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In industry, thin films proved invaluable for protection of tools withstanding high
frictions and elevated temperatures, but also found successful applications as sensors, solar
cells, bioactive coatings for implants, photocatalysis and in lithography. Other envisaged
applications are currently researched for energy-storage devices, drug delivery or in situ
microstructuring for enhancing the surface properties.

When compared to other plasma-assisted deposition methods, such as plasma spray-
ing or plasma enhanced chemical vapor deposition, the Pulsed Laser Deposition (PLD)
technique stands as a simple, versatile, rapid, and cost-effective approach for the fabrication
of high-quality structures from a wide range of materials [1,2]. PLD as a thin film synthesis
method, although limited in terms of surface covered area, still gathers interest among
researchers due to some important advantages such as stoichiometric transfer of the target
composition to the synthesized coatings, high adherence of the deposited structures to
the substrate, improved uniformity in terms of morphology and chemical composition,
controlled degree of phase, crystallinity, and thickness of deposited coatings, lower poros-
ity, decreased tendency of the deposited structures to crack or delaminate, and relatively
simple experimental set-up.

Over the last years, an increasing research interest was observed in the field of PLD
synthesis of oxides and nitrides. From the first class, transparent conductive oxides, with
indium tin oxide (ITO) as one of the most representative materials, were intensively in-
vestigated due to their applications in many technological areas, including sensors [3,4].
By combining UV nanoimprint lithography and PLD, the fabrication of nanopatterned
ITO films was demonstrated to be appropriate for applications in the field of organic
photovoltaic cells or organic light emitting devices. In addition, iron oxide (Fe2O3) nanos-
tructures have been also studied due to their unique electrical and magnetic properties,
corroborated with the preservation of their chemical compatibility with biological tissues
for various medical applications. Thus, the formation of iron oxide nanostructures was
demonstrated using combined infrared pulsed laser ablation and carbothermal heat treat-
ment of Fe microspheres [5]. It was shown that iron oxide nanowires and nanoflakes
could be synthesized without the necessity of a catalyst. A possible growth mechanism of
iron oxide nanowires was introduced considering both the Fe3O4/Fe2O3 interface and the
chemical driving force for the diffusion of Fe species through the microsphere, which are
kinetically and thermodynamically controlled by the amount of Fe and carbon gaseous
species. An important aspect that should be mentioned is related to the targets’ preparation
for PLD synthesis of iron-doped indium oxide films. Therefore, at low oxygen pressures,
it was shown that, besides the existence of iron ions in the Fe2+ state, rather than the Fe3+

one, there was little metallic iron. All these characteristics were followed by an important
magnetization. When increasing the oxygen amount, the band gap increased also, whilst
the number of defect phases and the saturation magnetization decreased. It was demon-
strated that the oxygen amount in the target due to the precursor was an important factor
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but not a defining one for the overall quality of the films. It was also indicated that FeO, in
comparison to Fe2O3, could be a better choice due to a higher magnetization.

It should be emphasized that thin though hard coatings demonstrated to be of key-
importance for the fabrication of mechanical parts or tools due to their hardness and
wear-resistance characteristics [6]. Therefore, nitride-based films were recently investigated
as protective coatings, due to their physical–chemical, electronic, thermal, or mechanical
properties [7–10]. Particularly, aluminum nitride coatings own such characteristics, which
qualify them as relevant candidates for a wide range of applications, including photode-
tectors, light-emitting and laser diodes, acoustic devices, insulating and buffer layers, or
designs of self-sustainable opto- and micro-electronical devices [11–13].

Solid-electrolyte thin-films are mainly fabricated by thermal vacuum evaporation and
radiofrequency-sputtering techniques. It is important to note that their synthesis by the
PLD method generated improvements in their intrinsic characteristics. Due to an increasing
demand for smaller power sources, the current interest in rechargeable microbatteries has
expanded. Therefore, the recent progress in the field of lithium microbatteries is quite
remarkable, and this is mainly due to the PLD growth of high-quality, pinhole-free, solid-
state electrolyte thin films (i.e., Li6.1V0.61Si0.39O5.36). In this respect, using the sequential
PLD technique, rechargeable thin-film lithium-ion batteries were designed [14].

Aiming to expand the field of hard tissue engineering and regeneration, many bio-
materials were designed and exploited in different strategies, either for controlled drug
delivery [15], or to address various bone-related traumas [16]. For this aim, Matrix-Assisted
Pulsed Laser Evaporation (MAPLE), which is a variation of the PLD technique, was re-
cently used to deposit thin films of shellac for targeted drug release [17]. Thus, it was
demonstrated that the laser fluence is a key parameter in preserving the chemical structure
of shellac. In the case of low fluences, all the characteristic absorption bands were shown
and the best concordance to the pristine shellac was indicated. One innovative approach to
boost the efficiency of a biomaterial could be to coat it with a natural protein or a biological-
derived compound. To the difference of injecting a bioactive compound, which has the
disadvantage of a rapid removal from the living body, the deposition of a protein onto the
surface of the implanted material can determine an increase in its concentration, which
further results in a controlled local release. Post-surgical infections in bone implants could
be therefore prevented [18], and a local induction of osteogenic differentiation can be also
favored [15]. In this respect, lactoferrin (Lf) is a protein of interest, due to its antimicrobial
and anticarcinogenic activities, corroborated with an anti-inflammatory function and an
osteogenic role [19,20]. Thus, it was demonstrated that the controlled release of the compo-
nents by polymeric coating could better accommodate the combination of the properties of
both biological compounds, (i.e., the bone mechanical stability and osteogenic capacity of
hydroxyapatite, HA) with the anti-inflammatory and osteogenic effect of the Lf component,
which make the composition an excellent support for further bone regeneration.

Calcium phosphates (CaP) are the main inorganic component of bone tissues [21]. Due
to their excellent biocompatibility, high adherence to the substrate, and osseointegration
and osteoconduction characteristics, CaP-based bioceramic materials are widely used in
the domain of bone regeneration, both in orthopedics and dentistry [22–25], mainly as
coatings for metallic implants [26]. In the last few decades, research focus was put on HA,
which represents the most frequently used CaP due to some important properties, like
its role as a scaffold for osteogenic differentiation [27] and its capacity to stimulate and
accelerate the formation of new bone around implants [28,29]. The advantages of using
animal-origin HA (BioHA) coatings, fabricated by the PLD technique, as viable alternatives
to synthetic HA ones for various medical applications, were recently emphasized [16].
In this respect, the biocompatibility of BioHA materials was reported to be superior to
that of synthetic HA, with respect to cells’ morphology, proliferation, and bioactivity [16].
Moreover, when doped with various agents (i.e., Ti or Li2CO3), the effect was an increase in
cell proliferation [30,31]. Therefore, animal-origin HA could represent a reliable, promising,
safe, and, most importantly, low-cost resource for coatings that aim for biomimetism. For
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PLD, this domain is still in his incipient stage of development, offering endless possibilities
for expansion in terms of natural-CaP new resources, various concentrations of doping
elements, or controlled degree of the obtained coatings’ morphology and structure. It was
also demonstrated that, to the difference of synthetic HA, BioHA coatings could exhibit an-
timicrobial properties, besides an increased bioactivity. One could therefore conclude that,
the future of biomimetic coatings might belong mainly to the natural-origin CaPs source
materials, and their stoichiometric transfer and delicate tailoring in terms of thickness,
crystallinity, and functional groups can be performed by PLD as an optimal deposition
method. In addition, two decades of achievements focused on the in vivo performances of
CaP-based coatings fabricated by the PLD technique were also reported [32]. One should
note that, in the dedicated literature, there are studies on the in vivo testing of CaP-based
coatings (especially HA) synthesized by numerous physical vapor deposition methods,
but only few of them addressed the PLD technique. It was demonstrated that the values
inferred from the mechanical tests (concerning bone attachment) were all superior for the
functionalized Ti implants as compared to simple Ti ones. Both the PLD surface func-
tionalization of metallic implants and a longer implantation time period were shown to
have a key role on the overall bone bonding strength characteristics of the investigated
medical devices. Despite the interesting progress made in vitro and in vivo in the field
of CaP-coated metallic implants by PLD, not enough comparable clinical results were
delivered so far for an easier assessment. This was mainly because of the lack of standard-
ization of the coating properties and in vivo models. As a consequence, additional tests
are still needed to be performed, both to advance a certain “recipe” for optimum in vivo
results, and to evidence the relative influence of implant design, surgical procedure, and
coating characteristics (thickness and surface structure and morphology), on the short- and
long-term characteristics of the CaP-based synthesized structures.

Taking into consideration all these facts, one can conclude that a leap forward for PLD,
which is mainly a laboratory technique, could be its recognition as an industrial coating
technique in the near future. This is now more achievable than ever due to progress in
robotics, which can help with automatic and precise translation of targets and substrates,
but also to advances in vacuum techniques, allowing for generation of a high vacuum in
large enclosed spaces.
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Abstract: Indium tin oxide (ITO) thin films were grown on nanopatterned glass substrates by the
pulsed laser deposition (PLD) technique. The deposition was carried out at 1.2 J/cm2 laser fluence,
low oxygen pressure (1.5 Pa) and on unheated substrate. Arrays of periodic pillars with widths of
~350 nm, heights of ~250 nm, and separation pitches of ~1100 nm were fabricated on glass substrates
using UV nanoimprint lithography (UV-NIL), a simple, cost-effective, and high throughput technique
used to fabricate nanopatterns on large areas. In order to emphasize the influence of the periodic
patterns on the properties of the nanostructured ITO films, this transparent conductive oxide (TCO)
was also grown on flat glass substrates. Therefore, the structural, compositional, morphological,
optical, and electrical properties of both non-patterned and patterned ITO films were investigated
in a comparative manner. The energy dispersive X-ray analysis (EDX) confirms that the ITO films
preserve the In2O3:SnO2 weight ratio from the solid ITO target. The SEM and atomic force microscopy
(AFM) images prove that the deposited ITO films retain the pattern of the glass substrates. The optical
investigations reveal that patterned ITO films present a good optical transmittance. The electrical
measurements show that both the non-patterned and patterned ITO films are characterized by a low
electrical resistivity (<2.8 × 10−4). However, an improvement in the Hall mobility was achieved in
the case of the nanopatterned ITO films, evidencing the potential applications of such nanopatterned
TCO films obtained by PLD in photovoltaic and light emitting devices.

Keywords: PLD; ITO; nanoimprint lithography; coatings

1. Introduction

Transparent conductive oxides (TCO) have been intensively studied in recent years due to
their applications in many technological areas, such as optoelectronics devices, automobile and
aircraft windows, and antireflection coatings [1–4]. Among various metal oxides, ZnO, SnO2,
In2O3, and CdO have been extensively used in organic optoelectronic devices such as organic
photovoltaics (OPVs) and organic light-emitting devices (OLEDs) [1,5–7]. Due to its unique optical
(high transparency) and electrical (low electrical resistivity) features, indium tin oxide (ITO) remains
the most investigated TCO [2,3]. Other ITO properties are linked to surface roughness, work function,
mechanical characteristics, and environmental stability. The attributes of ITO layers are strongly
influenced by the deposition techniques involved in TCO fabrication [5], the most used methods being
magnetron sputtering [8,9], oxygen ion beam assisted deposition [10,11], chemical vapor deposition
(CVD) [12,13], and pulsed laser deposition (PLD) [14,15]. The PLD method results in TCO coatings
with appropriate electrical and optical properties [1], with its major advantage being the preservation
of the target chemical composition in the transferred films. Furthermore, PLD allows the deposition
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of the films at low substrate temperature, thus making the technique suitable for the fabrication of
TCO films even on plastic substrates [14]. In 2000, Ohta published a study regarding the PLD of
an ITO layer characterized by a low electrical resistivity (7.7 × 10−5 Ω·cm) on an yttria-stabilized
zirconia substrate [16]. In 2001, Suzuki reported the growth by PLD of an ITO film characterized
by a lower electrical resistivity (7.2 × 10−5 Ω·cm), a transmittance in the visible part of the solar
spectrum greater than 90%, and a very smooth surface (0.61 nm average surface roughness) [17].
For the preparation of ITO films with adequate optical and electrical properties, the most important
parameters of PLD are the oxygen gas pressure and the substrate temperature. Thus, a decrease
of the oxygen pressure (PO2 ) leads to an increase of the oxygen vacancy concentration in the ITO
film, which has the consequence of increasing the carrier concentration and the conductivity of the
deposited layer [18]. Because apparently the optical transmittance increases with the increase of the
oxygen pressure [1], an optimum between optical and electrical properties must be achieved. A higher
substrate temperature leads to the increase of grain size in the grown films, and, in this way, the grain
boundary scattering is reduced and results in an increase of the conductivity of the ITO films [19].

In the last few years, some papers in the field of solar cells and OLEDs have focused on the
improvement of device parameters using light out-coupling methods, approaches which imply
the modification of substrates by patterning techniques [20–23]. For patterns fabrication, e-beam
lithography [24], nanoimprint lithography (NIL) [25], and focused ion beam (FIB) [26] are the most
frequently used techniques. NIL has been proven to be a powerful tool for the mass production of
micro/nanostructures with controlled shape and density on different substrates like glass, Si wafers,
and polymer films [27,28]. Moreover, the NIL technique provides an ideal solution for patterning
large areas with good resolutions at low cost and high throughput [29]. This special peculiarity of NIL
opens the way for many economically feasible applications regarding the deposition of ITO films by
different routes on patterning substrates obtained by NIL. Despite this aspect of NIL, few research
papers have been published on this subject [30–32]. Hence, ITO films were grown by PLD on thermal
nanoimprinted glass plates using self-organized nanopattern molds of oxides (NiO, α-Al2O3) [30,31]
and on patterned glass substrates heated at 200 ◦C [32].

In this context, the present work is focused on the PLD (unheated substrate and using a lower
laser fluency) of ITO films on nanopatterned glass substrates fabricated by NIL. ITO layers were
also deposited by PLD on flat glass substrates for evidencing the influence of the patterns on the
properties of the nanostructured ITO films. The structural, compositional, morphological, optical,
and electrical properties of both non-patterned and patterned ITO films were investigated and analyzed
in a comparative manner. The information from this research can be helpful for developing potential
applications of such patterned TCO films in organic optoelectronic devices.

2. Experimental Section

The patterns were fabricated on glass substrate with the UV nanoimprint lithography (UV-NIL)
method using an EVG 620 mask aligner (EV Group, Sankt Florian, Austria). The following steps were
involved in the patterning process: (i) the glass substrate was preheated at 150 ◦C for 2 min; (ii) the
primer was spin-coated (Brewer Science Cee 200X Spin Coater, Brewer Science, Inc., Rolla, MO, USA)
to improve the adhesion of the polymer photoresist layer; (iii) the UV-resist layer was deposited by
spin-coating and further annealed at 120 ◦C for 30 s; (iv) the soft stamp (mold) with the desired pattern
was placed on the photoresist layer and pressed at a uniform contact pressure of 100 mbar; (v) the
photoresist layer was exposed to UV light for 90 s, allowing the cross-linking process to lead to its
solidification; and (vi) the soft mold was released, which left the UV-resist pattern [25]

The ITO films were deposited on flat and nanopatterned glass substrates by the PLD technique
using an excimer laser source with krypton fluoride, KrF (CompexPro 205, 248 nm wavelength, τFWHM

~25 ns, Coherent Inc., Santa Clara, CA, USA) operating at 10 Hz repetition rate. A solid ITO target
(SCI Engineered Materials Inc., Columbus, OH, USA, In2O3:SnO2 = 90%:10% weight) was ablated
with 7000 laser pulses. The laser beam was directed on the target surface at 45◦ incidence angle with
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a MgF2 lens (300 mm focal length) placed outside of the deposition chamber. The distance between
target and substrate was fixed at 5 cm, and the target was rotated during the deposition to prevent its
local damage. The deposition chamber—having 10−4 Pa residual pressure—was filled with oxygen 6.0
up to 1.5 Pa pressure. The PO2 was chosen by taking into account that ITO films with low resistivity
value can be grown at room temperature (RT) using this pressure value [19]. The deterioration of
the patterned nanostructures was avoided by using low laser fluency (1.2 J/cm2) and maintaining
the substrates at RT. More details about the PLD experimental set-up are given in our previous
papers [33,34]. The investigated samples were labeled as follows: glass (flat glass substrate), ITO/glass
(flat glass substrate coated with ITO), NP-glass (nanopatterned glass substrate), and ITO/NP-glass
(nanopatterned glass substrate coated with ITO). In addition to the samples already mentioned, a
second specimen based on nanopatterned glass substrate coated with ITO (ITO/NP-glass_bis) was
also analyzed to emphasize the reproducibility of this preparation procedure combining UV-NIL and
PLD techniques.

The thickness of the deposited ITO/glass films (as average median between the values obtained
from three different measurements) was evaluated at ~340 nm using an XP 100 profilometer (Ambios
Technology, Inc., Santa Cruz, CA, USA).

The prepared samples were studied from structural, morphological, optical, and electrical points
of view. The crystalline structure was analyzed using a D8 Advance (Bruker AXS, Karlsruhe, Germany)
instrument operating with Bragg-Brentano geometry with a monochromatized Cu Kα1 radiation
(λ = 1.4506 Å). The diffractograms were recorded in the 20◦–80◦ range using 0.02◦ step size and 2 s/step.
The morphology and the elemental composition were observed using a Zeiss Merlin Compact field
emission scanning electron microscope and a Gemini SEM 500 (Zeiss, Oberkochen, Germany) field
emission scanning electron microscope equipped with energy dispersive X-ray analysis Quantax
XFlash detector 610 M (Bruker, Billerica, MA, USA)as an accessory. The roughness was evaluated using
a MultiView 4000 atomic force microscope (phase feedback, Nanonics Imaging Ltd., Jerusalem, Israel).
The optical properties were investigated by UV-VIS spectroscopy and photoluminescence (PL) using a
Carry 5000 Spectrophotometer (Varian, Inc., Palo Alto, CA, USA) and a FL 920 spectrometer (Edinburgh
Instruments Ltd., Livingston, UK) with a 450 W Xe lamp excitation and double monochromators on
both excitation and emission, respectively. The optical measurements were made at room temperature.
The transmission spectra were recorded in the 200–1100 nm domain, and the PL spectra were acquired
at λexc = 335 nm (350–650 nm range) and at λexc = 435 nm (450–850 nm range). The parameters for
recording were as follows: slit size = 3 mm, step size = 1 nm, and dwell time = 0.25 s. The carrier
transport properties were evaluated from the measurements carried out at room temperature using a
H50 Hall effect/Van der Pauw system (version, MMR Technologies Inc., San Jose, CA, USA).

3. Results and Discussions

The elemental composition of the TCO films grown by PLD was evaluated by energy dispersive
X-ray analysis (EDX), which is presented in the Figure 1. The EDX spectra of ITO/glass and ITO/NP-glass
samples evidenced the presence of In, Sn, and O components. In both cases, the atomic percentage for
Sn:O:In was found to be about 3.7:63.5:32.7, confirming that the PLD target composition was maintained
in the deposited ITO film. The results are in agreement to those reported for ITO films obtained by
PLD [35], as the technique allows a stoichiometric transfer of the material from the target to the deposited
film. The other peaks observed in the EDX spectra originated from the glass used as deposition substrate.
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Figure 1. Energy dispersive X-ray analysis (EDX) spectra of indium tin oxide ITO/glass and
ITO/nanopatterned (NP)-glass samples.

As mentioned above, substrate temperature and oxygen pressure have determinant impact on the
crystalline structure of the TCO films grown by PLD. Thus, the ITO/glass and ITO/NP-glass samples
were investigated by X-ray diffraction (XRD). In Figure 2, the XRD patterns of the ITO films deposited
on unheated substrates exhibit only a broad peak at ~31◦ which can be related to a microcrystalline
structure with a preferred (222) orientation [36]. The result is consistent with other studies carried out
on ITO films prepared by PLD at RT and low PO2 , though with higher laser fluency (4 J/cm2) [37].
It was noticed that the patterning process has no influence on the ITO crystallinity.

Figure 2. X-ray diffraction (XRD) patterns of glass, ITO/glass and ITO/NP-glass samples.

Also, the morphology and the roughness of the TCO thin films are key features which influence
their optical and electrical properties. Ergo, in the next step, all prepared samples were analyzed by
field emission scanning electron microscopy (FESEM) and atomic force microscopy (AFM). These
types of analyses for ITO/glass, NP-glass, ITO/NP-glass, and ITO/NP-glass_bis can be seen in
Figures 3–6, respectively.

Figure 3. Field emission scanning electron microscopy (FESEM) images at different magnifications
(A,B,C) and atomic force microscopy (AFM) images (D,E) in 2D and 3D format of the ITO/glass sample.
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Figure 4. FESEM images at different magnifications (A,B,C) and AFM images (D,E) in 2D and 3D
format of the NP-glass sample.

Figure 5. FESEM images at different magnifications (A,B,C) and AFM images (D,E) in 2D and 3D
format of the ITO/NP-glass sample.

Figure 6. FESEM images at different magnifications (A,B,C) and AFM images (D,E) in 2D and 3D
format of the ITO/NP-glass_bis sample.

The FESEM images of the ITO films deposited on flat glass substrate (Figure 3) disclose a smooth
surface in accordance with observations reported in the case of ITO films prepared by solution-based
fabrication methods [38].

In the case of the structures fabricated by UV–NIL on glass substrates, the FESEM images
(Figure 4) show arrays of periodic pillars with diameters of ~350 nm and a distance between the pillars
of ~1100 nm. As can be seen in Figures 5 and 6, the deposition of the ITO by PLD resulted in the
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increase of the pillars’ width and the decrease of the separation step—the deposited films were trying
to fill the space between pillars and to cover them.

Using the AFM investigations, the root mean square (RMS) parameter was evaluated as being:
1 nm for ITO/glass (Figure 3), 59 nm for NS-glass (Figure 4), 47 nm for ITO/NP-glass (Figure 5),
and 44 nm for ITO/NP-glass_bis (Figure 6). The presence of the pillars lead, as was expected, to a
roughness increase. In the case of the ITO/glass sample, the RMS value is lower in comparison with
other values calculated for ITO films prepared by other methods [8], but it is comparable with those
reported for ITO films grown by PLD, as this technique offers the possibility to obtain TCO films with
a smooth surface when the deposition is made at low temperature and with a low laser fluency [19,39].

Additionally, the surface kurtosis (Rku) parameter, a peakedness indicator—also determined by
AFM—has the following values: 5.2 for ITO/glass, 2.1 for NP-glass, 2.3 for ITO/NP-glass, and 2.4 for
ITO/NP-glass_bis. Based on the Rku values, it can be mentioned that the ITO/glass film presents more
peaks than valleys, while the ITO/NP-glass films present more valleys than peaks.

The EDX mapping images of the ITO films deposited on both flat (Figure 7A,B) and nanopatterned
glass (Figure 7C,D) substrate illustrate a uniform distribution of the chemical elements Sn, O, and In
contained in the PLD target. Over the fabricated pillars, no preferential arrangement of the elements
as clusters is evidenced.

 

Figure 7. FESEM (A,C) and EDX mapping (B,D) images of ITO/glass (A,B) and ITO/NP-glass
(C,D) samples.

The height of the pillars obtained by UV-NIL was estimated at ~250 nm from the cross-sectional
FESEM images shown in Figure 8A,B, as the height was reduced after their coating with ITO films
Figure 8C,D. Furthermore, these FESEM images emphasize an interesting aspect: the shape of the
pillars is changed after the deposition of the TCO towards a pyramid trunk-like shape.

 

Figure 8. Cross-sectional FESEM images at two magnifications of NP-glass (A,B) and ITO/NP-glass
(C,D) samples.

The optical properties are presented in Figures 9 and 10. The ITO film deposited on flat glass
substrate presents a transmittance over 80% between 600 and 1100 nm, with the interference maxima
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and minima exhibited in the visible range being typical for the films with similar thickness (~340 nm)
deposited by PLD or by magnetron sputtering [8,19]. The interference characteristics are also observed
in the UV-VIS spectra of the ITO film deposited on nanopatterned glass substrate. Using these maxima
and minima and the Swaneopel method [40], the refractive index (n) value was evaluated at ~1.9 for
ITO/glass—a characteristic value for the ITO films deposited by PLD—and at ~2.4 for ITO/NP-glass.
Some studies reported that the n value depended on the substrate temperature, since higher values
were obtained for the ITO films prepared at a low temperature [19]. In addition, by plotting (αhν)2

versus photon energy, the band gap values for both ITO/glass and ITO/NP-glass samples were
estimated at ~3.65 eV and ~3.21 eV, respectively. The band gap of ITO deposited on flat glass substrate
is thickness-dependent and is in accordance with other reported films prepared by PLD with different
SnO2 content (5% or 10%) [37,39]. It is well known that ITO is a semiconductor with a direct wide band
gap greater than 3 eV [3]. The increase of this value is usually attributed to the increasing of the carrier
density, a process known as Burstein-Moss effect [19]. Regarding the lowering of the band gap value of
ITO film deposited on the nanopatterned glass substrate, a similar effect, related to oxygen deficiency,
was observed for the ITO deposited by spin-coating on self-assembled polymer nanopattern [41].

Figure 9. UV-VIS spectra and (αhν)2 vs. E dependency of ITO/glass and ITO/NP-glass samples.

Figure 10. Photoluminescence (PL) spectra at two excitation wavelengths of glass, NP-glass, ITO/glass
and ITO/NP-glass samples.
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The PL spectra of all investigated samples—recorded at two excitation wavelength (335 and
435 nm)—are shown in Figure 10, as such information is useful for the TCO applications in OPV
or OLED devices [42]. Under UV excitation (335 nm), the ITO/glass sample revealed a structured
emission band with peaks at about 410, 430, and 460 nm which can be attributed to the ITO [25,43].
Generally, these emissions are characteristic of ITO, appearing due to the In2O3 oxygen deficiencies [44].
However, it is difficult to make an assignment, since the glass substrate presents also a similar emission.
The ITO/NP-glass sample disclosed a shift of the structured emission band compared with that of
the NP/glass sample. Furthermore, the shoulder at about 500 nm can also be associated with the
ITO emission [45]. Under visible excitation (435 nm), an emission band peaked at about 550 nm is
evidenced by the ITO/glass sample being narrower in comparison with that of the glass substrate [46].
In the case of the patterned samples, the PL spectra near the emission band at 550 nm show another
weak broad emission band between 600 and 800 nm, which can be as also related the deposited
ITO film [46].

The electrical properties of the ITO films deposited on flat and nanopatterned glass substrate by
PLD were evaluated from the Hall measurements (Table 1), which revealed that the electrons are the
charge carriers.

Table 1. Electrical parameters of the ITO deposited by PLD estimated from the Hall measurements.

Sample Resistivity (Ωcm) Mobility (cm2/Vs) Carrier Concentration (cm−3) Sheet Resistance (Ω/sq)

ITO/glass 1.8 × 10−4 10.6 3.3 × 1021 5.3
ITO/NP-glass 2.8 × 10−4 15.1 1.5 × 1021 8

ITO/NP-glass_bis 2.7 × 10−4 14.6 1.6 × 1021 7.9

The calculated electrical resistivity is lower for the ITO/glass sample in comparison with the
values for ITO/NP/glass and ITO/NP-glass_bis samples. Therefore, ITO samples prepared by PLD
on substrates maintained at RT have resistivity values close to those reported for the ITO films
deposited by PLD using a heated substrate (300 ◦C)—a target with 5% SnO2, with the TCO film having
30 nm in thickness [17]. Our ITO samples are also similar to ITO films deposited using a 1 Pa O2

atmosphere, a target having 10% SnO2 content and different temperature substrate (beginning from
100 ◦C) [39,47]. In addition, the resistivity of the ITO/glass sample has a better value (1.8 × 10−4 Ω·cm)
relative to others obtained in similar PLD experimental parameters (substrate kept at RT, SnO2 content,
oxygen pressure) [48]. As mentioned above, the oxygen pressure is a key parameter in the PLD, as
it influences the resistivity value of the TCO films—an influence owing to the number of formed
oxygen vacancies in the laser transferred ITO films [25]. Thus, the electrical resistivity decreases
with the increase of the SnO2 content over 5%. The increasing of the Sn amount leads to a higher
concentration of the electron traps [19]. In our case, the ITO/glass sample has the highest carrier
concentration (3.3 × 1021 cm−3), the values of the ITO/NP-glass and ITO/NP-glass_bis samples being
similar. The results are in consensus with other results obtained for ITO samples prepared on heated
substrate [19,48]. Also, in these studies, the carrier density is related to the Sn quantity, an increase
in the carrier density being reported as effect of the Sn donor electrons for the samples grown from
the target containing a higher Sn concentration [19]. The carrier density is connected to the band
gap value: ITO/glass samples that featured the highest carrier density had Eg = 3.65 eV, whereas
ITO/NP-glass characterized by a lower carrier density has Eg = 3.21 eV. Furthermore, an increase
in the Hall mobility was evidenced for the ITO/NP-glass and ITO/NP-glass_bis samples—15.1 and
14.6 cm2/Vs, respectively—compared to the ITO/glass sample—10.6 cm2/Vs—which has smaller
values than other reported values [25] due to the carrier-carrier scattering as an effect of high carrier
density [1]. Taking into consideration that the only difference between the samples investigated in
this study was the use of different substrate type, the increase in the Hall mobility for the ITO films
deposited by PLD on nanopatterned glass is clearly owed to this patterned substrate.
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4. Conclusions

PLD is an adequate technique to deposit ITO films on both flat and patterned glass substrates at
room temperature, 1.2 J/cm2 laser fluency, and low oxygen pressure (1.5 Pa). The patterned substrates
containing periodic pillars with ~350 nm in width, ~250 nm in height, and ~1100 nm separation
step were fabricated by a UV-NIL process. The EDX analysis confirms that the laser-deposited ITO
films preserve the stoichiometry of the solid ITO target (In2O3:SnO2 = 90%:10% weight), and the
XRD data show a (222) preferential orientation for the grown film. The SEM and AFM images prove
that the deposited ITO films retain the pattern of the glass substrates, while the nanopatterned TCO
films featured a good optical transmittance. A low RMS value (1 nm) was estimated for the ITO film
deposited on flat glass. The optical band gap and the refractive index were evaluated from the UV-VIS
spectra, and the obtained values were in agreement with other results reported for ITO films deposited
by PLD. The electrical measurements revealed that a n-type semiconductor was obtained, as the TCO
films were characterized by a low electrical resistivity (<2.8 × 10−4) regardless the substrate type.
However, an increase in the Hall mobility was observed in the case of the ITO films deposited on
nanostructured glass. By combining UV-NIL—a cost-effective technique to fabricate nanopatterns on
large areas—and PLD, a method for growing TCO films at low substrate temperature can be obtained
for nanopatterned ITO films. This could have applications in organic photovoltaic cells or organic light
emitting devices.
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Abstract: This paper concerns the importance of the preparation of the targets that may be used for
pulsed laser deposition of iron-doped indium oxide films. Targets with a fixed concentration of iron
are fabricated from indium oxide and iron metal or one of the oxides of iron, FeO, Fe3O4 and Fe2O3.
Films from each target were ablated onto sapphire substrates at the same temperature under different
oxygen pressures such that the thickness of the films was kept approximately constant. The films were
studied using X-ray diffraction, X-ray absorption (both XANES and EXAFS), optical absorption and
magnetic circular dichroism. The magnetic properties were measured with a SQUID magnetometer.
At the lowest oxygen pressure, there was evidence that some of the iron ions in the films were
in the state Fe2+, rather than Fe3+, and there was also a little metallic iron; these properties were
accompanied by a substantial magnetisation. As the amount of the oxygen was increased, the number
of defect phases and the saturation magnetisation was reduced and the band gap increased. In each
case, we found that the amount of the oxygen that had been included in the target from the precursor
added to the effect of adding oxygen in the deposition chamber. It was concluded that the amount of
oxygen in the target due to the precursor was an important consideration but not a defining factor in
the quality of the films.

Keywords: PLD; target preparation; room temperature ferromagnetism; dilute magnetic
semiconductor; Indium oxide; (InFe)2O3

1. Introduction to the Growth of Oxide Films Using Pulsed Laser Deposition

There is a great interest in the magnetic properties of thin oxide films for use in sensors. Pulsed
laser deposition (PLD) is one of the most commonly used growth techniques [1,2]. Particular examples
are pure and doped In2O3, ZnO and cuprate superconductors. A common feature of these oxides is that
their magnetic and electrical properties depend strongly on the amount of oxygen that is incorporated
into the film and the grain size [3–5]. PLD is a particularly versatile technique because the oxygen
stoichiometry can be controlled by depositing the film in a chamber that contains some oxygen gas,
and the grain size and quality of the films depend on the substrate temperature [5–7]. Almost all groups
have used targets made using conventional solid-state reaction techniques to fabricate their targets.
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An exception to this showed that good quality PLD films of oxides of indium could be made
using a metallic target and using the oxygen pressure in the chamber to obtain an oxide film. This was
done using targets that contained both metallic indium and tin that were ablated in an oxygen pressure
of 7.5 Torr and a silicon substrate heated to 500 ◦C to make an NO gas sensor [8]. Films of CdO doped
with indium where the target was Cd1–xInx with x = 0.049 were ablated in an oxygen atmosphere of
75 mTorr onto a quartz glass substrate held at 300 ◦C to fabricate CdO which is a good transparent
conductor [9].

Growth using an oxide target involves grinding and sintering powders and then pressing them
into a target and finally sintering again. There are several variables here, including how the grinding
was performed, how many times the powders were ground and sintered and the highest temperature
used to sinter the target. In many publications, these details are not given. An interesting comparison
was made between the properties of PLD-ablated films of (InFe)2O3 formed when the grinding was
done mechanically compared with using hand grinding using a pestle and mortar. The Fe ions that
were in the films that had been ablated from a target that had been formed using mechanical grinding
were almost entirely present as a secondary phase of Fe3O4 [10]. Essentially all the Fe ions were on In
sites in films made using the exact same protocol of grinding and sintering but using hand grinding
with a pestle and mortar [5].

Another relevant factor is the maximum temperature used to anneal the target. Good films of
pure and calcium-doped yttrium iron garnet (YIG) were deposited using a target that had been made
from Fe2O3, Y2O3 and, where appropriate, CaO. In this case, the target had to be annealed at a high
temperature, 1200 ◦C, for 15 h because targets sintered at lower temperatures were brittle and were
destroyed during laser ablation [11,12]. Good quality films were grown on a gadolinium gallium
garnet (GGG) using a substrate temperature of only 500 ◦C after the films had subsequently been
annealed in air at 1000 ◦C [11,12].

The annealing temperature for targets of pure Fe2O3 was important for a different reason. In this
case, the target retained its orange colour when it was annealed at 500 ◦C and then could be used to
grow films of maghemite by PLD at 100 mTorr. However, if the target had been annealed at 1200 ◦C in
air it changed its colour to black and then could be used to get films of Fe3O4 and FeO [12].

Another situation where a target changed colour after annealing to a high temperature occurred
with ZnCoO. A target was made from metallic cobalt and ZnO and was ground and sintered repeatedly.
It retained its light grey colour when the maximum temperature used for annealing was 1000 ◦C but
the colour changed to dark green if it was annealed at a higher temperature ~1150 ◦C. The ordered
compound of Zn1–xCoxO is green (Rinman’s Green) hence it was clear that in this case high temperatures
are required to complete the solid-state reaction. Films that contained 10% cobalt and were of similar
thickness were ablated from the targets annealed at 1000 and 1150 ◦C and were compared. It was
found that the film made from the target with the 1000 ◦C anneal had a significant content of metallic
cobalt present as nanoparticles that caused blocking behaviour at 30 K. The film made with the target
that had been annealed at 1150 ◦C had a much larger saturation magnetisation and any nanoparticles
of cobalt were too small to show blocking behaviour above 5 K [13].

Tuning the oxygen content in the films of pure and doped ZnO by changing the oxygen pressure
in the chamber has been performed very widely. However, the oxygen content of the target can also be
controlled by the precursor. To investigate the relevance of this, a study was made of films of ZnCoO
using three different precursors in the targets: Metallic cobalt, CoO and Co3O4 [14]. Most previous
work had used Co3O4. This study demonstrated that in this case, these different precursors produced
different films even though there was no trace of the precursors in the ablated films. It also showed
that using metallic cobalt as a precursor had effects beyond the concentration of oxygen and that the
subtle chemistry of PLD was also affected [14].

In2O3 is an n-type transparent semiconductor material with a wide band gap of 3.75 eV that is in
the ultraviolet (UV) region of the spectrum [15,16]. This material is an insulator in its stoichiometric
form, while in its oxygen deficient form it has n-type doping levels that are induced by oxygen
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vacancies. The stoichiometry is an important factor in determining electrical properties [17,18]. In2O3

can grow in three different structures; however, all thin films that were grown by PLD grow in the cubic
bixbyite structure as is seen here. In this structure, each cubic unit cell of In2O3 contains 16 formula
units (80 atoms) and has a lattice constant of 10.118 Å [19,20].

In2O3 has been doped with transition metals, in particular, iron, to form (In1–xFex)2O3 and
in this case the lattice constant decreases monotonically with increasing Fe concentration until
x = 0.2, indicating that the maximum solubility limit of Fe ions in In2O3 lattice is approximately 20%.
The saturation magnetisation, Ms, has also been found to increase proportionally with increasing Fe
concentration, for x between 0.05 and 0.2 [15,21–25].

It is generally found that oxygen vacancies induce defects that are responsible for the
ferromagnetism and that magnetism occurs when the Fe ions are reduced from Fe3+ to Fe2+ [15,26].
In addition, the value of Ms in (In0.95Fe0.05)O3 thin films has been found to be affected by the grain size,
where the highest magnetisation saturation corresponds to the largest grain size implying that grain
boundary magnetism is not important for these films [5].

However, there are also reports of Fe-doped In2O3 thin films that contain magnetic nanoparticles
of Fe2O3 or Fe3O4 [20,25,27]. The presence of the Fe3O4 nanoparticles has been reported to enhance the
room temperature magnetisation, magnetoresistance and a larger value of the coercive of ~400 Oe [10].

Previous work has considered Fe2O3 to be the obvious precursor to use with In2O3 to generate
a target for the PLD because it should generate a stoichiometric target [5,10,15,19,24,26]. It is well
known that if a film is ablated from a target in a high vacuum, the film will contain less oxygen than
the target because some oxygen is lost in the PLD process. Hence, films are grown in different oxygen
pressures so as to control the density of oxygen vacancies. In this work, we describe the effects of
controlling the density of oxygen vacancies by changing the precursor used to fabricate the target
as well as controlling the amount of oxygen in the growth chamber. We have made PLD films from
targets that contain 5% iron using metallic iron, FeO, Fe3O4 and Fe2O3 together with In2O3 in the
targets. All other conditions were kept constant.

The films were studied using X-ray diffraction to measure the change in the lattice constant with
the changing density of oxygen vacancies and also X-ray absorption, X-ray absorption near edge
structure (XANES) and extended X-ray absorption fine structure (EXAFS) techniques to measure the
state of ionisation of the Fe and its environment. The hysteresis loops of the films were measured
at room temperature and at 5 K. Optical measurements of the absorption and the magnetic circular
dichroism (MCD) were also studied. This enables us to investigate the effects on the films of adding
oxygen to the target using a different precursor with that of adding oxygen to the PLD chamber. It will
also indicate if there are extra chemical effects of using different targets that occur in the PLD process
beyond the effects of having a different concentration of oxygen vacancies. Such effects were found in
PLD films made of ZnCoO using different compounds of Co in the fabrication of the target [14].

2. Fabrication of the Targets and Growth of the Films

The targets were made using a solid-state reaction method that was performed using the following
protocol which we have found to be an effective method to produce targets that could be used to
grow good quality films [14]. Appropriate weights of one of the precursors, FeO, Fe2O3 or Fe3O4 and
In2O3 chosen so as to give a ratio of 0.05:0.95 of Fe to In, were mixed together; the amounts used and
the necessary information required to obtain these values are given in Table 1. The powders were
purchased from Alfa Aesar (Karlsruhe, Germany) and had purities of 99.999% for In2O3, 99.995%
for FeO, 99.998% for Fe3O4 and 99.999% for Fe2O3. The powders were hand ground for 30 min in a
ceramic pestle and mortar and calcined in air at 300 ◦C for 12 h. They were then ground again for a
further 30 min and sintered in air at 600 ◦C for 12 h. The procedure was repeated with the sintering
temperature raised to 900 ◦C. After the final anneal, the mixture was placed in a Specac (Specac Ltd.,
Kent, England) die, which was evacuated with a roughing-pump and, using a manual hydraulic press,
compressed to 25000 kPa. This produced a relatively dense, cylindrical pellet of diameter 25 mm and
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thickness between 2 and 5 mm, depending upon the amount of the initial powders used. The pellet
was then given a final anneal at a maximum temperature of 1000 ◦C.

Table 1. The weight of each material required to make targets weighing ~11 g.

Precursor Molecular Weight Element Number Per Gram ×1021 Number of Grams for a
Target of (In1−xFex)2O3

In2O3 277.64 In 4.3381 10
Fe 55.845 Fe 10.784 0.212

FeO 71.844 Fe 8.3822 0.272
Fe3O4 231.533 Fe 7.8030 0.292
Fe2O3 159.69 Fe 7.5422 0.303

Thin films of thickness of approximately 200 nm were deposited on double-side polished sapphire
c-cut Al2O3 (0001) substrates that were held at 450 ◦C. The deposition used a Lambda Physik LEXTRA
200 XeCl excimer laser (Lambda Physik Lasertechnik, Goettingen, Germany) with a maximum power
of 400 mJ per pulse, an operating wavelength of 308 nm, and a 10 Hz repetition rate of 28 ns pulses.
The target was rotated at 60 rpm and was placed 5 cm from the substrate. We had previously checked
that there was almost no difference in the films that were made using the XeCl laser compared with
the, more standard, KrF laser. Three films were made from each target at each of three different oxygen
pressures in the PLD chamber. The three conditions were base pressure, 2 × 10−5 Torr and oxygen
pressures of 2 × 10−4 Torr and 2 × 10−3 Torr. This was to allow us to compare the effects of adding
oxygen to the target from the precursor with that of adding oxygen to the PLD growth chamber.

