LiPON 87 mAh/g (298

K); 138 mAh/g
(333 K)

over 20
cycles

Li/LiPON/LATP-
sheet/NMC-
composite-film/Pt

[58] Cathode LiV3O8 (LVO) Li7La3Zr2O12

(LLZO)
LVO Li LLZO 100 mAh/g (50

�C) 290 mAh/g
(100 �C)

150 mAh/g
(100 �C) 35
cycles

[111] Cathode Li3BO3 (LBO)-
LiCoO2 (LCO)

ALLLZO LBO-LCO Li ALLLZO 128 mAh/g (60
�C)

87 % 30
cycles

[27] Cathode LCO LATP LCO Li LATP 70 mAh/g (100
�C)

350C annealing

[59] Cathode NMC þ LATP LLZO NMC þ
LATP

Li LLZO 135 mAh/g 90 % 90
cycles (100
�C)

[96] cathode LiNi0.5Mn1.5O4

(LNM)-LATP
composite

LNM-LATP
composite

LNM Li LATP-lithium
phosphorus oxynitride
glass electrolyte (LiPON)

6.8 mAh/g for
1st-5th

stable over
90 cycles
100 �C

500 �C annealing

[113] Cathode-
electrolyte

LiFePO4 (LFP)-LLZO SUS LFP Li LLZO 19 μAh/cm2, 53
mAh/g (0.3C)

90 cycles
(100 �C)

1 * 10�8 S/cm at
140 �C
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Fig. 9(a) shows an example of LiV3O8 (LVO) electrode on
Li7La3Zr2O12 (LLZO) substrate by AD. XRD results of this AD sample are
shown in Fig. 9(b) revealing no side effect after the AD with the perfect
match of LLZO before and after AD. The initial charge-discharge curves
and cycle performances of ASSB fabricated by AD are shown in Fig. 9(c)
and (d). The insert SEM image shows the monothetic interface between
electrode and electrolyte by AD. In this ASSB fabricated by AD, the stable
charge-discharge reactions with thick composite cathode films, LiNi1/
3Co1/3Mn1/3O2 (NMC) are ascribed to the incorporation of glass-ceramics
solid electrolyte, Li–Nb–O in the composite films. 3D-nano-network
amorphous solid-state electrolyte (Li–Nb–O) coating on NCM is an
important parameter for the dense composite film formation on the solid-
state electrolyte substrate Li1.3Al0.3Ti2(PO4)3 (LATP). In addition, the
LiPON is used to prevent the direct reactions between LATP and Li metal.
So the complete construction of this ASSB fabricated by AD is Li | LiPON |
LATP-sheet | NMC-LiNbO composite-film | Pt.

The degradation mechanism of ASSBs (Li–Au | LLZO | ADed Li3BO3
(LBO)- LiCoO2 (LCO)) fabricated by AD has been studied by electro-
chemical impedance spectroscopy (EIS) and in-situ SEM [111]. The
Nyquist plots of this ASSB before cycling and after the 1st
charging-discharging process, are shown in Fig. 9(e) and (f) respectively.
It was proved that the interfacial contact between electrode (ADed
LBO-LCO) and SSE (LLZO) was improved after the initial charging pro-
cess through the comparison of EIS results of cells before cycling and
after 1st cycle charging. In addition, three poorly resolved arcs are
observed in the frequency domain from 3 MHz to 8 Hz, which can be
assigned to the three types of interfacial resistance including RLi�Au | LLZO,
RLLZO | LBO and RLBO-LCO But the total resistance increased with cycling,
which was very likely related to the electromechanical degradation of the
LBO-LCO interface, caused by the insertion and extraction of Li ions into
and from LCO, which are summarized in Fig. 9(g). In-situ SEM results
shown in Fig. 9(h) was performed to verify the proposed crack evolution
mechanism in LBO-LCO leading to the degradation of this ASSB. The
pre-existing cracks become larger and deeper after the initial charging
and discharging, as indicated by the arrowheads in Fig. 9(h).

Annealing at appropriate temperature after deposition could recover
the crystallite defects and significantly reduce the interfacial resistance.
STEM-EELS spectrum imaging verified interfacial resistance was reduced
after thermal annealing at 250�300 �C, but the interfacial resistance was
increased after thermal annealing at 400 �C, attribute to the formation of
a Co3O4-like spinel blocking layer at the electrolyte and electrode
interface (LATP | LCO) [112].

5.4. Others

In addition to ASSB, AD can also be used in fields of solar cells, fuel
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cells and flexible batteries. High-temperature solid oxide fuel cells
(SOFCs) generate energy through the recombination of hydrogen and
oxygen. They need a diffusion barrier layer between the electrolyte and
cathode to prevent of cell aging during operating at high temperature. A
diffusion barrier film with good adhesive can be deposited on solid state
electrolyte by AD method [114,115]. A compact and porous TiO2 ADed
film was used in dye-sensitized solar cells (DSSCs) which enhanced the
conversion efficiency [116]. Active materials also can be deposited on
ductile substrate to achieve flexible batteries by this method [79,117].

6. Challenges and perspectives

As a room temperature processing, AD is capable to deposit different
materials on various substrates. Since AD directly deposits powder par-
ticles onto previous layer or substrate, the rate of deposition is much
faster than other physical deposition. By understanding operation of the
AD machine and mechanisms of this cold collision at extremely high
kinetic energy, the operating parameters can be finally optimized. Since
it is a room temperature process, the interface will be clean from inter-
facial diffusion. However, there still exist a number of challenges before
being truly industrially exploited.

(a) Current study of AD for ASSBs is still based on a single line/belt
deposition. For a large area deposition, deposition through line-
by-line is necessary, which may cause concern of pitching be-
tween different deposition lines.

(b) Charge transfer on the interface in ASSB requires two essential
conditions, namely electrons and ions transportation. Therefore,
the electrode must contain additional material(s) which can
conduct electron as well as ions. Although AD is able to deposit
carbon-coated active materials, increase in ionic conductivity of
the electrode becomes a bottle neck. The simultaneous co-
deposition of electrode material and electrolyte particles may
solve this problem after seeking out the proper operation param-
eters. Interfacial investigations hold a crucial role in both AD
technology and the realm of batteries. The in-situ characterization
of batteries, included in-situ XRD and in-situ TEM, may provide
more useful information for further interfacial studies and
generate new idea for interfacial studies of ADed films.

(c) Suitable manufacturing process for ASSBs is still unclear leading
to difficulty in determine if ASSBs should be processed layer-by-
layer or layered on preprepared solid electrolyte. Therefore, sys-
tem design and optimization are essential for overcoming the
manufacturing hurdles associated with ASSBs and paving the way
for the successful industrial applications.
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(d) AD parameters are machine and materials dependent and suitable
AD machines should be designed. The optimized parameters for
one type of AD machine cannot be directly adapted by another
type of machine.

Overall, AD is a promising processing for battery. From recent suc-
cessful research works and data, it can be not only used for the processing
ASSBs but also for fabricating electrode sheets for current batteries since
it entirely removes insulating binder. Therefore the technology is worth
exploring further.
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