3. Results

3.1. Structural Characterisation of the Films

The films’ structural and chemical characteristics were obtained using X-ray diffraction XRD,
(Rigaku Corporation, Tokyo, Japan and Bruker D2 Phaser, Coventry, UK), XANES and EXAFS
techniques. These techniques gave us information on the lattice constant and grain size of the In2O3

matrix and the presence of any nanoparticles that existed in the films.
The XRD data, shown in Figure 1, were measured using Cu Kα radiation (λ = 1.5406 Å) using a

θ−2θ scan. For the samples grown at base pressure, the data showed that the samples had diffraction
peaks corresponding to (222) and (400) of the pure cubic bixbyite In2O3; the (006) peak is from the
sapphire substrate. A small peak at ~36◦ (shown in red) indicated the presence of the secondary phase
of FeO; however, no peaks from metallic iron were detected. The insets in Figure 1 show an enlarged
plot of the (222) reflection; at base pressure, all three lattice constants were 10.18 ± 0.02 Å but there are
real differences for the films grown at 2 × 10−3 Torr where the lattice constants for FeO, Fe3O4 and
Fe2O3 were 10.17 ± 0.02 Å, 10.14 ± 0.02 Å and 10.12 ± 0.02 Å, respectively. This is in agreement with
earlier results where it was found that the lattice constant increased slowly with increasing oxygen due
to the elimination of isolated oxygen vacancies, but that at higher oxygen pressure it decreased rapidly
due to the removal of the oxygen vacancy being accompanied by the oxidation of the large Fe2+ ion
to the much smaller Fe3+ ion [15,26]. The size of the observed lattice contraction increased with the
amount of oxygen in the target. Hence, the data indicated that the total amount of oxygen in the films
depends on both the oxygen in the precursor as well as the oxygen in the PLD chamber.
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Figure 1. XRD data of the Fe-doped In2O3 thin films grown from different oxide precursors at (a) base
pressure of 2 × 10−5 Torr and (b) 2 × 10−3 Torr. The insets demonstrate the effect of the precursor on the
position of the (222) peak.

To have a more accurate estimate of the presence of defect phases and the ionisation state and
environment of the Fe ion, K-edge XANES and EXAFS spectra have been measured. The films
grown at base pressure and the powder oxide standards were measured on beamline 20-BM, and the
films grown at higher oxygen pressure were measured on beamline 20-ID at the Advanced Photon
Source. The setups on both beamlines were similar with Si (111) monochromators providing 1 eV
energy resolution at the Fe K edge. The measurements were made at room temperature at a glancing
angle of ~5◦ with the X-ray polarization normal to the surface of the films. Multielement solid-state
detectors (4 element silicon drift detector on 20-ID and 13 element Ge detector on 20-BM) were used for
fluorescence detection, and the samples were spun at a few Hz to avoid Bragg reflection interference
from the single-crystal substrates. Typically, 4–8 scans were averaged for improved signal to noise.
Data were analysed using the Demeter analysis package [28].

In the XANES spectra, as shown in Figure 2, the signals from wüstite (FeO), magnetite (Fe3O4) and
hematite (Fe2O3) have been plotted alongside Fe-doped In2O3 films to be used as references. Figure 2a
displays the data from the samples grown at base pressure and indicates an absorption at ~7117 eV
(marked with an arrow) that is at a lower energy than for wüstite. This means that they all contain a
small percentage of metallic iron. Such results are caused by the increased number of oxygen vacancies
that are generated by PLD at base pressure [29] and all evidence of metallic iron has vanished from
the films made at 2 × 10−4 Torr and 2 × 10−3 Torr. The XANES data for the films deposited at higher
oxygen pressure, 2 × 10−3 Torr, are close to that of hematite, Fe2O3, indicating that most of the Fe ions
are in the state Fe3+ although a small fraction of the Fe ions may be present as Fe2+.

Figure 2. K-edge X-ray absorption near edge structure (XANES) spectra of reference compounds of
metallic Fe, FeO, Fe3O4 and Fe2O3 and the Fe-doped In2O3 films grown from different precursors at
(a) at base pressure of 2 × 10−5 Torr; where an arrow at 7117 eV indicates an additional absorption and
(b) higher partial oxygen pressure of 2 × 10−3 Torr.
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The environment of the Fe ions is obtained from an analysis of the Fourier transform of the EXAFS
and the results are shown in Figure 3. The results for the films grown at base pressure are shown in
Figure 3a and are compared with the EXAFS spectrum from a sample of Fe2O3-doped In2O3 sample
that is believed to be pure substitutional [5]. All of the data shows a strong peak near R = 1.6 Å from
near neighbour oxygens. Note that the transforms are not phase corrected, so the peaks are shifted
~0.3 Å lower from their actual distances. The spectra from the films that were grown at base pressure
have similar peaks in the region R = 2–4 Å as the fully substitutional spectrum (shown in red) except
near R~2.1 Å where they show small additional peaks that are likely characteristic of Fe metal. If the
metallic fraction is very small, it is difficult to detect it in diffraction. Attempts at fitting with a metal
site combined with a substitutional site were only moderately successful. A good fit was achieved
with about 12% of the doped Fe in the metallic environment, but the substitutional site parameters
had to be modified more than seems reasonable to accommodate the Fe. This indicates the possibility
of a third type of Fe oxide site, in agreement with the XRD where a small signal from FeO was also
detected. Unfortunately, the data range was such that it is difficult to reliably fit a three-site model.
The reduction in the intensity for 2 ≤ R ≤ 3 Å, also suggests the presence of some Fe oxide secondary
phase in addition to the metallic Fe clusters.

Detection of an impurity phase by XRD depends on the ability to measure the square of the
concentration. In this case, this is given by the percentage of Fe in the whole sample, 5%, and the
percentage of these atoms that are in a metallic environment, about 12%. These combine to give a
percentage of metallic Fe in the sample that is about 0.6% which was not measurable.

The data shown in Figure 3b are from the samples grown at 2 × 10−3 Torr. A plot of a reference
sample of hematite has been included because the XANES data from the films had indicated that all
the iron was in the Fe3+ state which is also characteristic of hematite. These data show that the atomic
arrangement in the films is very close to that expected for Fe ions substituted on the In sites and distinct
from that of hematite. At higher oxygen pressures, the Fe ions appear to be substitutional for all the
targets and show no evidence of any metallic iron or any iron oxide. There are some differences in
the edge data between our sample and the reference sample that may be due to the result of better
structural order in our samples. While the basic structure of the peaks looks similar, there is an
increasing difference in the height of the peaks at larger distances that could be a characteristic of
disorder. The In2O3 has two different In sites and the disorder arises if the Fe substitutes randomly on
both sites [15,27].

Figure 3. X-ray absorption fine structure (EXAFS) Fourier transform of Fe2O3 and substitutional
Fe2O3-doped In2O3 deposited at base pressure as reference compounds and the Fe-doped In2O3 films
grown from different precursors at (a) base pressure of 2 × 10−5 Torr and (b) O2 pressure of 2 × 10−3 Torr.

In summary, we find evidence of defect phases, metallic iron from the XANES and FeO from
the XRD and the EXAFS in films grown at base pressure. The results of the XANES and the EXAFS
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measurements of films grown with oxygen in the chamber indicated that substantially all the Fe3+ ions
were situated on In3+ sites.

3.2. Magnetic Properties of the Films

Magnetic hysteresis loops were taken at 5 and 300 K for the substrates and all the Fe-doped In2O3

films using a Quantum Design SQUID magnetometer (San Diego, CA, USA). It was found that all
the films displayed room temperature ferromagnetism; examples of the loops obtained are shown in
Figure 4 and the values of Ms and Hc measured at room temperature for the different precursors and
oxygen pressure in the PLD chamber are summarised in Table 2. A magnetic field of 10,000 Oe was
applied parallel to the plane of the film during the magnetisation measurements. The diamagnetic
contribution from the sapphire substrate was subtracted, as was the paramagnetic contribution from
the film from the data shown in Figure 4.

Figure 4. (a) and (b) are respectively the magnetic hysteresis loops measurements at 5 and 300 K for
the Fe-doped In2O3 films from different oxide precursors at a base pressure of 2 × 10−5 Torr, (c) shows
the room temperature data for films that were made with Fe metal in the precursor. The diamagnetic
and paramagnetic terms have been subtracted from all the data shown here.

The paramagnetic contribution from the film, seen at 5 K, was consistent with it being due to free
spins of all the Fe3+ ions because the value of peff was found to be 4.5 ± 0.3 compared with the expected
value for Fe3+ of 4.9 [30]. The observed strong temperature dependence of the saturation magnetisation
was observed previously in films of Fe-doped In2O3 that had semiconducting behaviour [3,15,31].
Part of the magnetisation observed from the films deposited at base pressure could be due to the
12% of the Fe ions that were in a metallic environment as observed by EXAFS leading to a metallic
concentration of about 0.6%. If each of these contributed 2.2 μB to the bulk magnetisation, this would
contribute about 1.3 emu/cm3 to the magnetisation. This is comparable to the difference between the
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magnetisation observed for films grown at base pressure and those grown at 2 × 10−4 Torr for the films
grown with the oxide precursors.

Previous results had found that oxygen vacancies and Fe2+ ions were necessary for ferromagnetism
to be observed in Fe-In2O3 and these results are consistent with this earlier work [3,31,32]. This pattern
was seen for all films and all oxygen content because it was found that both the saturation magnetisation
and coercive field decreased with oxygen content whether the oxygen was in the target or in the PLD
chamber. The decrease in magnetisation for added oxygen was larger for the films deposited at base
pressure. The large value of Ms, seen only at base pressure, may be due to the existence of metallic iron
as seen by XANES as well as a larger number of oxygen vacancies [3,31,32]. The coercive field of the
films deposited at base pressure from the FeO target was increased significantly at 5 K compared with
that measured at 300 K, leading to the deduction that blocked magnetic nanoparticles, of probably Fe
metal, existed at low temperatures in that film. This increase was not seen for the films deposited at
higher pressure. The magnetisation of the films made from the target that contained metallic iron as
the precursor showed a stronger dependence on oxygen content than the films made from the oxide
precursors. Interestingly, the coercive field seen at 5 K for the film grown from the Fe metal target
at base pressure was higher than with those grown from the oxide targets grown at base pressure.
This implies that if, as expected, the film grown with a Fe-target does contain a larger percentage of
metallic iron, the nanoparticles are so small that their blocking temperatures are close to 5 K, or below,
whereas significant blocking of nanoparticles has occurred for the film ablated from the target that had
been made with FeO.

Temperature-dependent plots of the magnetisation were measured under the conditions of zero
field cooled (ZFC) and field cooled (FC) to investigate further the relative importance of nanoparticles.
This magnetisation was obtained for all the samples grown from FeO, Fe3O4 and Fe2O3 precursors
and deposited at base pressure; this was the condition where the XANES measurement had indicated
the presence of about 12% of the iron atoms in a metallic environment. A magnetic field of 100 Oe was
applied in parallel to the plane of the samples [33–35]. The diamagnetic contribution from the sapphire
substrate was subtracted from all ZFC and FC curves shown in Figure 5. The separation of the ZFC
and the FC curves is due to the increase of the anisotropy field to become comparable or larger than
the measuring field, 100 Oe, as the temperature is reduced. If the magnetisation had been dominated
by nanoparticles, the curves should vary as 1/T in the reversible regime, but this is not observed here.
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The FC/ZFC curves shown in Figure 5a,b for the films made from oxide precursors and grown at
base pressure are consistent with the increase in the coercive field at the temperature measured at 5 K
as given in Table 1. The large coercive field observed at 5 K for the film grown from the FeO could
be due to shape anisotropy of the metallic inclusions but even in this case, the 1/T dependence in the
reversible region was not observed, indicating that the magnetic contributions from the nanoparticles
are not dominating the overall magnetisation.

Figure 5. Field cooled (FC) and zero field cooled (ZFC) magnetisation curves of the Fe-doped In2O3

from Fe3O4 and Fe2O3 precursors in (a) and from FeO precursor in (b) where all samples were grown
at a base pressure of 2 × 10−5 Torr.

The increase of the magnetisation below 50 K is a characteristic of all DMS materials. This behaviour
arises from isolated paramagnetic ions which are not contributing to the long-range ferromagnetic order.
Existence of these ions was already discussed because they give rise to a paramagnetic contribution to
the hysteresis loops [30].

3.3. Optical Absorption

The optical properties of the Fe-doped In2O3 films were investigated by carrying out transmission
and reflection measurements at room temperature. From these measurements, absorption data were
obtained to gain an insight into the electronic structure and to estimate the density of gap states and
the band gap of the films.

The optical properties of this material are sensitive to different targets and film preparation
parameters, including the amount of oxygen, the following results will show the effect of changing
the oxygen content. Figure 6 illustrates the absorption data at energies close to the band edge for all
the Fe-doped In2O3 films grown at the base and different oxygen pressures. In doped In2O3 there are
two dominant effects that can change the band gap. Isolated oxygen vacancies are donors and will be
ionised to increase the band gap due to the Burstein-Moss effect, however, a lattice contraction will
increase the band gap. Both effects are relevant here. The values of the band gap are summarised in
Table 3. At low oxygen pressure, 2 × 10−5 Torr, the films have essentially the same lattice constant
and the band gap is highest for the films with the lowest amount of oxygen in the target due to the
Burstein-Moss effect. At the higher oxygen pressure, 2 × 10−3 Torr, the lattice contraction for the films
containing the most oxygen is the dominant effect in determining the lattice constant.

All the spectra show a substantial amount of absorption below the energy gap due to energy
states in the gap. We note that the highest density of gap states occurs for the three films grown at base
pressure, which were known to contain about 12% of the iron atoms in a metallic environment.
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Figure 6. Absorption data of Fe-doped In2O3 samples grown from FeO, Fe3O4 and Fe2O3 precursors
deposited at a base pressure of 2 × 10−5 Torr and the two higher oxygen pressures of 2 × 10−4 Torr and
2 × 10−3 Torr.

3.4. The Magneto-Optical Properties

The MCD spectra for all Fe-doped In2O3 samples were measured in the energy range between
1.7 and 4 eV at room temperature in Faraday geometry using an applied magnetic field of 18000 Oe,
as displayed in Figure 7. The MCD is a very powerful technique because it indicates the amount of
spin polarisation that is present in the quantum states that are involved in transitions at a particular
energy [36]. The MCD signal from the sapphire substrate has been subtracted from the data shown in
Figure 7.

Table 3. Summary of the band gap values of Fe-doped In2O3 thin films deposited at the base and
higher oxygen pressures.

Sample

Eg (eV)

Base Pressure
(2 × 10−5 Torr)

Oxygen Pressure
(2 × 10−4 Torr)

Oxygen Pressure
(2 × 10−3 Torr)

FeO-doped In2O3 3.65 ± 0.01 3.66 ± 0.01 3.69 ± 0.02
Fe3O4-doped In2O3 3.63 ± 0.02 3.67 ± 0.02 3.70 ± 0.01
Fe2O3-doped In2O3 3.60 ± 0.02 3.68 ± 0.02 3.72 ± 0.01

The results taken at base pressure are shown in Figure 7a; these are characteristic of films that
contain metallic iron where the MCD may be calculated using the Maxwell–Garnett theory [5,15,37].
The signals indicate that the most metal is in the film made from the FeO target and the least in the
one made from the Fe2O3 target, but in both the percentage of the volume occupied by metal is small,
approximately 0.5% or less. In contrast, there is no sign of any metallic iron seen in the MCD spectra of
the films made at the higher oxygen pressure shown in Figure 7b, as expected from the XANES results
shown in Section 3.1. The MCD spectra varied between positive for the film with the lowest oxygen
content, FeO-In2O3 grown 2 × 10−4 Torr, to negative for the film with the largest amount of oxygen,
Fe2O3-In2O3 grown at 2 × 10−3 Torr, as the oxygen content was increased. It had been found earlier
that the MCD was positive for films with a high density of carriers produced by oxygen vacancies and
small or negative for those in the semiconducting regime [15]. These results are also consistent with
the values of the saturation magnetisation obtained from the magnetic hysteresis loops measured by
the SQUID shown in Table 1.
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The dip observed in all the spectra shown in Figure 7b just above 3.4 eV and below the band gap
energy stated in Table 2 is typical of magnetic oxide semiconductors. It arises from transitions from the
valance band to empty donor states of oxygen vacancies situated below the conduction band edge and
is a clear indication that these donor states are spin polarised [35]. The absorption from these states is
seen in Figure 6 in the region of about 0.25 eV below the band gap.

Figure 7. Magnetic circular dichroism (MCD) spectral shapes of the Fe-doped In2O3 samples deposited
from different precursors at (a) base pressure and (b) at 2 × 10−4 Torr shown with black, red and green
symbols for FeO, Fe3O4 and Fe2O3, respectively and at 2 × 10−3 Torr with blue, turquoise and pink
symbols for FeO, Fe3O4 and Fe2O3, respectively.

4. Discussion

In this work, we studied a range of films that have differed in two aspects: The amount of
oxygen in the PLD chamber and the precursor that was used to add Fe ions to the target material.
We anticipated that films that were made with FeO in the target would contain less oxygen than those
that were made with Fe3O4, which in turn would have less oxygen than those made with Fe2O3,
however, we speculated that there may be subtle questions of chemistry of the PLD process that come
into play, as we found in Co ions incorporated in ZnO [14].

The aim of this work was to see if the extra oxygen that is incorporated into the target enters the
films in a similar way as the oxygen included in the PLD chamber. We investigated this by keeping all
other variables constant. All the films had the same percentage of iron (5%), the same procedures for
mixing and annealing the targets, the same substrate temperature and, as far as possible, the same
thickness of the films. The processing of the targets was done in air, so it was interesting to observe
that the amount of oxygen in the target still depended on the precursor and was not equalised during
the process of fabrication.

The three precursors have different magnetic properties: FeO and Fe2O3 are antiferromagnetic,
or very weakly ferromagnetic, whereas Fe3O4 is strongly ferromagnetic. Hence, it was important to
check if any of the Fe3O4 precursor had survived in the films and the XAFS data showed clearly that
it had not. Nor was there any suggestion that the magnetic properties of the film made with this
precursor were significantly inconsistent with the other films.

We had evidence of defect phases of both metallic iron and FeO appearing in all our films that
had been grown at base pressure. The appearance of FeO in these films occurred for all three oxide
precursors as is clear from the XAFS shown in Figure 2a and was a consequence of the low oxygen
pressure and not dependent on FeO being in one of the targets. Figure 8a shows the change of the
magnetisation measured at room temperature as a function of the oxygen pressure for all of the films.
In this case, the amount of oxygen in the target and the PLD chamber produced effects of similar
magnitude. It is clear that the largest magnetisation in films without metallic iron was made from a
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target that had been produced using FeO. This is interesting because the precursor of choice had been
assumed to be Fe2O3 which was found to be the worst performing precursor in this study.

Figure 8. The dependence of (a) the band gap and (b) the saturation magnetisation on the
oxygen pressure.

The results of this study are summarised in Figure 8 and Table 1. These show that as the level of
oxygen in the PLD chamber is increased the energy of the band edge increases as shown in Figure 8a
and the saturation magnetisation reduces as shown in Figure 8b. These results are in agreement with
earlier work that deduced that the magnetisation in (In1–xFex)2O3 is due to oxygen vacancies and the
compensating Fe2+ ions that are removed by the addition of oxygen [15].

The measurements described here give a coherent account of PLD films made with iron oxide
precursors and ablated in different oxygen pressures. The measurements of the lattice constant, XANES
and EXAFS spectra, band gap and magnetic measurements were combined to give a clear description
of these films. The results fit the general pattern that the oxygen in the target, generated from the
precursor, had a similar effect as adding oxygen to the PLD growth chamber. The films grown at base
pressure contained some metallic iron as indicated by X-ray absorption and larger coercive fields at
5 K, however, the density of oxygen vacancies was smaller for the precursors, with more oxygen in the
target as indicated by the band gap. At higher oxygen pressures, both the density of isolated oxygen
vacancies and the density of Fe2+ ions were reduced with corresponding drops in the magnetisation,
more details are in [38]. The magnetism of the films grown with metallic Fe decreased more rapidly as
oxygen was added to the growth chamber. More work should be done on this interesting system.

It has been customary to fabricate targets using Fe2O3 mixed with In2O3 because it was assumed
that this would naturally be a combination that would be best suited to incorporate the Fe into the
In2O3 lattice. The work done here suggests that FeO would be a better choice because films made with
this precursor have a higher magnetisation than those made with Fe2O3.
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Abstract: Iron oxide nanostructures were synthesized using the carbothermal reaction of Fe microspheres
generated by infrared pulsed laser ablation. The Fe microspheres were successfully deposited on
Si(100) substrates by laser ablation of the Fe metal target using Nd:YAG pulsed laser operating at
λ = 1064 nm. By varying the deposition time (number of pulses), Fe microspheres can be prepared
with sizes ranging from 400 nm to 10 μm. Carbothermal reaction of these microspheres at high
temperatures results in the self-assembly of iron oxide nanostructures, which grow radially outward
from the Fe surface. Nanoflakes appear to grow on small Fe microspheres, whereas nanowires with
lengths up to 4.0 μm formed on the large Fe microspheres. Composition analyses indicate that the Fe
microspheres were covered with an Fe3O4 thin layer, which converted into Fe2O3 nanowires under
carbothermal reactions. The apparent radial or outward growth of Fe2O3 nanowires was attributed
to the compressive stresses generated across the Fe/Fe3O4/Fe2O3 interfaces during the carbothermal
heat treatment, which provides the chemical driving force for Fe diffusion. Based on these results,
plausible thermodynamic and kinetic considerations of the driving force for the growth of Fe2O3

nanostructures were discussed.

Keywords: nanostructure; iron oxide; pulsed laser deposition

1. Introduction

Nanomaterials offer a new way of designing structural, functional, and electronic devices on
the nanometer scale. These nanostructures show exceptional and dimension-dependent properties
that are not readily observed in their bulk form and which can be exploited for biological and
molecular applications [1–5]. In particular, Fe2O3 (iron oxide) nanostructures have been intensively
studied because of their unique electrical and magnetic properties while maintaining their chemical
compatibility with biological tissues for possible biological applications [1–6]. Their use extend to
recording, ultrahigh density memory storage, and targeted drug delivery, including water splitting
for energy applications [4–6]. Several techniques have been reported for the growth and preparation
of iron oxide nanostructures, which aim at finding simple ways of controlling the morphology, size,
and growth direction of these nanostructures for enhanced functionality. Most studied preparation
techniques include hydrothermal synthesis [3,4], sol-gel techniques [5], thermal oxidation [6,7],
electric arc gas discharge [8], and the pulsed laser deposition (PLD) method [9–11]. Common to
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all these methods, metal catalysts, such as Au (template), are necessary to assist in the production
of nanostructures, which partially limits the controllability of the features, size, and functionality of
the nanostructures.

The PLD method offers flexibility in the growth of thin films, including the size of nanoparticles,
composition, and phase, by controlling the laser excitation source (wavelength), substrate temperature,
oxygen partial pressure, and target composition [12,13]. The PLD techniques have been successfully
applied to prepare different oxide materials, such as superconductors [14–18], magnetic materials [19,20],
perovskite cathodes, and barrier layers for solid oxide fuel cells [21–25], including perovskite thin-film
solar cells [26,27]. In particular, the preparation of nanostructure thin films, such as Au-TiO2 [28,29],
and nanostructure multilayered perovskite cathodes [30] under different PLD growth conditions were
explored. These materials in nanostructured thin film forms showed a significant enhancement of the
catalytic activities as compared to their bulk counterparts. As in the case of the laser-assisted growth
of one-dimensional (1D) nanostructures, such as nanowires [31,32], gas-based lasers operating in the
ultraviolet wavelength (UV) were commonly utilized. However, the cost of the gas sources limits their
practical application as well as the apparent deviation of the composition of the grown layer, which has
a complex stoichiometry (more than three elements), thus necessitating the use of an alternative laser
source for PLD assisted growth [33,34].

One possible candidate for the excitation source for PLD is the Nd:YAG laser. It is all
solid-state, thus requiring no toxic and expensive gas, is easy to maintain, and is environmentally
friendly. The Nd:YAG laser is also highly tunable, which can be operated from its fundamental
harmonic of λ = 1064 nm (infrared) to its fourth harmonic at λ = 266 nm (UV). Hence, the Nd:YAG
laser is a promising excitation source for a safe and low-cost PLD process. The use of the fourth
harmonics (λ = 266 nm) of the Nd:YAG for coated conductor thin film was demonstrated and showed
comparable electrical properties with UV gas-based lasers [35]. Previously, we reported the use of the
fundamental harmonic (λ = 1064 nm) of the Nd:YAG laser for the preparation of high-temperature
superconducting thin film materials. The initial morphology of the as-prepared samples is spheroidal,
which crystallize and form a relatively smooth and flat film layer after high-temperature post-annealing
(>850 ◦C) [36–40]. This spheroidal feature of the ablated species was observed for all types of oxide
materials we investigated, suggesting that the ablated materials from the target are molten when
they arrive on the substrate. Since the substrate is kept at room temperature, the ablated particles
solidify on the substrate layer upon cooling. Chemical analysis of the ablated species together with
time-resolved optical emission spectroscopy of the laser produced plasma during infrared pulsed
laser ablation showed a strong tendency of the spheroidal particles to maintain the stoichiometry
of the target [37,38]. We extended the idea of using the Nd:YAG laser operating at λ = 1064 nm
as the excitation source for the formation of nanoparticles on a Si(100) substrate coupled with the
carbothermal reaction process to synthesize iron oxide nanostructures. The objective of this work is
two-fold: (1) Synthesis of iron oxide nanostructures by carbothermal oxidation of Fe microspheres
generated by infrared pulsed laser ablation, demonstrating the formation of iron oxide nanostructures
without the need of catalysts (or self-assembly); (2) discussion of the plausible mechanism for the
self-assembly of iron oxide nanostructures in terms of thermodynamics and kinetic processes.

2. Materials and Methods

The experiment consists of two parts: (1) Preparation of Fe microspheres by infrared ablation of
Fe metal, and (2) carbothermal oxidation of Fe microspheres to generate the iron oxide nanostructures
as shown in Figure 1. For the Fe microsphere preparation, a high power tunable Q-switch Nd:YAG
pulsed laser (Quanta-Ray Pro Spectra Physics, Santa Clara, CA, USA) operating at the fundamental
wavelength, λ = 1064 nm, with an 8 ns pulse duration, was used to ablate a rotating Fe metal target
(99.9%, Kurt J. Lesker Company, Jefferson Hills, PA, USA) with a Si(100) substrate placed 30 mm away
from target as shown in Figure 1a. The ablation was performed at a laser fluence of 4.32 J/cm2 at
a 10 Hz repetition rate. The deposition chamber was continuously evacuated to reach a pressure of
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10−2 mbar. During the ablation process, no substrate heating and no background gas was employed.
Herein, the deposition time was varied from 35 min (21,000 pulses) to 75 min (45,000 pulses) to control
the density and size of nanoparticles on the Si(100) substrate. Since the substrate is kept at room
temperature, the condensation of iron nanoparticles and microclusters aggregate on the Si substrate
as spheroids, similar to our previous reports [37,38]. To grow the iron oxide nanowires/nanoflakes,
the Fe microspheres were heat treated in a carbon-rich environment, as schematically shown in
Figure 1b. Herein, the Si wafer with Fe microspheres was placed in a ceramic crucible containing 5.0 g
of 99.99% activated carbon powders. The heat treatment was carried out in a box combustion furnace
at temperatures between 750 to 800 ◦C for 145 min. To systematically evaluate the microstructural
features and the composition of the Fe microspheres and Fe2O3 nanostructures, scanning electron
microscopy coupled with energy dispersive x-ray spectroscopy (SEM-EDS, Hitachi S-3400N, Tokyo,
Japan) was performed. Fourier transform infrared transmission spectroscopy (FTIR, Bio-Rad FTS-40A
spectrometer (Cambridge, MA, USA) with KBr as the reference) was used to further confirm the iron
oxide phase after thermal oxidation in the carbon-rich environment.

Figure 1. Schematic diagram of iron oxide nanostructure synthesis. The fabrication steps consist
of two parts, namely (a) laser ablation of the Fe metal target using the Q-switch Nd:YAG pulsed
laser operating at the fundamental harmonic, λ = 1064 nm. The Fe microspheres formed in the
vicinity of unheated Si(100); (b) carbothermal oxidation of Fe microspheres at high temperatures (up to
800 ◦C) with activated carbon powder for 2 h. Iron oxide nanostructures grew radially outward from
iron microspheres.

3. Results

Figure 2 shows the SEM micrographs of Fe microspheres generated by infrared laser ablation
using the Nd:YAG laser. To control the size and density of the Fe microspheres, the deposition time
was varied while keeping other deposition parameters fixed. Analysis of the SEM image reveals that
the particle size density increases from 1.80 × 103 to 3.70 × 103 per μm2 after fixing the deposition
time to 75 min. The Fe particles are randomly distributed on the Si substrate with sizes ranging
from 400 nm to 10 μm. Some Fe microspheres are smaller in size (~100 nm to 1.2 μm) at a shorter
deposition time (35 min or 21,000 pulses, Figure 2a,b), whereas increasing the deposition time to 75
min (45,000 pulses) showed that large Fe microspheres up to 10 μm in diameter can be generated. At
longer deposition times, the microspheres appear to coalesce together on the substrate (Figure 2c,d).
The control of the microsphere density and size is possible by adjusting the laser pulses. However,
the diameter of the particles has a tendency to saturate as evidenced by the distorted shape of the
grains. It is possible that nanoparticles aggregated and further deposited on the microspheres as shown
in Figure 2c,d. By changing the other PLD deposition conditions, such as the deposition pressure,
substrate temperature, and target-to-substrate distance, it is possible to further tune the size, density,
and morphological features of the grains [28,29,37]. It is interesting to note that the oxidation of the
arriving particles can occur during the ablation process due to the minute amount of oxygen or during
the cool down inside the growth chamber. This suggests that the Fe microspheres may have been
covered with an oxide layer (oxidized) after the ablation process.
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It can be seen that the characteristic feature of the surface particulates derived using infrared
pulsed laser ablation is spherical or microspherical. This is because the nanoparticles, as well as the
micron-sized droplets, are simultaneously generated by laser ablation. In general, to produce a thin film
by PLD, the preparation condition is adjusted to decrease or suppress the droplets. More importantly,
since no heat is induced on the site of arrival (usually by substrate heating), the droplets solidify,
taking on a thermodynamically favored shape that in all the reported cases is spherical [36–38].
Previous studies also reveal that the ablation of a sintered target by an Nd:YAG laser operating at
the infrared wavelength (λ = 1064 nm) produces ablation species consisting of molten-like spheroidal
particles with stoichiometry resembling that of the target [36–38]. Longer wavelengths result in deeper
target penetration, which causes subsurface evaporation and block-by-block ejection of larger clusters,
which we observed as spheroids in the substrate [12,37,38,40]. Whereas, shorter wavelengths offer
a higher photon energy, which is more suitable for efficient vaporization and ionization of the solid
sample, resulting in atomized material delivery on a nearby substrate [12,33]. In particular, we reported
UV pulsed laser ablation of iridate targets showing iridate nanoparticles (average size ~50 nm) on
unheated MgO single crystal substrates [41]. The iridate nanoparticles are spheroidal with an apparent
tendency to increase its particle density with increasing laser fluence [40]. The formation of large ZnO
microspheres (sizes of more than 30 μm) was successfully synthesized using very high laser fluences
up to 440 J/cm2 (which is 103 higher than conventional laser density used in PLD) [41]. However,
undesired severe target fragmentation was observed at this range of laser fluence. The systematic
variation of the deposition conditions to create different features of iron microstructures is out of the
scope of this work and is suggested for future studies.

Figure 2. Fe microspheres on Si(100) generated by infrared pulsed laser ablation at deposition time of
(a,b) 35 min (21,000 pulses); (c,d) 75 min (45,000 pulses). The surface features of Fe grains suggests that
they are molten and cool when they arrive on the substrate.

Figure 3 shows the Fe microspheres (D = 10 μm) after carbothermal heat treatment at (a,b) 750 ◦C
and (c,b) 800 ◦C for 145 min. It can be observed that iron oxide nanostructures grew radially outward
from the surface of Fe microspheres. At 750 ◦C, iron oxide nanowires grew outward from the surface
of Fe microspheres. The iron oxide nanostructures’ diameters, D, vary from 500 nm (nanoflakes)
to 2 μm (nanowires) as shown in Figure 3a. Nanosize pores on the surface of Fe microspheres are
also evident at 750 ◦C (Figure 3a,b). On the other hand, carbothermal treatment at 800 ◦C decreases
the size of the Fe microspheres, but results in longer nanowires extending up to L = 4.0 μm with a
large aspect ratio (L/D = 44) as shown in Figure 3c. This suggests that increasing the carbothermal
temperature assists in the growth of iron oxide nanowires. Pores are also present on the surface as
well as some nanoflakes growing adjacent to the nanowires as shown in Figure 3d. A representative
SEM micrograph of small microspheres (D = 1.8 μm) prepared at shorter laser pulses is also shown
for comparison (Figure 3e). Nanoflakes appear to dominate the surface with no apparent growth
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of nanowires. The difference in the morphology of the iron oxide nanostructure indicates that the
growth of nanowires sensitively changes with the size of the Fe microspheres. This suggests that large
(>10.0 μm) microspheres are necessary to provide a sufficient supply of Fe during the carbothermal
process for the growth of iron oxide nanowires. To illustrate the role of the carbon-rich environment
in the self-assembly of iron oxide nanostructures, a reference Fe microsphere was oxidized in air
(or without carbon) as shown in Figure 3f. It is clear from this result that the oxidation in air (or the
trace amount of CO2 in air) is insufficient to generate iron oxide nanowires, indicating that high vapor
pressure carbon (or high density of carbon gaseous species) is critical for the synthesis of iron oxide
nanostructures. The mechanistic growth of iron oxides under the carbothermal route will be discussed
later. It is interesting to note that by changing the size/temperature, the resulting dimensions of
the nanowires can be tuned, suggesting a flexibility of the infrared pulsed laser ablation assisted
carbothermal growth of nanostructures. As the diameter of the wire decreases, the number of surfaces
greatly increases. Hence, the large surface-to-volume ratio of the nanowire is expected to increase the
number of active surfaces, which alters the physiochemical properties of the nanowires. A large aspect
ratio is highly ideal for improving the sensitivity of the nanowires for real-time monitoring for sensor
applications [1–7]. As a prospective future work, the micromanipulation and harvesting of iron oxide
nanowires using the cantilevers of an atomic force microscope should be performed to isolate iron
oxide nanowires for possible electronic applications (which our group has successfully demonstrated in
the case of hydrothermally prepared ZnO nanowires exhibiting highly suitable scintillation properties,
see [42,43]).

Figure 3. Fe microspheres (average diameter, D = 10 μm) after carbothermal heat treatment at (a,b)
750 ◦C and (c,d) 800 ◦C. The size and features of the iron oxide nanostructure sensitively change with
temperature; (e) limited growth of nanoflakes on smaller Fe microspheres (D = 1.8 μm diameter);
(f) reference Fe microsphere heat-treated in air.
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Figure 4a shows the cross-sectional SEM image of iron oxide nanowires radially growing from
the surface of Fe microspheres, which can extend up to 10 μm in length. The nanowires have a
sharp tip with well-defined edges (290 nm in length) as shown in Figure 4b. The diameter of the
iron oxide nanowires is typically around 440 nm. To elucidate the phase of the iron oxide nanowire
generated by infrared pulsed laser ablation with the carbothermal technique, representative FTIR
transmittance spectroscopy was performed as shown in Figure 4c. The FTIR spectra show absorbance
peaks at 457.0 and 667.0 cm−1 as indicated in the figure. The characteristic absorption bands of
the Fe2O3 phase are at 460 cm−1 (transverse-optical mode, TO) and 537 cm−1 (longitudinal-optical
mode, LO). The FTIR spectra of the iron oxide nanostructure showed a small phase shift (3.0 cm−1)
in the TO mode and (5.0 cm−1) LO mode as compared to the reported values of the TO and LO for
Fe2O3 [44,45]. Representative EDS spectrum with a semi-quantitative analysis of Fe and O of the iron
oxide nanostructure is shown in Figure 4d. The EDS confirmed that the nanowires contain both Fe
and O in approximately a 2:3 ratio, indicating the formation of Fe2O3, which is consistent with the
FTIR results. Hence, the iron oxide nanostructure formed can be assigned to the Fe2O3 phase. A trace
amount of C was detected from the carbon used in the coating of the sample. Si was also detected since
EDS may include some information from the substrate because of the penetration of the electron beam.

Figure 4. (a) SEM cross-sectional image of iron oxide nanostructures after carbothermal heat treatment
showing the formation of iron oxide growing radially outward from the surface of Fe microspheres.
(b) Representative high-resolution image of an iron oxide nanowire with well-defined edges. (c) FTIR
spectra, (d) EDS spectra, and semi-quantitative analysis of the iron oxide nanostructures confirming
the formation of the Fe2O3 phase.

4. Discussion

To describe the plausible growth mechanism of Fe2O3 nanostructures under the carbothermal
reaction, the following chemical reactions are considered. The reaction of carbon and Fe with oxygen
in air proceeds as follows:

C (s) + O2 (g) → CO2 (g) (1)

whereas:
3 Fe (s) + 2 O2 (g) → Fe3O4 (2)
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Based on our results, the Fe3O4 appears to be in the intermediate phase of the nanoparticles or
may be present in the walls of the microspheres and may react with carbon dioxide, forming Fe2O3 in
the process:

2 Fe3O4 (s) + CO2 (g) = 3 Fe2O3 + CO (g) (3)

Alternatively, Fe3O4 may react with CO (g) following the reduction process:

Fe3O4 (s) + CO (g) = 3 FeO (s) + CO2 (g) (4)

FeO (s) + CO (g) = Fe (s) + CO2 (g) (5)

Note that gasification of solid carbon can also occur under large amounts of CO2 gas via [46]:

C(s) + CO2 (g) = 2CO (g) (6)

Hence, it possible that Equations (3) and (4) may occur simultaneously. The cycle proceeds until a
sufficient supply of Fe is available to form Fe2O3 nanostructures, which in this case can be inferred
from the change of the highly smooth surface of Fe microspheres to a rough porous like surface after
the carbothermal reaction. In the case of the two stable oxide phases of Fe3O4 and Fe2O3, we can
hypothesize that the surface contains two layers. The Fe2O3 may form at the outmost layer and
subsurface of the less oxidized oxide phase containing Fe3O4. The ratio of these phases depends
on the availability of Fe species present in bulk. It is highly improbable that Fe and C affect the
Fe3O4-Fe2O3 layer and the reduction of Fe3O4 at the surface once both phases are established during
the reaction. These reaction steps suggest that both supplies of Fe and carbon species are critically
important to producing the Fe2O3 nanostructures. In other words, the availability of both Fe and C
are the rate-limiting steps. In the absence of a sufficient carbon supply (low carbon vapor pressure),
Fe3O4 may form around the walls of iron microspheres, which is consistent with our observation
(Figure 3e) [47], and ceases to be converted to Fe2O3. Previously, we reported the spectroscopic analysis
of the Fe layer on Si(100) carbothermally heat treated at 800 ◦C [47]. Raman spectroscopy reveals that
the iron oxide nanostructures after carbothermal heat treatment were predominantly the Fe2O3 phase.
A significantly broad Fe3O4 peak was also detected with respect to the literature value [48], suggesting
that remnant Fe3O4 may be present in the sample, which did not fully convert to the Fe2O3 phase.
The large shift in the observed Fe3O4 peak suggests that the Fe3O4 layer is less crystalline and more
strained on the Fe microsphere than the highly faceted Fe2O3 nanowires. Based on the SEM analysis,
the initially smooth surface of the Fe microspheres transformed into a rough and porous-like structure,
which is a characteristic feature of the Fe3O4 film after thermal oxidation [46]. We take this to indicate
that the walls of Fe microspheres contain a thin layer of Fe3O4. Kinetically, the solid–solid reaction is
expected to be much slower compared to gas–solid. Hence, the driving force for Fe2O3 formation is
the availability of carbon gas species surrounding the iron oxide nanoparticles [49].

To plausibly describe the apparent radial or outward growth of Fe2O3 nanowires on the surface
of Fe microspheres generated by infrared pulsed laser ablation, we propose that compressive stresses
are generated across the iron oxide interfaces during carbothermal processes, leading to the formation
of iron nanostructures, as schematically shown in Figure 5. The atomic flux can be described using
Fick’s second law of diffusion [50] via:

J = cB Δμ (7)

where c is the concentration of the diffusion species (Fe), B is the mobility, and Δμ is the chemical
potential gradient. The chemical potential gradient can be expressed in terms of the gradient of the
hydrostatic pressure [51], σ, and can serve as the driving force, which can be written as:

J =
cDV
kBT

Δσ (8)
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where the mobility, B, can be expressed as a factor of the diffusion coefficient, D, and the atomic
(V) volume per unit of Boltzmann’s constant, kB, and the absolute temperature, T. The atomic flux
is then directed from a more compressive/less tensile area to a less compressive/more tensile area.
When Fe spheroids are heated in a carbon-rich environment, as described in the chemical reactions
above, two thermodynamically stable oxide layers are formed, namely, Fe3O4 to Fe2O3 [49]. Since the
molar volumes were in the order of Fe, or FeO < Fe3O4 < Fe2O3, hydrostatic stresses are generated
across the interface. In this process of formation, Fe ions migrate from the Fe microsphere to the
surface via bulk diffusion, leaving pores in the process. Fe ions can reach the Fe3O4/Fe2O3 via grain
boundary diffusion. The Fe3O4 maybe in the transient state, transforming into Fe2O3 in the presence
of a carbon-rich environment. The fast migration of Fe via surface diffusion can further promote
the length of Fe2O3 nanowires. Hence, the migration of Fe ions via different diffusion pathways
across the surface provides a continuous supply for the growth of the Fe2O3 nanowires. In this sense,
larger sizes of Fe microspheres provide a larger volume for the mass transport of Fe ions. Large Fe
microspheres (>10.0 μm) generate nanowires whereas small Fe microsphere result in the formation of
nanoflakes. Our result is similar to the growth of CuO nanowires by hydrostatic stresses induced by
the formation of different molar species of Cu across the Cu/Si interface under heat treatment [51].
The driving force for the growth of CuO nanowires was attributed to the stresses induced in the
samples during annealing in air. Cu flux, which tends to migrate to some specific sites through surface
and grain boundaries, provides for the growth of CuO nanowires [51]. The stress gradient determines
the direction of Fe2O3.

The sufficient presence of CO2 during heat treatment (or a carbon rich-environment) allows for
the simultaneous reaction and reduction of Fe species, which is essential for the self-assembly of
Fe2O3 nanostructures. Oxidation in air of the Fe microsphere did not produce an Fe2O3 nanostructure,
indicating that the supply of both Fe and carbon are the rate-limiting steps for the growth of Fe2O3

nanostructures. Various stages of the growth formation of iron oxide nanostructures are schematically
shown in Figure 5. Herein, Fe may diffuse from the bulk (microsphere) to the surface and may react
with the oxygen and or carbon forming intermediate phase, Fe3O4 (stage 1 to stage 2). Fe ions may
further diffuse at the Fe3O4/Fe2O3 interface via the grain boundary, whereas Fe may be transported
through the nanowires via surface diffusion (stage 3). The diffusion of Fe ions through the nanowires
was also reported to occur during the thermal oxidation of Fe metal at 600 ◦C, resulting in the
growth of Fe2O3 nanowires [52], which is consistent with our results. In fact, the diffusivity of Fe
ions is enhanced at high-temperatures (as in our case, which is 800 ◦C). Hence, the length of iron
oxide nanowires strongly depends on the diffusion of Fe through the iron oxide interface. However,
for growth to proceed, a carbon-rich environment is necessary as described in the chemical reactions
presented in Equations (3)–(5). This is an important consideration in controlling the type of iron
oxide nanostructure. Another possible growth route is via diffusion assisted seed crystal growth,
however, the evidence suggests the contrary. As shown in Figure 3f, although Fe (seed) is present,
the Fe/air interface did not produce iron oxide nanowires. However, under the carbothermal reaction
route, the self-assembly of iron oxide nanowires occurred. The size and length of these nanowires are
kinetically and thermodynamically controlled by the diffusion of Fe and the availability of carbon in
air. It is important to note that in most surface-diffusion induced growth of nanowires, such as ZnO,
the nanowires are prepared with small Au clusters on GaN substrates [53,54] and/or in Zn acetate
seeds on amorphous substrates, where the diffusion of Zn ions controls the length of the nanowires [55].
A thorough discussion on the growth of ZnO nanowires from Zn-based seeds can be found in [55].
However, iron oxide nanowires were observed to grow on the surface of microspheres even without
a catalyst as long as a sufficient amount of carbon was present, which was supplied by heating the
activated carbon at high temperatures. The influence of the strain in the iron oxide nanostructure may
also be explored in future works by changing the type of oxide substrate.
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Figure 5. Plausible growth process of Fe2O3 nanowires under the carbothermal route. Key stages
can be identified: Stage 1, deposition of the Fe microsphere; Stage 2, initial stage of the carbothermal
annealing of Fe microspheres transform into Fe3O4 as the intermediate phase; Stage 3: final stage
of carbothermal annealing, with the Fe3O4 transforming mostly into Fe2O3 nanowires. The stress
gradient determines the direction of Fe2O3. Nanowires emerge from the Fe/Fe3O4 interface to outward
stress-free Fe2O3 nanowire. Different types of pathways, such as bulk, grain boundary (GB), and surface
diffusion, can assist in the transport of Fe across the interfaces. Representative SEM images of the Fe
microsphere generated by infrared pulsed laser ablation and the carbothermally synthesized iron oxide
nanostructures are also shown in the figure.

5. Summary

In summary, the formation of iron oxide nanostructures was successfully demonstrated using
combined infrared pulsed laser ablation and carbothermal heat treatment of Fe microspheres.
Results show that iron oxide nanowires and nanoflakes can be synthesized without the need of a
catalyst. The iron oxide nanostructures grew radially outward from the Fe microspheres, suggesting a
possible growth via self-assembly. Chemical and morphological analyses indicate that the synthesized
iron oxide nanostructures can be attributed to the Fe2O3 phase. The plausible growth mechanism of
iron oxide nanowires was described in terms of the chemical driving force for the diffusion of Fe species
through the microsphere, as well as Fe3O4/Fe2O3 interfaces, which are both thermodynamically
and kinetically controlled by the amounts of Fe and carbon gaseous species. The features of the
nanoparticles can be easily tuned by simply adjusting the number of laser pulses or depositions during
infrared pulsed laser ablation. The features of the iron oxide nanostructure (nanoflakes or nanowires)
appeared to strongly depend on the size of the Fe microspheres. We also demonstrated that a sufficient
amount of carbon during the heat treatment of Fe microspheres is necessary to generate iron oxide
nanowires. An investigation of the electrical and magnetic properties of Fe2O3 is recommended for
future work. It is interesting to note that the iron oxide nanostructures from infrared pulsed laser
ablation result in the growth of Fe2O3 nanowires with a high aspect ratio. Iron oxide nanostructures
with a high aspect ratio are highly suitable for bioengineering applications. Hence, this method is
highly advantageous in fabricating iron oxide nanostructures with a high aspect ratio. It is important
to point out that the use of an all solid-state laser, such as the Nd:YAG pulsed laser, allows for the
controllable synthesis of nanostructure materials. It is envisioned that infrared laser ablation in
combination with carbothermal heat-treatment could be a viable method to grow other nanostructured
functional materials.

43



Coatings 2019, 9, 179

Author Contributions: Conceptualization, J.C.D.V. and A.C.J.; Methodology, J.C.D.V., A.C.J., L.L.D. and W.O.G.;
Investigation, J.C.D.V. and A.C.J.; Data curation, J.C.D.V. and A.C.J.; Writing, J.C.D.V. and A.C.J.; Visualization,
J.C.D.V. and A.C.J.; Supervision, R.V.S.; Funding acquisition, R.V.S.

Funding: This research received no external funding.

Acknowledgments: A. Jasmin acknowledges UP Baguio Local Faculty Fellowship Grant. University of the
Philippines assisted in meeting the publication costs of this article.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Bery, C. Progress in functionalization of magnetic nanoparticles for applications in biomedicine. J. Phys. D
Appl. Phys. 2009, 42, 224003. [CrossRef]

2. Xie, Y.; Ju, Y.; Toku, Y.; Morita, Y. Synthesis of single-crystal Fe2O3 nanowire array based on stress-induced
atomic diffusion used for solar water splitting. R. Soc. Open Sci. 2018, 5, 171226. [CrossRef]

3. Takami, S.; Sato, T.; Mousava, T.; Ohara, S.; Umetsu, M.; Adschiri, T. Hydrothermal synthesis of
surface-modified iron oxide nanoparticles. Mater. Lett. 2007, 61, 4769–4772. [CrossRef]

4. Li, J.; Shi, X.X.; Shen, M. Hydrothermal synthesis and functionalization of iron oxide nanoparticles for MR
imaging applications. Part. Part. Syst. Charact. 2014, 31, 1223–1237. [CrossRef]

5. Walker, J.; Tannenbaum, R. Characterization of the sol−gel formation of iron (III) oxide/hydroxide
nanonetworks from weak base molecule. Chem. Mater. 2006, 18, 4793–4801. [CrossRef]

6. Hiralal, P.; Unalan, H.; Wijayantha, K.; Kursumovic, A.; Jefferson, D.; MacManus-Driscoll, J.; Amaratunga, G.
Growth and process conditions of aligned and patternable films of iron(III) oxide nanowires by thermal
oxidation of iron. Nanotechnology 2008, 19, 455608. [CrossRef] [PubMed]

7. Yu, W.; Falker, J.; Yavuz, C.; Colvin, V. Synthesis of monodisperse iron oxide nanocrystals by thermal
decomposition of iron carboxylate salts. Chem. Commun. 2004, 2306–2307. [CrossRef] [PubMed]

8. Xue, D.; Gao, C.; Liu, Q.; Zhang, L. Preparation and characterization of hematite nanowire arrays. J. Phys.
Condens. Matter 2003, 15, 1455. [CrossRef]

9. Shi, W.; Zheng, Y.; Peng, H.; Wang, N.; Lee, C.S.; Lee, S.T. Laser ablation synthesis and optical characterization
of silicon carbide nanowires. J. Am. Ceram. Soc. 2000, 83, 3228–3330. [CrossRef]

10. Yu, D.; Sun, X.; Lee, C.; Bello, I.; Lee, S.; Gu, H.; Leung, K.; Zhou, G.; Dong, Z.; Zhang, Z. Synthesis of
boron nitride nanotubes by means of excimer laser ablation at high temperature. Appl. Phys. Lett. 1998, 72,
1966–1967. [CrossRef]

11. Wang, N.; Zhang, Y.F.; Tang, Y.H.; Lee, C.S.; Lee, S.T. SiO2-enhanced synthesis of Si nanowires by laser
ablation. Appl. Phys. Lett. 1998, 73, 3902–3904. [CrossRef]

12. Chrisey, D.B. Pulsed Laser Deposition of Thin Films; Wiley-Interscience: New York, NY, USA, 1994;
ISBN 978-0471592181.

13. Eason, R. Pulsed Laser Deposition of Thin Films Applications-Led Growth of Functional Materials; Wiley-Interscience:
New York, NY, USA, 2006; ISBN 978-0471447092.

14. Dijkkamp, D.; Venkatesan, T.; Wu, X.D.; Shaheen, S.A.; Jiswari, N.; Min-lee, Y.H.; McLean, W.L.; Croft, M.
Preparation of Y-Ba-Cu oxide superconductor thin films using pulsed laser evaporation from high Tc bulk
material. Appl. Phys. Lett. 1987, 51, 619–621. [CrossRef]

15. de Vero, J.; Lee, D.; Shin, H.; Namuco, S.; Hwang, I.; Sarmago, R.; Song, J.H. Influence of deposition
conditions on the growth of micron-thick highly c-axis textured superconducting GdBa2Cu3O7–δ films on
SrTiO3 (100). J. Vac. Sci. Technol. 2018, 36, 031506. [CrossRef]

16. de Vero, J.; Hwang, I.; Santiago, A.; Chang, J.; Kim, J.; Sarmago, R.; Song, J. Growth of Bi2Sr2CaCu2O8+δ thin
films with enhanced superconducting properties by incorporating CaIrO3 nanoparticles. Appl. Phys. Lett.
2014, 104, 172603. [CrossRef]

17. Wu, X.D.; Dye, R.C.; Muenchausen, R.E.; Foltyn, S.R.; Maley, M.; Rollett, A.D.; Garcia, A.R.; Nogar, N.S.
Epitaxial CeO2 films as buffer layers for high-temperature superconducting thin films. Appl. Phys. Lett. 1991,
58, 2165. [CrossRef]

18. Singh, R.; Kumar, D. Pulsed laser deposition and characterization of high-Tc YBa2Cu3O7–x superconducting
thin films. Mater. Sci. Eng. Rep. 1998, 22, 113–185. [CrossRef]

44



Coatings 2019, 9, 179

19. Shen, J.; Gai, Z.; Kirschner, J. Growth and magnetism of metallic films and multilayers by pulsed laser
deposition. Surf. Sci. Rep. 2004, 52, 163–218. [CrossRef]

20. Chen, X.; Chien, C. Magnetic properties of epitaxial Mn-doped ZnO thin films. J. Appl. Phys. 2003, 93,
7876–7878. [CrossRef]

21. Plonczak, P.; Søgaard, A.B.M.; Ryll, T.; Martynczuk, J.; Hendriksen, P.; Gauckler, L. Tailoring of
LaxSrxCoyFe1–yO3–δ nanostructure by Pulsed Laser Deposition. Adv. Funct. Mater. 2011, 21, 2764–2775.
[CrossRef]

22. de Vero, J.C.; Develos-Bagarinao, K.; Kishimoto, H.; Ishiyama, T.; Yamaji, K.; Horita, T.; Yokokawa, H.
Enhanced stability of solid oxide fuel cells by employing a modified cathode- interlayer interface with a
dense La0.6Sr0.4Co0.2Fe0.8O3–δ thin film. J. Power Sources 2018, 377, 128–135. [CrossRef]

23. de Vero, J.C.; Develos-Bagarinao, K.; Kishimoto, H.; Ishiyama, T.; Yamaji, K.; Horita, T.; Yokokawa, H.
Optimization of GDC interlayer against SrZrO3 formation in LSCF/GDC/YSZ triplets. In Proceedings of
the 12th European SOFC and SOEC Forum, Lucerne, Switzerland, 5–8 July 2016; Volume 41, p. B1513.

24. Morales, M.; Pesce, A.; Slodczyk, A.; Torrell, M.; Piccardo, P., II; Montinaro, D.; Tarancón, A.; Morata, A.
Enhanced performance of gadolinia-doped ceria diffusion barrier layers fabricated by pulsed laser deposition
for large-area solid oxide fuel cells. ACS Appl. Energy Mater. 2018, 1, 1955–1964. [CrossRef]

25. Yan, J.; Matsumoto, H.; Akbay, T.; Yamada, T.; Ishihara, T. Preparation of LaGaO3-based perovskite oxide
film by pulsed-laser ablation method and application as a solid oxide fuel cell electrolyte. J. Power Sources
2006, 157, 714–719. [CrossRef]

26. Liang, Y.; Yao, Y.; Zhang, X.; Hsu, W.; Gong, Y.; Shin, J.; Wachsman, E.; Dagenais, M.; Takeuchi, I. Fabrication
of organic-inorganic perovskite thin films for planar solar cells via pulsed laser deposition. AIP Adv. 2016,
6, 05001. [CrossRef]

27. Park, J.; Seo, J.; Park, S.; Shin, S.; Kim, Y.; Jeon, N.; Shin, H.; Noh, T.A.J.; Yoon, S.; Hwang, C.; et al. Efficient
CH3NH3PbI3 perovskite solar cells employing nanostructured p-Type NiO electrode formed by a pulsed
laser deposition. Adv. Mater. 2015, 27, 4013–4019. [CrossRef] [PubMed]

28. Ghidelli, M.; Mascaretti, L.; Bricchi, B.; Zapelli, A.; Russo, V.; Casari, C.; Bassi, A.L. Engineering plasmonic
nanostructured surfaces by pulsed laser deposition. Appl. Surf. Sci. 2018, 433, 1064–1073. [CrossRef]

29. Bricchi, B.; Ghidelli, M.; Mascaretti, L.; Zapelli, A.; Russo, V.; Casari, C.; Terraneo, G.; Alessandri, I.; Ducati, C.;
Bassi, A.L. Intergration of plasmonic Au nanoparticles in TiO2 hierarichal structures in a single-step pulsed
laser co-deposition. Mater. Des. 2018, 156, 311–319. [CrossRef]

30. Develos-Bagarinao, K.; de Vero, J.; Kishimoto, H.; Yamaji, K.; Horita, T.; Yokokawa, H. Multilayered LSC
and GDC: An approach for designing cathode materials with superior oxygen exchange properties for solid
oxide fuel cells. Nano Energy 2018, 52, 369–380. [CrossRef]

31. Yang, R. One-Dimensional Nanostructures by Pulsed Laser Ablation. Sci. Adv. Mater. 2012, 4, 401–406. [CrossRef]
32. Morales, A.; Lieber, C. A laser ablation method for synthesis of crystalline semiconductor nanowires. Science

1998, 279, 208–211. [CrossRef] [PubMed]
33. Schou, J. Physical aspects of the pulsed laser deposition technique: The stoichiometric transfer of material

from target to film. Appl. Surf. Sci. 2009, 10, 5191–5198. [CrossRef]
34. Arnold, C.B.; Aziz, M.J. Stoichiometry issues in pulsed laser deposition of alloys grown from multicomponent

targets. Appl. Phys. A 1999, 69, S23–S27. [CrossRef]
35. Ichino, Y.; Yoshida, Y.; Yoshimura, T.; Takai, Y.; Yoshizumi, M.; Izumi, T.; Shiohara, Y. Potential of Nd:YAG

pulsed laser deposition method for coated conductor production. Phys. C 2010, 470, 1234–1237. [CrossRef]
36. de Vero, J.; Blanca, G.R.S.; Vitug, J.; Garcia, W.; Sarmago, R. Stoichiometric transfer of material in the infrared

pulsed laser deposition of yttrium doped Bi-2212 films. Phys. C 2011, 471, 378–383. [CrossRef]
37. de Vero, J.; Gabayno, J.F.; Garcia, W.O.; Sarmago, R.V. Growth of Bi2Sr2CaCu2O8+δ thin films deposited by

infrared (1064 nm) pulsed laser deposition. Phys. C 2010, 470, 149–154. [CrossRef]
38. Vitug, J.; de Vero, J.; Blanca, G.R.S.; Sarmago, R.; Garcia, W. Stoichiometric transfer by infrared pulsed

laser deposition of y-doped Bi–Sr–Ca–Cu–O investigated using time-resolved optical emission spectroscopy.
J. Appl. Spectrosc. 2012, 78, 855–860. [CrossRef]

39. de Vero, J.; Lopez, R.A.; Garcia, W.O.; Sarmago, R.V. Post deposition heat treatment effects of ceramic
superconducting films produced by infrared Nd:YAG pulsed laser deposition. In Heat Treatment;
Czerwinski, F., Ed.; InTechOpen: Winchester, UK, 2012; pp. 197–205. ISBN 978-953-51-0768-2.

45



Coatings 2019, 9, 179

40. de Vero, J.C.; Hwang, I.; Shin, H.; Santiago, A.; Lee, D.; Chang, J.; Kim, J.; Sarmago, R.; Song, J.H. Growth and
superconducting properties of Bi2Sr2CaCu2O8–δ thin films incorporated with iridate nanoparticles.
Phys. Status Solidi A 2014, 211, 1787–1793. [CrossRef]

41. Nakamura, D.; Tanaka, T.; Ikebuchi, T.; Ueyama, T.; Higashihata, M.; Okada, T. Synthesis of Spherical ZnO
Microcrystals by Laser Ablation in Air. Electro Commun. Jpn. 2016, 99, 58–63. [CrossRef]

42. Santos-Putungan, A.; Singidas, B.; Sarmago, R. Manipulation of low temperature grown ZnO rigid structures
via Atomic Force Microscope. HCTL Open Int. J. Technol. Innov. Res. 2014, 11, 1–8.

43. Santos-Putungan, A.B.; Empizo, M.J.F.; Yamanoi, K.; Vargas, R.M.; Arita, R.; Minami, Y.; Shimizu, T.;
Salvador, A.A.; Sarmago, R.V.; Sarukura, N. Intense and fast UV emitting ZnO microrods fabricated by low
temperature aqueous chemoical growth method. J. Lum. 2016, 169, 216–219.

44. Chen, Z.; Cvelbar, U.; Mozetic, M.; He, J.; Sunkara, M. Long-range ordering of oxygen-vacancy planes in
Fe2O3 nanowires and nanobelts. Chem. Mater. 2008, 20, 3224–3228. [CrossRef]

45. Jaeger, R.C. Thermal Oxidation of Silicon. In Introduction to Microelectronic Fabrication; Prentice Hall Inc.:
New York, NY, USA, 2001; p. 30.

46. Arthur, J.R. Reaction between C and O2. Trans. Faraday Soc. 1951, 47, 164–177. [CrossRef]
47. Jasmin, A.; Rillera, H.; Semblante, O.; Sarmago, R. Surface morphology, microstructure, raman characterization

and magnetic ordering of oxidized Fe-sputtered films on silicon substrate. AIP Conf. Proc. 2012, 1482, 572–577.
48. Maslar, J.; Hurst, W.; Bowers, W.; Hendricks, J.; Aquino, M. In situ raman spectroscopic investigation of

aqueous iron corrosion at elevated temperatures and pressures. J. Electrochem. Soc. 2000, 147, 2532–2542.
[CrossRef]

49. Moon, J.; Sahajwalla, V. Kinetic model for the uniform conversion of self-reducing iron oxide carbon
briquettes. ISIJ Int. 2003, 43, 1136–1142. [CrossRef]

50. Crank, J. Mathematics of Diffusion, 2nd ed.; Oxford Science Publications: Oxford, UK, 1975; p. 36.
51. Chen, M.; Yue, Y.; Jun, Y. Growth of metal and metal oxide nanowires driven by the stress-induced migration.

J. Appl. Phys. 2012, 11, 104305. [CrossRef]
52. Yuan, L.; Wang, Y.; Cai, R.; Jiang, Q.; Wang, J.; Li, B.; Sharma, A.; Zhou, G. The origin of hematite nanowire

growth during thermal oxidation of iron. Mater. Eng. B 2012, 177, 327–336. [CrossRef]
53. Kim, D.; Gosele, U.; Zacharias, M. Surface-diffusion induced growth of ZnO nanowires. J. Cryst. Growth

2009, 311, 3216–3219. [CrossRef]
54. Shih, P.-H.; Wu, S. Growth mechanism studies of ZnO nanowires: Experimental observations and

short-circuit diffusion analysis. Nanomaterials 2017, 7, 188. [CrossRef]
55. Cutinho, J.; Chang, B.S.; Oyola-Reynoso, S.; Chen, J.; Akhter, S.S.; Tevis, I.; Bello, N.; Martin, A.; Foster, M.;

Thuo, M. Automous thermal-oxidative composition inversion and texture tuning of liquid metal surfaces.
ACS Nano 2018, 12, 4744–4753. [CrossRef] [PubMed]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

46



coatings

Article

Pulsed Laser Deposition of Aluminum Nitride Films:
Correlation between Mechanical, Optical, and
Structural Properties

Lilyana Kolaklieva 1, Vasiliy Chitanov 1, Anna Szekeres 2, Krassimira Antonova 2,

Penka Terziyska 2, Zsolt Fogarassy 3, Peter Petrik 3, Ion N. Mihailescu 4 and Liviu Duta 4,*

1 Central Laboratory of Applied Physics, Bulgarian Academy of Sciences, 61 St. Petersburg Blvd.,
4000 Plovdiv, Bulgaria; ohmic@mbox.digsys.bg (L.K.); vchitanov@gmail.com (V.C.)

2 Institute of Solid State Physics, Bulgarian Academy of Sciences, Tzarigradsko Chaussee 72, 1784 Sofia,
Bulgaria; szekeres@issp.bas.bg (A.S.); krasa@issp.bas.bg (K.A.); penka@issp.bas.bg (P.T.)

3 Centre for Energy Research, Hungarian Academy of Sciences, Konkoly-Thege út 29-33, H-1121 Budapest,
Hungary; fogarassy.zsolt@energia.mta.hu (Z.F.); petrik.peter@energia.mta.hu (P.P.)

4 National Institute for Lasers, Plasma, and Radiation Physics, 409 Atomistilor Street, 077125 Magurele,
Romania; ion.mihailescu@inflpr.ro

* Correspondence: liviu.duta@inflpr.ro

Received: 9 February 2019; Accepted: 13 March 2019; Published: 17 March 2019

Abstract: Aluminum nitride (AlN) films were synthesized onto Si(100) substrates by pulsed
laser deposition (PLD) in vacuum or nitrogen, at 0.1, 1, 5, or 10 Pa, and substrate temperatures
ranging from RT to 800 ◦C. The laser parameters were set at: incident laser fluence of 3–10 J/cm2

and laser pulse repetition frequency of 3, 10, or 40 Hz, respectively. The films’ hardness was
investigated by depth-sensing nanoindentation. The optical properties were studied by FTIR
spectroscopy and UV-near IR ellipsometry. Hardness values within the range of 22–30 GPa and
Young’s modulus values of 230–280 GPa have been inferred. These values were determined by the
AlN film structure that consisted of nanocrystallite grains, strongly dependent on the deposition
parameters. The values of optical constants, superior to amorphous AlN, support the presence of
crystallites in the amorphous film matrix. They were visualized by TEM and evidenced by FTIR
spectroscopy. The characteristic Reststrahlen band of the h-AlN lattice with component lines arising
from IR active phonon vibrational modes in AlN nanocrystallites was well detectable within the
spectral range of 950–500 cm−1. Control X-ray diffraction and atomic force microscopy data were
introduced and discussed. All measurements delivered congruent results and have clearly shown a
correlation between the films’ structure and the mechanical and optical properties dependent on the
experimental conditions.

Keywords: aluminum nitride; pulsed laser deposition; nanoindentation testing; TEM imaging;
FTIR spectroscopy; ellipsometry; complex refractive index

1. Introduction

Pulsed laser-assisted coatings represent a clean and fast route applied for surface modification
and controlled micro-structuring of a wide range of materials. When compared to other physical
vapor deposition methods, i.e., thermal evaporation or sputtering, pulsed laser deposition (PLD)
stands out as a simple, versatile, rapid, and cost-effective method, which can enable precise control of
thickness and morphology for the fabrication of high-quality thin films [1,2]. Amorphous or crystalline,
extremely adherent, stoichiometric, dense, or porous structures from various complex materials can
be synthesized, even at relatively low deposition temperatures, by simply varying the experimental
parameters, mainly related to the (i) laser (fluence, wavelength, pulse-duration, and repetition rate)
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and (ii) deposition conditions (target-to-substrate distance, substrate temperature, nature, and pressure
of the environment) [2–4].

Thin though hard coatings have proven invaluable for the production of mechanical parts or tools
due to their hardness and wear-resistance characteristics [5,6]. In this respect, for the last couple of
years, a great interest in using nitride-based films as protective coatings, due to their physical, chemical,
electronic, thermal, or mechanical properties, has been reported [7–10]. In particular, aluminum nitride
(AlN) coatings possess such characteristics, which make them suitable candidates for a wide range
of applications, including insulating and buffer layers, photodetectors, light-emitting diodes, laser
diodes, acoustic devices, or designs of self-sustainable opto- and micro-electronical devices [11–16].
Hard protective AlN coatings in multi-layered systems as AlN/TiN and CrN/AlN were intensively
studied for tribological applications [8,9,17,18]. AlN is also commonly used in piezoelectric thin
films [19,20], for the fabrication of micro-electro-mechanical system (MEMS) devices [21].

Depending on the deposition techniques and technological protocols, the AlN film structure can
vary from fully-amorphous to nanocrystalline, with a tendency to decrease the volume fraction of grain
boundaries [22–25]. This may significantly modify the physical, chemical, and mechanical properties
of films with nano-sized crystalline structure in comparison to polycrystalline materials, which have
grain sizes usually in the range of 100–300 μm [26]. Highly c-axis-oriented AlN films exhibit a large
piezoelectric coefficient and are attractive for electroacoustic devices via surface acoustic waves [12,13].
Therefore, the fabrication of hard coatings based on properly-oriented nanocrystalline AlN layers
requires a good understanding of their microstructure as a function of deposition conditions. However,
obtaining AlN films with a definite structure and crystalline quality still remains a challenge for most
deposition techniques. The PLD method has the main advantage of ensuring the growth of thin AlN
films with good crystallinity and stoichiometry at relatively low temperatures [27]. Furthermore, PLD
for AlN film synthesis proved to be one of the methods resulting in superior mechanical properties of
the material [28]. There is still no straightforward theoretical or experimental model of the processes
during deposition and the resulting film properties. Hence, the characterization of film growth and
the mechanisms governing the film synthesis are important tasks in all application areas of AlN films.

Thin AlN films synthesis by the PLD technique is also the subject of our research. We focused
during the years on the influence of the technological parameters, such as the assisting nitrogen
gas pressure, incident laser fluence, repetition rate of laser pulses, substrate temperature, and the
presence of an additional matching sub-layer, on the physical properties of AlN films synthesized by
PLD [23,29–36] onto Si(100) substrates. Physical properties, such as surface roughness, microstructure,
composition, amorphous-to-polycrystalline phase ratio, and optical constants appropriate for various
applications, have been systematically studied. A systematization of the experimental results and
finding the correlation between the structure and properties of the PLD AlN films and their preparation
conditions would allow for the optimization of the deposition process in order to fabricate AlN films
with the desired quality.

We resume with this paper the investigations with special attention to new, previously-unstudied
phenomena, in the trial to better understand the quite complicated physical and chemical PLD process.
Thus, by depth-sensing nanoindentation, the mechanical properties of the PLD AlN films, fabricated
at substrate temperatures ranging from room temperature (RT) up to 800 ◦C and, varying other
deposition parameters such as ambient environment, gas pressure, laser incident fluence, and laser
pulse frequency (LPF), were studied. Complementary results obtained by transmission electron
microscopy (TEM), Fourier transform infrared (FTIR) spectroscopy, and UV-near IR ellipsometry are
also reported, with the aim of finding the relationship between the structural properties of films and
their mechanical properties.
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2. Experimental Details

2.1. AlN Film Preparation

AlN films were synthesized onto Si(100) substrates by laser ablation of a polycrystalline
stoichiometric AlN target using a pulsed KrF* excimer laser source COMPex Pro205 (Coherent,
Göttingen, Germany, λ = 248 nm, νFWHM ≤ 25 ns). The laser beam was oriented at 45◦ with respect to
the target surface. The laser pulse energy was ~360 mJ, and the incident laser fluence was set at ~3, 4,
4.8, or 10 J/cm2, respectively. The separation distance between the target and Si substrate was 5 cm.
The PLD process was performed in vacuum (~10−4 Pa) or at different N2 gas pressures of 0.1, 1, 5, or
10 Pa, respectively. Before each experiment, the irradiation chamber was evacuated down to a residual
pressure of ~10−5 Pa.

Prior to deposition, the Si substrates were cleaned in diluted (5%) hydrogen fluoride solution
in order to eliminate the native oxide layer. The target was cleaned by baking at 800 ◦C for 1 h in a
vacuum followed by a short multipulse laser ablation with 1000 pulses. A shutter was interposed in
this case between the target and substrate to collect the expelled impurities.

During deposition, the target was continuously rotated with 0.4 Hz and translated along two
orthogonal axes to avoid piercing and allow for the growth of uniform thin films. The substrate was
heated either at 800, 450, 400, and 350 ◦C or was maintained at RT. The chosen temperature was kept
constant with the help of a PID-EXCEL temperature controller (Excel Instruments, Gujarat, India).

For the deposition of one thin film, 15,000, 20,000, or 25,000 consecutive laser pulses were applied,
with a corresponding LPF of 40, 10, or 3 Hz, respectively.

2.2. Nanoindentation Testing

The mechanical properties of the synthesized AlN films were investigated by a
depth-sensing indentation method using Compact Platform CPX-MHT/NHT equipment (CSM
Instruments/Anton-Paar, Peseux, Switzerland). Nanoindentation was performed with a triangular
diamond Berkovich pyramid having a facet angle of 65.3◦ ± 0.3◦ (CSM-Instruments SA certificate
B-N 41), in the loading interval starting from 5–100 mN. The nanohardness and elastic modulus were
determined from the load/displacement curves applying the Oliver and Phar method [37].

2.3. Transmission Electron Microscopic Measurements

The structure of the PLD AlN films was investigated by transmission electron microscopy (TEM)
and high-resolution transmission electron microscopy (HR-TEM) with a Philips CM-20 (Amsterdam,
The Netherlands) operated at a 200-kV accelerating voltage and a JEOL 3010 (Tokyo, Japan) operated
at a 300-kV accelerating voltage. The cross-sectional TEM samples were prepared by ion beam milling.

2.4. Optical Measurements

The influence of the deposition conditions on the films’ complex refractive index (ñ = n − jk, where
n is the refractive index and k is the extinction coefficient) was studied by spectroscopic ellipsometry
(SE) measurements on an M1000D ellipsometer from J.A. Woollam Co., Inc. (Lincoln, NE, USA)
working in the spectral range of 193–1000 nm. In the SE data analysis, the Complete EASE J.A.
Woollam Co., Inc. software (version 5.08) was used [38]. The experimental SE spectra were taken at
RT and different angles of light incidence of 60◦, 65◦, and 70◦. In data simulation, a two-layer optical
model (substrate–1st layer (film bulk)–2nd layer (surface roughness)) was applied. In the spectral
range of 400–1000 nm, the data were fitted by the Cauchy model to obtain the films’ thickness values.
The ellipsometric data were fitted by a Tauc–Lorentz general oscillator model. The surface roughness
layer was modeled as a mixture of 50% material (film) and 50% voids (air) and was calculated by
applying Bruggeman’s effective medium approximation theory.

FTIR reflectance spectra were obtained in a linearly-polarized incidence beam by using a Bruker
Vertex 70 instrument (Billerica, MA, USA) equipped with a reflectance accessory A513/Q. Both s and p
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irradiation polarizations were exploited at an incident angle of 70◦. In this geometry, it is more correct
to consider the orientation of E with respect to the normal to the film surface z instead of the optical
nanocrystalline axis c, which could be oriented in a certain direction with a probability depending
on the deposition conditions. Furthermore, it should be underlined that during every measurement,
the components of the electric vector E oriented along the x, y, and z directions were presented with
different weights at different temperatures. Thus, all electric field components contributed to the
phonon-polariton modes in randomly-oriented AlN nanocrystallites. The spectral resolution was
2 cm−1, and the total number of scans per each measurement was 64.

3. Results and Discussion

3.1. Nanoindentation Testing

For all AlN films, the measured load-penetration depth curves with maximum indentation loads
were smooth, with no discontinuities. The smooth loading nature testifies to the good film uniformity
and adherence to the Si substrate. Even for the highest displacement load of 100 mN, when the
indentation depth was close to the film thickness, there were no signs of cracking or peeling, which
demonstrates the good interface quality. In Figure 1, a typical load versus indenter displacement curve
is presented, corresponding to a test performed on an AlN film deposited at 800 ◦C, in 0.1 Pa N2

pressure and at a LPF of 40 Hz. The main parameters used for the analysis are marked on the graph.
Fm is the peak load corresponding to a maximum nominal penetration depth hmax, which depends
on the hardness and, consequently, on the film structure. The stiffness S results from the slope of the
tangent to the unloading curve. The measured depth h verifies the relation h = hs + hc/ε, where hs is
the displacement of the surface at the perimeter of the contact, hc is the vertical distance along which
the contact is made, and ε is an indenter constant.

Figure 1. Typical load-displacement curve at the maximum load of 15 mN in the case of an AlN film
deposited at 800 ◦C, in 0.1 Pa N2 pressure and with a laser pulse frequency of 40 Hz.

The area between the loading and unloading curves defines the plastic deformation work Wp,
while that between the unloading curve and perpendicular to the maximum penetration depth,
hmax, is a measure of the elastic deformation work, We. The ratio We/(We + Wp) defines the elastic
recovery of the coating after indentation and is associated with the coating ability to go back after
deformation. For the studied films, this ratio varied from 49–67%, depending on the deposition
conditions. This implies a very good coating recovery after mechanical deformation.

The measured load and displacement curves were analyzed, and the nanohardness H and elastic
modulus E were evaluated [37]. The hardness was estimated from the relation H = Fmax/A, where
A is the projected contact area of the indentation. By fitting the unloading curve, i.e., the stiffness
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S = dF/dh, the projected area A can be determined. The Young’s modulus E is determined from the
relation (1 − ν2)/E = (2A1/2/Sπ1/2) − (1−νi

2)/Ei [37], where Ei and νi are the elastic modulus and
Poisson’s ratio of the indenter (ν was assumed equal to 0.22).

The dependence of the nanohardness and elastic modulus on the indentation depth corresponding
to the applied load in the interval from 5–100 mN is presented in Figure 2. Below the loading value of
5 mN, the hardness determination with sufficient accuracy is limited by the surface roughness [39].
Our PLD AlN films exhibited a considerably smooth and uniform surface morphology, with a root
mean squared roughness in the range of 0.24–2.5 nm, depending on the deposition conditions [35,36,40].

 
Figure 2. Nanohardness H and elastic modulus E as a function of the maximum nominal penetration
depth, hmax, of the PLD AlN films obtained using the deposition conditions given in the inset.

The variation of hardness with the indenter penetration depth points to a region of
Δhmax ≈ (150–200) nm, corresponding to 10–15 mN loading, where the H values of the films could
be recorded with the weak influence of the Si substrate on the test measurements. With the further
increase of the applied load, i.e., the increase of the maximum penetration depth, the nanohardness
value dropped rapidly below 20 GPa, followed by a smooth decrease to values that approached the
Si substrate hardness of ≈15 GPa. The latter implies an increasing influence of the substrate [41].
Taking the observed dependence into account, the further presented results correspond to the load of
15 mN, for which the influence of the Si substrate on the H values was similar. The observed variation
of H values with substrate temperature can be assigned to a change in the microstructure of films.
Elevated temperature facilitates the crystallization process, and thus, a less defective structure with a
larger amount and size of h-AlN crystallite grain boundaries was growing, characterized by higher
nanohardness values.

Our recent investigations on PLD AlN films have established that the variation of the nitrogen
pressure, on one hand [23,30,33], and LPF, on the other [24,31,36], had the strongest influence on the
formation of the AlN microstructure. The effect of laser incident fluence can be compensated by the
variation of those two parameters. Correspondingly, in Figure 3, the H values are represented as a
function of LPF (Figure 3a) and N2 pressure (Figure 3b) at other PLD parameters given in the insets.
The AlN films were deposited under different conditions as either the N2 pressure was kept constant
at 0.1 Pa while varying the laser fluence, LPF, and substrate temperature (Figure 3a) or the substrate
temperature was kept at 800 ◦C (Figure 3b) while varying the nitrogen pressure, laser fluence, and LPF.
The observed hardness behavior is closely related to the processes of film growth and the resulting
film microstructure, which yielded variation in the film hardness values. Nevertheless, all H values
were within 22–30 GPa range, superior to the ones registered in the case of films obtained by other
deposition techniques [22,42–47].
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Figure 3. Nanohardness as a function of laser pulse repetition frequency (a) and N2 gas pressure (b) for
PLD AlN films deposited with variation of other PLD parameters (as given in the insets).

In general, a higher deposition temperature enhances the reaction at the surface of the substrate
and promotes the formation of crystallites in the growing film [48]. As a result, AlN films deposited
at 800 ◦C possessed higher hardness values (Figure 3a). When the deposition was performed at low
N2 pressure, a high laser fluence of 10 J/cm2, and a low LPF of 3 Hz, the species evaporated from the
polycrystalline AlN target acquired a much higher kinetic energy. This excess energy was transferred
to adatoms when reaching the surface of the growing film, obstructing the ordering in a crystalline
network. AlN films formed in these conditions were amorphous, as previously revealed by our TEM
and XRD studies [23].

With increasing the LPF from 3 to 10 and 40 Hz, the multiple, consecutive vaporization
“cleaned up” the space between the target and substrate. Consequently, the atoms ejected from
the target had much more energy when reaching the substrate, contributing to the boost of the mobility
of adatoms and surface diffusion. As one can observe in Figure 3a, the forming microstructure could
be however more defective with lowered microhardness. When increasing the nitrogen pressure
(Figure 3b), the particles ejected from the target in the plasma plume lost their energy in collisions
with nitrogen particles. Accordingly, they could not significantly contribute to the thermally-induced
mobility promoted by heating the substrate, but bound to their impinging sites without further surface
migration. As a result, the formed film structure was less crystalline and more defective, which was
reflected in the lower hardness values (Figure 3b).

As known [49,50], the hardness and elastic modulus are important material parameters that
indicate the resistance to elastic/plastic deformation and could be used for the estimation of the
coating wear behavior. The H/E ratio characterizes the elastic strain to failure resistance, while the
H3/E2 ratio evaluates the coating resistance to plastic deformation at sliding contact load. Both ratios
are associated with the coating toughness, a key parameter for the evaluation of the tribological
properties of materials [50]. Hence, the improvement of the tribological behavior can be achieved
by increasing the coating hardness and decreasing the elastic modulus. In Figure 4, the resistance
for elastic strain to failure (H/E) and to plastic deformation (H3/E2) of AlN films versus deposition
temperature is presented.

From the dependence of these ranking parameters, one can state that the studied PLD AlN films
had a very high H3/E2 ratio compared to other AlN coatings [43,44].
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Figure 4. Resistance for elastic strain to failure (H/E) and plastic deformation (H3/E2) of the PLD AlN
films as a function of substrate temperature during deposition.

3.2. TEM Observations

Four types of significantly different AlN structures were revealed in previous TEM studies of
PLD films [23,30,36]. Amorphous AlN layers are mostly forming at RT or in a growth environment
where the mobility of the atoms after reaching the substrate surface is limited. When increasing the
temperature, nano-sized crystalline grains in an amorphous matrix emerged. This case is well visible
in Figure 5a, where the HR-TEM image of the AlN film, deposited at 450 ◦C, 0.1 Pa N2 pressure, LPF
of 40 Hz, and incident laser fluence of 3 J/cm2, revealed hexagonal nanocrystallites surrounding with
amorphous AlN. The reduced crystallinity was due to the relatively low substrate temperature of
450 ◦C. Here, AlN crystallites were hexagonal (h-AlN), but the metastable cubic (c-AlN) phase can also
grow in the amorphous matrix [23,33,36]. The hardness of such AlN films may vary significantly due
to the variation in the thickness of the amorphous matrix between the crystalline particles [51] and/or
voids possibly incorporated into the layer, which may significantly reduce the film’s hardness.

  

Figure 5. HR-TEM image of nano-sized crystalline grains in amorphous matrix (a) and bright field
cross-sectional TEM image (b) of the PLD AlN films deposited at 450 and 800 ◦C, respectively. The other
PLD parameters were identical: N2 pressure of 0.1 Pa, LPF of 40 Hz, and laser fluence of ≈3 J/cm2.

The third type of AlN layer consists of columnar crystals with a highly crystalline h-AlN structure,
mostly with the (001) texture [48]. A similar crystalline structure was observed for the AlN films
grown at 800 ◦C. This is illustrated in Figure 5b, where the bright-field (BF) cross-sectional TEM
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image of AlN film deposited at 800 ◦C, 0.1 Pa N2 pressure, LPF of 40 Hz, and incident laser fluence
of 3 J/cm2 is shown. The columnar grains with a crystalline h-AlN structure are well seen. In the
case of AlN films deposited at a higher temperature (800 ◦C), but in vacuum [23], a highly-ordered
crystalline film structure was observed, where the h-AlN crystallites had grown epitaxially in a
columnar orientation perpendicular to the Si substrate (Figure 6a,b). Although an epitaxial growth is
achieved (as shown in Figure 6c), the layer is not a single crystal because h-AlN crystals grow with
two preferred orientations, rotated from each other by 30◦ due to the growth of the h-AlN (001) plane
onto the cubic Si lattice. The dark-field cross-sectional TEM image in Figure 6b was prepared from
two dark-field images (separated from each other by color), which were recorded from spots with two
possible epitaxial orientations. The selected area electron diffraction patterns in Figure 6c were taken
from the cross-sectional TEM image in Figure 6a. In the first pattern (Figure 6c1), the Si(100) substrate
is shown, while the other two patterns (Figure 6c2,c3) show two possible epitaxially-oriented areas in
the AlN film.

  

 

Figure 6. Bright-field (a) and dark-field (b) cross-sectional TEM images of the PLD AlN film deposited
in vacuum (10−4 Pa) at a temperature of 800 ◦C, laser fluence of 10 J/cm2, and LPF of 3 Hz. In (c),
the corresponding selected area electron diffraction (SAED) patterns from (a) are shown: SAED
pattern of the Si(100) substrate (c1) and SAED patterns of AlN films (c2,c3) taken from two possible
epitaxially-oriented areas.

TEM observations correlated well with the results of our earlier studies of PLD AlN films by X-ray
diffraction (XRD, Bruker Corporation, Billerica, MA, USA) [23,24,30,35,52]. Our analysis revealed that
a stable h-AlN phase was forming with predominant (002) c-axis orientation, for films deposited at
450 and 800 ◦C, low laser fluence (<10 J/cm2), small nitrogen pressure (vacuum or 0.1 Pa), and high
LPF (10 or 40 Hz). For a higher laser fluence of 10 J/cm2, nitrogen pressure of 0.1 Pa, and LPF of
3 Hz, films were amorphous. At intermediate values of PLD parameters, the coexistence of hexagonal
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and cubic AlN crystallites occurred [52]. The average grains size was 10–60 nm, as determined with
the Scherrer equation. We mention that high-quality AlN (002) films were synthesized by PLD on
(La,Sr)(Al,Ta)O3 substrates [53]. According to [54], higher laser fluence and substrate temperature and
lower ambient pressure are beneficial for PLD synthesis of AlN thin films with the (002) orientation.

The structural changes ensuing from the variation of the PLD conditions were reflected in the
alteration of the surface morphology of the AlN films. The latter has been studied by atomic force
microscopy (AFM) and discussed in detail elsewhere [35,36,40]. The obtained results can be briefly
summarized as follows. The smoothest surface (RMS roughness of ~0.46 nm) was found in the case
of AlN films deposited in nitrogen at low pressure (0.1 Pa), 450 ◦C, and a LPF of 3 Hz, for which
the TEM imaging detected the amorphous AlN phase only. On the other hand, the highest surface
roughness (RMS roughness of ~2.5 nm) was obtained in the case of films deposited at 800 ◦C, for
which better crystallinity and larger-sized crystallites coming up to the surface were detected [36].
The influence of nitrogen pressure on the surface roughness of the PLD AlN films has been reported
in [40]. It was shown that deposition at a substrate temperature of 800 ◦C in vacuum (~10−4 Pa)
resulted in considerably high surface roughness (RMS roughness of ~1.8 nm), while increasing the
nitrogen pressure up to 10 Pa yielded minimal roughness values (RMS roughness of ~0.24 nm).

The hardness values of the AlN films as a function of the film structure are shown in Figure 7.
The data demonstrate well the sensitivity of the AlN film structure to the PLD conditions. As can
be seen, the PLD AlN films with the amorphous structure possessed the lowest hardness values.
The reason is that the amorphous material is characterized by a short-range order with a distribution
in bond lengths that generally results in lower stiffness, as compared to the corresponding crystalline
phase [55]. The higher the stiffness of the atomic bondings, the higher the material’s hardness is.
This explains the observed increased hardness of the PLD AlN films when the degree of crystallinity
increased for example by enhancing the substrate temperature from 350 to 800 ◦C or increasing the
LPF from 3 to 40 Hz, respectively.

Figure 7. Variation of the hardness values with the film structure obtained at different PLD conditions,
given in the inset.

One can observe in Figure 7 that the appearance of nanocrystallites in the amorphous matrix
increased the AlN film’s hardness. The size and amount of crystallite grains are determinative in the
hardness level of coatings [56–58]. However, when two phases coexist in films, the hardness values can
be greatly influenced by the thickness of the amorphous matrix separating the nanocrystals. Moreover,
when the crystalline particles are forming in the gas space, it is easier to involve cavities (voids) from
their environment, which can greatly reduce the hardness of the layer.

The highest hardness values were registered for the PLD films with epitaxial-like growth of
AlN on the Si(100) substrates, i.e., when the PLD process proceeded in vacuum at the highest
temperature (800 ◦C) (see Figure 7). In this case, the largest size of nanocrystallites (10–20 nm),
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growing in a columnar grain structure with preferred grain orientations and in a negligible amount
of amorphous matter, was observed (Figures 5b and 6). Such an ordered structure is characterized
by a strongly-reduced amount of defects in grain boundaries and, consequently, a higher H value, as
was observed.

3.3. FTIR Reflectance Spectra Analysis

FTIR reflectance spectra are given in Figure 8 for the case of p-polarized (Figure 8a) and s-polarized
(Figure 8b) incident beams recorded at a radiation angle of 70◦. The results in Figure 8 correspond
to AlN films deposited with a laser fluence of 3 J/cm2 and different temperatures and LPF of 40 Hz.
For higher temperatures, the spectra exhibited a complex and broad band within the 950–500 cm−1

region. The complexity of the spectral envelope can be assigned to the nanocrystallites’ disorientation.
The Berreman effect was registered in p-polarization, which allows for identification of the longitudinal
(LO) phonon vibrational modes [59]. This gives the possibility to characterize thin films’ microstructure
directly from IR spectroscopy. A comparison of the spectra taken in both s- and p-polarization points
to a clear difference in the high frequency end of the band (Figure 8).

Figure 8. FTIR reflectance spectra of PLD AlN films, investigated in a linearly p-polarized (a) and
s-polarized (b) incident beam.

The 950–500 cm−1 region is characteristic for the Reststrahlen band of the h-AlN crystal with
component lines peaking around 611, 670, 890, and 912 cm−1, arising from A1(TO), E1(TO), A1(LO), and
E1(LO) IR active phonon vibrational modes, respectively [60–63]. For samples prepared at low substrate
temperatures (RT and 350 ◦C), the deconvolution of the measured Reststrahlen band in p-polarized
radiation was not possible. For higher substrate temperatures, the position of peaks was determined by
the Levenberg–Marquardt deconvolution method with a fitting mean square error of 10−3. The peaks
and their assignments are collected in Table 1. When decreasing the substrate temperature, a major
decrease of frequencies was observed for the E1(TO) and A1(LO) phonon-polariton modes. At a large
angle of p-polarized incidence radiation such as 70◦, the A1(LO) mode, which is polarized parallel to
the nanocrystallite c-axis, will be the most sensitive to the orientation of the crystal phase (Figure 8a).
Any deviation of c-axis from the surface normal leads to a structure disorientation that is equivalent
to a dumping of the phonon-polariton resonance vibration [64]. The enhanced structure disordering
at lower temperatures also influences the E1(TO) mode, which is polarized parallel to the a-axis,
i.e., is parallel to the substrate surface in a good c-axis-oriented layer. Consequently, the resonance
frequency decrease was more evident in the spectra measured in s-polarization (see Figure 8b). Besides,
this mode is two-fold degenerated, i.e., it cumulates vibrations of two sets of atoms with the same
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frequency [65]. Thus, an increasing disorder with the temperature decrease will cause the peak’s
widening (as observed for all components), which leads to an increase of the entire Reststrahlen band
half width. This is illustrated in Figure 9 for the AlN films deposited at 0.1 Pa N2 pressure and LPF of
40 Hz. The incident laser fluence was kept within the range of 3–4 J/cm2.

It should be mentioned that the features around 620–610 cm−1 in both sets of spectra in Figure 8
could hardly be assigned to the phonon mode A1(TO) of h-AlN only. Indeed, the vibrational modes
of Si substrate [66] and those of possible AlOx phases [67] were also present in the above-mentioned
region. Possible AlOx bonds could be formed either during film preparation or storage of the samples
under atmospheric conditions. In our opinion, the latter assumption is more likely to occur.

Table 1. Peak position of the phonon-polariton modes in the Reststrahlen band, registered with
p-polarized radiation in the AlN films (Figure 8a). TO, transverse.

Substrate Temperature
(◦C)

A1(TO) Mode
(cm−1)

E1(TO) Mode
(cm−1)

A1(LO) Mode
(cm−1)

E1(LO) Mode
(cm−1)

800 618 740 890 920
450 615 730 885 925
400 616 704 870 922

Figure 9. Reststrahlen band half width in p-polarized radiation (Figure 6a) as a function of substrate
temperature during AlN film deposition at N2 pressure of 0.1 Pa, LPF of 40 Hz, and laser fluence of
3–4 J/cm2.

From the presented results, one can conclude that despite the poor crystalline phase, revealed
by TEM, the FTIR spectra of AlN thin films deposited at temperatures higher than 350 ◦C clearly
exhibited the characteristic Reststrahlen band of the AlN crystal with a hexagonal lattice. This band
was originating from the h-AlN nanocrystallites, the size and ordering of which were increasing with
the substrate temperature. For the AlN films synthesized at a substrate temperature of 350 ◦C, the
spectra did not preserve the shape of a Reststrahlen band, and therefore, if nanocrystals were formed,
their contribution could be negligible. At RT, a completely amorphous layer was grown. According to
the SE results, the optical thickness of this layer was relatively small with respect to the wavelengths
of the measured spectral region (~λ/20), and the recorded FTIR spectrum was flat. In such a thin
amorphous film, neither a Reststrahlen band, nor the multiple interference effect could be observed in
the FTIR spectra [68].

3.4. Spectroscopic Ellipsometry

The ellipsometric results revealed a clear dependence on technological conditions, in good
agreement with TEM and FTIR investigations. We note that each AlN film yielded a certain
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thickness, which was within the 400–1000-nm range (corresponding to an estimated deposition rate
of ~2.8 × 10−2–7 × 10−2 nm/pulse), depending on the PLD technological protocol. For illustration
purposes, in Figure 10, the optical constants n and k are shown for AlN films deposited in ambient
nitrogen at a pressure of 0.1 Pa and laser fluence of 3–4 J/cm2, by varying the substrate temperature and
LPF. These values are characteristic for the corresponding AlN structures and correlated well with TEM
observations. The refractive index values either coincided or were superior to those of amorphous AlN
and remained inferior to those of high-quality polycrystalline h-AlN films. This suggests the coexistence
of crystalline and amorphous AlN phases. Independently of the substrate’s deposition temperature,
films deposited at LPF of 3 Hz (Figure 10) possessed n values characteristic to an amorphous AlN
structure. In accordance with the TEM results, larger LPF yielded nanostructured films with better
ordering at LPF of 10 Hz, which reflects slightly higher index values. The exception is the AlN film
deposited at RT (data represented by black dots in Figure 10), which was completely amorphous, as
revealed by TEM, but its n values were close to those of nc-AlN. Additional compositional study of
this sample by energy dispersive spectroscopy (EDS), performed in a scanning electron microscopy
(SEM) system, has disclosed an over-stoichiometric AlN with an average Al/N ratio of 1.14. One can
notice from the SEM-EDS results in Table 2 that at elevated temperatures, the films’ composition was
close to the stoichiometric AlN. When deposited at RT, AlN films contained an excess amount of Al
atoms, which could contribute to the observed higher index values.

Figure 10. Dispersion curves of the refractive index (a) and extinction coefficient (b) of the studied AlN
films deposited in the conditions presented in the insets.

Table 2. SEM-EDS data for AlN films deposited at different substrate temperatures in ambient N2 at a
pressure of 0.1 Pa, incident laser fluence of 3 J/cm2, and LPF of 40 Hz.

Substrate Temperature (◦C) Al/N Atomic Ratio

800 0.98
450 0.98
350 0.97
RT 1.14

PLD AlN films were transparent in the 400–1000-nm spectral region, as the k values, dependent
on substrate temperature and LPF (Figure 10b), approached zero. Below 400 nm, because of reaching
the absorption edge, the extinction coefficient increased, and its value varied with the deposition
conditions. A large shift of the absorption edge to higher wavelengths was observed for the RT
deposited AlN film, suggesting a strong reduction of the optical bandgap in comparison to those
deposited at elevated temperatures.
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4. Conclusions

Aluminum nitride (AlN) films with different structural features were synthesized onto Si(100)
substrates by pulsed laser deposition in vacuum and ambient nitrogen, at various pressures, substrate
temperatures, laser incident fluences, and laser pulse frequencies. From the results of nanoindentation
tests, transmission electron microscopy, X-ray diffraction, atomic force microscopy, Fourier transform
infrared spectroscopy, and spectroscopic ellipsometry, the correlation between the mechanical
properties, film structure, and optical parameters, dependent on deposition conditions, was studied.

The growth process and resulting film microstructures yielded variation in the film hardness
within 22–30 GPa. Elevated substrate temperatures facilitated the crystallization process and, thus,
a less defective structure for which increased nanohardness values were reached. Enhanced hardness
values, in the range of 22–27 GPa, were observed for AlN films with a structure that consisted of
nanocrystallite grains of 5–50 nm embedded in an amorphous matrix, strongly dependent on the
deposition conditions. These values were superior to those obtained by other deposition techniques
or reported for crystalline AlN. The refractive index value, superior to that of amorphous AlN,
supported the existence of crystallites inside the film volume. In the case of PLD AlN films
deposited at temperatures higher than 350 ◦C, the FTIR results evidenced vibrational bands within
the characteristics Reststrahlen band of 950–500 cm−1, which were assigned to hexagonal AlN
crystallites. For lower temperatures, the Reststrahlen band gradually vanished, and the PLD film at
room temperature exhibited an FTIR spectrum characteristic of a completely-amorphous AlN material.

The mechanical and optical properties of the synthesized AlN films conformed to the applied
PLD technological parameters.
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Abstract: This review article presents a survey of the literature on pulsed laser deposited thin film
materials used in devices for energy storage and conversion, i.e., lithium microbatteries, supercapacitors,
and electrochromic displays. Three classes of materials are considered: Positive electrode materials
(cathodes), solid electrolytes, and negative electrode materials (anodes). The growth conditions and
electrochemical properties are presented for each material and state-of-the-art of lithium microbatteries
are also reported.
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1. Introduction

It has been widely demonstrated that pulsed-laser deposition (PLD) based on the process of the
transportation of a material (laser ablation) is a successful technique for the growth of stoichiometric
multicomponent oxide films [1,2]. Indeed, PLD has shown unique advantages for the formation of
dense films for energy storage and conversion, namely a high reproducibility, easy control of the growth
rate, and a high film purity with a variety of substrates, such as amorphous glass, oriented silicon [3],
stainless steel [4], (001)Al2O3 [5], indium tin oxide (ITO)- and ZnO-coated glass, and ITO-coated Upilex
polymer [6]. Generally, the stoichiometry of the target phase is preserved in PLD films of oxides but a
deviation is observed for lithiated material that implies an Li-enriched target. Consequently, the loss
of volatile Li during deposition is compensated for by using about a 15 wt.% excess of Li2O [7,8].
Accurate stoichiometry can be obtained by controlling several parameters of the process. The typical
set-up for the fabrication of PLD films consists of a stainless-steel vacuum chamber evacuated down
to a residual pressure less than 1 × 10−4 Pa before material deposition. Energy (laser fluence) in the
range of 1.0 to 3.0 J·cm−2 is generated by a pulsed-laser beam, which falls onto the target surface
with an incidence angle of approximately 45◦ (see Table 1 for laser characteristics). Indeed, four PLD
parameters are of prime importance for the growth of films: The laser fluence; type of substrate;
orientation and lattice parameters, which must match with those of the film for an efficient epitaxy
process; substrate temperature (Ts); and the oxygen partial pressure (PO2 ). In addition, as the capacity
of the microbattery depends on the electrode thickness, the duration of the deposition (tp) must also
be considered. The activity of a thin-film electrode, i.e., specific discharge energy, is proportional
to the thickness, thus an increase of the film thickness leads to a power limitation because of the
slow transport kinetic of Li+ ions. Consequently, PLD is a popular technique due to the growth of
a compact and dense film, which is replaced by a thick and porous film. Another advantage of the
physical vacuum-like deposition techniques is the possibility of depositing a thin layer on top of the
microbattery, which protects the device against a reactivity toward moisture. Moreover, due to the
well-defined surface area of PLD films, a direct comparison of the electrochemical activity of materials
can be done for different morphologies, from amorphous to single-crystalline materials [9].
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Table 1. Typical laser beams for PLD films of transition-metal (TM) oxides for energy storage.

Laser
Wavelength

(nm)
Pulse

Width (ns)
Frequency

(Hz)
Laser Fluence

(J·cm−2)
Ref.

Excimer KrF 248 20 1 12 [10]
Excimer ArF 193 10 5 2 [11]
Excimer XeCl 308 – – – [12]

Nd:YAG 532 (a) 8 10 6 [13]
Nd:YAG 266 (b) – – 1.6 [14]

(a) Frequency doubled; (b) Fourth harmonic.

Due to their high energy and power densities, lithium-ion batteries (LIBs) are initial power
sources that are widely used in portable devices (laptops, mobile phones, cameras, etc.) and are now
employed for sustainable transportation, such as full electric vehicles (EVs) and hybrid electric vehicles
(HEVs). The fabrication of electrochemical cells with a thin-film architecture allows the development
of microbatteries for powering micro-scaling devices, such as stand-alone sensor systems, medical
implants and devices, labs-on-chip, credit cards, etc. In addition to technological applications, positive
(cathode) and negative (anode) electrodes in the thin-film form are useful for studying the intrinsic
properties of the material without the use of a polymeric binder and carbonaceous additive [15]. The use
of thin-film technology may offer various advantages, such as: (i) Thin films are well suited for the
design of devices; (ii) thinning of the layers provides a lower resistance in the transverse direction for
weakly semiconducting materials; (iii) a reduction of the thickness of the solid electrolyte film allows the
use of glassy materials with a low ionic conductivity; (iv) a reduction of the charge-transfer resistance
of the electrolyte–electrode interface; (v) easy manufacture of microbatteries using the same technique
that is currently used in the microelectronics industry; and (vi) the construction of microbatteries is
realized in almost any two-dimensional shape. However, the fabrication of microbatteries also contains
many difficulties, which are comprehensively discussed below [16].

In the present review paper, we present the properties of pulsed-laser deposited films used
as components of energy storage devices (i.e., batteries, supercapacitors, electrochromics, etc.).
The remainder of the article is organized as follows. First, the state-of-the-art of lithium microbatteries
using PLD films are summarized in Section 2, providing the characteristics of the best lithium
microbatteries fabricated so far. In Sections 3–5, the three classes of active materials constituting
electrochemical microdevices, realized via the PLD technique, are considered: (i) Positive electrode
materials (cathodes), (ii) electrolytes, and (iii) negative electrode materials (anodes). For each
material, the growth conditions and electrochemical properties are presented. Finally, in Section 6,
we compare and discuss the growth conditions that allow the best electrochemical performance of
each electrochemically active component of microbatteries.

2. Lithium Microbatteries

The concept of a thin-film solid-state battery is quite old [17]. The subject of thin-film microbatteries
has been discussed in the scientific literature for many years. The review by Kennedy is a good source
for work prior to 1977 [18]. The concept and design of all-solid-state planar thin-film microbatteries have
been patented by Bates et al. [19–24], who reported on micropower sources using lithium phosphate,
lithium phosphorus oxynitride, and lithium phosphorus lithium oxide as a solid thin-film electrolyte.
Julien investigated the electrochemical performance of individual layers in a microbattery in relation
to the growth mechanism and thin-film structure [25]. Dudney addressed how to build a battery
layer-by-layer by vapor deposition [26]. More recently, Oudenhoven et al. reviewed the concepts of
three-dimensional (3D) microbatteries [27]. In 2015, Wang et al. discussed the choice of materials for
lithium and lithium-ion microbatteries and reviewed the chemistry and electrochemistry for applications
in microelectronic devices [28]. Ferrari et al. highlighted the importance of 3D microarchitecture
electrodes to fabricate microgenerators for micro-electromechanical systems (MEMSs) [29]. In the
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presentation of in situ analytical microprobes, Meng et al. described PLD-produced thin-film lithium
microbatteries using the PLD technique and showing the production of a multilayer structure with
dense and smooth films [30].

There are many variations on the general scheme of microbatteries outlined in the literature.
Two principal options are shown in Figure 1 [25]. Figure 1a shows a four-layer design on a conducting
substrate (i.e., oriented silicon wafer) that can act as a current collector. Figure 1b shows a six-layer stack
incorporating two metallic current collectors. There are two fast-ion conductor (FIC) layers in this design:
A thick layer, which is the solid electrolyte itself, and a thin buffer film that acts as an electrolyte layer
between the FIC and the Li metal film to prevent interface passivation. In 1992, a thin-film solid-state
microbattery with an overall thickness of approximately 10 μm, including the TiS2 cathode, oxide-sulfide
solid electrolyte, LiI buffer, and Li metal anode, was developed at the Technology Laboratory of Eveready
Battery Company (EBC) [31]. Laïk et al. evaluated the performance of three 4-V commercial all-solid-state
lithium microbatteries (200-μm thick) with a nominal capacity of 700 μAh based on a LiCoO2 cathode
material [32]. Note that a typical 1-mWh battery weighs 2.5 mg and has a volume less than 1 μL,
providing a specific energy and power of 400 Wh·kg−1 and 1 kWh·L−1, respectively [26].

Figure 1. Design principles for lithium microbatteries composed of a lithium film (Li), fast-ion
conductor (FIC), mixed ionic-electronic conductor (MIC), current collector(s) (CC), silicon substrate
(Si), glass substrate (Sub), and buffer layer (Buf). (a) four-layer design on a conducting substrate and
(b) six-layer stack incorporating two metallic current collectors (Reproduced with permission from [25].
Copyright 2000 Springer).

Regarding the manufacture of thin-film batteries, several start-up companies have marketed
micropower sources. Enfucell developed a thin, printable, and flexible SoftBattery® used in various
wearable electronics products [33]. Cymbet Corporation fabricates the EnerChipTM battery, which is
a battery bare die and can be embedded with other integrated circuits [34]. Excellatron announced
a pilot production line (10,000 cells/month) of thin-film solid-state batteries (approximately 0.3 μm
thick) made of cathode films of LiCoO2 or LiMn2O4, LiPON as the electrolyte, and Li metal or Sn3N4

as the anode based on the technology developed at Oak Ridge National Labs. Using a 2-μm thick
positive electrode, these microbatteries have been cycled in excess of 2000 cycles [35]. Some industrial
developments of thin film microbatteries are listed in Table 2.

Table 2. Industrial developments of thin film microbatteries.

Manufacturer Electrochemical Chain Specifications Ref.

Cymbet Co. EnerChipTM LiCoO2/Li 60 μAh·cm−2·μm−1/5000 cycles [34]
Infinite Power Solutions LiCoO2 or V2O5/LiPON/Li “Thinergy” 40 μAh·cm−2·μm−1 [36]
Front Edge Technology LiCoO2/LiPON/Li “Nanoenergy” 0.9 mAh cm−2 [37]

Ulvac Inc. LiCoO2/Li3PO4/Li 50 μAh·cm−2·μm−1 [38]
STMicroelectronics LiCoO2/LiPON/Li 700 μAh/discharge at 5 mA [39]

Excellatron LiCoO2-LiMnO2-LiPON-Sn3N4 0.3 μm thick/0.1 mAh/2000 cycles [35]
Enfucell MnO2-based cell voltage rating >3 V [33]

GS Caltex n/a 300 μm thick/3.9 V/ 8000 cycles [40]
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A sequential PLD technique was applied for the fabrication of a rechargeable thin-film
lithium battery (2-μm thick, area of 0.23 cm2) with partially crystallized LCO as the cathode,
an Li6.1V0.61Si0.39O5.36 (LVSO) glassy electrolyte, and SnO film anode [41]. The ablation beam
produced by a Q-switched Nd:YAG laser (λ = 266 nm, repetition rate of 10 Hz) was used at the fluence
of 3.5 mJ·cm−2. A single phase LCO film was obtained by post annealing at 600 ◦C for 1 h in air and
the amorphous LVSO film exhibited an ionic conductivity of ca. 10−7 S·cm−1 at room temperature.
Such a Li microbattery cycled at 44 μA·cm−2 in the voltage range of 0.7 to 3.0 V delivered a capacity of
9.5 Ah·cm−2. After 100 cycles, the capacity retention was 45% of that of the first cycle. Characteristics
of solid-state lithium microbatteries fabricated by the PLD technique reported in the literature are
listed in Table 3. Most of the microcells use LiCoO2 as the positive electrode, providing a nominal
voltage of ~3.9 V vs. Li+/Li. Thus, among the fabricated all-solid-state thin-film lithium batteries,
the electrochemical chain of Li-In/80Li2S–20P2S5/LiCoO2 with an average potential of 3.5 V exhibits
the best performance in terms of energy density.

Sakuda et al. reported the construction of an SSLMB based on an LCO positive electrode with an
SE coating, a highly conductive 80Li2S–20P2S5 solid electrolyte, and an Li-In alloy as the anode [42].
Such a microbattery delivered a specific capacity of 95 mAh·g−1 at a current density of 0.13 mA·cm−2.
By using LCO thin films prepared from a LiyCoOδ target containing 15% Li2O, Xia et al. fabricated
thin-film microbatteries by the successive deposition of an LCO cathode on a Pt/Ti/SiO2 (amorphous)/Si
composite substrate and amorphous Si anode [12]. Recently, the analysis by impedance spectroscopy of
the microcell Li/LiPON/Li4Ti5O12 (nominal voltage of 1.5 V), in which LiPON is an amorphous lithium
phosphorus oxynitride (i.e., nitrogen-modified Li3PO4), has clarified the debate on the interface stability
with lithium; it was clearly shown that LiPON forms a well-conducting solid electrolyte interface (SEI)
layer [43]. Despite the low ionic conductivity (1 μS·cm−1) and the rather large contribution to the
internal cell resistance, LiPON can be used as a solid electrolyte film with a thickness of ~1 μm or less.
Therefore, use of the LiPON-LiCoO2 system is very popular in the construction of thin-film lithium
microbatteries [26].

Table 3. Solid-state lithium microbatteries fabricated by the PLD technique.

Electrochemical Chain Characteristics Ref.

Li/Li3PO4/LiCoO2 9.5 μAh·cm−2 [14]
Li/Li4SiO4/LiCoO2 10 μAh·cm−2 [44]

SnO/Li6.1V0.61Si0.39O5.36/LiCoO2 9.5 Ah·cm−2 at 44 μA·cm−2 [41]
In/80Li2S–20P2S5/LiCoO2 95 mAh·g−1 at 0.13 mA·cm−2 [42]

Li/Li3PO4/LiMnPO4 12 mAh·g−1 [45]
Li/LiPON/Li4Ti5O12 32 μAh·cm−2 at 3.5 μA·cm−2 [43]

3. Positive Electrode PLD Films

The main parameter for a microbattery is the delivered specific capacity. Rather than being
expressed as the conventional unit of mAh·g−1, due to the uncertainty in the film density, technologists
prefer the stored charge, Q (expressed in μAh or in coulomb), per film surface area and the film
thickness, i.e., μAh·cm−2·μm−1 of mC·cm−2·μm−1.The relation between the gravimetric capacity, Qm,
of the material and the volumetric capacity of a film, Qf, is given by:

Qf = 0.36 d Qm (1)

where Qf is expressed in mC·cm−2·μm−1, Qm in mAh·g−1, and d is the density of the material in g·cm−3.
Table 4 summarizes the energetic quantities for the studied cathode compounds.
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Table 4. Characteristics of the oxide materials used as a positive electrode in Li batteries. Δxm is the
quantity of electrons transferred (or Li uptake).

TMO Material Density (g/cm3) Cm (mAh g−1) for Δxm Cf (μA·cm−2·μm−1) Cf (mC·cm−2·μm−1)

V2O5 3.35 294 (Δxm = 2) 98.5 354
MoO3 4.69 279 (Δxm = 2) 130.8 471

LiCoO2 5.03 a 137 (Δxm = 0.5) 68.9 248
LiNi0.5Co0.5O2 4.90 a 274 (Δxm = 1) 134.2 483

LiMn2O4 4.32 a 148 (Δxm = 1) 64.0 274
a after Ozuku, T.; Ueda, A. J. Electrochem. Soc. 1994, 141, 2972.

3.1. LiCoO2 (LCO)

Having a lamellar structure, LiCoO2 (LCO) is the prototypal positive electrode material commonly
used in Li-ion batteries that yields a practical specific capacity of 135 mAh·g−1 in the voltage range
from ~3.8 V (fully lithiated state) to ~4.2 V (charge state at Li0.5CoO2) [46]. Since the early work
in 1996 by Berkeley’s group [47], numerous studies have been devoted to the growth of LiCoO2

thin films prepared by the PLD technique due in large to their high electrochemical performances.
Further investigations of dense and well-defined PLD films described the phase evolution during
Li extraction and the kinetics of Li+ ions in the host lattice, which eventually found applications in
the fabrication of the cathode element in microbattery stacks [48]. The two crystal forms, HT- and
LT-LiCoO2 phases, with the rock-salt (rhombohedral, R-3m space group) and spinel (cubic, Fd3m space
group) structure, respectively, have been synthesized by pulsed-laser deposition. It was pointed out
that the crystallographic texture for LCO films differs from one deposit technique to another, i.e.,
PLD versus sputtering, which influences the electrochemical properties due to the diffusion plane
orientation [49]. Julien et al. stated that well-crystallized PLD-grown LCO thin films with a single
layered structure can be obtained at substrate temperatures (Ts) as low as 300 ◦C [3].

The first growth of single phase LCO films by the PLD method was realized by Antaya et al. [4].
Films deposited on unheated stainless-steel substrates were amorphous but crystallized readily with
heat treatment in air above 500 ◦C. Later, Striebel et al. [47] demonstrated the promise of PLD-grown
films as cathodes for rechargeable lithium cells. Crystalline (003)-textured LCO films with thicknesses
ranging from 0.2 to 1.5 μm were prepared without postdeposition treatment, which displayed a specific
capacity of films of 62 μAh·cm2·μm−1 and an Li diffusion coefficient of 1 × 10−10 cm2·s−1. Highly
dense LCO films were first elaborated by the PLD process using a KrF laser under oxygen flow rates of
30 sccm and the pressure was maintained at 260 Pa on (200)-textured F-doped SnO2 on fa used silica
substrate maintained at Ts = 700 ◦C [49]. As-prepared LCO thin films were (00l) textured and had a
density of 85% of the single crystal. The charge–discharge profile of the films was typical of the LCO
bulk and presented an ~18% capacity loss for a single cycle to 4.15 V. In the potential range of 4.14 to
4.19 V, the measured chemical diffusion coefficients ranged from 1.7 × 10−12 to 2.6 × 10−9 cm2·s−1 for
as-deposited films and films annealed at 700 ◦C, respectively. Structural analysis of nanostructured
LCO films prepared with PLD has been conducted by several research groups. Julien et al. [3,8,50]
analyzed changes of the stoichiometry (i.e., the absence of the Co3O4 amorphous phase) as a function
of the growth conditions using Raman spectroscopy. The inclusion of Co3O4 impurity is detected by
analysis of the Raman intensity of the A1g modes. Impurity-free films exhibit a specific capacity as
high as 195 mC·cm−2·μm−1 for polycrystalline films grown from an Li-rich target (i.e., excess of 15%
Li2O). The work by Okada et al. revealed that a decrease of the amount of inclusions can be obtained
by a lower laser fluence and lower Ts [51]. Figure 2 presents the relationship between the impurity
inclusions and growth conditions of PLD-grown LCO films established from spectroscopic Raman
data. In this figure, the Co3O4 phase is grown under the conditions of high PO2 , i.e., above the gray
dashed line.
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Figure 2. The relationship between impurity inclusions and growth conditions of PLD-grown LCO
films established from spectroscopic Raman data (Reproduced with permission from [51]. Copyright
2017 AIP Publishing).

Ohnishi et al. [52,53] stated that suppression of the Co3O4 spinel phase can be ensured by the
growth under a relatively low oxygen partial pressure. Zhang et al. [54] discussed the effect of the
deposition conditions on the structure and morphology. The advantages of the preferential orientation
of LCO films prepared by PLD has been discussed by numerous groups with the conclusion that
dense uniaxial textured (003)-oriented films are obtained by a well-chosen substrate [6,53,55–59].
However, Xia et al. [59] stated that the fast transport of Li+ ions is obtained for LCO films with a
random orientation, in contrast with the results obtained with films having (003)-preferred orientation.
Contrastingly, Nishio et al. claimed an excellent electrochemical performance for epitaxially grown
LCO (77-nm thick) with a (104)-orientation on a (100) Nb:SrTiO3 substrate that exhibited a discharge
capacity of 26 mAh·g−1 even at high rates up to 100C [60]. Huo et al. stated that the film orientation is
strongly dependent on the thickness and size of grains and demonstrated that films structured with
parallel (003) planes are grown for thicknesses up to 300 nm [11]. Liu et al. showed that under certain
PLD conditions, such as a high repetition rate of 35 Hz and low oxygen partial pressure of PO2 = 1 Pa,
LCO films tend to grow LCO films with a random orientation [61].

Epitaxial LCO thin films deposited on (001)-Al2O3 substrates remained in a single phase in a
narrow range, 250 ≤ Ts ≤ 300 ◦C, whereas secondary phases appeared at Ts > 300 ◦C, i.e., Co2O3, Co3O4,
and LiCo2O4 [5]. Xia et al. established that thin LCO films can be easily grown with a (003) orientation
because of the lowest surface energy for the (003) plane, while the minimized strain energy in thick
LCO films allows preferential (101) and (104) textures. It seems that this last type of orientation favors
the electrochemical performance of the LCO cathode [12]. The reduction of the laser fluence results
in a decrease of the surface roughness of LCO films. With post annealing at 400 ◦C and optimized
deposition conditions, LCO films exhibit an initial discharge capacity of 36 μAh·cm−2·μm−1 and a
cycleability of 94% [57]. Composition control was monitored to prepare stoichiometric LCO films using
an Li-enriched target with a high-rate growth via an increase of the laser fluence to 0.29 J·cm−2 and an
adjustment of the PO2 to scatter the excess lithium. Ohnishi et al. showed that by using a Li1.1CoO2+δ

target, the deposition of stoichiometric LCO with the highest crystallinity can be realized at the rate of
0.06 Å per pulse at the PO2 of 0.1 Pa and Ts = 800 ◦C (Figure 3) [52,62].

Recently, Nishio et al. claimed that a high deposition rate of 1.2 Å·s−1 tends to form oxygen-deficient
LCO films due to the destabilization of Co3+ cations and showed that post-annealing in air cancels the
impurity phase [63]. Funayama et al. studied the effects of mechanical stress applied to LCO films
(200 nm thick) deposited on Li-glass ceramic by the PLD method at 600 ◦C under a 20 Pa oxygen
partial pressure for 1 h. Due to the lattice volume change, the generated electromotive force was
6.1 × 10−12 V·Pa−1 [64]. The electrode behavior shows an increase of the discharge capacity from 10 to
40 mAh·g−1 at a 2C rate with an increase of the Ts from 600 to 750 ◦C, whereas a Ts = 800 ◦C worsens
the performance. Studies of the physico-chemistry of PLD-grown LCO thin films report the structural,
surface morphology, optical, and electrical properties [65–67].
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Figure 3. Schematic representation of the fast-laser ablation growth according to the Li/Co ratio
variation of the plume for a stoichiometric (a) and Li-enriched target (b). (Reproduced with permission
from [62]. Copyright 2012 IOP Publishing).

The electrochemical properties, i.e., thermodynamics and kinetics, of lithium intercalation in PLD
LCO thin films have been widely investigated by the structure–electrochemistry relationship [59,68–70];
structural evolution upon charge-discharge cycles [71]; effect of doping by Ti, Al, and Mg [49,72–74];
characterization of the electrode/electrolyte interface [75]; and lithium-ion kinetics vs. basal plane
orientation [76–80]. Highly (003)-oriented impurity-free LCO thin films grown by PLD on a stainless-steel
substrate display an initial discharge capacity of 52.5 μAh·cm−2·μm−1 and a capacity loss of 0.18% per
cycle at a moderate current density of 12.7 μA·cm−2. These films show a very small lattice expansion
upon charge, i.e., 0.09 Å for a charge of 4.2 V [81]. Figure 4 shows the typical electrochemical features
of PLD LCO thin films grown on an Si wafer maintained at different temperatures. Both the specific
discharge capacity and the mid-voltage increased with increasing Ts. For a film deposited at Ts = 300 ◦C
under PO2 = 15 Pa, the discharge capacity reached a value ~140 mC·cm−2·μm−1.

Figure 4. Electrochemical features of PLD-grown LCO thin films: specific discharge capacity and
discharge mid-voltage vs. substrate temperature.
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The electrochemical behavior of doped LCO thin films show that the voltage plateau at 3.65 V
disappears in the charge curve of LiTi0.05Co0.95O2 due to the doping effect, which cancels the
semiconductor-metal-like transition of the LCO framework [81]. The Al-doped LCO film (LiCo0.5Al0.5O2)
exhibits a steady increase in the voltage vs. Li extraction with the absence of a voltage plateau as
observed in stoichiometric LCO films; however, such films suffered from a limited capability and an
upper bound of the diffusion coefficient of Li (D* = 9 × 10−13 cm2·s−1) was observed [49]. Recent studies
report on the improved electrochemical behavior of surface-modified LCO films using lithium tantalate
(LTaO) and lithium niobite (LNbO). Coating with LNbO preserves the LCO surface and decreases the
interfacial resistance, which indicates fast lithium transport [82]. LCO films modified by amorphous
tungsten oxide (LWO) fabricated by PLD show a high capacity retention of Qr = 80% at a high rate of
20C, against Qr = 0% for bare LCO films cycled at the same C-rate. A slight increase of the superficial
diffusion coefficient of Li+ ions from 2.2 × 10−13 and 3.0 × 10−13 cm2·s−1 was also observed, owing to the
surface modification [83–86]. Note that LWO as well as LNBO are lithium ion conductors, which act as
an efficient buffer between the electrolyte and LCO cathode. The structural degradation of cycled LCO
films was investigated by Raman spectroscopy over 400 cycles, showing microstructural modification
due to nanocrystallization and phase separation [87].

All-solid-state lithium microbatteries (SSLMB) using LiCoO2 films have been developed using
various inorganic solid electrolyte (SE) films, i.e., LiPON, Li2S–P2S5, and amorphous Li3PO4.
The thin-film battery with an electrochemical chain Li/amorphous Li3PO4/LCO/Pt shows a columnar-like
LCO cathode (see the cross-sectional SEM image in Figure 5a) [88]. The excellent electrochemical
performance is displayed in Figure 5b. This microcell exhibited an increase in capacity of up to
240 μAh·cm−2 when increasing the LCO thickness to 6.7 μm, which is 54% of the theoretical specific
capacity of LCO (69 μAh·cm−2·μm−1). Shiraki et al. fabricated an SSLMB with an epitaxial LCO
thin-film cathode (200 nm thick) by using PLD with a polycrystalline Li1.1CoO2 target ablated at a laser
fluence of 1 J·cm−2, LiPON solid electrolyte (2 μm thick), and Li film as the anode (0.5 μm thick) [89].
The authors reported cyclic voltammograms with six redox peaks, which drastically changed upon
cycling but did not display the galvanostatic charge–discharge profile of the SSLMB.

Figure 5. (a) SEM image cross-section of a Li/amorphous Li3PO4/LCO thin-film microbatteries.
(b) Discharge curves for various current densities in the voltage range of 3.0 to 4.5 V vs. Li+/Li.
(Reproduced with permission from [88]. Copyright 2014 Elsevier).

3.2. LiNiO2 (LNO)

PLD-grown thin films of lithium nickel oxide (LNO), i.e., LixNi1−xO and stoichiometric LiNiO2,
are applied as electrochromic and/or battery electrodes. In an early work, Rubin et al. established the
complex relationship of the surface morphology and chemical composition of LixNi1−xO thin films vs.
the deposition oxygen partial pressure, substrate temperature, and substrate–target distance as well [90].
LNO films produced at Ts < 600 ◦C immediately absorb CO2 and H2O when exposed to air, whereas
they show long-term stability for Ts = 600 ◦C. LNO film with a composition of Li0.5Ni0.5O (cubic
rock-salt Fd-3m structure instead of the rhombohedral R-3m structure for LiNiO2) was obtained under
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a deposition atmosphere of PO2 = 60 mTorr. This film (150-nm thick) showed excellent electrochemical
reversibility as an electrochromic item in the range of 1.0 to 3.4 V vs. Li+/Li. An electrochromic
device using WO3 as the opposite electrode and PEO/LiTFSI as the solid polymer electrolyte (250-μm
thick) showed an optical transmission range of ≈70% at 550 nm. Bouessay et al. optimized the PLD
conditions to prepare NiO films, i.e., PO2 = 0.1 mbar and Ts = 25 ◦C, and analyzed the electrochromic
reversibility associated with the Ni3+/Ni2+ redox couple [91]. Using a laser fluence of 1 to 2 J·cm−2,
which corresponded to an ablation rate of 0.9 Å·s−1, NiO films with a cubic rock-salt structure (Fm-3m
space group) were formed. Porous PLD NiO films were prepared using nickel foil as the target in a
low oxygen atmosphere (PO2 = 50 Pa) [92,93] and were applied as the electrode for supercapacitors,
showing a high specific capacitance of 835 F·g−1 at a 1 A·g−1 current density.

Similarly to LCO, the PLD growth of stoichiometric LiNiO2 with an α-NaFeO2 layered structure
requests an Li-enriched target, i.e., LiNiO2 + 15%Li2O. López-Iturbe and coworkers attempted to
avoid Li loss by using an Ar atmosphere of PAr = 10 mTorr and laser fluence of 15 J·cm−2 [94], while
Rao et al. introduced pure oxygen (PO2 = 0.1 Torr) in the PLD chamber and ablated the target at a laser
fluence of 10 J·cm−2 [95]. The LNO films prepared at Ts = 700 ◦C exhibited an initial discharge capacity
of 175 mC·cm−2·μm−1. Yuki et al. used, as the oxygen evolution reaction (OER), electrocatalysts,
which were prepared LNO films from a target composed of Li2O and NiO2 sintered at 1000 ◦C for 8.5 h
in air ablated by a Nd:YAG laser operating at 532 nm [96]. Recently, PLD LixNi2−xO2 thin films with
0.15 ≤ x ≤ 0.45 deposited on a glass substrate under a pressure of 0.1 Pa and annealed at 350 ◦C were
grown by PLD with an LiNiO2 structure. The films appeared to be entirely made of particles even in
the cross-section (grain size of 95 nm for x = 0.45). The average surface roughness estimated from the
AFM measurements decreased with an increasing x, reaching a value of 0.615 nm for x = 0.45 [97].

3.3. LiNi1−yCoyO2 (NCO)

The LiNi1−yCoyO2 (0< y<1) system with a layeredα-NaFeO2 structure belongs to a LiCoO2-LiNiO2

solid solution with a higher reversible capacity than LCO and better cycleability than LNO. Among
these substituted oxides, Ni-rich LiNi0.8Co0.2O2 (NCO) has been identified as one the most attractive
cathodes [98]. In this context, several works investigated the growth of NCO thin films using
pulsed-laser deposition. Dense PLD NCO films grown at Ts > 400 ◦C exhibited a gravimetric density
of 4.8 g·cm−3 [99]. Ramana et al. grew NCO films deposited on an Ni foil substrate at temperatures of
25 ≤ Ts ≤ 500 ◦C under PO2 = 6 to 18 Pa from Li-rich ceramic (15 mol% Li2O excess to avoid NiO or
Co3O4 impurity phases) [100]. At Ts ≤ 300 ◦C, the PLD film showed the highest intensity of the (00l)
reflection, which indicates that the c-axis was normal to the film surface. The XRD (003) diffraction
peak at 2θ = 18.5◦ corresponds to an interplanar spacing of 0.145 nm. Phase diagram mapping
(Figure 6) was proposed to highlight the effect of the growth temperature on the microstructure of PLD
LiNi0.8Co0.2O2 films. Galvanostatic titration carried out at a rate of C/30 in the potential range of 2.5 to
4.2 V showed a discharge capacity of 82 μAh·cm−2 μm−1, which compares with the theoretical value of
136 μAh·cm−2·μm−1 (490 mC·cm−2·μm−1) [101].

Hirayama et al. fabricated NCO films using the standard PLD conditions (Φ = 100–220 mJ,
PO2 = 3.3 Pa, target composition Li/Ni(Co) = 1.3, and Ts = 600–650 ◦C) at a deposition rate of
0.3 nm·min−1 on an oriented SrTiO3 (STO) substrate. Microstructural analysis shows a misfit of ca.
5% and roughness of 1 to 3 nm for the film grown with an in-plane orientation at Ts = 600 ◦C. AFM
imaging revealed the surface modification for films cycled in the voltage range of 2 to 5 V [102]. PLD
NCO films (0.62 μm thick) were electrochemically characterized by galvanostatic titration (GITT), cyclic
voltammetry (CV), and electrochemical impedance spectroscopy (EIS). Films grown at Ts = 600 ◦C
under PO2 = 13 Pa with a laser fluence of Φ = 450 mJ per pulse exhibited an average specific capacity
of ~60 μAh·cm−2·μm−1 and the Li+ diffusion coefficient varied from 3 × 10−13 to 2 × 10−10 cm2·s−1.
After 100 cycles, the electrode showed a capacity retention of 85% [103]. The kinetics of the Li-ion
intercalation in PLD NCO films grown on an Nb-doped STO substrate at Ts = 600 ◦C under PO2 = 3.3 Pa
were investigated by EIS [104]. Nyquist plots showed changes of the electrode impedance as a function
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of the Li extraction/insertion with a larger value at a potential of 4.2 V. Baskaran et al. prepared
NCO films on Pt and Si substrates heated at Ts = 500 ◦C under a low oxygen partial pressure of
0.21 Pa [105]. The 40-min deposited films (120-nm thick) displayed a specific discharge capacity of
69.6 μAh cm−2·μm−1 (145 mAh·g−1) after 10 cycles. Based on these results, a Li-ion microbattery was
fabricated with a LNCO/Li3.4V0.6Si0.4O4(LVSO)/SnO configuration with a thickness of ~1.5 μm. Such a
microcell delivered a capacity of 16.1 μAh·cm−2·μm−1 after 20 cycles.

Figure 6. Phase diagram of microstructure development in PLD LiNi0.8Co0.2O2 films as a function
of the growth temperature. (Reproduced with permission from [100]. Copyright 2006 American
Chemical Society).

3.4. LiNi1−yMnyO2 (NMO)

The substitution of Mn for Ni has been demonstrated to be beneficial for LiNiO2 cathode materials.
LiNi0.5Mn0.5O2 (NMO) thin films were prepared on stainless steel and gold substrates from an
Li-enriched target with an Li/(Ni + Mn) ratio of 1.5 in the NiO + MnO2 mixture. Under standard
conditions (Φ = 2 J·cm−2, Ts = 550 ◦C, and PO2 = 266 Pa), impurity-free and (00l)-textured PLD
films (300–500 nm thick) were obtained after an annealing process at 650 ◦C [106]. Galvanostatic
charge–discharge tests showed that NMO films deposited on stainless steel displayed an electrochemical
response, with a large voltage plateau between 2.5 and 3 V attributed to the presence of spinel phases
(i.e., LiMn2O4 and LiNi0.5Mn1.5O4), while NMO films prepared on Au substrate showed the typical
fingerprint of the LiMO2 layered compound with a single plateau at ca. 3.7 V. The analysis of the
kinetics from CV measurements in the 2.5 to 4.5 voltage range led to a diffusion coefficient of the
Li+-ions of D* = 3.13 × 10−13 cm2·s−1 for the Li insertion and 7.44 × 10−14 cm2·s−1 for the Li extraction.
GITT results showed that D* is highly dependent on the electrode potential in the range of 10−12

to 10−16 cm2·s−1 [107]. Sakamoto et al. addressed the growth of epitaxial PLD NMO films with an
orientation of the basal layered plane (BLP) that depends on the SrTiO3 (STO) substrate plane: The
BLP is parallel to the STO(110) substrate, while the BLP is perpendicular to the STO(111) substrate.
The relationship between the lattice parameters and applied voltage highlights the charge–discharge
processes for both orientations [108]. In a second article, Sakamoto et al. examined the structural
properties of the surface and bulk of LiNi0.5Mn0.5O2 epitaxial thin films during an electrochemical
reaction using in situ X-ray scattering [109]. In normal conditions, the two-dimensional diffusion of Li
during (de)intercalation proceeds for the (110) plane. However, 3D-diffusion activity can be observed
for a high degree of cation mixing (Ni2+ in Li(3a) sites).

3.5. Li(Ni, Co, Al)O2 (NCA)

The growth of LiNi0.8Co0.15Al0.05O2 (NCA) has been envisaged because Al-doping provides
excellent structural and thermal stability for the electrode with the suppression of phase transitions.
NCA thin films were prepared on Ni substrates at Ts = 500 ◦C by PLD with an energy and laser-pulse
repetition rate of 300 mJ and 10 Hz, respectively, under PO2 = 18 Pa. The PLD target (i.e., pellet pressed
at 1.5 to 5.0 × 103 kg·cm−2), optimized by using bulk NCA Li-enriched with 15 mol% Li2O as the
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precursor, was sintered at 800 ◦C for 24 h [110]. The Li//NCA microcells delivered an initial specific
capacity of 92 μAh·cm−2·μm−1. The kinetics of Li+ ions in PLD films measured by the GITT method in
the voltage range of 2.50 to 4.25 V vs. Li+/Li revealed a diffusion coefficient of 4 × 10−11 cm2·s−1 with
a maximum of 1 × 10−10 cm2·s−1 for the composition of Li0.7Ni0.8Co0.15Al0.05O2. Figure 7 displays
the specific capacity of Li//LiNi0.8Co0.15Al0.05O2 cells as a function of the substrate temperature. PLD
films were grown onto various substrates at 25 ≤ Ts ≤ 500 ◦C under a controlled O2 atmosphere
(PO2 = 50 mTorr). NCA thin films prepared onto Ni foil at Ts = 500 ◦C exhibited the best specific
discharge capacity of 100 μA·cm−2·μm−1.

Figure 7. The specific capacity of LiNi0.8Co0.15Al0.05O2 thin films deposited onto Ni foil, Si wafer,
and ITO-coated glass as a function of the substrate temperature.

3.6. Li(Ni, Mn, Co)O2 (NMC)

Lithiated nickel-manganese-cobalt oxides, LiNi1−y−zMnyCozO2 (NMC), is a complex LiNiO2-
LiMnO2-LiCoO2 solid solution, which displays the same structure as rock salt, α-NaFeO2, with a valence
state of cations as Ni2+, Mn4+, and Co3+. LiNi1/3Co1/3Mn1/3O2 (NMC333) thin film electrodes were
prepared by pulsed laser deposition on a Pt/Ti/SiO2/Si substrate (where the 150-nm thick Pt and the
100-nm thick Ti films act as the current collector and buffer layer, respectively) at room temperature
under a PO2 of 6.6 Pa. The deposition rate was about 4.4 nm·min−1. Impurity-free NMC333 films
were obtained using an Li-enriched target (15% excess Li2O). The charge–discharge profiles strongly
depended on the film morphology that was tuned by increasing the annealing temperature from 400 to
500 ◦C. The best electrochemical features were obtained for annealing at 450 ◦C, showing a discharge
plateau of about 3.7 and 3.6 V [111]. Epitaxial and highly textured LiNi0.5Mn0.3Co0.2O2 (NMC532) thin
film cathodes were deposited by a one-step PLD process [112]. Using a laser fluence of Φ = 6 J·cm−2,
Ts = 750 ◦C, and an Li-enriched target (20% Li2CO3 excess), the films were deposited on silicon (111),
stainless steel (SS), and c-cut sapphire (0001) substrates. It was stated that highly dense and epitaxial
films with a strong (003) reflection peak intensity are achieved at high Ts. Films grown on an Au-SS
substrate delivered 125 mAh·g−1 at 0.5C and demonstrated a 72% capacity retention after 100 cycles.
Furthermore, 3D-electrode architectures were fabricated, and are applicable to power hearing aids.
Structured NMC333 film electrodes (50–80 μm thick) were prepared by laser printing using a pulsed
laser (λ = 355 nm) at a fluence of 50 to 100 mJ·cm−2. Such films exhibit a stable discharge capacity at a
low C-rate (0.1C), but for a current density of 1C, the electrode reached 40% of the initial capacity [113].
Recently, Abe et al. elucidated the deterioration mechanism of pristine ZrO2-coated NMC333 thin films
prepared by PLD on a (110)STO substrate maintained at two temperatures of 25 and 700 ◦C; the oxygen
pressure ranged from 3.3 to 10 Pa [114]. Characterization was performed by cyclic voltammetry, in situ
X-ray diffraction, and in situ neutron reflectometry. As a result, ZrO2 coating suppressed the low activity
of the spinel phase formed at the surface and hence improved the cycleability of the thin film electrode.
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3.7. Li-Rich Layered Oxides

The growth of Li-rich layered oxide Li1.2Mn0.55Ni0.15Co0.1O2 on SRO/STO(100) and SRO/STO(111)
substrate (where SRO and STO are SrRuO3 and SrTiO3, respectively) heated at Ts = 600 ◦C was
reported by Bendersky et al. [115]. The transmission electron microscopy (TEM) images recorded using
a high-angle annular dark field (HAADF) mode showed a predominant Li2(Mn,Ni,Co)O3 monoclinic
phase. Johnston-Peck et al. confirmed the growth of monoclinic Li-rich thin films (C2/m space group)
using a target with the composition of Li1.2Mn0.55Ni0.15Co0.1O2 and displayed the CV response with a
non-aqueous electrolyte at a scan rate of 0.1 mV·s−1 [116]. Yan et al. intended to develop a PLD thin
film electrode using an Li-rich layer structured oxide with a composition of Li1.2Mn0.54Ni0.13Co0.13O2

(or written as 0.55Li2MnO3·0.45LiNi1/3Co1/3Mn1/3O2) [117]. Films deposited at Ts = 650 ◦C under
PO2 = 46 Pa and annealed at 800 ◦C showed the best electrochemical performance with an initial specific
discharge capacity of 70 μAh·cm−2·μm−1. However, the differential capacity curves, dQ/dV, indicated
that the layered structure gradually changed to the spinel phase during the charge–discharge cycling.

3.8. Li2MO3 (M =Mn, Ru)

Pulsed-laser deposited Li2MnO3 thin films at various thicknesses (12 < δ < 48 nm) were grown
using a KrF excimer laser on Nb:SrTiO3(111) substrates from an Li-rich Li3.2MnO3 target. With synthetic
conditions (Ts = 650 ◦C, PO2 = 75 Pa, and Φ = 0.8–1.1 J·cm−2) and a laser frequency of f = 1 to
5 Hz, PLD Li2MnO3(111) films exhibited a single-phase with the C2/m symmetry. The results of
ICP analysis gave a composition of Li1.90MnIVO2.95, which indicates lithium and oxygen vacancies.
The highest discharge capacity of 300 mAh·g−1 was delivered after 50 cycles by a 12.6-nm thick film [118].
PLD epitaxial Li2RuO3 thin films were successfully prepared with a (010) and (001) orientation on
STO(110) and (111) substrates heated at Ts = 500 to 550 ◦C under PO2 = 3.3 Pa. The initial charge–discharge
capacities calculated using a theoretical density of 5.15 g·cm−3 were 120 and 105 mAh·g−1 at a 0.5C rate
for the (010) and (001) orientation, respectively [119,120].

3.9. LiMn2O4 (LMO)

Since the early report in 1996 [47], numerous studies have been devoted to LiMn2O4 (LMO) thin
films grown by laser ablation. A spinel structure (Fd3m space group) was successfully prepared using
different PLD conditions and applied as a positive electrode in thin-film lithium microbatteries (see,
for example, [121]). Most prior works focused on the fundamental properties of PLD-grown LMO
cathode films, aiming to deposit the highly structured and porous morphology required for a good
operating electrode [7,122–136]. Morcrette et al. analyzed PLD film composition as a function of Ts and
PO2 using the Rutherford backscattering method and nuclear reaction analysis [122]. A stoichiometric
LMO film was obtained at Ts = 500 ◦C and PO2 = 20 Pa, while the Li/Mn ratio decreased with Ts

and increased with PO2 . The film of Li0.6Mn2O3 (20% oxygen loss) was obtained under vacuum.
The Mn3O4 +MnO and Mn3O4 + LiMn2O4 mixed phases were successively grown in the range of
0.01 ≤ PO2 ≤ 1 Pa. Julien et al. defined the conditions of the disposition of LMO films grown on Si
substrates. Impurity-free well-crystallized samples with a crystallite size of 300 nm were obtained
at Ts as low as 300 ◦C and PO2 = 10 Pa using an Li-enriched target (15% Li2O excess) to avoid Li
deficiency in the film [123]. The electrochemical features of the Li cell showed a specific capacity
as high as 120 mC·cm−2·μm−1 in the voltage range of 3.0 to 4.2 V vs. Li+/Li, which was attributed
to the high degree of film crystallinity [7,123]. Simmen et al. studied the relationship between
Li1+xMn2O4−δ thin films and Li excess in the target and concluded that a film deposited from a
composite target of Li1.03Mn2O4-δ + 7.5 mol% Li2O was the best, exhibiting a discharge capacity
of 42 μAh·cm−2·μm−1 [127]. Various substrates were successfully used for the epitaxial growth of
LiMn2O4 (LMO) spinel thin films, such as Pt, Si, Au, MgO, Al2O3, and SrTiO3. Gao et al. [128] reported
a detailed mechanism of the epitaxial LMO film/substrate (current collector) interface formation.
A coherent hetero-interface was formed with the substrate but a tetragonal Jahn–Teller distortion was
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observed, induced by oxygens’ non-stoichiometry and the lattice misfit strain. PLD epitaxial LMO thin
films were deposited on oriented Nb:SrTIO3 substrates maintained at 950 ◦C from a sintered target
with 100 wt.% excess Li2O with different surface morphologies and orientations, such as (100)-oriented
pyramidal, (110)-oriented rooftop, or (111)-oriented flat structure. The pyramidal-type LMO was
cycled at a 3.3C rate, demonstrating a specific capacity of 90 mAh·g−1 after 1000 cycles [129]. Using
oriented substrates, i.e., (111)Nb:SrTiO3 (STO) and (001)Al2O3 single crystal, LMO films were grown
with the (111) orientation under the following synthesis conditions: Li-enriched target (Li/Mn = 0.6),
Ts = 650 ◦C, and PO2 = 30 Pa [130]. Electrochemical tests emphasized the interactions between the
films and substrate, and showed a plateau voltage at 3.6 to 3.8 V for LMO/STO and 3.8 to 4.1 V for
LMO/alumina. Canulescu et al. [131] investigated the mechanisms of laser-plume expansion during
the PLD of LMO films under PO2 ranging between 10−4 and 20 Pa. The Li deficiency occurs as a
result of the different behavior of the species at elevated Ts. Hussain et al. [132,133] obtained highly
oriented LiMn2O4 thin films on oriented Si substrates heated in the range of 100 ≤ Ts ≤ 600 ◦C under
PO2 = 10 Pa and with a laser fluence of Φ =10 J·cm−2. Grains with a spherical shape (around 230 nm in
diameter) changed to a flake-like structure at Ts = 600 ◦C (Figure 8a). The grain size varied almost
linearly with the substrate temperature (Figure 8b).

Figure 8. (a) SEM images of LiMn2O4 films deposited at Ts = 300 ◦C and Ts = 600 ◦C. (b) The grain size
of PLD thin films as a function of Ts. (Reproduced with permission from [133]. Copyright 2007 Springer).

By applying an elevated-temperature PLD technique, Tang et al. [134] studied the influence of the
substrate temperature (Ts) and the oxygen partial pressure (PO2 ) on LMO film crystallinity. LMO thin
films deposited on Si (001)/0.2 μm-SiO2 substrates at 575 ◦C under 13 Pa oxygen had a flat and smooth
surface and exhibited mainly a (111) out-of-plane preferred texture (Figure 9a). Such films of the 300 nm
thickness showed a very dense cross-section (density ~4.3 g·cm−3) (see Figure 9b) [135]. The effect
of stoichiometric deviations on the electrochemical performance of an LMO thin-film cathode was
investigated by Morcrette et al. [136], while the kinetics of Li+ ions in the LMO thin-film framework
were documented by Yamada and coworkers [137]. A high-activation barrier of 50 kJ·mol−1 for Li-ion
transfer was identified at the electrode/electrolyte interface for films deposited at Ts = 700 ◦C and
PO2 = 27 Pa. Albrecht et al. [138] reported the minimum crystallization temperature of spinel LMO
thin films in a narrow annealing temperature range of around 700 ◦C. Electrochemical tests carried
out with the galvanostatic cycling with the potential limits (GCPL) method proved that Li-ions are
(de-)intercalated in different tetrahedral sites for which the processes occur at potentials that are slightly
shifted by U ≈ 100 mV, which is similar to the previous results by Julien et al. [7].
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Figure 9. (a) Surface morphology and (b) cross-sectional picture of PLD-grown LMO thin film deposited
on an Si(001) substrate covered by a 0.2 μm SiO2 layer at 575 ◦C under a 13 Pa oxygen partial pressure.
(Reproduced with permission from [135]. Copyright 2008 Elsevier).

Studies of the structure and electrochemical reactivity of heteroepitaxial LiMn2O4/La0.5Sr0.5CoO3

(LMO/LSCO) bilayer thin films deposited on crystalline SrTiO3 substrates show that LSCO reduced
the lattice misfit strain with the substrate and favored a lower LMO surface roughness. However, a
decrease of the electrical conductivity occurred during the electrochemical test (after first cycle) due
to the lattice oxygen loss at the outermost layer (40 nm) [139]. Tang et al. reported a comparative
investigation of the structures, morphologies, and properties of Li insertion for LMO films with
different crystallizations. At Ts = 400 ◦C, LMO films consisted of nanocrystallites < 100 nm in size with
rough surfaces that exhibited a discharge capacity of 61 μAh·cm2·μm−1 with a capacity loss of 0.032%
per cycle up to 500 cycles, while for Ts = 600 ◦C and PO2 = 10 Pa, highly crystallized films showed an
initial discharge capacity of 54.3 μAh·cm2·μm−1 [134]. The intrinsic properties of PLD-grown LMO
have been investigated by several techniques. Electrical measurements of LMO films showed that the
conductivity is sensitive to Ts, as the activation energy that followed the Mott’s rule increased with Ts

up to Ea = 0.64 eV at Ts = 600 ◦C [133]. Singh et al. characterized the crystallinity and texture of LMO
films deposited at Ts = 650 ◦C. Here, (111)-oriented films were grown on a doped Si substrate, while
films deposited on a stainless-steel substrate exhibited a (001) orientation [140]. The thermo-power (or
Seebeck coefficient) of PLD LMO films was reported to be 70 μV·K−1 [141].

PLD LMO films were subjected to an overcharge (5 V vs. Li+/Li), which did not modify the
structure and preserved the well-resolved voltage peaks at 4.1 and 4.2 V, while an overdischarge (2 V vs.
Li+/Li) led to a loss of capacity due to the structural disorder associated with the tetragonal transition,
i.e., Jahn–Teller distortion [142]. Singh patented the fabrication of PLD Li1−xMyMn2−2zO4 films, where
M is a doping element (M = Al, Ni, Co, Cr, Mg, etc.) and x, y, and z vary from 0.0 to 0.5 [143]. These
defective spinel structures enhanced the oxygen content as compared to LiMn2O4 crystal. In particular,
the oxygen-rich Li1−δMn2−δO4 films were superior cathode films, leading to excellent rechargeable
battery performances. It is claimed that a high discharge rate of 25C produces only a 25% capacity loss
and a specific capacity >150 mAh·g−1 remains after 300 cycles. Rao et al. reported the preparation
of well-crystallized LMO films at a high substrate temperature of Ts = 700 ◦C and PO2 = 13 Pa that
delivered a capacity of 133 mC·cm−2·μm−1 at a very slow C/100 rate [144]. Several workers reported
the evolution of the thin-film electrode/electrolyte interface, as the planar form of the film is the ideal
geometry for such investigations [145–148]. Room temperature impedance measurements were carried
out to identify the formation of the solid electrolyte interface (SEI) layer on a PLD LMO film cathode and
the degradation mechanism during cycling in an aprotic electrolyte containing LiPF6 salt. A reversible
disproportionation reaction was suggested with the formation of the Li2Mn2O4 and λ-MnO2 phases at
the surface [146]. Using epitaxial-film model electrodes, Hirayama studied the surface reaction and the
formation of the SEI layer and the interfacial structural reconstruction during an initial battery process
using in situ surface X-ray diffraction and reflectometry [147]. TEM images confirmed the surface
reconstruction that occurred during the first charge, i.e., when a potential was applied. After 10 cycles,
the SEI layer was observed on both the (111) and (110) surfaces and Mn dissolution appeared at the (110)
surface [148]. Inaba et al. [149] investigated the surface morphology evolution of PLD LMO thin films
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grown on a PT substrate at Ts = 600 ◦C by electrochemical scanning tunneling microscopy (STM) with
voltage cycling in the range of 3.5 to 4.25 V. The original LMO grains of 400 nm in size coexisted with
small particles 120 to 250 nm in size, which appeared after 20 cycles and decreased to ~70 nm after 75
cycles through a kind of dissolution/precipitation process. LMO thin-film electrodes with a grain size
of <100 nm deposited on a stainless steel substrate at Ts = 400 ◦C under a 26 Pa oxygen partial pressure
displayed an excellent capacity of 62.4 μAh·cm−2·μm−1 when cycled at a 20 μA·cm−2 current density in
the voltage range of 3.0 to 4.5 V. A very low capacity fading was recorded for up to 500 cycles at 55 ◦C.
Li+-ion diffusion coefficients evaluated from EIS measurements were around 2.7 × 10−12 cm2·s−1 for
an electrode charged at 4.0 V and 2.4 × 10−11 cm2·s−1 for 4.2 V [150]. Xie et al. [151] investigated the
Li+-ion transport in LMO thin films (~100 nm thick) grown on Au substrates at 600 ◦C at a deposition
rate of 0.14 nm·min−1. The chemical diffusion coefficients determined by the EIS, GITTm, and PITT
methods were in the range of 10−14 to 10−11 cm2·s−1 in the voltage range of 3.9 to 4.2 V. Table 5 lists
some typical results on the kinetics of Li+ ions in pulsed-laser deposited LMO thin films.

Table 5. Diffusion coefficients of Li+ ions in PLD LMO thin film frameworks.

Growth Conditions Ts (◦C) Method
Diffusion Coefficient

(cm−2·s−1)
Ref.

PO2 =13 Pa 800 GITT 2.5 × 10−11 [47]
PO2 = 13 Pa, P = 108 W·cm−2 300 GITT 10−11–10−12 [7]
PO2 = 30 Pa, Φ = 1.0 mJ·cm−2 600 EIS/PITT/GITT 10−11–10−14 [151]
PO2 = 26 Pa, Ppulse = 160 mJ 400 PITT 10−10–10−12 [152]

PO2 = 20 Pa, Φ = 1.1 mJ·cm−2 500 Li radiotracer 1.4 × 10−10 (300 ◦C) [153]
PO2 = 0.2 Pa, Φ = 3.5 mJ·cm−2 350 Li radiotracer 1.8 × 10−12 (350 ◦C) [154]
PO2 = 10 Pa, Φ = 2.0 mJ·cm−2 650 Chronoamperometry 8.4 × 10−10 [155]

The electrochemical behavior of Li-rich spinel Li1.1Mn1.9O4 thin films grown by PLD on an Au
substrate was reported by several workers [156,157]. The best performance was reported at a discharge
current density of the 36C-rate for LMO films deposited for 30 min in PO2 = 30 Pa and Ts = 600 ◦C with
an Nd:YAG laser (266 nm) adjusted to an energy fluence of 1 J·cm−2 [156]. Nanocrystalline LMO films
with grains less than 100 nm were deposited on a stainless-steel substrate at Ts = 400 ◦C and PO2 = 26 Pa
using a PLD pulse power of 100 mJ at the frequency of 10 Hz. The film cycled over 100 cycles delivered
a specific capacity of 118 mAh·g−1 at a current density of 100 A·cm−2 [157]. Using reflectometry
measurements, Hirayama et al. [158] studied the structural modifications at the electrode/electrolyte
interface of a lithium cell, in which the LMO electrodes were prepared as epitaxial films by the PLD
method with different orientations. The respective orientation of the LMO film corresponded to that of
the substrate plane, i.e., the (111), (110), and (100) planes of the SrTiO3 substrate. No density change
was observed for the (110) and (100) planes, whereas a defect layer was detected in the (111) plane.
ZrO2-modified LiMn2O4 thin films prepared via PLD consisting of amorphous ZrO2 formed on the
grain boundary and the outer layer of the LMO matrix [159]. The high capacity retention of 82% after
130 cycles of films of xZrO2-(1−x)LiMn2O4 (x = 0.025) monitored at the 4C rate was attributed to the
decrease of the charge transfer resistance (Rct).

Epitaxial LiMn2O4/La0.5Sr0.5CoO3 (LMO/LSCO) bilayer thin films with sub-nano flat interfaces
were deposited on (111)-oriented STO substrates at Ts = 650 ◦C in PO2 = 4 Pa. After the first
charge–discharge cycle, the decrease of the electrical conductivity of the LSCO buffer layer due to lattice
oxygen loss induced capacity fading [139]. The PLD growth of a multilayer LMO thin film electrode
demonstrated the compensation of lithium loss during deposition [160]. Such a sample prepared in
the PLD conditions (Ts = 650 ◦C, Φ = 530 mJ·cm−2, and PO2 = 1.3 Pa) showed the typical two pairs
of voltammetry peaks at 0.82 and 1.02 V vs. Ag/AgCl in an aqueous cell. Kim et al. [161] prepared a
Li0.17La0.61TiO3/LiMn2O4 (LLTO/LMO) hetero-epitaxial electrolyte/electrode by PLD with an energy
fluence of Φ = 1.7 J·cm−2 in a PO2 = 6.6 Pa atmosphere. The typical herostructure is composed of a
17.5-nm thick LMO, 7-nm thick interfacial layer, and 26.5-nm thick LLTO deposited on a (111)-oriented
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STO substrate. Voltammograms of the first and second cycles displayed redox peaks around 3.8 V
attributed to an oxygen-deficient LMO and around 4.0 and 4.2 V, which are the typical redox voltages
of the LMO spinel. Suzuli et al. [162] prepared multi-layer epitaxial LiMn2O4/SrRuO3 (LMO/SRO)
thin film electrodes deposited for 30 min via PLD on (111)STO substrates heated at 650 ◦C using an
Li1.2Mn2O4 target in PO2 = 6.6 Pa. The LMO(33 nm)/SRO(38 nm) film exhibited a discharge capacity
of 125 mAh·g−1 with the typical plateau regions of LMO in the charge–discharge reaction. Yim et al.
substituted Sn for Mn in PLD LMO thin films [163]. The LiSnx/2Mn2−xO4 films were prepared on
a Pt/Ti/SiO2/Si(100) substrate in the conditions of Ts = 450 ◦C, PO2 = 26.7 Pa, Φ = 4.6 J·cm−2, 10 Hz
pulse frequency, and 4 cm target-substrate distance. XPS and EXAFS measurements showed that Sn2+

cations replace Mn3+ ions, which resulted in an increase of the valence of Mn in the spinel lattice.
A high specific capacity of ∼120 mAh·g−1 and cycleability with a capacity retention >81% at the 4C rate
after 90 cycles was attributed to the Mn-deficient structure. A multi-layer PLD process was utilized to
deposit LMO films (90 nm thick) on Si-based substrates coated with Pt as the current collector [164].
A reversible capacity of 2.6 μAh·cm−2 (corresponding to a specific capacity of ≈28 μAh·cm−2·μm−1

or 66 mAh·g−1 assuming a dense film with 4.3 g·cm−3) was reached at an extremely high current
density of 1889 μA·cm−2 (equivalent to the 348C rate) with a capacity retention of 86% over 3500
cycles. A significant non-diffusion-controlled contribution (pseudocapacitive-like) was evidenced
by cyclic voltammetry; however, the two typical voltage plateaus in the GCD of LMO (around 4 V)
indicates that the faradaic redox reaction is the main process. For an easy comparison, Table 6 lists the
electrochemical properties of PLD-prepared LMO thin film electrodes.

Table 6. Electrochemical properties of PLD-prepared LMO thin film electrodes. J is the current density,
δ is the film thickness, and ΔCc is the capacity fading per cycle.

PLD Conditions
Ts/PO2 /Φ

Specific Capacity Electrochemical Parameters Ref.

300 ◦C/13 Pa/0.5 J·cm−2 120 mC·cm−2·μm−1 J = 5 μA·cm−2; δ = 200 nm; ΔCc = 0.14% [7]
25 ◦C/0.2 Pa/3.5 mJ·cm−2 1.6 μAh·cm−2 J = 4.4 μA·cm−2; δ = 100 nm; ΔCc = 0.4% [121]

500 ◦C/20 Pa/2 J n/a ΔCc = 0.05%/cycle [122]
500 ◦C/20 Pa/4.3 J·cm−2 42 μAh·cm−2·μm−1 J = 13 μA·cm−2 (1C); δ = 0.3 μm; ΔCc = 0.025% [127]

13 Pa/2.3 J·cm−2 130 mAh·g−1 I =5 μA (3.3C); δ = 110 nm; ΔCc = 0.14% [129]
575 ◦C/13 Pa/160 mJ 111 mAh·g−1 J = 50 μA·cm−2; δ = 0.3 μm; ΔCc = 1.5% [135]

600 ◦C/30 Pa/1 J·cm−2 96 mAh·g−1 J = 6 μA·cm−2; δ = 100 nm; [151]
600 ◦C/30 Pa/1 J·cm−2 170 mC cm−2·μm−1 I = 1 mA (180C); δ = 120 nm [156]
400 ◦C/26 Pa/160 mJ 142 mAh·g−1 J = 20 μA·cm−2; δ = 0.4 μm; ΔCc = 0.06% [157]

450 ◦C/26.7 Pa/4.6 J·cm−2 120 mAh·g−1 J = 330 mA·g−1; δ = 140 nm; ΔCc = 0.2% [163]
650 ◦C/2.6 Pa/457 mJ·cm−2 26 μAh·cm−2·μm−1 J = 1.88 mA·cm−2 (348C); δ = 90 nm [164]

3.10. LiNi0.5Mn1.5O4 (LNM)

LiNixMn2−xO4 is a substituted oxide spinel that operates at high voltages>4.5 V upon Li extraction.
Substituted spinel films of LixMn2−yMyO4 where M = Ni, Co and 0 ≤ y ≤ 0.25 as-prepared with a
crystalline morphology (0.3 μm thick) showed the typical features of high-voltage electrodes without
carbon additive or binder materials in the range of 2.0 to 5.8 V vs. Li+/Li [165]. Cyclic voltammetry
showed that: (i) PLD LiMn1.9Ni0.1O4 films charged at 5.7 V do not show capacity fading; (ii) LiMn2O4

and LiMn1.75Co0.25O4 films present a good stability to 5.6 and 5.4 V vs. Li+/Li, respectively; and (iii)
below 3 V the films exhibit the typical Jahn–Teller distortion. The compound, LiNi0.5Mn1.5O4 (LNM),
is more interesting because of the oxidation state of cations: Ni2+ can be oxidized twice (i.e., 2e−
transfer) during charge while Mn4+ is electrochemically inactive. Xia et al. showed that laser-ablated
LNM films 0.3 to 0.5 μm thick deposited on a stainless steel substrate heated at 600 ◦C under an oxygen
partial pressure of 26 Pa exhibit excellent capacity retention (i.e., ~120 mAh·g−1 after 50 cycles) in
the voltage range of 3 to 5 V vs. Li+/Li [166]. Well-crystallized oxygen deficient LiMn1.5Ni0.5O4−δ
films deposited by PLD at a controlled fluence of Φ = 2 J·cm−2, Ts = 600 ◦C, and PO2 = 26 Pa for
40 min exhibited a stepwise voltage profile near 4.7 V and a small plateau in the 4 V region. These
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disordered spinel structures had a stable specific capacity of 55 μA h cm−2·μm−1 in the voltage range
of 3 to 5 V vs. Li+/Li. The good rate capability was due to the high kinetics for Li diffusion in the
range of 10−12 to 10−10 cm2 s−1 measured by the potentiostatic intermittent titration technique (PITT).
These values are comparable to that of layered LCO [167,168]. Epitaxial LNM films were grown
on single-crystal oriented SrTiO3 (STO) substrates from an Li-enriched target with Li/(Ni + Mn) =
0.6. The film orientation, i.e., (100)-, (110)-, and (111)-oriented, were the replica of those of the STO
substrates [169]. Depending on the film orientation and thickness, the discharge profiles exhibited
two to three plateaus around 3.9, 4.5, and 4.7 V vs. Li+/Li, which were attributed to the Mn3+/Mn4+,
Ni2+/Ni3+, and Ni3+/Ni4+ redox couples, respectively. Note that the emergence of the Mn3+/Mn4+

redox couple was due to the introduced oxygen vacancies [170].
Other 5-V class cathode thin films include LiCoMnO4. PLD LiCoMnO4 films prepared under

standard conditions (i.e., Ts = 500 ◦C, PO2 = 20–100 Pa, and Φ = 2 J·cm−2) had a composition of Li:Co:Mn
= 0.99:0.98:1. These films were tested in the voltage range of 3.0 to 5.5 V vs. Li+/Li in SSMB consisting
of Li/Li3PO4/LiCoMnO4 fabricated on Pt/Cr/SiO2 substrates [171]. Cyclic voltammetry showed that
the higher capacity in the 5-V region was obtained for the film grown under PO2 = 100 Pa (Figure 10).
A specific discharge capacity of 90 mAh·g−1 remained after 20 cycles. Epitaxial Li0.92Co0.65Mn1.35O4 film
with a cubic spinel structure was grown on a SrTiO3(111) single-crystal substrate using a layer-by-layer
technique, which consisted of repeating a Li1.2Mn2O4/Li1.4CoO2 deposition process at Ts = 650 ◦C
and PO2 = 6.6 Pa using a KrF excimer laser (λ = 248 nm) [172]. For a film area of 0.7 mm2, thickness
of 33.4 nm, and density of 4.38 g cm−3, the specific discharge capacity was 340 mA·g−1 at the second
cycle. A capacity retention of 80% was observed after 20 cycles.

Figure 10. Cyclic voltammogram recorded at a 0.5 mV·s−1 scan rate of a Li/Li3PO4/LiCoMnO4 thin film
battery. The LiCoMnO4 film cathode was grown under PO2 = 100 Pa. (Reproduced with permission
from [171]. Copyright 2014 Elsevier).

3.11. MnO2

Due to its environmental compatibility and low cost, manganese oxides are promising candidate
materials for supercapacitor applications using neutral aqueous solution as the electrolyte (i.e., 0.5 mol·L−1

K2SO4) [173]. Xia et al. prepared a dense Mn3O4 spinel thin film grown by PLD, which transformed to
nanoporous MnOx after electrochemical lithium insertion/extraction. After 2000 cycles, the MnOx film
deposited at Ts = 600 ◦C under PO2 = 26 Pa demonstrated a specific capacitance of 193 F·g−1 at a current
density of 5 A·g−1 [174]. The fundamental aspects of the redox reaction were investigated on amorphous
MnOx and crystalline Mn2O3 films prepared by PLD onto Si and (316)-stainless steel substrates [175].
Using standard conditions (Φ = 2–3 J·cm−2, PO2 = 13 Pa, Ts = 200–500 ◦C) Co-doped MnOx films were
grown from a hybrid Co3O4/Mn3O4 target. Non-doped and 3% Co-doped amorphous films (i.e., MnOx

and Mn0.97Co0.03Ox film) exhibited a specific capacitance of 45 and 99 F·g−1 at a 5 mV·s−1 scan rate,
respectively. The V2O5/Mn3O4 target was used to prepare PLD-grown V-doped MnOx thin films with a
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V content in the range of 3.3 to 10 atm. %. The specific capacitance of the crystalline PLD Mn2O3 film
reached the value of 290 F·g−1 at a 1 mV·s−1 scan rate, while the 10 atm. % V-doped film (Mn0.9V0.1O2)
had a higher specific current value [176].

3.12. LiMPO4 (M = Fe, Mn) Olivines

LiFePO4 (LFP) thin-film electrodes have been successfully fabricated by pulsed-laser
deposition [156,177–179]. It was shown that, due to the film thickness and carbon content,
the electrochemical performances are very sensitive, i.e., electronic conductivity and Li-ion diffusion.
Iriyama et al. reported the PLD growth of olivine structured LFP thin films and their electrochemical
properties characterized by cyclic voltammetry and charge–discharge tests [180,181]. The typical
olivine features were evidenced by CV measurements in the range of 2.0 and 5.0 V vs. Li+/Li, i.e., a
single couple of anodic and cathodic peaks at ~3.4 V. Song et al. synthesized PLD LFP films with a low
carbon content (<1 wt.%) on stainless steel substrates utilizing an Ar atmosphere [182]. The 75-nm
thick films showed reversible cycling of more than 80 mAh·g−1 after 60 cycles. Furthermore, 156-nm
thick films grown using a target–substrate distance reduced to 5 cm had a layered surface texture and
delivered more than 120 mAh·g−1 with a good capacity retention. LFP thin films with a needle-like
morphology were prepared by an off-axis PLD technique [183]. The effect of the substrate on the
structure and morphology was examined by Palomares et al. for PLD film deposited under argon
gas kept at a pressure of 8 Pa [184]. Stainless steel was demonstrated to be the best substrate for the
single-phase olivine (Pnma space group) with a temperature set at 500 ◦C.

LiFePO4 deposited by pulsed-laser deposition proved to be effective as a thin film electrode.
Tang et al. stated that a well-crystallized pure olivine phase was grown using optimized deposition
parameters (Ts=500 ◦C, PAr=20–30 Pa, pulse power of 120 mJ, pulse frequency of 10 Hz, λ = 248 nm) [185].
An electrochemical capacity of 38 μAh cm−2·μm−1 at the C/20 rate (36 μAh·cm−2·μm−1 at a rate of C/4)
was measured at 25 ◦C. High substrate temperatures (500 ≤ Ts ≤ 700 ◦C) favored the presence of Fe3+

impurities, i.e., Li3Fe2(PO4)3 and Fe4(P2O7)3. In a second article, the same group analyzed the kinetics
of Li+ ions in PLD LFP films using CV, GITT, and EIS measurements [179]. CV data provided average
D* values of 10−14 cm2·s−1, while D* deduced from both GITT and EIS techniques was in the range of
10−14 to 10−18 cm2·s−1. A maximum D* value was observed at x = 0.5 for LixFePO4. Lu et al. prepared
different composite thin films, i.e., LiFePO4–Ag and LiFePO4–C, with the aim of enhancing the electronic
conductivity [177,178]. It was found that films grown with 2 mol% carbon and annealed at 600 ◦C for 6 h
had an improved coulombic efficiency. Well-crystallized olivine-type structure LFP films were obtained
by PLD coupled with high temperature annealing of 650 ◦C. The first discharge capacity was 27 mAh·g−1

with a retention of only 49% after 100 cycles. The low reversible capacity and poor cycling performance
was attributed to the existence of an Fe2O3 impurity produced by the high temperature treatment
and poor intrinsic conductivity [186]. Sauvage et al. published several reports on the electrochemical
properties of PLD LFP thin films grown in different configurations [187–190]. First, it was shown that
well-crystallized and homogeneous 300-nm thick LFP films deposited on Pt-capped Si substrates have
intrinsic Li insertion properties evaluated both in aqueous and non-aqueous electrolytes, i.e., voltage
plateau at 3.42 V vs. Li+/Li [187]. Second, the influence of the film thickness was studied in the range of
12 to 600 nm [188]. Third, the effect of the texture on the electrochemical performance was analyzed for
PLD films deposited on a polycrystalline α-Al2O3 substrate coated with a 20-nm thick Pt layer from an
LiFePO4 pellet as the target. The standard PLD conditions were used (i.e., (Φ = 2 J·cm−2, PAr = 8 Pa,
Ts = 600 ◦C) [189]. Finally, the electrochemical stability of LFP films was analyzed as a function of the
exposition to the most common lithium salt and for different current collectors (i.e., Si, Pt, Ti, Al, and
(304)-stainless steel) [190]. A 270-nm thick film tested by CV at a 2 mV·s−1 scanning rate in 1 mol·L−1

LiClO4 in EC/DMC solution delivered a specific capacity of 1.52 μAh cm−2 after 150 cycles. Recently,
Raveendran et al. reported the properties of FeSe and LiFeO2/FeSe bi-layers prepared by PLD as cathode
materials [191]. Mangano-olivine LiMnPO4 (LMP) thin films were fabricated on Pt-coated SiO2 glass
substrates using PLD parameters, e.g., Φ = 1.58 J·cm−2, Ts = 400–700 ◦C, and PAr = 2–100 Pa [45]. LMP
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films (50-nm thick, 0.09 cm2 area) were applied in Li/Li3PO4/LiMnPO4 microbatteries for 500 cycles.
From the CV measurement, a capacity of 28 mAh·g−1 at 20 mV min−1 was reported.

3.13. V2O5

Another candidate material for the cathodes of microbatteries is V2O5, in which about 1 mol of Li+

ions can be inserted and extracted without the phase transformation of V2O5, leading to a theoretical
specific capacity of 147 mAh·g−1. Due to its stable layered structure and its ability to accommodate
large amounts of Li ions, V2O5 has been widely studied for the development of electrochromic displays,
color memory devices, and lithium-battery cathodes [192]. Extensive works have evidenced the
advantages of PLD for the preparation of V2O5 films with a good reproducible stoichiometry similar
to the target material [193–207]. The first work related to the growth of V2O5 thin film by PLD as
an electrode for a thin-film lithium battery was reported by the National Renewable Energy Labs
(USA) [193] followed by Julien’s group [194,195]. A major advantage of laser ablation deposits is that
it is possible to prepare thin layers of crystallized V2O5 under oxygen at a relatively low temperature
of 200 ◦C [193]. The growth mechanism of PLD V2O5 thin films has been proposed by Ramana and
coworkers [196]. It was reported that the grain size, surface roughness, and global morphology are
highly sensitive to the nature and temperature of the substrate for films deposited in an oxygen partial
pressure of PO2 = 13 Pa. The functional influence of the growth temperature on the grain size for films
deposited onto various substrates was also evidenced. Two main features should be pointed out: (i) The
exponential variation of the grain size over the substrate temperature range of 25 to 500 ◦C; (ii) the
variation is dependent on the substrate material, which is larger for the Si(00) wafer. McGraw et al.
reported that pulsed-laser deposited V2O5 films can be grown on a number of low-cost substrates,
including SnO2-coated glass, on which highly textured (001) films are obtained at Ts = 500 ◦C under
PO2 in the range of 0.2 to 0.5 Pa [52,197,198]. PLD thin films of V2O5 were prepared for applications in
lithium batteries using a ceramic V2O5 target and a KrF laser of a wavelength of 248 nm. Depending
on the temperature of the substrates and the oxygen pressure during deposition, amorphous or
crystallized layers are obtained. PLD-grown amorphous films exhibited a low capacity loss of ~2%
over 100 discharge–charge cycles in the voltage range 4.1 to 1.8 V compared to 20% for crystalline
film [45,199]. Thin layers of V2O5 were also prepared using a V2O3 target [200]. By making deposits at
200 ◦C with the same V2O3 target, amorphous layers were obtained in the absence of oxygen and layers
crystallized in the presence of oxygen. Madhuri et al. [201] reported the successful crystallization of
laser-ablated V2O5 thin films at Ts = 200 ◦C. These films were grown in the orthorhombic structure
and exhibited a predominant (001) orientation. The growth of crystalline thin dense films without
post-deposition annealing was claimed and the good electrochemical performance of PLD films was
demonstrated. Iida et al. [202] addressed the electrochromic properties of V2O5 films deposited onto
ITO glass as a function of the PLD parameters. The film recrystallization occurred in the range of 400
≤ Ts ≤ 500 ◦C and the best morphology was obtained for PO2 = 13.3 Pa. McGraw et al. deposited
thin films of V2O5 for applications in lithium batteries using a ceramic V2O5 target and a KrF laser,
with a wavelength of 248 nm. Depending on the temperature of the substrates and the oxygen pressure
during deposition, amorphous or crystallized layers were obtained [193,199]. Thin layers of V2O5

were also prepared using a V2O3 target. By making deposits at 200 ◦C with the same V2O3 target,
amorphous layers were obtained in the absence of oxygen and layers crystallized in the presence
of oxygen. Stoichiometric amorphous V2O5 films can be grown onto substrates maintained at low
temperatures (Ts < 100 ◦C) using a sintered V2O5 target. Ramana et al. revealed that stoichiometric
V2O5 films can be grown with a layered structure onto amorphous glass substrates at temperatures
as low as 200 ◦C and an oxygen partial pressure of 100 mTorr [203]. The onset of crystallization
occurred at 200 ◦C with an activation energy of 0.43 to n0.55 eV [204]. Correlations between the growth
conditions, microstructure, and optical properties were investigated for V2O5 thin films deposited
over a wide substrate temperature range of 30 to 500 ◦C by Rutherford backscattering spectrometry
(RBS), X-ray photoelectron spectroscopy (XPS), scanning electron microscopy (SEM), and UV−vis−NIR
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spectral measurements. As shown in Figure 11, the film grain size follows a power law of the substrate
temperature and the optical energy bandgap decreases from 2.47 to 2.12 eV with the increase of Ts from
30 to 500 ◦C [205]. Bowman and Gregg investigated the effect of the applied strain on the resistance of
V2O5 thin films grown from both metallic vanadium and a ceramic V2O5 target using a laser fluence
of ~3.0 and ~1.5 J cm−2, respectively [208]. Deng et al. compared the growth of V2O5 films using
femtosecond (f-PDL) and nanosecond (n-PDL) pulsed laser deposition using SEM, XRD, and Raman
spectroscopy. Prior to annealing, f-PLD films showed a rougher texture and nano-crystalline character,
while n-PLD films were much smoother and predominantly amorphous [209].

Figure 11. Variation of the grain size in V2O5 thin films as a function of the substrate temperature.
(Reproduced with permission from [205]. Copyright 2005 American Chemical Society).

The PLD growth conditions were refined by an analysis of the surface properties for the production
of high-quality V2O5 films. The investigations were carried out by AFM, SEM, FTIR, and XRD. AFM
measurements showed a surface roughness of ~12 nm with a Gaussian-like height distribution of
surface grains for films deposited at Ts = 200 ◦C under PO2 = 10 Pa [210]. The local structure of 0.3-μm
thick films grown on Si(100) substrates was characterized by Raman spectroscopy [211]. The influence
of the deposition temperature on the microstructure was investigated by an examination of the rigid
layer-like mode at 145 cm−1, which showed a frequency shift with increasing Ts. The ability of
the V2O5 thin film lattice to accommodate Li+ ions was also investigated by Raman spectroscopy.
The appearance of the δ- and γ-phases of LixV2O5 gave additional insight into the structural changes
of lithiated films. From the photoluminescence spectra, Iida et al. evidenced a blue shift of the vanadyl
V = O peak upon Li+ insertion for different electric charge in the range of 0 ≤ Q ≤ 20 mC of Li+ [212].
From X-ray diffraction and Raman spectroscopy data, Shibuya et al. derived a PO2 – Ts phase diagram
for V-O films grown on Si(100) substrates (Figure 12). The composition of V-O films was as follows:
(i) A VO2 monoclinic phase was formed at Ts ≥ 450 ◦C and PO2 in the range of 5 to 20 mTorr; (ii) a V2O5

orthorhombic phase was obtained under oxidative conditions, i.e., at high PO2 ; (iii) a V6O13 phase was
grown under PO2 between oxidative and reductive conditions; and (iv) metastable V4O9 and VO2(B)
phases were formed for lower Ts (≤400 ◦C) and lower PO2 (≤30 mTorr) [213].

V2O5 thin films have been widely used as electrochromic electrodes but few reports are devoted
to PLD-grown films. Fang et al. obtained thin films deposited on In2O3:SnO2 (ITO)-coated glass and
(111)Si wafer from a V2O5 target using an XeCl laser with a wavelength of 308 nm for applications
in electrochromic devices [214,215]. Electrochromic tests over 60,000 cycles showed that a significant
change in the optical density (bleached and colored states) was evaluated to be 0.13 at λ = 600 nm
for as-prepared films at Ts = 200 ◦C. Crystallized c-axis oriented V2O5 films were obtained under
oxygen and at a substrate temperature of 200 ◦C. The durability without long-term degradation of the
electrochromic V2O5 films was tested over 8000 cycles in the voltage range of 1.2 to 1.4 V [216]. Ti-doped
V2O5 thin films prepared by the pulsed laser ablation technique at Ts = 200 ◦C and Φ = 2 J·cm−2 were
studied as the electrode for an electrochromic display that exhibits a neutral brownish blue color.
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The long-term durability was verified over 8000 cycles of a voltage cycled in the range from −1.0 to
+1.0 V vs. SCE showing a charge of 35 mC·cm−2. The good cycleability was attributed to the layered
structure of PLD crystalline films with a parallel orientation to the substrate, suitable for Li+-ions’
transport [215]. PLD thin films of the system, WO3-V2O5, were prepared with a laser fluence of 1
to 2 J·cm−2 on SnO2/F-coated glass substrates at Ts = 25 ◦C under PO2 = 0.1 mbar. Such films with
low V contents cycled in the protonic medium. The true color neutrality is the main advantage of
V-based WO3 thin films; however, the cell capacity and coloration efficiency decrease with an increase
of the V content [217]. The orthorhombic V2O5 phase is also applied as electrodes for sensors. Huotari
reported that pure PLD films were obtained at Φ = 2.6 J cm−2, Ts = 400 ◦C, and PO2 = 1.0 Pa with a
post-annealing treatment at 400 ◦C for 1 h in normal ambient conditions [218]. The efficient response
to NH3 at part-per-billion levels. indicates these films use as possible sensing materials for ammonia
gas [219].

Figure 12. PO2 vs. 1000/Ts phase diagram for films of vanadium oxides laser-pulse deposited on silicon
substrates. (Reproduced with permission from [213]. Copyright 2015 AIP Publishing).

The electrochemical properties of V2O5 thin-film cathode material have been widely studied in
cells with aprotic electrolytes (typically LiClO4 dissolved in propylene carbonate). The electrochemical
charge–discharge profiles of PLD V2O5 films were also found to be dependent on Ts, exhibiting a
marked difference for V2O5 films grown at Ts < 200 ◦C when compared to those grown at Ts ≥ 200 ◦C.
The effect of the substrate temperature and hence the microstructure on the kinetics of the lithium
intercalation process in V2O5 films is remarkable. The applicability of the grown PLD V2O5 films
in lithium microbatteries indicates that PLD V2O5 films in the temperature range of 200 to 400 ◦C
offer better electrochemical performance than films grown at other temperatures due to their excellent
structural quality and stability [25,220]. As an experimental fact, pulsed laser deposited V2O5 thin films
exhibit a higher initial voltage than the crystalline material, i.e., ~4.1 vs. ~3.5 V (Li+/Li). For instance,
V2O5 thin-film cathodes, deposited from a V6O13 target at a fluence of ~12 J cm−2 on SnO2-coated glass
at Ts = 200 ◦C, were efficient for Li+-ion incorporation. In (h00)-textured films, the specific capacity
reached values between 50% and 80% of the theoretical value. On the other hand, amorphous films
display a stable capacity corresponding to 1.2 F mol−1 in the voltage range of 4.1 to 1.5 V. Prior textured
V2O5 films discharged beyond the threshold to 2.0 V vs. Li+/Li showed an immediate and continuous
capacity fading and a quasi-total amorphization after 10 cycles [193,197]. The chemical diffusion
coefficient of Li+ ions, D*, measured by PITT was found to be in the range of 1.7 × 10−12 to 5.8 × 10−15

cm2·s−1 in crystalline V2O5 films, which compares well to the value found in LixV2O5 phases, whereas
D* displayed a smooth and continuous decrease as the Li content increased in amorphous films [198].
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In an attempt to apply PLD V2O5 films in SSMB, a thin-film microbattery was constructed using
a glassy Li1.4B2.5S0.1O4.9 electrolyte film with an ionic conductivity of 5 × 10−6 S·cm−1 at 25 ◦C and
an Li anode film. This Li/Li1.4B2.5S0.1O4.9/V2O5 cell delivered a capacity of ~400 mC·cm−2·μm−1 at a
current density of 15 μA·cm−2 [221]. Ag0.3V2O5 and LiPON thin films with a smooth surface were
grown by PLD in an N2 and O2 atmosphere, respectively. The Li/LiPON/Ag0.3V2O5 SSMB displayed
good cycleability at a current density of 7 μA·cm−2 in the voltage window of 1.0 to 3.5 V. The specific
capacity was maintained at 40 μAh·cm−2·μm−1 after 100 cycles [222]. Recently, amorphous vanadium
oxide a-VOx PLD films (650 nm thick) were grown on stainless steel substrates from a V2O5 PLD-target
under PO2 in the range of 0 to 30 Pa. Films prepared under PO2 = 13 Pa had a smooth surface and bore
an O/V atomic ratio of 2.13 with a higher atomic percentage of V5+ than that of V4+. Electrochemical
tests carried out in Li cells with 1 mol·L−1 LiPF6 in ethylene carbonate (EC) and diethyl carbonate
(DEC) (1:1 by volume) as the electrolyte showed a reversible specific capacity as high as 300 mAh·g−1 at
the C/10 current rate and a capacity retention of 90% after 100 cycles [223]. Such studies were initiated
by Zhang et al. in 1997 to obtain VOx films PLD grown at 200 ◦C and exhibiting a specific capacity of
340 mAh·g−1 at a current density of 0.1 mA·cm−2 and a capacity loss <2% at the end of 100 cycles [201].
A summary of the electrochemical properties of PLD-grown vanadium oxide thin film electrodes is
given in Table 7.

Table 7. Electrochemical properties of PLD-prepared vanadium oxide thin film electrodes. J is the
current density, δ is the film thickness, and ΔCc is the capacity fading per cycle.

PLD Conditions
Ts/PO2 /Φ

Specific Capacity Electrochemical Parameters Ref.

200 ◦C/2.6 Pa/12 J·cm−2 200 mAh·g−1 Capacity loss of <2% over 200 cycles [193]
300 ◦C/133 Pa/0.1 J·cm−2 235 mC cm−2·μm−1 J = 5 μA·cm−2; ΔCc = 1.1% [195]

100 ◦C/6 Pa/200 mJ 240 mAh·g−1 0.1C current rate; δ = 650 nm; ΔCc = 0.1% [223]
200 ◦C 340 mAh·g−1 Capacity loss <2% after 100 cycles [201]

200 ◦C/10 Pa/2 J·cm−2 340 mC cm−2·μm−1 δ = 100 nm; 8000 cycles (electrochromic) [216]

3.14. V6O13

With the ability of vanadium cations (two V4+ every V5+) to be reduced, the mixed-valence
vanadium oxide, V6O13, the structure of which is formed by alternated single and double layers
of VO6 units, can insert reversibly about 6 mol of Li, giving a specific capacity of 311 mAh·g−1.
It makes this compound a good candidate for the cathode material of rechargeable batteries [224].
V6O13 films were fabricated by the PLD technique using a pulsed KrF excimer laser (λ = 248 nm,
20 ns pulse duration, 10 Hz frequency, and 4 J·cm−2 laser fluence). A (100)-oriented Si substrate was
maintained at a temperature of 500 ◦C. During the PLD process, the formation of crystalline V6O13

films (dark-bluish color) and the vanadium oxidation state (+2.166) was monitored by controlling
the processing temperature and O2 partial pressure. The (002)-oriented V6O13 thin films (50 nm
thick) were obtained after a post annealing at 400 ◦C under an oxygen partial pressure of 100 Pa [221].
The discharge profiles for Li//V6O13 thin-film cells were recorded in the voltage range of 3.3 to 2.5 V at
a current density of 5 μA cm−2 (Figure 13). A film as-grown at Ts = 250 ◦C exhibited a steady discharge
curve with an insertion uptake of 6Li per V6O13 formula unit, whereas the cell voltage decay was faster
for a film deposited at Ts = 25 ◦C. However, the films deposited at Ts = 250 ◦C and annealed at 300 ◦C
in an Ar atmosphere displayed a stepped discharge profile with the appearance of a voltage plateau at
ca. 3.02 and 2.85 V vs. Li+/Li.
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Figure 13. Discharge profiles vs. lithium uptake for Li//V6O13 thin-film microbatteries. Active cathode
films were grown with: (a) Ts = 250 ◦C, as-deposited; (b) Ts = 250 ◦C, annealed at 300 ◦C in Ar;
(c) Ts = 25 ◦C, annealed at 300 ◦C in Ar.

3.15. FeF2

Iron fluoride is a conversion-type cathode material with a high theoretical specific capacity of
571 mAh·g−1. Several groups reported electronic additive-free FeF2 films grown by the PLD technique
at low temperatures [225–228]. The electrochemical properties of FeFx films were reported to be
dependent on the substrate temperature. Using an FeF3 target, crystallized-like FeF2 film (P42/mnm
space group) was obtained at Ts = 600 ◦C, while a mixed FeF3-FeF2 phase was grown at Ts = 25 ◦C
and single FeF3 phase was prepared at Ts = −50 ◦C [226]. FeFx deposited on stainless steel substrates
under vacuum (5 × 10−5 Pa) exhibited a capacity of ~600 mAh·g−1 at a current density of 0.56 μA·cm−2.
Santos-Ortiz et al. reported the PLD growth of polycrystalline FeF2 thin films on oxide-etched
Si(100) and glass substrates using standard conditions (Ts = 400 ◦C, Φ = 8 J·cm−2, growth rate of
~6 nm·min−1) [227]. A 50-nm thick PLD FeF2 film on stainless steel substrates held at 400 ◦C showed
an initial specific discharge capacity of 167 mAh·g−1 when cycled 200 times in the potential range of 1
to 4 V vs. Li+/Li at the 1C current rate [228].

3.16. MoO3

MoO3 is an attractive cathode material for microbattery technology from several standpoints:
(i) The orthorhombic a-phase is a layered structure favorable for Li insertion between slabs; (ii) Mo has
the highest +6 oxidation state, making the high structural stability; (iii) the lattice can be reversibly
inserted up to 1.5Li per mole of oxide, yielding a specific capacity of 280 mAh·g−1; and (iv) the capacity
of the dense film can reach a value of ≈130 μAh·cm−2·μm−1, almost twice the value for LiCoO2 [229].
In addition to the use as cathode batteries, MoO3 is a material applied in electrochromics, gas sensors,
and electro-optics. For certain applications, high-quality films grown by PLD are required.

Currently, PLD MoO3 thin films are grown using a KrF excimer laser (λ = 248 nm) with a fluence
of 2 J cm−2 (energy of 300 mJ per pulse) and deposited on various substrates heated in the range of
25 ≤ Ts ≤ 500 ◦C under an atmosphere of O2 flow maintained at a pressure of 0.1 ≤ PO2 ≤ 20 Pa. In the
prior report, Julien et al. showed that the structure analyzed by optical spectroscopy strongly depends
on Ts: For Ts < 150 ◦C, an amorphous phase is formed, the β-MoO3 phase grows at Ts ≈ 200 ◦C, and
the layered α-MoO3 phase appears at Ts = 300 ◦C [230–233]. Al-Kuhaili et al. reported the growth of
polycrystalline MoO3 films on unheated substrates using both XeF and KrF excimer lasers. By tuning
the annealing temperature in the range of 300 to 500 ◦C, both the grain size and surface roughness
increased. Films formed using the XeF laser (λ = 351 nm) and annealed at 400 ◦C have the best
stoichiometry of MoO2.95 [233]. Analyzing the growth mechanism, Ramana and Julien concluded that
the thermochemical reaction during ablation strongly influences the structural characteristics of PLD
MoO3 films. Above Ts = 400 ◦C, the formation of compositional defects induces structural disorder,
i.e., α-β-MoO3−x phase mixture [234,235].
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The applicability of PLD films to an Li microbattery was demonstrated by the best electrochemical
features: A discharge capacity of 90 μAh cm−2 μm−1 was obtained for Ts = 400 ◦C, while only
53 μAh·cm−2·μm−1 was delivered for Ts = 200 ◦C [236]. Puppala et al. investigated the microstructure
and morphology of PLD MoO3−x thin films’ growth for catalytic applications using a femtosecond laser
(f-PLD) and a nanosecond excimer-laser (n-PLD). Substantially textured films with a partially crystalline
phase prior to annealing were obtained by the f-PDL laser, while the n-PLD-grown MoO3−x films were
predominantly amorphous with a smooth surface [237]. Sunu et al. claimed that as-deposited PLD
films (Ts = 400 ◦C, Φ = 4–5 J·cm−2, repetition rate of 15 to 20 Hz, and PO2 = 500 Pa) are suboxide-like,
i.e., mixture of η-Mo4O11 and χ-Mo4O11, which transformed to MoO3 after annealing at 500 ◦C in air
for 5 h [238]. Several works reported the PLD growth of films (MoO3)1−x(V2O5)x with 0.0 ≤ x ≤ 0.3
prepared at room temperature under an oxygen pressure of 13.3 Pa. The effect of the V2O5 content on
the coloring switching properties for thermochromic, gasochromic, photochromic, and electrochromic
applications was investigated [239,240]. Contrary to pure MoO3, the electrochromism of MoO3-V2O5

films showed that the Mo oxidation state (+6) did not change considerably upon Li+ insertion, while
V5+ was reduced considerably to V4+ [239]. A similar improvement of the gas-sensing properties, i.e.,
the shortest response time and highest transmittance change, was observed for V2O5-doped MoO3

films under an H2 atmosphere [240].

3.17. WO3

Tungsten oxide (WO3) belongs to the class of “chromogenic” materials, i.e., materials exhibiting
coloration effects through electro-, photo-, gas-, laser-, and thermochromism processes, which requires
the high homogeneity provided by the PLD technique. Preliminary studies of the growth of WO3 thin
films by PLD were first attempted by Haro-Poniaowski et al. [233] in 1998. Later, Rougier et al. reported
the PLD conditions for the growth of efficient WO3 films as electrochromics (EC) components [241].
The microstructure of films deposited on SnO2:F coated glass substrate is strongly sensitive to both
the oxygen pressure and substrate temperature: (i) Crystallized films are formed for Ts = 400 ◦C
and PO2 = 10 Pa; (ii) amorphous films are obtained for PO2 = 1 Pa at any Ts; (iii) for Ts = 25 ◦C
and PO2 = 1 Pa, WO3 films are blue colored and conductive; and (iv) colorless insulator films are
grown for Ts = 25 ◦C and PO2 = 10 Pa, which display the best electrochromic properties. Qiu and Lu
showed that oxygen deficient WO3−δ films with a deviated monoclinic structure were produced using
PLD parameters as 2.5 J·cm−2, PO2 = 26 Pa, and a target-Si(100) substrate distance of d = 5 cm [242].
Ramana et al. investigated the structural transformations of PLD WO3 as a function of the annealing
treatment. Using standard conditions (Φ = 2 J·cm−2, Ts = 300 ◦C, PO2 = 13.3 Pa), films deposited on
glass substrates (200–500 nm thick) showed an atomic ratio of O/W ≈ 2.96 ± 0.05. The monoclinic
phase of the as-prepared film transformed to an orthorhombic phase at 350 ◦C and to a hexagonal
phase at 500 ◦C [243,244]. By varying the substrate temperature in the range of 150 to 800 ◦C and the
oxygen pressure from 1 to 40 Pa, Mitsugi et al. obtained WO3 films with a different microstructure:
Amorphous, crystallized tetragonal, and triclinic phases [245]. Hussain et al. obtained amorphous,
polycrystalline, and nanocrystalline WO3 phases, and iso-epitaxial WO3(00l) thin films deposited
on single-crystal SrTiO3 substrates at 600 ◦C and under PO2 = 18 Pa [246]. Suda et al. deposited
PLD WO3 thin films on flexible ITO substrates. They showed that films, prepared at Ts < 300 ◦C,
are amorphous and polycrystalline phases were obtained at Ts > 400 ◦C, while the crystallinity of the
film on glass substrates was not dependent on PO2 [247]. Films deposited at 400 ◦C were porous with a
nanocrystalline triclinic structure and showed the best cycleability [216,248,249].

The suitability of PLF WO3 films for EC applications was investigated as a function of the partial
oxygen pressure during deposition. Studies of the texture and morphology of PLD 30-nm thick WO3

films deposited on Si(100) and SrTiO3(100) substrates under an O2 background of 2.5 Pa showed that:
(i) The laser fluence (in the range of 5 to 15 J·cm−2) strongly influences the texture, (ii) the films grown
on STO are biaxially textured with a smooth surface, and (iii) films deposited on Si are granular [250].
The fabrication of WO3 thin films with color neutrality for applications as EC materials was realized by
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the deposition of films containing 20% of vanadium onto SnO2:F coated glasses at Ts = 20 ◦C under
PO2 = 10 Pa. The blue color in the reduced state (−0.4 V) of the W-O-V films lost intensity and turned
grey-blue (transmittance of 50%) as the V concentration increased [251]. Highly transparent WO3

films exhibiting strong coloration and fast and full bleaching were prepared under PLD conditions
(Φ = 1 J·cm−2, Ts = 250 ◦C, PO2 = 16 Pa, and d = 40 mm) [252]. WO3 films were also prepared using
similar PLD parameters for applications in gas sensors [253–255].

4. Solid Electrolyte PLD Films

For the development of solid-state thin film batteries, thin films of solid electrolytes with
excellent performances, i.e., high ionic conductivity (σi), good stability against the lithium anode,
large electrochemical window (ΔV), and poor electronic conductivity (σe), are currently required.
To fulfill these requirements, the thin films of oxide-, phosphate-, or sulphide-based solid electrolytes
were grown by the PLD technique [256–258]. The facile manufacture of such thin films is due to the
easy control of the PLD chamber’s atmosphere. Table 8 lists some typical solid electrolyte thin films
prepared by PLD [41,259–264].

Table 8. Electrical properties of PLD-grown solid-electrolyte thin films.

Electrolyte Ionic Conductivity (S cm−1)
Electronic Conductivity (S

cm−1)
Ref.

Li3.3PO3.9N0.17 (LiPON) 1.6 × 10−6 >10−14 [259]
Li3.4V0.6Si0.4O4 (LVSO) 2.5 × 10−7 7.4 × 10−13 [41]

Li3.25Ge0.25P0.75S4 (thio-LISICON) 2.2 × 10−3 1.5 × 10−7 [260]
Li0.5La0.5TiO3 (LLTO) 2.2 × 10−5 3.5 × 10−11 [261]

Li2O-Si2O (LSO) 2.2 × 10−4 (200 ◦C) – [262]
β-LiAlSiO4 4.0 × 10−7 (225 ◦C) – [263]

Li6BaLa2Ta2O12 (garnet-type) 2.0 × 10−6 (25 ◦C) 2.9 × 10−13 [264]

4.1. LiPON

In the early 1990s, Bates et al. prepared Li3PO4 thin films using a sputter-deposition technique
in the presence of N2 gas that resulted in a nitrogen-doped lithium phosphate (called LiPON) of
a typical chemical composition, Li3.3PO3.9N0.17 to Li2.9PO2.9N0.7. The structure consists of doubly
and triply coordinated nitrogen atoms, which form cross-links between the phosphate chains [20].
LiPON displays a high chemical stability and an ionic conductivity of 2 × 10−6 S·cm−1 at 25 ◦C [265].
The growth of LiPON thin films by pulsed-laser deposition is also realized in nitrogen partial pressure
with a moderate laser power influence [259,266].

Zhao et al. reported the growth LiPON thin films on three different substrates (i.e., Si wafer,
Au-coated Si, and Al-coated glass plate) by reactive PLD in an N2 gas atmosphere in the range of
50 to 200 mTorr using a Li3PO4 target. The target was ablated by the beam of a Nd:YAG laser at
the fluence of 5 to 20 mJ·cm−2. The influence of the ambient N2 pressure and the laser fluence on
the ionic conductivity was systemically examined and the best result of 1.6 × 10−6 S·cm−1 with an
activation energy of 0.58 eV at 25 ◦C was obtained for a film prepared under 200 mTorr at Φ = 15 J·cm−2.
The mechanism of the nitridation of Li3PO4 was carried out by XPS measurements, showing that σi

increases with the N/P ratio [259]. West et al. showed that a 17-nm thick layer of LiPON deposited at
the solid electrolyte–electrode interface decreased the charge-transfer resistance from 4470 to 760 cm−2

in a Li/LiPON/LNM cell. The PLD amorphous films with σi = 1.5 × 10−8 S·cm−1 at 25 ◦C were deposited
from a crystalline Li2PO2N target under the flow of N2 gas at PN2 = 1 Pa [267].

4.2. LixLa2/3+yTiO3−d (LLTO)

Solid electrolytes, such as lithium lanthanum titanium oxides, LixLa2/3+yTiO3−δ (LLTO), based on
a perovskite-like structure can accept vacancies at the Li (or La) and oxygen sites and show properties
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depending on the composition, with an electronic conductivity when Ti3+ cations (instead of Ti4+) are
present and an ionic conductivity for Li-rich material. The typical growth of LLTO thin films fabricated
by the laser ablation technique is obtained at deposition temperatures in the range of 600 to 800 ◦C under
a controlled oxygen pressure from 0.1 to 100 Pa [268]. LLTO films, such as Li3xLa(2/3)−xTiO3, exhibit a
high ionic conductivity of up to 10−5 S·cm−1 when deposited with pulsed laser deposition [269–271].
Li0.5La0.5TiO3 (LLTO) PLD thin films, prepared at 400 to 600 ◦C, are amorphous and show an ionic
conductivity of ~2 × 10−5 S·cm−1 at room temperature. Contrary to crystalline films, the amorphous
LLTO exhibits good stability in contact with lithium metal anodes. Half-cells based on LiCoO2 films
covered with LLTO films deposited by pulsed laser deposition could be cycled for hundreds of
cycles [269]. Furusawa et al. prepared amorphous LLTO films at Ts = 25 ◦C with a uniform thickness
(0.46–0.63 μm) using a laser energy of 180 mJ per pulse at 10 Hz [270]. The authors stated a controlled
pressure of ~10−6 Torr but did not mention the presence of O2 gas. The highest σi of 1.2 × 10−3 S·cm−1

(Ea = 0.35 eV) obtained for Li0.5La0.5TiO3 films deposited on an Ag substrate was due to the absence of
grain boundaries. Maqueda optimized the PLD growth parameters to prepare La0.57Li0.29TiO3 dense
films at Ts = 700 ◦C under PO2 = 15 Pa with smooth surfaces [271]. The obtained nano-crystalline films
exhibited domains, which are cubic and tetragonal modifications of the perovskite phase. Transport
measurements showed an ionic conductivity of 8.2 × 10−4 S·cm−1 at 25 ◦C with Ea = 0.34 eV. Epitaxial
Li0.33La0.56TiO3 solid electrolyte thin films were grown on NdGaO3(110) by PLD at Ts higher than
900 ◦C under PO2 = 5 Pa [272]. These films showed a conductivity σi of 3.5 × 10−5 S·cm−1 at 25 ◦C with
Ea = 0.35 eV (Figure 14).

 
Figure 14. Temperature of the in-plane ionic for conductivity epitaxial Li0.33La0.56TiO3 solid electrolyte
thin films (36-nm tick) deposited on NdGaO3(110) by PLD at Ts higher than 900 ◦C under PO2 = 5 Pa.
(Reproduced with permission from [272]. Copyright 2012 Elsevier).

The influence of different substrates and excess lithium in the target on the microstructure and
ionic conductivity of PLD LLTO thin films was examined by Aguesse et al. [273] Despite a large lattice
mismatch of up to +8.8% with the substrate, the epitaxial growth of LLTO is possible on different
(001) oriented LaAlO3, SrTiO3, and MgO substrates using a sintered Li0.37La0.54TiO3 target and PLD
parameters, such as Ts = 750–880 ◦C, PO2 = 4–20 Pa, and laser fluence of 1.07 J cm−2. An ionic
conductivity as high as 19.2 × 10−3 mS·cm−1 at 25 ◦C was obtained for 170-nm thick LLTO films grown
on an STO substrate from an ablated 10 mol% lithium excess target. PLD LLTO films with a σi of
3 × 10−4 S·cm−1 and σe of 5 × 10−11 S·cm−1 were obtained by controlling the background PO2 and
Ts. Amorphous LLTO films were utilized in SSMB cycled up to 4.8 V vs. Li+/Li with high voltage
LiNi0.5Mn1.5O4 spinel cathode thin films [274].

Another class of LLTO electrolytes consists of Ti-based solid electrolytes with a garnet-like
structure, first reported by Weppner et al. [275]. Li6BaLa2Ta2O12 thin films were deposited on an
MgO(100) substrate by the ablation of a target with a 5 mol% Li2O excess. In standard PLD conditions
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(Ts = 550 ◦C, PO2 = 5 Pa, laser fluence of Φ = 2 J·cm−2, 40,000 laser pulses), an ionic conductivity of
2 × 10−6 S·cm−1 at 25 ◦C with an activation energy of 0.42 eV was obtained. This is comparable with the
σi of LiPON. The electronic conductivity varied from 2.87 × 10−13 to 3.47 × 10−10 S·cm−1 in the range of
the polarization voltage from 2.8 to 4.3 V [273]. Saccoccio et al. fabricated garnet Li6.4La3Zr1.4Ta0.6O12

films via PLD and studied the impact of PLD parameters (fluence of 1 to 4 J·cm−2, Ts in the range
of 50 to 700 ◦C, and a post-annealing process) on the structural and transport properties. The ionic
conductivity was measured by impedance spectroscopy. It was concluded that σi is not dependent
on Ts but is strongly affected by the laser fluence [276]. Li7La3Zr2O12 (LLZO) garnet-like thin films
were deposited on Si3N4/Si substrates at temperatures in the range of 50 ≤ Ts ≤ 750 ◦C under a fixed
background of PO2 = 1.3 Pa with a KrF excimer laser set at 0.6 J·cm−2 [277]. The best material, which
exhibited an ionic conductivity of 6.3 × 10−3 S cm−1 at 400 ◦C (Ea = 0.6 eV), was obtained at Ts = 300 ◦C.
The review of garnet-like solid electrolyte thin films grown via PLD is summarized in Table 9.

Table 9. Literature review of garnet-like solid electrolyte thin films grown via PLD.

Material Substrate σi at 25 ◦C (S cm−1) Ea (eV) Ref.

Li6BaLa2Ta2O12 MgO(100) 2 × 10−6 at 25 ◦C 0.42 [278]
Li7La3Zr2O12 Si3N4/Si 6.3 × 10−3 at 400 ◦C 0.60 [279]
Li7La3Zr2O12 SrTiO3, sapphire 7.4 × 10−7 at 25 ◦C 0.32 [280]
Li7La3Zr2O12 Si, SiO2, MgO 1.6 × 10−6 at 25 ◦C 0.35 [281]

Al-doped Li7La3Zr2O12 Gd3Ga3O12 2.5 × 10−6 at 25 ◦C 0.52 [275]
Al-doped Li7La3Zr2O12 MgO 8.3 × 10−4 at 300 ◦C 0.60 [264]

4.3. P- and Si-Based Electrolytes

Several phosphorus- or silicon-based oxides and sulfides are solid electrolytes for lithium
batteries, such as Li3PO4, Li4SiO4-Li3PO4, Li2S-P2S5 glass ceramic, Li2+2xZn1−xGeO4 (LiSICON),
Li3.25Ge0.25P0.75S4 (thio-LiSICON), etc., that can be prepared as thin films. Kuwata et al. prepared
high quality Li3PO4 thin films by PLD for applications in Li/Li3PO4/LiCoO2 all-solid-state thin-film
batteries. The Li3PO4 film exhibited an ionic conductivity of 4 × 10−7 S·cm−1 at 25 ◦C and an activation
energy of 0.58 eV. This solid electrolyte showed an electrochemical stability in the potential range of 0.0
to 4.7 V vs. Li+/Li and was applied in Li/Li3PO4/LiCoO2 cells [14,282]. Amorphous PLD thin films of
LiSICON display higher conductivities than that of Li4SiO4 and Li3PO4 films. The solid electrolyte
0.5Li4SiO4–0.5Li3PO4 dense films deposited on an Si wafer at Φ = 2–6 J·cm−2 under an argon gas of
PAr = 0.01–5 Pa had an ionic conductivity of 1.6 × 10−6 S·cm−1 at 25 ◦C and an activation energy of
52 kJ·mol−1 [283]. Nakagawa et al. determined that PLD Li2SiO3 films stable to CO2 have an ionic
conductivity of 2.5 × 10−8 S·cm−1 at 25 ◦C lower than that of Li2SiO3 films (i.e., 4.1 × 10−7 S·cm−1),
which are unstable to CO2 [284]. PLD thin films of lithium meta-silicate (LSO) deposited at a growth
rate of 0.17 Å per pulse on various substrates (i.e., SiO2, quartz, sapphire, Al2O3 ceramic, and MgO)
from an Li2SiO3 sintered tablet were grown in the amorphous state. The ionic conductivity slightly
depends on the substrate species with the best results (σi = 4.5 × 10−4 S·cm−1 at 300 ◦C, Ea = 0.88 eV)
found for an 80-nm thick film deposited on SiO2 glass [262,285]. The PLD conditions for the growth of
thio-LiSICON Li3.25Ge0.25P0.75S4 solid electrolyte thin films were carefully chosen (especially the Li
content of 3.2 in the target, which maintains the number of Li vacancies) to obtain a high σi value of
1.7 × 10−4 S·cm−1 at 25 ◦C [265]. PLD 80Li2S-20P2O5 thin film prepared under PAr = 5 Pa exhibited an
ionic conductivity and activation energy of 7.9 × 10−5 S·cm−1 and 43 kJ mol−1 at 25 ◦C, respectively.
Heat treatment increased the σI to 2.8 × 10−4 S·cm−1 [286]. To avoid the formation of a Li-deficient
phase, such as Li4P2S6, an Li2S-enriched Li3PS4 target was used to grow PLD solid-electrolyte thin films.
Using an Li3.42PS4.21 target, PLD Li3PS4 films exhibited a higher ionic conductivity of 5.3 × 10−4 S·cm−1

at 20 ◦C [287].
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4.4. PLD Electrolyte as Buffer Layers

Solid-state electrolyte (SSE) thin films have been used as a conductive buffer layer for the reduction
of high resistance at the electrode/SSE interface of high-power all-solid-state lithium batteries. Coating
the Li3PO4 thin films on electrode materials by the PLD method was found to be efficient for this
purpose. Konishi et al. [288] reported the effect of surface Li3PO4 coating on LiNi0.5Mn1.5O4 epitaxial
thin film electrodes. Amorphous Li3PO4 film (1–4 nm thick) was deposited at 25 ◦C with a laser
energy of 150 mJ under PO2 = 3.3 Pa. It was also pointed out that such a coating reduces the Mn
dissolution in the non-aqueous electrolyte. Yubuchi et al. [289] fabricated the same coated electrode
with Φ = 2 J cm−2 but under a lower oxygen gas pressure of 0.01 Pa. With a 100-nm thick Li3PO4

deposit, the total resistance of the Li cell decreased from 15 to 350 Ω. A PLD protective coating of
80Li2S–20P2S5 solid electrolytes on LiCoO2 particles was performed at room temperature under Ar
gas at PAr = 5 Pa with a fluence of ca. 2 J·cm−2 (200 mJ per pulse). After SSE deposition for 120
min, the deposited film was ~150-nm thick, corresponding to 3 wt.% LiCoO2. Annealing the SSE
deposit at 200 ◦C increased the capacity of the all-solid-state cell [42]. Another example of the buffer
function of the Li2S−P2S5 solid electrolyte is given by the PLD coating of NiS-carbon fiber composite
electrodes. The high ionic conductivity of 80Li2S−20P2S5 film deposited on an Si wafer was 7.9 × 10−5

S·cm−1 at 25 ◦C [290]. A capacity of 300 mAh·g−1 was delivered after 50 cycles at a current density of
3.8 mA·cm−2 (1C-rate). This SSE coating favors the lithium ion and electron conduction paths in the
NiS framework. Ito et al. [291] successfully deposited Li2S–GeS2 thin films as the buffer electrolyte
(σi = 1.8 × 10−4 S·cm−1) on LiCoO2 particles by the PLD technique. The amorphous 78Li2S–22GeS2

solid electrolyte thin films prepared using standard PLD conditions exhibited an ionic conductivity
of 1.8 × 10−4 S·cm−1 at 25 ◦C. These SSE films were applied to form an electrode–electrolyte buffer
interface with LiCoO2 [291]. The coating of a LiNbO3 SSE buffer coated onto the LiMn2O4 cathode
resulted in an enhancement of the high rate capability and cycling stability of the electrode [292]. A
similar process ensured a high thermal stability for the LiNi0.8Co0.15Al0.05O2 electrode operating over
500 charge–discharge cycles at 150 ◦C [293].

4.5. Li2O-V2O5-Si2O (LVSO)

PLD films of Li2.2V0.54Si0.46O3.4 are amorphous solid-state electrolytes of the system,
Li2O-V2O5-Si2O (LVSO), which exhibits a conductivity of ~2.5 × 10−7 S·cm−1 at 25 ◦C [44]. Li4SiO4

thin films were successfully deposited by PLD using both an Nd:YAG laser (λ = 266 nm) and ArF
excimer laser (λ = 193 nm) at the fluence of 2.5 J·cm−2 in the flow of O2 gas at PO2 = 0.2 Pa. Having
a conductivity of 4.1 × 10−7 S·cm−1 at 25 ◦C, thermally activated with Ea = 0.52 eV, these films were
applied in SSMBs [44]. Zhao et al. prepared PLD Li–V–Si–O thin films’ electrolytes on an Si wafer and
Al-coated glass as substrates placed 4 cm from the target. The film deposition was carried out at a
fluence of 1.2 J cm−2 under an ambient of PO2 = 6 Pa [294]. For Ts = 300 ◦C, the Li–V–Si–O film exhibited
σi = 3.98 × 10−7 S·cm−1 at 25 ◦C and Ea = 0.55 eV. Workers at Kawamura’s lab reported the PLD growth
of several LVSO solid electrolytes. The Li2.2V0.54Si0.46O3.4 film deposited with a continuous flow of O2
gas maintained at PO2 = 0.2 Pa displayed an ionic conductivity of 2.5 × 10−7 S·cm−1 at 25 ◦C with an
activation energy of 0.54 eV [41]. PLD amorphous 0.6(Li4SiO4)–0.4(Li3VO4) films deposited on Si(111)
or fused silica plate exhibited an ionic conductivity of 10−7 S cm−1·at 25 ◦C, which is one order higher
than the value for PLD Li2TiO3 film [295]. All-solid-state thin film batteries were fabricated using both
LCO and LMO PLD film cathodes and amorphous LVSO solid electrolytes as shown in Figure 15 [121].
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Figure 15. SEM cross-sectional images of solid-state thin film lithium batteries, (a) SnO/LVSO/LCO and
(b) SnO/LVSO/LMO. (Reproduced with permission from [121]. Copyright 2006 Elsevier).

4.6. LiNbO3

Because of its high room-temperature ionic conductivity and low electronic conductivity (10−5 and
10−11 S·cm−1, respectively), LiNbO3 (R3c crystal structure) is considered as a good SSE for electrode
coating [296]. LiNbO3 was applied as a buffer layer between an LCO cathode and thio-LISICON
electrolyte (Li3.25Ge0.25P0.75S4). The resultant electrochemical cell showed low interfacial resistance
and a high-rate capability [297]. A high quality was obtained for PLD LiNbO3 thin films deposited at
730 ◦C on sapphire substrates by using a relatively high oxygen partial pressure of PO2 = 133 Pa and a
laser fluence of 3 to 5 J cm−2 [298]. Contrastingly, Perea et al. prepared PLD LiNbO3 films using a
lower laser fluence (0.8 to 1.6 J·cm−2) in a residual pressure of ≈4 × 10−4 Pa [299].

5. Negative Electrode PLD Films

5.1. TiO2

Due to the theoretical capacity of ~335 mAh·g−1 of titanium dioxide (comparable to ~372 mAh·g−1

for graphite and the small volume expansion (~4% for anatase)) significant interest has been devoted
to the applied anode material in Li-ion batteries. The tetragonal anatase polymorph of TiO2 is a good
anode candidate due to its insertion potential of around 1.5 V vs. Li+/Li [300]. Several works of the
literature report the growth of TiO2 thin films with either a rutile or anatase structure fabricated by the
PLD technique [301,302]. The growth conditions were studied on TiO2 films deposited by PLD using
an Nd:YAG laser (532 nm wavelength beam) and a rutile-type TiO2 target. The effects of the substrate
temperature (Ts) and oxygen partial pressure (PO2) were investigated by Raman spectroscopy [13].
The parameters of Ts = 300 ◦C and PO2 = 50 mTorr were optimized to obtain crystalline TiO2 films
with a preferential (110) orientation. Kim et al. discussed the effects of the target morphology and
target density on the size and distribution density of crystalline in PLD rutile-type TiO2 films deposited
on (100)-oriented Si wafers maintained at 700 ◦C in a chamber with an oxygen partial pressure of
1.33 Pa [303]. A nearly particulate-free film was obtained from a dense target and the laser shots were
adjusted for clear ripple patterns from the target surface. The optical bandgap energies of TiO2 PLD films
grown on an α-Al2O3 (0001) substrate with an anatase and rutile structure were evaluated to be 3.22
and 3.03 eV, respectively [304]. Inoue et al. reported that films deposited at Ts = 150 ◦C have an anatase
structure, while Ts = 300 ◦C provides rutile-type TiO2 films [305]. Choi et al. [306] prepared anatase TiO2

thin films with nanograins of 11 to 28 nm using a TiC target with Ts = 500 ◦C under 4 Pa O2 gas.
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5.2. Li4Ti5O12 (LTO)

Li4Ti5O12 (LTO) cubic structure (Li[Li1/3Ti5/3]O4 in spinel notation), considered as a “zero-strain”
anode material, exhibits the advantage of very minor volumetric changes (<0.2%) upon cycling.
This electrode displays a large voltage plateau at ~1.5 V vs. Li+/Li and a theoretical specific capacity of
175 mAh·g−1 [307]. The first PLD growth of LTO thin films deposited onto Pt/Ti/SiO2/Si substrates
using a KrF excimer laser beam (248 nm, 250 mJ) were reported by Deng et al. [308]. Films annealed at
800 ◦C (410 nm thick) exhibited a cubic structure with a lattice constant 8.375 Å larger than that of
the LTO crystal (8.359 Å). The SEM cross-section image (Figure 16a) revealed the porous morphology
induced by the high temperature treatment. The discharge specific capacity was the largest for
films annealed at 700 ◦C due to the optimized adhesion strength between the film and substrate
(Figure 16b). The anode films discharged at a current density of 10 μA·cm−2 (0.58C rate) showed
excellent cycleability; the discharge capacity remained as 149 mAh·g−1 after 50 cycles. Li4Ti5O12 films
(545 nm thick) deposited on conducting fluorine-doped tin oxide (LTO/FTO) with a crystallite size of 50
to 80 nm were investigated as electrochromic active material with the highest contrast at a wavelength
of 705 nm (transmittance change of ~48%) [309]. Epitaxial LTO thin-film grown on SrTiO3 single
crystal from an Li-rich target, Li5.2Ti5O12, have a structural orientation identical to the substrate and are
impurity-free when deposited at Ts = 700 ◦C. The electrochemical features of LTO film anodes (20 nm
thick) exhibited discharge capacities of ~200 and ~250 mAh·g−1 for the (100)- and (111)-orientation,
respectively [310]. Kim et al. prepared nano-sized epitaxial LTO(110) deposited on Nb:SrTiO3(110)
substrate. These films (~28 nm thick) were tested by cyclic voltammetry at a scan rate of 1 mV·s−1

and exhibited redox peaks at 1.53 and 1.60 V, corresponding to the insertion and extraction of Li+ ions.
As-deposited films at a substrate temperature of 700 ◦C in a 6.6 Pa oxygen partial pressure exhibited a
high initial capacity (~200 mAh·g−1) but poor stability [311]. Kumatani et al. investigated the PLD
growth process of epitaxial LTO films deposited on an MgAl2O4 (111) substrate. With Ts = 800 ◦C and
PO2 = 1 × 10−3 Torr, LTO films had excellent crystallinity and a low resistivity of 3.3 × 10−4 Ω cm. at
25 ◦C. At lower PO2 , the PLD LiTi2O4 film was formed, while at higher PO2 , Ti was segregated as TiO2

rutile and Li0.74Ti3O6 [312].

Figure 16. (a) SEM cross-section image of LTO film (410 nm thick) heat treated at 800 ◦C.
(b) Charge–discharge profiles recorded at 20 μA cm−2 (i.e., ~1.15 C) current density in the voltage
range of 1 to 2 V vs. Li+/Li of PLD films heated at various temperatures. (Reproduced with permission
from [308]. Copyright 2009 Elsevier).

Studies of the electrochemical performance and kinetic behavior of PLD LTO films deposited
on Pt/Ti/SiO2/Si substrates were reported by Deng et al. [313]. Using an Li-rich target (i.e., excess
5 wt.% Li2O), the films annealed at 700 ◦C for 2 h in air were well-crystallized items with densely
packed grains. The galvanic charge–discharge plateau was observed around 1.56 V and an initial
specific capacity of 159 mAh g−1 was delivered with a retention of 93.7% after 20 cycles. The diffusion
coefficient of Li+ ions in such an LTO framework was in the range of 10−15 to 10−12 cm2·s−1. The energy
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barrier of the diffusion of lithium ions was estimated to be Ea = 0.11 eV in LTO (111)-oriented PLD thin
films (190 nm thick) grown on a spinel MgAl2O4 (111) substrate [314].

Zhao et al. reported the optical properties of epitaxially grown LTO films on (001)-oriented MgAl2O4

substrate. The optical bandgap of 3.14 eV was measured for 86 nm thick films (surface roughness of
4.61 nm) [315]. Schichtel et al. fabricated all-solid-state microbatteries with LTO as the positive electrode.
PLD films were obtained on various substrates at Ts = 650 ◦C under a 0.3 Pa pure oxygen atmosphere
using a commercially available LTO powder. As-prepared films (650 nm thick) revealed columnar
growth that allowed a coulombic efficiency >97% after the second cycle and a discharge capacity of
33 μAh·cm−2 at a 3.5 μA cm−2 current density [43]. Pfenninger et al. demonstrated that LTO thin films
deposited by PLD on an MgO substrate kept at 500 ◦C using a dense Li7.1Ti5O12 target sintered at 1000 ◦C
for 12 h are compatible with the Li6.25Al0.25La3Zr2O12 electrolyte pellet. Such films display a stable
structure and cycleability almost close to 175 mAh·g−1. The typical voltage plateau at 1.57 V (oxidation)
and 1.53 V (reduction) was observed at a rate of 2.5 mA·g−1 [316]. Among the Li1+xTi1−xO4 ternary
system, LiTi2O4 thin films were grown by the PLD route in the temperature range of 400 to 800 ◦C using
a target with a higher Li/Ti ratio of 0.8 [317]. Chopdekar et al. grew epitaxial PLD LiTi2O4 thin films
on various crystalline-oriented substrates, such as single crystalline substrates of MgAl2O4, MgO, and
SrTiO3 [318]. The authors state the PLD conditions with Ts held at 450 to 600 ◦C in a vacuum of better
than 5 × 10−6 Torr without any mention of the oxygen partial pressure, while Kumatani determined that
stoichiometric LiTi2O4 thin films were obtained at a PO2 of 5 × 10−6 Torr with Ts = 800 ◦C [312]. Recently,
PLD LTO films grown on Nd-doped oriented STO substrates at Ts = 700 ◦C under PO2 = 20 Pa showed
high discharge capacities of 280 to 310 mAh·g−1. The best rate performance of 30C was obtained for the
(100)-oriented Li4Ti5O12 films [319].

5.3. LiNiVO4

Amorphous LiNiVO4 thin-film anodes for microbatteries were grown by pulsed laser deposition
using a sintered Li1.2NiVO4 target. The film grown at Ts = 25 ◦C and PO2 = 8 mTorr showed the best
electrochemical performance with a retainable capacity as high as 410 μAh·cm−2·μm−1 after 50 cycles [320].

5.4. TiNb2O7

An alternative to LTO, titanium-niobium oxide, TiNb2O7 (TNO), is considered a promising anode
material for long life Li-ion batteries, due to its high Li+ ion transport, average voltage of 1.66 V,
and theoretical capacity of ∼387 mAh·g−1 [321]. Fabrication of PLD TiNb2O7 thin films as anode
electrodes for Li-ion micro-batteries was demonstrated by the ablation of a Nb2O5 + TiO2 mixture as a
target at a laser fluence of 4.6 J·cm−2. Pure monoclinic TNO films were deposited on Pt/TiO2/SiO2/Si(100)
substrates at 750 ◦C under an O2 gas of PO2 = 6–13 Pa. The 380-nm thick films grown at PO2 = 13 Pa
delivered an initial specific capacity of 142 μAh cm−2 μm−1 at a current density of 50 μA·cm−2 with a
58% capacity retention after 25 cycles [322]. Recently, the same co-workers reported a high specific
discharge capacity of 226 μAh·cm−2·μm−1 (~460 mAh·g−1) at a current density of 17 μA·cm−2 for
amorphous TNO films grown by PLD. Li+ diffusion coefficient of ≈10−13 cm2·s−1 and an electronic
conductivity of ≈10−9 S·cm−1 were also reported [323].

5.5. Silicon

Pulsed-laser deposited silicon thin films have been widely studied for applications in
opto-electronics. With a large theoretical capacity (4200 mAh·g−1), silicon is also considered as
a promising anode material for the replacement of graphite anode (LiC6, 372 mAh·g−1) for Li-ion
batteries [324]. Despite the huge volume expansion of>300% during lithiation up to Li22Si5, it is possible
to obtain anodes with Si thin films grown by physical vapor deposition (PVD), reaching a cycling life of
up to 3000 cycles due to the limited volume change in the 2D film [325]. For example, a film deposited
on Ni foil maintained a capacity of 3000 mAh·g−1 at a 12C rate over 1000 cycles [326]. PLD-grown
Mg2Si thin film (30–380 nm thick) exhibited electrochemical activity with a stable cycling behavior in
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the voltage range of 0.1 to 1.0 V vs. Li+/Li; however, the initial irreversible capacity loss increased with
the film thickness. The superior capacity of the 30-nm thick film was attributed to the formation of
Li-Si alloys at the Si-rich surface [327]. Park et al. prepared PLD amorphous Si (a-Si) thin films on a
stainless-steel substrate at temperature of 500 ◦C under an Ar gas pressure PAr = 6.5 mPa. Furthermore,
1.5-μm thick a-Si films were obtained at the growth rate of 25 nm·min−1. Electrochemical tests carried
out in the voltage range of 0.005 to 1.5 V showed a first discharge capacity of 9 to 0.7 μAh·cm−2 with a
54.4% coulombic efficiency. Although, after 70 cycles, the 1-μm thick Si film exhibited a good cyclic
performance [328]. Xia et al. reported the growth of a-Si using the standard conditions (Ts = 25 ◦C,
P = 1.3 mPa, fluence of 150 to 160 mJ per pulse, deposition time of 30 min). Electrochemical tests
showed that 120-nm thick a-Si films exhibited an initial charge capacity of ~64 μAh·cm−2 at a current
density of 100 μA·cm−2, a discharge capacity of ~50 μAh cm−2 was maintained after 40 cycles, and the
diffusion coefficient of Li ions determined from the cyclic voltammograms was ~10−13 cm2·s−1 [329].
Some Si-based composite thin films prepared by PLD combine the advantages of both components.
The most popular are the carbon-based composites [330–333]. Chou et al. obtained a flexible anode
material by the deposition of Si film onto single-wall carbon nanotubes (SWCNTs) using standard
PLD conditions (λ = 248 nm, Ts ≈ 30 ◦C, Φ = 3 J·cm−2, PAr = 13 Pa, target–substrate distance of
50 mm). After 50 cycles, this Si/SWCNT nanocomposite delivered a specific capacity of 163 mAh·g−1

at a 25 mA·g−1 current density, which is 60% higher than for CNT [330]. The ultrathin film of Si grown
by PLD was deposited on multilayer graphene (MLG) by CVD on an Ni foam substrate. The specific
capacity of this binder-free Si/MLG anode appeared to be stable at ca. 1400 mAh·g−1 [331]. Silicon
nitride SiN0.92 thin films were prepared by PLD and investigated as a negative electrode in lithium
batteries. A 200-nm thick film grown on buffed stainless-steel substrates kept at 25 ◦C from an Si3N4

pellet as the target delivered a high specific capacity of 1300 mAh·g−1 after 100 cycles [334].

5.6. Graphene

Most of the commercial lithium batteries have a carbon anode. Graphene is the most conductive
form of carbon, and as such, it is considered as a promising electrode, especially when it is doped
with nitrogen [229]. A recent review was devoted to PLD-graphene synthesized from a solid carbon
source [335]. Since nitrogen modifies the intrinsic properties of graphene, it is important to control its
concentration. PLD, which allows for a one-step synthesis of N-doped carbon films, is particularly
suited to this purpose. The first N-doped amorphous carbon film (a-C:N) synthesized by PLD
dates from 2013 [336]. It contained 2 at. % of nitrogen. More recently, using the same approach,
the upper nitrogen concentration in PLD a-C:N film was raised to 3.2 at.% [337]. These films, however,
were not used as electrodes. On the other hand, a N-doped graphene (NG) electrode prepared by PLD
coupled with in-situ thermal annealing (PLD-TA) was achieved by Fortgang et al. [338]. More recently,
Bourquard et al. used the PLD-TA process to form an N-doped graphene film by high temperature
condensation of the laser-induced carbon plasma plume onto the Si electrode previously covered by
an Ni catalytic film [339], using a protocol published by the same group [340] Carbon was ablated at
780 ◦C from the graphite target using a femtosecond laser (λ = 800 nm, pulse width of 60 ns, repetition
rate of 1 kHz, and Φ = 5 J·cm−2) at a distance of 36 mm from the graphite target, with PN = 10 Pa in the
vacuum chamber. The electrochemical properties were measured with the thus-obtained 40 nm-thick
film with a nitrogen concentration of 1.75% as the working electrode and an active area of 0.07 cm2,
saturated calomel electrode as the reference electrode, and platinum as the counter electrode, in a
0.5 mol·L−1 1,1′ ferrocene-dimethanol solution of 0.1 mol·L−1 NaClO4. Aiming to detect H2O2 in
0.1 mol L−1 phosphate buffer saline (PBS) solution (pH 7.4), linear sweep voltammetry was used in
the anodic range from 0 to 1000 mV with a scan rate of 100 mV·s−1. The electrode showed excellent
reversibility, 60 mV, close to the theoretical value, and a detection limit of 1 mM of hydrogen peroxide,
which constitutes a major improvement of the electroanalytical oxidation of H2O2 in comparison with
undoped graphite electrodes. Such results are recent, and to our knowledge, no such electrode has
been tested yet as an anode for lithium batteries.
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5.7. Other PLD Anodes

Significant efforts have been devoted to the design and development of new PLD-grown anode
materials for SSMBs, yielding a high energy density (from 500 to 1500 mAh·g−1) and electrochemical
stability [341–354]. Table 10 summarizes the PLD-growth conditions and electrochemical properties of
some new anodes proposed for lithium microbatteries. All transition-metal oxide MxOy materials are
subjected to electrochemical lithiation via a conversion reaction, which implies a two-step process, i.e.,
first, fine metallic (M) nanoparticles embedded in an insulating matrix, such as Li2O, are in situ formed
during the first (irreversible) discharge, and secondly, an alloying reversible reaction (Li-M) occurs on
subsequent cycles [341].

Recently, Wu et al. proposed a novel anode consisting of a Li3P-VP nanocomposite fabricated by
PLD [353] using a 5-Hz Nd:YAG laser (λ = 355 nm, Φ = 2 J·cm−2) concentrated on the target surface
with an incident angle of 45◦, with PAr =10 Pa in the vacuum chamber. The stainless-steel substrate
was placed 3 cm from the surface and kept at 400 ◦C. The weight of the film thus obtained (without
the substrate) was 0.10 mg·cm−2. The excessive lithium in this composite was used to stabilize the
VP2 structure after the first charge. Electrochemical tests were made with this film as the working
electrode, while lithium metal sheets were used as counter and reference electrodes with 1 mol·L−1

LiPF6 in EC:DMC (1:1 in volume) electrolyte. When cycled in the range of 0.01 and 4 V vs. Li+/Li at
a current density of 5 μA·cm−2, a capacity of 1040 mAh·g−1 was delivered at the second discharge,
987 mAh·g−1 at the 50th cycle.

Table 10. Growth conditions and electrochemical properties of new anode materials.

Anode
Material

Ts (◦C) Ambient (Pa)
Laser Energy

(J cm−2)
Electrochemical Properties Ref.

C-monocolumn 25 (N2) 6.7 0.08 315 mAh·g−1 at 0.1 A·g−1 (50th cycle) [342]
NiFe2O4 650 (O2) 2.0 2.5 370 mAh·g−1 at 25 μA·cm−2 [343]
Co2O3 700 (O2) 100 2.0 750 mAh·g−1 at 2C (350th cycle) [344]
Cu2Sb 25 (Ar) 1.3 3–4 >135 mAh·g−1 at 35 μA·cm−2 (100th cycle) [345]
Fe2O3 25 (O2) 0.3 0.5 905 mAh·g− 1 at 0.1 A·g− 1 (200th cycle) [346]
Co3O4 600 (O2) 40 2 600 mAh·g−1 at 10 μA·g− 1 (2th cycle) [347]

Co3O4/Co(OH)2 250 (O2/H2) 30 – 360 mAh·g−1 at 32 A·g− 1 (1000th cycle) [348]
In2O3 200 (O2) 5 2 500 mAh·g− 1 at 10 μA·g− 1 (30th cycle) [349]
Sb2Se3 200 (Ar) 5 2 530 mAh·g− 1 at 5 μA·g− 1 (100th cycle) [350]
FeOF 25 (Ar) 5 2 110 mAh·g− 1 at 5 μA·g− 1 (100th cycle) [351]

SrLi2Ti6O14 700 (O2) 2 2 130 mAh·g− 1 at C/20 (40th cycle) [352]
MnO 500 (Ar) 20 5 425 mAh·g− 1 at C/8 (25th cycle) [352]
VP2 400 (Ar) 10 2 987 mAh·g− 1 at 5 μA·cm−2 (50th cycle) [354]

6. Discussion

There is general agreement on the beneficial results of the pulsed-laser deposition of thin films
used as active materials in lithium microbatteries. This is a technique prone to fabricate thin film
rapidly, from a small amount of target material, while maintaining the ideal stoichiometry by the
control of different growth parameters. We observed (Table 2) that there is a strong trend to develop
microcell technologies using LiCoO2 film (typical thickness of 4-μm) as the cathode, LiPON thin film
(typical thickness of 1 μm) as the solid electrolyte, and Li thin film anode, which may have advantages
in terms of the following key requirements: High energy density, high voltage, sustainability, and easy
fabrication. For such microbatteries, let us recall the energy units used by authors. For a comparison of
the volumetric specific energy, one generally refers to that of the cathode material (i.e., the limiting
electrode); thus, considering a dense LCO film (d = 4.3 g·cm−3), a gravimetric specific energy of
100 mAh·g−1 is equivalent to 43 μAh·cm−2·μm−1 or 154.8 mC·cm−2·μm−1.

Let us compare and discuss the growth conditions that allow the best electrochemical performance
of each component, i.e., cathode, anode, and electrolyte. Regarding the growth of lithiated oxides
used as cathode materials, an excess of lithium (at least ~15 wt.%) is mandatory for any material
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to compensate the loss of volatile lithium species during the ablation process. Given the different
materials’ available candidates for the cathode, LiCoO2 appears to be the most electrochemically
efficient. From Figure 17, comparing the Ragone plots of LiCoO2 and LiMn2O4 thin films, each
curve displays a series of discharge profiles for a lithium microbattery with the cathode thickness
(in μm). As the capacity delivered by a cathode is proportional to the mass of the material, thicker
films provide high energies, but often at the expense of the power performance [26]. The specific
energy for a planar Li//LiCoO2 cell with a thick cathode can reach 500 μWh·cm−2·μm−1. However, the
rate capability depends strongly on the plane orientation of the film, which can be controlled by the
nature of the substrate. Thus, the preferred orientation is the (003)-plane parallel [29]. However, a
surface–electrolyte interface (SEI) is formed on epitaxial LiCoO2 films with different orientations of
(104), (110), and (003) that result in anisotropic reactions of intercalation activity [102]. It has also been
demonstrated that the minimized strain energy in thick LCO films allows preferential (101) and (104)
textures [32]. Nevertheless, the best well-crystallized LCO thin films were fabricated in the following
PLD conditions: Ts = 500 ◦C, PO2 = 13 Pa, Φ = 2 J·cm−2, substrate–target distance of 30 to 40 mm, and
laser beam-target incident angle of 45◦. Interesting results reported in Ref. [53] showed impurity-free
LCO films, highly (003)-oriented with a very small lattice expansion during charge (at 4.2 V), when
grown on stainless steel substrates at relatively low temperatures (Ts ≈ 300 ◦C). In this case, the films
had a texture between the amorphous and well-crystalline state with very small grains, which is
suitable for short pathways for electrons and ions during the (de)intercalation reaction.

Figure 17. Ragone plot (normalized by the active cell area) for lithium thin-film microbatteries fabricated
with crystalline LiCoO2 (black lines), crystalline LiMn2O4 (blue lines), and nanocrystalline LixMn2−yO4

(red lines) cathode materials with different thicknesses (in μm).

To avoid the poor performance of LIBs derived from hindered lithium-ion diffusion at the
interface between the LCO positive electrode and electrolyte, modifications of the cathode surface
have been realized by the deposition of a thin layer of a fast-ionic Li+ conductor, such as amorphous
Li2WO4 or Li3PO4. This layer reduces the interfacial Li+-ion transfer resistance that results in a rapid
charge–discharge rate. The a-Li2WO3/LCO/Pt/Cr/SiO2 electrode cycled at a high rate of 20C with a
high capacity retention [84]. Another electrode exhibiting a fast charge–discharge rate as high as 348C
has been fabricated by the multilayer PLD technique, but in this case, the LMO thin film exhibited
a significant pseudocapacitive behavior (non-diffusion-controlled) instead of a faradaic mechanism.
An additional promising improvement is the fabrication of an LCO thin film sandwiched between a
PLD-prepared SrRuO3 film as the electronic conductor and the film of Li3PO4 (3.2 nm thick) as the ionic
conductor with the result being limited surface structural change in the high voltage range (4.4 V) [71].

The influence of the PLD conditions on the texture of LiMn2O4 thin films has shown that
Ts = 500 ◦C and PO2 = 20 Pa are the optimum values that maintain the Li/Mn ratio close to 1, when an
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Li-enriched target is used, and obtains the best mass transfer [122]. It was also noticed that any
substrate does not strongly influence the stoichiometry, but affects the out-of-plane preferred texture.
The applicability of the PLD-grown V2O5 films in lithium microbatteries has been evidenced that, in the
range of 200 < Ts < 400 ◦C under PO2 = 6 Pa, the films offer better electrochemical performance than
those grown at other temperatures in terms of their structural quality and stability. Only two works
were devoted to the fabrication of solid-state thin-film batteries with vanadium oxide as the cathode
materials: The Li/Li1.4B2.5S 0.1O4.9/V2O5 cell delivered a capacity of ~400 mC·cm−2·μm−1 [221], while the
Li/LiPON/Ag0.3V2O5 maintained a specific capacity of 40 μAh·cm−2·μm−1 after 100 cycles [222], but the
low current density was due to the poor electronic conductivity of the positive electrode. Recently,
a solid-state thin-film battery, Li/Li3PO4/LiMnPO4, was successfully fabricated by PLD [48]. Such a cell
delivered a modest specific capacity of 10 μAh·cm−2·μm−1, which was limited by the slow chemical
diffusion coefficient of the Li+ ion in the olivine framework (3 × 10−17 cm2·s−1).

Lithium phosphates, i.e., Li3PO4 and LiPON, are the most widely used solid electrolytes in
microbatteries; they are easily fabricated by PLD using an ArF excimer laser and show a good ionic
conductivity. The LiPON electrolyte is known to exhibit a better chemical stability than Li3PO4 [282].
However, the electrochemical stability of PLD-prepared Li3PO4 thin films is greater than 4.7 V [265].

Few works have attempted to replace the lithium metal thin-film anode by other lithiated materials
(i.e., intercalation compound or alloy) for the fabrication of microbatteries. The most stable insertion
compound should be Li4Ti5O12 spinel with minor volumetric changes but the high voltage plateau of
1.5 V is a great penalty for high energy density. The In/80Li2S–20P2S5/LiCoO2 microbattery developed
by Sakuda et al. seems to be promising as the Li-In alloy allows a high specific discharge capacity at
moderate current density of 0.13 mA·g−1 [42].

7. Concluding Remarks

The results of the intensive research on the growth of thin films by pulsed laser deposition in
recent years have been reviewed. Due to careful investigations of the mechanism of the sample
preparation, optimized materials with adequate properties for energy storage and conversion have
been obtained. The PLD technique is considered to be suitable for improving the density and adhesion
properties of films. A huge effort has been mainly concentrated on the deposition of lithiated oxides,
which require specific conditions due to the volatile character of lithium vapor species during the
PLD process. Due to the outstanding performance of the conventional cathode materials, LiCoO2 and
LiMn2O4, PLD films exhibiting a specific capacity close to the theoretical one are the most popular.
The progress concerns mainly the epitaxial films grown with an orientation favorable to a high rate of
transport of Li ions at the electrode/electrolyte interface. For instance, the pyramidal-type LiMn2O4

films cycled at the 3.3C rate demonstrate a specific capacity of 90 mAh·g−1 after 1000 cycles.
The PLD technique has proved to also be efficient for the preparation of thin films of anode

materials. The best example is the production of LTO, which is a “zero-strain” compound. Other
anode thin film materials, such as silicon and conversion-type oxides, are attractive due to their high
specific capacity and easy PLD fabrication.

So far, solid-electrolyte thin-films have been fabricated essentially by thermal vacuum evaporation
and rf-sputtering. The manufacture of solid-electrolyte thin films by PLD has brought improvements in
their intrinsic properties. For example, the electronic conductivity of PLD films is small in comparison
with rf-sputtered films. LiPON and Li–V–S–O are the most popular solid-electrolyte films.

In recent years, due to a strong demand for smaller power sources, the interest in rechargeable
micro-batteries has gradually increased. The progress on lithium microbatteries is remarkable,
mainly due to the PLD growth of high-quality, pinhole-free, solid-state electrolyte thin films, such as
Li6.1V0.61Si0.39O5.36. The rechargeable thin-film lithium-ion battery designed by the Japanese group
at Tohoku University was fabricated using the sequential PLD technique. This microcell delivered a
specific capacity of 9.5 Ah cm−2 discharged at a current density of 44 μA·cm−2 using an Li-Sn alloy
film as the anode and showed good reversibility over 100 cycles.
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Abstract: The improvement in the research area of the implant by surface functionalization when
correlated with the biological response is of major interest in the biomedical field. Based on the
fact that the inflammatory response is directly involved in the ultimate response of the implant
within the body, it is essential to study the macrophage-material interactions. Within this context,
we have investigated the composite material-macrophage cell interactions and the inflammatory
response to these composites with amorphous hydroxyapatite (HA), Lactoferrin (Lf), and polyethylene
glycol-polycaprolactone (PEG-PCL) copolymer. All materials are obtained by Matrix Assisted Pulsed
Laser Evaporation (MAPLE) technique and characterized by Atomic Force Microscopy and Scanning
Electron Microscopy. Macrophage-differentiated THP-1 cells proliferation and metabolic activity
were assessed by qualitative and quantitative methods. The secretion of tumor necrosis factor alpha
(TNF-α) and interleukin 10 (IL-10) cytokine, in the presence and absence of the inflammatory stimuli
(bacterial endotoxin; lipopolysaccharide (LPS)), was measured using an ELISA assay. Our results
revealed that the cellular response depended on the physical-chemical characteristics of the coatings.
Copolymer-HA-Lf coatings led to low level of pro-inflammatory TNF-α, the increased level of
anti-inflammatory IL-10, and the polarization of THP-1 cells towards an M2 pro-reparative phenotype
in the presence of LPS. These findings could have important potential for the development of
composite coatings in implant applications.

Keywords: composite coatings; MAPLE; Lactoferrin; macrophage interactions

1. Introduction

The success of a bone implant material is dependent on the host immune response. Following injury
or implantation of a biomaterial, there is an infiltration of inflammatory cells at the site of the wound.
Monocyte-derived macrophages [1] are among the first cells that interact and react to implanted
biomaterials, playing a role in the inflammatory response and orchestration of tissue repair [2–6].
They are key cells involved in the control and modulation of the inflammatory response associated
with the host tissue response to foreign bodies [7–9]. The cellular response may range from the
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immune stimulator to the immune suppressor depending on the polarization state of macrophages
determined by environmental factors and parameters of the biomaterials [10]. Geometry, topography,
hydrophobicity or surface chemistry, as well as the mechanical properties or composition of the
materials, are characteristics that influence the response of macrophages [6,11–15].

The macrophage phenotype is roughly divided into two distinct populations: M1 pro-inflammatory,
classically activated macrophages and M2 anti-inflammatory, alternatively-activated macrophages.
The classification is done according to in vitro stimulation, released cytokines, receptors expressed on
the cell surface, as well as enzyme activity [2,16–21]. Thus, the M1 type can be activated in vitro by the
stimulation of lipopolysaccharide (LPS), and secretes pro-inflammatory cytokines like tumor necrosis
factor alpha (TNF-α) and exhibits predominantly C-C chemokine receptor type 7, CCR7 cellular
marker. The M2 phenotype associated with wound healing and tissue repair is activated in vitro by
IL-4 or IL-13 cytokines, and secretes mainly IL-10 and expresses mannose receptor CD206, Cluster of
Differentiation 206 [16,19,21–23].

To optimize the response of bone biomaterials and avoid excessive inflammation or implant
rejection, different immunomodulation approaches have been adopted to interfere with the immune
system [24–30].

An innovative strategy to increase the efficacy of a biomaterial with medical applications could be
its coating with a natural protein or a biological compound. Unlike the case of injection of a bioactive
compound that is usually rapidly removed from the body, depositing the protein on the surface of
the implanted material causes an increase in its concentration and results in a controlled local release.
This approach may also help to prevent post-surgical infection in bone implants [31] and favor a local
induction of osteogenic differentiation.

Different types of biomaterials with specific characteristics are used as drug carries for efficient
delivery of a biomolecule to a specific target [32]. It is worth mentioning that new strategies
have emerged to implement therapies with enhanced drug accumulation in the targeted tissue
area and decreased side effects [33,34]. Biomaterials, designed for hard tissue engineering and
regeneration, exploit different strategies for spatially and temporarily controlled drug delivery with
osteoimmunomodulatory properties for efficient osteogenic regeneration [35].

One protein of practical interest is lactoferrin (Lf), which, besides its antimicrobial and
anti-carcinogenic activities, also has an anti-inflammatory function and an osteogenic role [36,37].
Lf released at the site of injury interacts with microbial elements and with cells of the immune system,
affecting them at both the cellular and molecular level [38–44]. The protein also plays an important
role in the activity of bone cells, as it shows anti-apoptotic and differentiation effects on osteoblasts and
an inhibitory effect on osteoclastogenesis [45–47].

It was recently shown that implants coated with different hydroxyapatite (HA) forms, crystalline
or amorphous, can trigger different inflammatory responses related to surface chemistry and
morphology [48,49]. Moreover, HA in combination with other growth factors, proteins or polymers has
been used for studying the influence on both inflammatory and osteogenic responses. Thus, different
studies have been performed with Lf-HA functionalized nanocrystals [50,51] revealing this combination
as a promising system with anti-inflammatory properties and increased osteogenic capacity. It has been
proved that biomimetic HA nanocrystals surface-functionalized with Lf have antibacterial activity
effective against Gram-positive and Gram-negative bacteria [52–54].

There are various deposition methods which can be used for coating a surface, from click
chemistry to physical simple methods, such as spin-coating, or more complex procedures, such as
laser deposition [55–65]. The main disadvantages for most of the techniques are the poor control
over thickness and roughness, lack of possibility to include proteins or growth factors within a wide
range of synthetic polymeric matrices, or the fact that the methods imply toxic precursors, causing the
destruction of the bio-compounds. There are also limited options when composite materials containing
organic polymers, ceramics, and proteins are required.
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In recent years, Matrix Assisted Pulsed Laser Evaporation (MAPLE) has been used for depositing
single component coatings constituted of simple polymers to functional Micrococcus bacteria for a
wide range of applications. MAPLE technique is derived from Pulsed Laser Evaporation, except it is
using a frozen target that consists of a solution of the material of interest dissolved or suspended in a
solvent (final concentration maintained below 5% (w/v)). The choice of solvent is based on its volatility
and ability to absorb the wavelengths used, without the denaturation of the material. During the
deposition process, the laser beam is scanned on the target surface, the laser beam energy being
absorbed by the frozen solvent, therefore vaporizing it and transferring the target molecules toward
and onto the substrate placed parallel and at a distance of few cm from the target. Depending on the
number of pulses and target composition, there is a deposition/growth of a thin film on the surface of
the substrate, while the solvent molecules are pumped away [57–64]. Moreover, MAPLE was shown to
be an appropriate approach for obtaining hybrid coatings by embedding, in a controlled way, ceramic
material, graphene, nanoparticles within a natural or synthetic polymer layer [57–64].

We recently demonstrated the potential of the MAPLE technique for single-step deposition of
multiple bioactive factors as an embedding process into a biodegradable synthetic polymeric thin film
(PEG-PCL-Me, Co). The major advantage of the technique was the lack of influence of solvents or
specific deposition conditions on the functionality of proteins or drugs [57,58]. It was demonstrated
that by entrapping the osteoconductive factors, HA and Lf, within a biodegradable copolymer matrix
of PEG-PCL-Me, high performances of the multifunctional biomimetic coatings, such as enhanced
proliferation, differentiation, and survival of osteoblasts, were achieved [58].

As previously mentioned, the inflammatory response can dictate the final response of the implant
within the body. Therefore, a good understanding of macrophage interactions with a specific substrate
could bring important information on the tailoring of material surfaces that could have an impact on
further applications within biomedical devices.

Within this context, our study aimed to investigate the material-macrophage cell interactions
and the inflammatory response to composites containing amorphous HA, Lf, and the polyethylene
glycol-polycaprolactone (PEG-PCL) copolymer.

2. Materials and Methods

2.1. Materials

Poly (ethylene glycol)-block-poly(ε-caprolactone) methyl ether (570303 Aldrich) (PEG-block-PCL
Me -average Mn~5,000, PCL average Mn~5,000), Lf lyophilized powder (L0520 SIGMA), and HA
powder (677418 Aldrich) were obtained from Sigma-Aldrich (Saint Louis, MO, USA).

2.2. Coatings Deposition and Surface Characterization

Composite coatings were obtained by the MAPLE technique and the triple module target system,
as previously described [54]. Briefly, a “Surelite II” pulsed Nd:YAG laser system (Continuum Company,
Pessac, France) (266 nm, 6 ns pulse duration, 10 Hz repetition rate) was used at a fluence of 450 mJ/cm2

(for 0.02 cm2 laser spot size measured on the target surface) to irradiate in a single step a modular
target consisting of frozen solutions of PEG-block-PCL Me copolymer (Co), Lf, HA (Sigma-Aldrich,
Saint Louis, MO, USA).

Taking into consideration that the reported Lf concentration in the blood circulation is normally
below 1μg/mL, but significantly increased in inflammation/injury process, even up to 70 μg/mL [66],
an intermediate value of 10 μg of Lf per sample was used. In order to ensure uniform coverage
of the surfaces and sufficient polymeric layer to entrap the two bioactive components, the number
of pulses/sample was chosen according to the material type: 45,000 pulses for Lf, 30,000 pulses for
PEG-PCL-Me, and 30,000 pulses for HA, leading to the quantities of deposited materials of 10 μg for Lf
protein and 67 μg for HA. Nevertheless, for HA, the ratio Ca/P calculated according to energy dispersive
X-ray analysis (EDAX) for those conditions was close to that of bone, namely 1.58. PEG_PCL Me copolymer
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was used due to its ability to start degrading within the first 24 h due to PEG component, as well to
maintain the coating for longer periods than 1 month when deposited as thin films [58]. Moreover, based
on FTIR measurements, it was shown that the functional groups of all the elements were maintained both
after MAPLE process and incorporation of LF and HA within PEG-PCL copolymer matrix, which gives an
important advantage for the controlled release of functional bio-components [58].

For the single component coatings, each solution was well homogenized and rapidly frozen in a
liquid nitrogen-cooled copper container. The modular target system for embedding HA and Lf in the
copolymer coatings included one or two Teflon rings (concentric). Each material was frozen separately
and removed after freezing, so no interaction occurred between Teflon and the laser beam during
experiments [58]. Glass substrates were cleaned in acetone, ethyl alcohol, and finally deionized water
and dried before being placed in the deposition chamber. The target obtained was then mounted on
a copper holder inside the deposition chamber and maintained in a frozen state by liquid nitrogen.
In order to avoid local damages due to overheating and drilling as a result of the laser irradiation,
the target was rotated during the deposition time. The distance between the substrates and the target
was kept at 3 cm. The vapors of the solvents were extracted from the chamber by a vacuum pump.

The nano- and micro-topographical characteristics were analyzed by Atomic Force Microscopy
AFM (XE 100 AFM setup from Park System, Suwon, Korea) and Scanning electron microscopy (SEM)
(JEOL Ltd, Tokyo, Japan). Surface and roughness measurements were performed in a non-contact
mode. For each coating type, 5 areas were randomly selected and measured. SEM was performed
using a JSM-531 microscope (5 kV). The contact angles were measured by the sessile drop method,
and the reported values were obtained upon averaging 5 measurements performed on different areas
of the sample, at 60 s time interval to obtain a steady-state value.

2.3. Cell Culture Model

Human THP-1 cells (ATCC, CRL-12424) were maintained in RPMI 1640 medium with 10% (v/v)
inactivated fetal bovine serum (FBS) and 1% (v/v) streptomycin/penicillin at 37 ◦C in a humidified
atmosphere of 5% CO2. For in vitro biological assessment, THP-1 cells were cultured on material surfaces
at a density of 4 × 105 cells/surface material in 24-well plates (NUNC). Macrophages were generated
from monocytic THP-1 cells by incubation for 72 h with 100 ng/mL phorbol 12-myristate 13-acetate (PMA).
Materials with adherent THP-1-derived macrophages were moved to a new 24-well plate and incubated
for 4 h (resting phase) with glutamine-free RPMI medium supplemented with 5% (v/v) FBS. Cells were
maintained with or without 50 ng/mL lipopolysaccharide LPS (Escherichia coli 055:B5, Sigma L4524) for a
further 18 h to simulate pro-inflammatory and non-inflammatory experimental conditions.

2.4. Cell Viability and Proliferation

Before all biological experiments, the coatings were sterilized by immersion in 1%
Penicillin-Streptomycin solution for 15 min.

The proliferation of THP-1 cells cultured on the material surface was evaluated by the MTS
assay (CellTiter 96® AQueous One Solution Cell Proliferation Assay, Promega, Fitchburg, WI,
USA), which is based on reduction of a tetrazolium compound (3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium) to formazan by a dehydrogenase present
in the metabolically active cells. The amount of formazan released into the culture medium is
proportional to the number of live cells. Macrophage-differentiated THP-1 cells treated or not treated
with LPS were incubated with MTS solution at 37 ◦C. After 15 min, 100μL of supernatant was transferred
to a 96-well plate, and the optical density was measured at 450 nm using a microplate reader (Mithras
Berthold LB 940, Berthold Technologies, Bad Wildbad, Germany). The viability of THP-1 cells grown
on biomimetic surfaces was investigated using the LIVE/DEAD viability/cytotoxicity kit (Molecular
Probes, Eugene, OR, USA). Cells were incubated for 30 min with 10 μM Calcein AM (calcein AM) and
4 μM Ethidium homodimer-1 (EthD-1) in complete RPMI medium. Subsequently, the samples were
fixed with 4% paraformaldehyde (PFA) for 15 min. The nuclear labeling was carried out with Hoechst
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dilution 1:3000 (Life Technologies, Eugene, OR, USA) for 1 min. Negative controls (cell death) were
obtained by the treatment of differentiated THP-1 cells with 70% ethanol for 5 min. The samples were
mounted with ProLong Gold Antifade Reagent (Molecular Probes, Life Technologies, Eugene, OR,
USA) and immediately visualized with the 10× objective using the Zeiss Axiocam ERc5s ApoTome
microscope (Jena, Germany) with ApoTome.2 cursor mode. Representative images were captured with
the AxioVision Rel 4.8 program that controls the camera AxioCam MRm (Jena, Germany).

2.5. Cell Adhesion and Morphology

The coating effect on macrophage morphology and spreading was investigated by fluorescence
microscopy following the distribution of actin and vinculin filaments. Macrophages attached to the
surfaces in the presence or absence of LPS were fixed for 15 min with 4% PFA, permeabilized with 0.2%
Triton X-100, blocked for one hour with 0.5% BSA-PBS (bovine serum albumin-phosphate buffered
saline), and then washed with PBS. Actin filaments were stained with Alexa Fluor 488 Phalloidin
(green) (Invitrogen, Thermo Fisher Sci., CA, USA) for one hour at room temperature (RT) in 0.5%
BSA-PBS solution. Vinculin labeling was performed for 30 min with a mouse anti-human antibody
(Sigma) diluted at 1:50 in 0.5% BSA-PBS buffer and subsequently with Alexa Fluor 594-conjugated goat
anti-mouse antibody (red) (Life Technologies) dilution 1:400 in the same buffer for 30 min. The nuclei
were counterstained with Hoechst fluorescent dye (blue) (1:3000 in PBS) for 1 min at room temperature.
After repeated washing with PBS, the samples were mounted on a microscope slide with ProLong
Gold antifade (Molecular Probes, Life Technologies), an agent that allows the fluorescence signal to be
maintained over a prolonged period. Samples were examined using 20× and 40× lens of Zeiss Axiocam
ERc5s ApoTome microscope with ApoTome.2 cursor mode and AxioVision 4.8 software (Zeiss).

For scanning electron microscopy, THP-1 differentiated macrophage human cells cultured on the
surface of composite materials were washed with PBS and fixed with 2.5% glutaraldehyde solution in PBS
for 20 min. The samples were then subjected to gradient dehydration with 70%, 90%, and 100% ethanol
solutions in two rounds of 15 min for each concentration followed by two rounds of 3 min incubation
with 50%, 75% hexamethyldisilazane (HDMS, in ethanol), and then 100% HDMS solution. Evaporation of
the HDMS solution was carried out in a Euroclone AURA 2000 M.C. An Inspect S Electron Scanning
Microscope (FEI Company, Hillsboro, OR, USA) was used to obtain the electron microscopy images.

2.6. Cytokine Secretion Profile

The level of pro- and anti-inflammatory cytokines, TNF-α and IL-10, respectively, in cell
supernatants (stored at −80 ◦C) was determined by the sandwich enzyme-linked immunosorbent
assay (ELISA) method after 18 h of incubation with or without LPS (E. coli) bacterial endotoxin.
The commercially available ELISA assay kit for the TNF-α and IL-10 cytokines from the R&D System,
(Minneapolis, MN, USA) was used following the manufacturer’s specifications. Briefly, the experiments
were performed in 96-well plates (MaxiSorp, Nunc, Thermo Fisher Sci., CA, USA) treated at room
temperature for 24 h with anti-TNF-α and IL-10 specific monoclonal antibodies (R&D System).
After repeated washing with 0.05% Tween-PBS and blocking with 1% BSA in PBS, cell supernatants
were incubated for 2 h at room temperature followed by a 2 h incubation with detection antibodies
hTNF-α and hIL-10 coupled with biotin. The streptavidin-HRP conjugate and the H2O2: TMB enzyme
substrates (BD Biosciences, Becton, Dickinson and Company, East Rutherford, NJ, USA) were used to
measure the cytokine level in the cell environment. The enzyme reaction was stopped with H2SO4

2 N, and the optical density was measured at 450 nm (monitored by extinction reading at 450 nm)
on the Mithras LB 940 DLReady spectrophotometer (BERTHOLD TECHNOLOGIES GmbH & Co.
KG, Wildbad, Germany). To eliminate the variation of cell density and viability on each surface,
the amount of released cytokines was normalized and expressed in relation to the results obtained in
the cell viability assay against the control material. The cytokine concentration was calculated using
the formula: pg/mL normalized = pg/mL measured x (DO MTS control/DO MTS sample).
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2.7. Macrophage Polarization on Material Surfaces

The ability of macrophages to polarize on different coatings in the presence or absence of bacterial
endotoxin was investigated by fluorescent labeling of specific markers. Thus, cells were fixed for
15 min with 4% PFA, blocked for one hour with 0.5% BSA-PBS (reagent diluent), and then washed
with PBS. For chemokine type 7, macrophage M1 marker and for mannose receptor, macrophage
M2 marker staining, the samples were incubated with human anti-CCR7 monoclonal antibodies and
human anti CD206 antibodies (R&D systems), diluted 1:50 for 30 min at room temperature in reagent
diluent. Subsequently, the samples were incubated for 30 min with anti-mouse antibodies coupled
with Alexa-Fluor 594 and the anti-goat antibody coupled with Alexa-Fluor 488 (Life Technologies,
1:400 dilutions). The nuclear staining was made with the Hoechst (1: 3000 dilutions in PBS solution)
for 1 min at RT, and samples were mounted on a microscope slide with ProLong Gold antifade
(Molecular Probes, Life Technologies). Samples were inspected with a 40x objective (Zeiss Axiocam
ERc5s ApoTome microscope with ApoTome.2 cursor mode), and the representative images were
captured using AxioCam MRm camera controlled by AxioVision Rel 4.8 program.

2.8. Statistical Analysis

Data were collected from triplicate samples, and the results were expressed as mean values ±
SD. Significant differences with p-value < 0.05 between results were analyzed with GraphPad Prism
software (version 5; La Jolla, CA, USA) using one-way ANOVA or two-way ANOVA with Bonferroni’s
multiple comparison tests.

3. Results and Discussion

3.1. Surface Characterization of Composite Coatings

The chemical characterization of deposited surface used in the present work was previously
described [54]. However, the reduction of a number of pulses used led to a decrease of both Lf and HA
within the sample which have determined changes in the coatings morphology (Figure 1). A more detailed
view and changes related to the roughness of the samples are shown in Figure 2 for a single element and
for composites coatings. It can be observed that the previously observed trends, based on the composition,
are maintained, with some differences in the mediated roughness of the samples containing Lf and HA.
The morphology of the coatings consisted, in full coverage, of the substrates, with some random island-like
structures for the Lf and Co samples, while those based on HA had the accumulation of nanoparticles onto
the surface. The overview of the top morphology is shown in Figure 1.

Figure 1. SEM images of the top morphology of the coatings obtained by Matrix Assisted Pulsed Laser
Evaporation (MAPLE). Scale bar: 10 μm. HA: hydroxyapatite; Lf: lactoferrin.

In addition, the decrease of Lf and HA within the surface of the samples did lead to roughness
and hydrophilicity changes unlike in the previously reported samples. In fact, the corresponding AFM
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images also showed distinct features for the composite, with the surface root mean square roughness
results (obtained from the AFM measurements), revealing increased roughness, clearly indicating that
surface morphology and microstructure can change depending on composition.

Figure 2. Cont.
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Figure 2. AFM images (40 μm × 40 μm) of single component coatings (A) and composite coatings (B).
The right column depicts the detailed image of material organization for single component coatings and
composite coatings with 5 μm × 5 μm and 3 μm × 3 μm, respectively. HA: hydroxyapatite; Lf: lactoferrin.

The roughness for single components ranged from 217–270 nm, except for Lf which was characterized
by a 47 nm roughness, whereas by embedding Lf, HA or both within the polymeric matrix, there was a
decrease of up to 118 nm for Co-Lf and only up to 220 nm for HA-Lf. The same tendency of the decrease in
roughness of the coating containing the three components was observed (82 nm).

In spite of the differences observed in the surfaces roughness values, the water contact angle
measurements were consistent with our previous studies, following the same trend but with slightly
small differences in the measured values [58]. Thus, the hydrophilic character of the composite layers
Co-Lf, Co-HA, LF-HA, and Co-Lf-HA, as well as of the LF layer, was evidenced by the measured
contact angle values of 53◦, 64◦, 42◦, 45◦, and 24◦, respectively. In the case of single component layer
HA, the contact angle was 80◦, while for the Co layer, a value of 68◦ was measured.

3.2. The Behavior of Human THP-1 Cells on Modified Material Surface

During inflammation, monocytes are recruited to the place of implantation where they differentiate
toward macrophages. Different culture systems are used to study monocyte/macrophage interaction
with biomaterials [67]. In this study, experiments were performed with THP-1 pre-monocytic human
cells, a widely used cell line model for inflammation studies [66–70]. THP-1 cells were differentiated to
macrophages [71], grown on modified biomimetic surfaces, and their in vitro behavior was analyzed.

3.2.1. Viability and Proliferation of Differentiated Macrophage THP-1 Cells on Modified Material Surface

The proliferation and metabolic activity of the cells attached to and differentiated on the supports
were analyzed in the presence and absence of the inflammatory stimulus using the quantitative
colorimetric MTS assay. The analysis reflected a directly proportional correlation between the
measured absorbance and the number of viable cells. The test revealed a statistically relevant decrease
(p < 0.0001) in viability in the presence of bacterial endotoxin after 18 h (50 ng/mL LPS) irrespective of
the type of surface (Figure 3A). In the absence of lipopolysaccharide, all surfaces analyzed allow cell
attachment, with the highest metabolic activity being recorded for cells incubated on the Lf-coated
surface. Significantly elevated levels compared to control (uncovered surfaces) were found for
THP-1 differentiated cells grown on HA-Lf, Co, Co-HA, Co-HA-Lf coatings (p < 0.0001). In the case
of LPS treatment, a decrease in metabolic activity compared with the untreated cell was observed.
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The viability of the cells attached on the analyzed surfaces was similar, except for those on the Lf and
Co-coated surfaces (p < 0.0001) and HA-Lf and Co-HA (p < 0.05), which promoted survival and an
increased cellular proliferation compared to control.

 
(A) 

 

(B) 

Figure 3. (A) Viability of THP-1 cells attached to surfaces coated with complex hybrid biomimetic
components (Co, hydroxyapatite (HA), and lactoferrin (Lf)) in the absence or presence of LPS. Data are
presented as mean values ± SD, and significance was determined at * p < 0.05; (B) Fluorescence
microscopy images of macrophage-differentiated THP-1 cells on biomimetic modified surfaces (LIVE-DEAD
method). The live cells are marked by green fluorescent calcein, and dead cells are labeled with the
ethidium-1 homodimer in red. Images of fluorescence microscopy of THP-1 cells adhered for 72 h on the
surface of biomaterials and treated or untreated with lipopolysaccharide (LPS) (10×). Scale bar 100 μm.

The LIVE/DEAD assay was subsequently carried out to further verify cell viability using Calcein
AM/ethidium-1 homodimer dyes. The method is based on the simultaneous measurement of two
parameters, the activity of intracellular esterase and the integrity of the plasma membrane. The ethidium
homodimer penetrates the dead cells and binds to the DNA, thus serving as a control for cell death (red
cells), while non-fluorescence Calcein AM penetrates through the live cell membrane and, by enzymatic
conversion, is transformed into fluorescent calcein, marking the cells green. The results obtained
by microscopic investigation of the cells were consistent with those obtained by the MTS method.
Fluorescence microscopy images (Figure 3B) showed a decrease in cell number and an increase in
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cell death after the treatment with LPS, for almost all types of coatings. The negative effect of LPS
stimulation on THP-1 cells survival has also been reported by others [72,73].

3.2.2. Adhesion and Morphology of THP-1 Cells on Modified Material Surface

The cells attach to the surfaces of the materials through a variety of micro extensions, such as
filopodia or lamellipodia. In the particular case of macrophages, the interaction with different surfaces
involves dynamic cellular adhesion structures [74–76]. Podosomes have an important role in the
adhesion and degradation of the cell matrix, as well as in cellular motility [76,77]; these formations
being dependent on nature and the characteristics of the substrate. In this study, cellular interaction
and morphology were highlighted by fluorescence labeling of actin (green) and vinculin (red) filaments,
two proteins of the cellular cytoskeleton involved in cell adhesion. Morphological examination of
differentiated macrophage THP-1 cells under standard conditions (without LPS stimulation) indicated
a predominantly rounded morphology with smooth edges (Figure 4A) with defined actin and vinculin
filaments appearing at the cell peripheral. In the case of Lf-coated surfaces and of those with single
or complex Co-coatings, the presence of podosomes suggested an adaptation of morphology to
the substrate contact areas. When stimulated with LPS, THP-1 cells showed an increase in cell
surface contact with the material. The morphology of the cell was changed and mixed morphologies,
spherical, elongated or enlarged surfaces with irregular contours, could be observed (Figure 4B).
This morphological behavior might be associated with a cellular activation to the pro-inflammatory
phenotype (M1). The cells expressed filopodia and podosome structures that are involved in adhesion
and cell motility and might be an adaptation to an external stimulus (LPS), morphology, and surface
composition, as it is well known that topographical cues and surface chemistry can influence cellular
spreading and the formation of focal adhesion [12,20,78].

Figure 4. Adhesion and distribution of differentiated THP-1 cells on materials covered with
biomimetically modified surfaces in the absence of (A) or in the presence of (B) lipopolysaccharide
(LPS). Representative images of the attached cells 40× obtained by fluorescence microscopy by marking
actin (green), vinculin (red), and nucleus (blue). Scale bar is 50 μm. HA: hydroxyapatite; Lf: lactoferrin.
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SEM images (Figure 5) taken after macrophage differentiation revealed the presence of spherical
cells in the absence of LPS and mixed morphology, an enhancement of cell spread and cell protrusions
that allow cell-substrate interactions, in the case of LPS stimulation.

 

Figure 5. SEM images of THP-1-differentiated macrophages attached to the surface of biomimetically
modified surfaces in the absence and presence of bacterial endotoxin. Scale bar 100 μm for 1000× images
and 20 μm for the inserted image with 5000×magnification order. HA: hydroxyapatite; Lf: lactoferrin.

3.2.3. Inflammatory Response of THP-1 Cells Grown on Modified Material Surface

To assess the pro-(TNF- α) and anti-inflammatory (IL-10) cytokine secretion, experiments were
performed, both under standard culture and inflammatory simulation conditions (LPS treatment),
using an ELISA method. The cytokine secretion profile was detected after 18 h, in the absence or
presence of the inflammatory stimulus.

TNF-α and IL-10 are two important cytokines, with an immunoregulatory role, expressed by
macrophages; TNF-α is associated with the macrophage pro-inflammatory M1 phenotype, while
IL-10 cytokine is associated with the M2 anti-inflammatory phenotype [16,21].

No detectable levels of cytokines released by THP-1 cells regardless of the type of surfaces
were recorded, suggesting the absence of macrophage activation without LPS treatment. In contrast,
treatment with endotoxin led to an increased secretion level of pro-inflammatory and anti-inflammatory
cytokines (Figure 6). These findings indicate different cellular activation depending on the
physical-chemical characteristics of the coating. The release of TNF-α from macrophages cultured on
different surfaces revealed that Lf alone triggered a reduced release of pro-inflammatory cytokine
compared to control. However, when the HA component is combined with Lf, the level of cytokine
was elevated. The level of TNF-α was also increased, but to a lesser degree, when HA or Lf alone were
incorporated into the polymeric matrix (Co). Lf addition within the polymeric matrix together with
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the HA component led to a significant reduction (p < 0.05) in the release of TNF-α under inflammatory
conditions compared to Lf-HA. The capacity of Lf to affect the TNF-α release could be explained by
either its ability to directly bind endotoxin, and thus blocking LPS interaction with macrophages,
or its capacity to enter macrophages and inhibit pro-inflammatory cytokine production [72,79–81].
In the case of Co-HA-Lf, possible copolymer degradation, previously reported [58], could lead to a
reduced level of pro-inflammatory cytokine secreted by macrophages, due to the controlled release of
the biological component of the coating.
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Figure 6. Secreted levels of tumor necrosis factor alpha (TNF-α) (A) and interleukin 10 (IL-10) cytokines
(B) normalized to cell activity in lipopolysaccharide (LPS) treated condition. Data are presented as
mean values ± SD, and significance was determined at * p < 0.05 vs. CTRL, • p < 0.05 vs. HA •• p < 0.05
vs. Co-HA. HA: hydroxyapatite; Lf: lactoferrin.

The level of anti-inflammatory IL-10 cytokine released from THP-1 cells seeded on HA-Lf and
Co-HA-Lf coatings was notably higher than that released from macrophages cultured on the HA,
Co-HA, and Co coatings. Lf and Co-Lf surfaces also induced an increased release of IL-10 from
macrophages but to a lesser degree compared to coatings with combined bioactive components.
Coatings without Lf seemed to induce the lowest level of anti-inflammatory cytokine release from
cells. This behavior could be related to the well-known immune modulatory, anti-inflammatory
activity of Lf [82], which counteracts the pro-inflammatory state of macrophages induced by LPS.
Also, the increased release of IL-10 from THP-1 cells cultured on HA-Lf and Co-HA-Lf coatings
compared with the (rest of) other surfaces could be partially explained by the hydrophobic/hydrophilic
character of the coatings. Thus, the IL-10 level measured by ELISA after 18 h of incubation with
endotoxin was found to increase with the increase in surface hydrophilicity.

Similarly, Nocerino et al. [54] observed that Lf-HA nanocomposites had an immunomodulatory
activity on THP-1 cells stimulated with LPS, decreased the pro-inflammatory cytokines levels,
and increased the secretion of anti-inflammatory cytokines.

Knowing that a prolonged release of pro-inflammatory TNF-α cytokine is associated with an
inflammatory environment, an osteoclast activation, and alteration of implant integration [83,84], Lf is
an important bioactive component that maintains a low inflammatory profile important for proper
cellular activation and osteogenic proliferation and differentiation.

Taken together our results suggest that Co-HA-Lf coatings determine a cytokine secretion
profile associated with a tissue regeneration-favorable immune response, in agreement with previous
data [58], which clearly revealed that the incorporation of HA and Lf into polymeric coating enhanced
osteoblastic differentiation.
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3.2.4. Surface Effect on Macrophage Polarization

Multiple properties of biomaterial, including physical (topography and roughness) modifications
or surface chemistry, can influence immune response and play a significant role in macrophage
polarization towards inflammatory M1 or pro-regenerative M2 phenotypes [85–87]. This behavior
of macrophages has a direct impact on bone regeneration and biological performance of the
biomaterial [88–90]. Different surfaces with diverse chemistry and characteristics control macrophage
reaction and phenotype shift [15,91–93], with molecular events and cellular signaling pathways
involved in macrophage activation [94]. The cell response differs from the biomaterial surface and
in vitro cell models used in the investigation [6,67].

Macrophage polarization induced by surface chemistry and topography correlates with changes in
the profile response of cytokine [86]. For studying further the effect of hybrid surfaces on macrophage
polarization to the M1 pro-inflammatory phenotype or M2 anti-inflammatory phenotype, the samples
were incubated with antibodies specific for membrane markers of classical and alternative activated
macrophages. In this case, the presence of a pro-inflammatory phenotypic marker, CCR7, and the
anti-inflammatory phenotype specific marker, CD206 [17,95–97], was followed. LPS treatment is a
classic polarization protocol to the pro-inflammatory phenotype, but the presence of lactoferrin on
the analyzed surfaces, a protein with well-known anti-inflammatory effects, may cause a decrease
in the endotoxin effect. Immunomarking of macrophages untreated with inflammatory stimuli
revealed a particular activation. The cells displayed characteristics of both M1 and M2 polarization
states, especially on coatings with Lf. The cells presented both CCR7 (macrophage M1) and CD206
(macrophage M2) markers on the membrane surface, suggesting that they might be in a state of
variable continuing activation between the M1 and M2 state creating a heterogeneous population of
macrophages. Representative fluorescent images of the THP-1 cell cultured on different coatings are
shown in Figure 7.

This type of behavior was observed as well by Zhang et al. [50,98], who showed that
material-activated macrophages do not polarize specifically into M1 or M2 phenotypes but rather are
activated into a mixed phenotype with both M1/M2 characteristics.

During the inflammatory process, the macrophages suffer complex activation, expressing the
features of both M1 and M2 phenotypes. This activation could explain the simultaneous expression
of M1/M2 specific markers, the secretion of both pro and anti-inflammatory cytokines, as well
as the presence of mixed cell morphologies on composite surfaces. In the case of endotoxin
stimulation, it seemed that Lf counteracted the inflammatory effect induced by LPS, while the
cells cultured on coatings with Lf alone or in combination with HA or copolymer displayed an
enhanced anti-inflammatory M2 phenotype expression marker CD206 on the cell surface. The results
could be correlated with the ability of Lf to modulate the polarization of macrophages through its
anti-inflammatory properties [82] and also with the hydrophilic character of the hybrid coating [14].
In addition, M1-to-M2 transition on hybrid coatings of THP-1 cells stimulated with LPS could also be
explained by the interference of the hydroxyapatite component [99,100] and the polymeric coating,
which might be involved in a controlled release of the anti-inflammatory component [58].

Besides chemical-structural characteristics of our materials with anti-inflammatory effects (Lf,
HA), the roughness could have also an impact on macrophage polarization. Generally, surface
roughness maintained in the nanometer scale induces a decrease in M1 development of macrophages
and an increase in M2 phenotype [101]. Our films generated by each condition exhibited a submicron
roughness, with lowest values for coatings containing Lf alone or embedded within the polymeric
matrix. These films exhibited increased levels of anti-inflammatory IL-10 and the increased polarization
of THP-1 cells towards an M2 phenotype.
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Figure 7. The polarization of differentiated THP-1 cells on biomimetic coatings. Immunofluorescence images
(40×) of CCR7 M1 markers (red), CD206 M2 (green) on the cell surface, and nucleus (blue) in the absence
(left) and in the presence of (right) lipopolysaccharide (LPS) (Columns 1 and 3). Associated images of
optical microscopy (Columns 2 and 4). Scale bar 20 μm. HA: hydroxyapatite; Lf: lactoferrin.

4. Conclusions

The results revealed that the use of a Copolymer-HA-Lf composite could be a promising approach
to the creation of coatings for bone implant materials. In the presence of an LPS stimulus, surfaces
exhibited low levels of pro-inflammatory TNF-α, increased levels of anti-inflammatory IL-10, and the
increased polarization of THP-1 cells towards an M2 pro-reparative phenotype. Controlled release
of the components by polymeric coating allowed the combination of the properties of the two
biological compounds, namely the osteogenic capacity and bone mechanical stability of HA with
the anti-inflammatory and osteogenic effect of the Lf component, making the composition excellent
support for bone regeneration.
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Abstract: The aim of this paper is to present the current status on animal-origin hydroxyapatite (HA)
coatings synthesized by Pulsed Laser Deposition (PLD) technique for medical implant applications.
PLD as a thin film synthesis method, although limited in terms of surface covered area, still gathers
interest among researchers due to its advantages such as stoichiometric transfer, thickness control,
film adherence, and relatively simple experimental set-up. While animal-origin HA synthesized by
bacteria or extracted from animal bones, eggshells, and clams was tested in the form of thin films
or scaffolds as a bioactive agent before, the reported results on PLD coatings from HA materials
extracted from natural sources were not gathered and compared until the present study. Since
natural apatite contains trace elements and new functional groups, such as CO3

2− and HPO4
2− in

its complex molecules, physical-chemical results on the transfer of animal-origin HA by PLD are
extremely interesting due to the stoichiometric transfer possibilities of this technique. The points of
interest of this paper are the origin of HA from various sustainable resources, the extraction methods
employed, the supplemental functional groups, and ions present in animal-origin HA targets and
coatings as compared to synthetic HA, the coatings’ morphology function of the type of HA, and the
structure and crystalline status after deposition (where properties were superior to synthetic HA),
and the influence of various dopants on these properties. The most interesting studies published
in the last decade in scientific literature were compared and morphological, elemental, structural,
and mechanical data were compiled and interpreted. The biological response of different types of
animal-origin apatites on a variety of cell types was qualitatively assessed by comparing MTS assay
data of various studies, where the testing conditions were possible. Antibacterial and antifungal
activity of some doped animal-origin HA coatings was also discussed.

Keywords: animal-origin calcium phosphate coatings; natural hydroxyapatite; doping; high
adherence; pulsed laser deposition technique; biomimetic applications

1. Introduction

In the last few decades, the field of bone tissue engineering has been widely studied and expanded
for addressing bone-related traumas. By combining biomaterials and cells for bone tissue ingrowth, an
efficient and viable alternative to allografts or autografts could be delivered.

Bioactive materials represent a vast bioengineering research field with tremendous interest for the
production of durable implants and bone substitutes able to bypass rejection difficulties.

Calcium phosphates (CaP) are bio-ceramic materials used especially for orthopedic and dental
medical applications [1,2]. Synthetic hydroxyapatite (HA), with the complex chemical formula

Coatings 2019, 9, 335; doi:10.3390/coatings9050335 www.mdpi.com/journal/coatings135
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Ca10(PO4)6(OH)2, is the most well-known CaP material, and is frequently used in implantology
due to its close chemical composition and crystallographic structure resemblance with the mineral
phase of vertebrate bones (50% in mass and 70% in volume) [3–5]. We stress upon that the mineral
constituent of vertebrate skeletal systems mainly consists of a calcium-deficient HA, doped with various
ions [6]. According to the biomimetic approach, a material designed to repair the skeletal system
must be similar to the biological one in terms of composition, stoichiometry, the crystallinity degree,
morphology, and functionality. It was reported that HA can promote new bone in-growth through
the osteoconduction mechanism without eliciting local or systemic toxicity, inflammation, or foreign
body response [7–9]. When an HA-based ceramic is implanted, a fibrous tissue-free layer containing
carbonated apatite forms on its surfaces and contributes to the implant bonding to the bone. This results
in earlier implant stabilization and superior fixation of the implant to the surrounding tissues [8–10].
Moreover, the development of microbial biofilms onto the surface of medical devices or human
tissues represents a worrying health problem, which can lead to a high diversity of biofilm-associated
infections, with increasing incidence [11]. Therefore, the antimicrobial properties of HA are also of
key importance [12,13]. Taking into account all these demands, one could, therefore, explain the large
interest for synthesis and deposition of apatites enriched with biologically-active ions or molecules, as
well as more resorbable (soluble) CaPs.

Despite its excellent bone regeneration properties, HA has also some important disadvantages:
HA-based ceramics are very brittle in bulk [14] and are characterized by poor mechanical properties,
especially in liquid media. Therefore, HA-based materials cannot be used in bulk for orthopedic
devices, which must withstand the application of high loads during their lifetime [15]. To overcome
these drawbacks, HA can be applied as a coating onto the surface of metallic or polymeric implants,
which aim to significantly improve implants’ overall performances, by successfully combining the
excellent bioactivity of the ceramic with the mechanical advantages of the substrate implants [14,16].

Various techniques have been and are continuously developed to obtain HA. In this respect, they
can be categorized in two main paths of producing HA: (i) the first one implies the use of chemical
routes, and (ii) the second one involves extracting it naturally, from biogenic, mammalian, or fish bone
sustainable, low-cost resources (further denoted as BioHA).

For depositing CaP coatings onto metallic implants, the industrial technique of choice is
plasma-spraying, due to the synthesis speed, large area of deposition, and work in an ambient
atmosphere [17]. However, HA coatings produced using this technique are prone to cracking and
delamination and, because of high-processing temperatures, could contain residual decomposition
phases. In this respect, current interests are quickly advancing toward two focused research directions:
(i) increasing the biomimicry of HA-based coatings with respect to the composition and structure of bone
apatite, and (ii) improving or even discovering alternative deposition techniques, which can allow for
the achievement of novel HA (doped) coatings with increased mechanical and biological characteristics.

When compared to other physical vapor deposition techniques, i.e. thermal evaporation or
sputtering, the pulsed laser deposition (PLD) technique stands as a simple, versatile, rapid, and
cost-effective method, which can enable precise control of thickness and morphology for the fabrication
of high-quality films [18,19]. The main advantage of the PLD technique applied for HA-based
bio-ceramics is represented by its capacity to grow stoichiometric films with a controlled degree of
crystallinity and thickness. By this method, one can assure the flexibility to control the morphology,
phase, crystallinity, and chemical composition of obtained CaPs. These characteristics have a
special influence over bio-resorption or dissolution, which are directly involved in the process
of films’ osseointegration.

Taking into account all these aspects, the aim of the current review is to emphasize the advantages
of using animal-origin HA coatings as viable substitutes of synthetic HA ones, which are fabricated by
the PLD technique for implantable applications. Conclusions will be drawn, future perspectives will
be advanced, and a series of recommendations will be highlighted.
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2. Review of Literature

A digital search was performed using Web of Science (http://apps.webofknowledge.com), following
the criteria described below.

2.1. Inclusion Criteria

1. Articles written in English. 2. Use of animal-origin HA materials for physical-chemical, in vitro
and in vivo studies. 3. Pulsed laser deposition as the technique used for the synthesis of animal-origin
HA coatings. 4. Articles written starting from the year 2001.

2.2. Exclusion Criteria

1. Non-English articles. 2. Nanoparticles. 3. Other deposition techniques (such as Plasma
spraying, Magnetron sputtering, etc.) used for the synthesis of animal-origin HA coatings.

After the review process, a total of 49 articles met the inclusion criteria and were further assessed
in detail and parts of the reported results were considered and discussed in this review.

3. BioHA vs. Synthetic HA

Various methods have been used to obtain HA due to its attractive biological properties and
resemblance to the mineral part of the bone. There are two main categories of methods used to
produce HA.

(i) The first one, which is generally utilized due its reliability, implies the use of inorganic synthesis
by different methods, such as hydrothermal [20,21], co-precipitation [22,23], or sol-gel [24]. However,
these approaches are, on one hand, polluting and time-consuming, and, on the other hand, quite
expensive [25,26]. Moreover, the resulting synthetic HA, which is a stoichiometric material with Ca/P
ratio of 1.67, does not completely match the chemical composition of bone [27].

(ii) Thus, researchers managed to find alternative, low-cost methods to produce HA, such as
obtaining it from biogenic, mammalian, or natural fish bone (sustainable/renewable) sources. BioHA is a
carbonated, non-stoichiometric Ca-deficient material with a reduced degree of crystallinity. Therefore, it
differs from synthetic HA in terms of composition, stoichiometry, crystal size/morphology, crystallinity
degree, degradation rate, and overall biological performance. One should also note that there might
exist some concerns about the use of natural HA because of the potential risk of dangerous diseases
transmission, when the material is not well-prepared [27]. However, when all health security issues
are handled [28,29], then HA derived directly from sustainable, low production cost materials (such as
animal bones) has a composition that closely matches the morphological and structural architecture of
the inorganic components of the human bone. In fact, it has been reported that HA obtained from
biowaste such as eggshells, bovine bones, fish-scales, and fish bones can lead to overall properties and
behavior comparable or even better than synthetic ones due to the similarities of bone apatites [2,30,31].
However, in order to completely benefit from the previously mentioned advantages against synthetic
HA, BioHA should be extracted in a controlled manner, i.e., from resources for which one knows the
exact alimentation and way of life of animals, since this could directly influence the overall quality of
the final product, HA.

Functional groups from biological apatites can be substituted with trace amounts of cations
(Na+, Mg2+, and K+), anions (F−, Cl−, SiO4

4− and CO3
2−), or, in some cases, by both [2,32,33], either

adsorbed on the surface of the crystal or incorporated in the lattice structure [34–37]. Specifically, in
the apatite structure, the carbonate ions can replace either the hydroxyl or the phosphate ion sites,
which leads to a type-A or type-B structure [38]. If these substitutions take place simultaneously, a
type-AB substitution occurs, as in the case of the bone mineral [32,39,40]. One should note that the
mineral bone substitutions with various trace elements are considered directly responsible for the
modifications in crystallinity, solubility, and biological response [41] and, therefore, they play a key
role in the performance of hard tissues and the overall osseointegration process. As a consequence,

137



Coatings 2019, 9, 335

alternative methods used to modify the HA structure by incorporating different ions to improve the
osteoconductive properties of synthetic HA is currently of interest to the scientific community [2].

Apatite crystals produced in the biological system are different in many ways from the crystals
obtained using synthetic precursors. The apatite crystals grown in the living system bear smaller
crystallite size. Therefore, they have a large surface area, which further allows them to absorb an extra
number of ions. In short, biological minerals tend to attain an organized structure in a very short
time [42].

Table 1 introduces the sample codes, which will be further used in the text.

Table 1. Sample acronyms related to different materials used throughout the review and
their explanation.

Sample Code Sample Description

Ti Titanium (control specimen or deposition substrate)
HAsyn Synthetic hydroxyapatite
DHA Dentine hydroxyapatite
BHA Bovine hydroxyapatite
SHA Ovine (sheep) hydroxyapatite

BHA:Li Bovine hydroxyapatite doped with Li2O
BHA:CIG Bovine hydroxyapatite doped with commercial inert glass

SHA:Ti Ovine (sheep) hydroxyapatite doped with titanium
BHA:MgF Bovine hydroxyapatite doped with MgF2
BHA:MgO Bovine hydroxyapatite doped with MgO
BHA:LiC Bovine hydroxyapatite doped with Li2CO3
BHA:LiP Bovine hydroxyapatite doped with Li3PO4

The use of BioHA comes from the ambition and continuous efforts of researchers to attain
biomimetism. While the chemically-synthesized HA is similar to the mineral part of the bone, it
lacks trace elements and functional groups that modify the chemical formula of the natural HA in
bone. Because of the fact that it is too laborious and probably impossible to chemically synthesize
HA with the right amounts of trace elements and functional groups, an easy method is to isolate
the biological HA from bones of various animals, to transform it into powder, and to press it into
pellets that will be further used as PLD targets. Mammalian bones contain a higher source of ions and
trace elements [43–46], with Mg2+ and Na+ being the most frequently found ones. One notes that the
presence of Na+ and Mg2+ ions alongside HA play an important role in the development of teeth and
bone, whereas their absence could cause bone loss and fragility [2]. Other trace elements such as K+,
Sr2+, Zn2+, Si4+, Ba2+, F-, and Al- have been identified. However, the overall concentration of these
elements can vary and this is due to differences in the diet of the animals [47].

BioHA mainly differentiates from chemically synthesized HA by the presence of carbonate ions.
The Ca10(PO4)6(OH)2 complex formula of pure HA changes into:

Ca10-x(PO4)6-x(CO3)x(OH)2-x

where 0 ≤ x ≤ 2 [48].
Another possibility can be that in (PO4)3− sites to find hydrogen phosphate (HPO4)2− ions [49].

Winand et al. [50] proposed a general formula for hydrogen phosphate-containing apatites:

Ca10-x(PO4)6-x(HPO4)x(OH)2-x

where 0 ≤ x ≤ 2.
However, it is highly possible that BioHA can concomitantly have substitutions with CO3

2− and
HPO4

2− groups. Hence, Combes et al. [37] advanced the following formula:

Ca10-x(PO4)6-x(CO3 or HPO4)x(OH or 1/2CO3)2-x
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where 0 ≤ x ≤ 2.
It should be mentioned that various studies showed a deviation of OH− groups in the composition

of bone-extracted apatites as compared to the standard HA formula. A possible explanation could be
that PO4

3− groups are reactive with water molecules trapped in the lattice or from the surrounding
medium, which results in the formation of hydrogen phosphate:

H2O + PO4
3− → HPO4

2− + OH−.

Trace elements in the composition of BioHA materials are commonly determined qualitatively
by spectroscopic techniques. It should be noted that there are chemical methods that involve
dissolution of the mineral part of the bone and identification of constituents, but they are susceptible to
post-decomposition chemical reactions. For metallic ions such as Na, K, Al, and Sr, it is believed that
they do not influence the apatite properties, as long as they remain in the normal concentrations known
for the human body. However, by accumulation following diet intake, some elements’ increased
content might cause biological reactions such as bone weakening or induction of osteoporosis.

A trace element with a clear effect on bones is fluorine, which forms in bone apatites fluoride ions.
In addition, 99% of fluorine in most organisms is accumulated in bones in the form of fluorides (as
e.g. NaF) [51]. In the human body, the fluorine content is of 0.05% to 0.1%. Its presence favorizes an
increase of bone density, but, in high content, causes a disease called fluorosis, in which bones become
hard and brittle. Studies suggest that fluoride also has anti-plaque properties. It was reported that
amine fluoride and stannous fluoride possess bactericidal properties against oral bacteria [52].

Dopants may have an important role in the structure and properties of BioHA coatings. For
the crystallites size function of dopant materials in the case of BioHA coatings synthesized by PLD,
the reader is guided to consult Table 2. Duta et al. [25] observed that a percentage of 1.5 wt.% Ti in
composition of PLD targets from SHA causes synthesis of layers with a reduced degree of crystallinity.
Deposited SHA coatings without Ti display a crystallinity degree of ~30%, while, for the ones doped
with Ti, deposited in the same experimental conditions, the crystallinity degree dropped to 7% only.

Table 2. Crystalline coherence length in the case of BioHA coatings synthesized by PLD, function of
doping materials. Determinations were performed along the c-axis [(002) crystal plane] and a-axis
[(300) crystal plane] by applying the Scherrer Equation.

Sample Material D002 (nm) D300 (nm) D002/D300 Reference

HAsyn 59.2 47.4 1.25 [53]

SHA 50.1 48.5 1.03 [25]

BHA 152.8 103.8 ~1.47 [54]

SHA:Ti 41.6 32.1 1.30 [25]

BHA:Li 83.5 56 1.49 [53]
BHA:CIG 48.9 23.4 2.1

BHA:MgF 100.0 89.6 ~1.11 [54]
BHA:MgO 169.7 141.2 ~1.20

BHA was doped with various elements in order to identify their role on the crystallinity of the
obtained coatings. Thus, it was shown that by inserting 1 wt.% lithium into the BHA target, a film with
a higher degree of crystallinity could be obtained, as compared to undoped BHA structures. A mix of
10% commercial bioinert glass and 90% BHA could produce a film consisting mainly of HA with small
crystallites (48.9 nm in length vs. 83.5 nm for BHA:Li and 71 nm for BHA coatings) and a high degree
of anisotropy (D002/D300 = 2.1 vs. 1.49 in the case of BHA:Li and 1.34 in the case of BHA coatings) [53].

In FTIR investigations, bands characteristic to carbonate groups were identified both in targets and
films made of BHA. The lines peaking at (1419, 1457, and 1544 cm−1, respectively) were characteristic
to C–O asymmetric stretching and were present in both spectra of targets and films.
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In the case of bovine HA doped with MgF2 (BHA:MgF) structures [54], the dopant indirectly
induced the presence of MgO traces caused during sintering of the targets by partial oxidation of MgF2.
The amount of MgF2 in targets was of 2% and the amount transformed in MgO was estimated to be of
0.4 wt.%. However, in films, peaks of MgF2 were not identified, but only supplemental weak MgO
peaks were observed. This can hint toward the possible structural substitution of the Mg2+ cations (in
the Ca2+ sites) and F− anions (in the OH− group sites) into the HA lattice during the deposition process.
By incorporating MgF2 in the BHA structure, the HA crystallites’ length was reduced from 152 to 100
nm, while the ratio between length and width, D300/D002, dropped from 1.47 to 1.11. Mihailescu et
al. [54] also inserted 5 wt.% MgO in BHA targets and observed that, in this case, crystallites length
increased from 152 to 170 nm. The D300/D002 dropped from 1.47 to 1.20.

One notes that, in the case of MgF2 doping, FTIR investigations revealed the disappearance
of the (OH)− bands from the synthesized coatings. Moreover, supplemental vibration bands have
been recorded at ~876 to 873 cm−1, which is ascribed to the overlapping of the characteristic peaks of
(HPO4)2− and (CO3)2− groups.

4. Preparation of Materials

Powder Preparation

It is important to mention that all the experimental procedures used for the fabrication of
animal-origin HA materials are conducted in accordance with the European Regulations [28] and ISO
22442-1 standard [29].

4.0.1. Extraction of HA from Mammalian Bones

BioHA, is usually extracted from bones and teeth of various animals. To obtain the raw materials,
cortical bones originating from bovines or swine are the choices generally reported in various studies
tackling the extraction of natural/biological HA [2,41]. Two possible explanations for this preference
might be advanced: (i) the immediate availability of cow and sheep bones in commercial shops and
abattoirs to the difference of more exotic sources such as marine animals, and (ii) the extracellular matrix
of bovine bones is mainly composed of HA nanocrystals and collagen fibers. The bones represent 11%
of pork, 15% of beef, and 16% of sheep carcasses, respectively. Due to human consumption of these
animals’ meat, billions of tons of such by-products are generated every year. Moreover, millions of
tons of eggshells are thrown out as waste material yearly. Part of these by-products are repurposed as
ingredients for pet food, fertilizers, or in pharmaceutic and cosmetic industries. Their applicability can
be increased to the biomedical sector, where bones can be used as grafts, scaffolds, or as raw materials
for the production of HA for coating of implants [2,55].

BioHA powders are usually obtained from the cortical part of the femoral bones of freshly
slaughtered animals (received from slaughter houses, which use the other animal parts for general
consumption) [11]. Bones are generally delivered on ice to laboratories and, before use, they are
submitted to a veterinary control. HA derived from animal bones is generally prepared following a
three-step procedure: (i) mechanical cleaning of soft tissue, (ii) deproteinization in the alkali media,
and (iii) calcination at temperatures sufficiently high to remove any remnant organic and biological
hazardous components. Additionally, all bones are thoroughly washed and/or boiled with distilled
water. After this preliminary step of washing and drying, the bones are cut off, gently checked for any
remnant ligaments and soft tissues and further processed. Next, bone marrows are extracted, and all
other unwanted soft tissue residues or macroscopic adhering impurities and substances are removed
from shafts. Then, the shafts are cut off into slices, cleaned, and washed with distilled water. Cleaned
parts are deproteinized in either sodium hypochlorite, hydrogen peroxide, diammonium hydrogen
phosphate, acetone, or NaOH solutions [56–59]. After washing and drying, for the calcination process,
the bone pieces are heated in a furnace (at various temperatures ranging from 350 ◦C to 1400 ◦C, for 1
to 18 h in air (Table 3), in order to completely remove the organic matter from the bones. One should
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emphasize that the as-prepared powders are biologically safe due to the high temperature fabrication
route, which not only favors the crystallization of the material, but also completely prevents any risk
of diseases transmission, since no pathogen can survive to such extreme conditions [25,53,54,60]. The
resulting calcined bone specimens are cooled to room temperature (RT) by slow furnace cooling. Then,
they are generally crushed inside an agate crucible, using a mortar and pestle, prior to undergoing
ball-milling to fine powders (i.e., with particles of submicron size).

Figueiredo et al. [61] performed a comparative study of the structural and chemical properties
of both human and animal bone-derived HA, submitted to different calcination temperatures (600,
900, and 1200 ◦C, respectively). The obtained results indicated that the calcination temperature
strongly influenced the properties of the bone samples. At higher temperatures, pure HA could
be obtained, which presents higher crystallinity degrees, larger crystallite sizes, and a less porous
structure. Figueiredo et al. concluded that the mammalian bone samples calcined at 600 ◦C exhibited
the most promising combination of chemical composition and structure that could be exploited to
provide good alternatives to synthetic apatite and/or allogeneic bone.

The viability of producing biogenic HA from bio-waste animal bones (bovine, caprine, and galline),
by heat treatments in air atmosphere at different temperatures (600–1000 ◦C) was demonstrated by
Ramesh et al. [62]. Among the three types of investigated animal bones, it was demonstrated that
the bovine-derived HA was stable for all investigated temperatures, while those produced from both
caprine and galline bones exhibited signs of decomposition, with the appearance of the β-TCP phase
at temperatures beyond 700 ◦C. In addition, the bovine and caprine bones presented hardness values
comparable with the ones of the human cortical bone, while, for galline bone samples, higher porosity
levels and low hardness values were inferred.

Akyurt et al. [63] produced HA from sheep teeth, by calcination and sintering at different
temperatures (1000–1300 ◦C). Compression strength and microhardness measurements were performed
and the obtained results were the best in the case of samples sintered at 1300 ◦C. This behavior was
attributed to the F-content presence in the enamel structure.

Gheisari et al. [64] prepared natural HA-Hardystonite (HT) ceramics with different percentages
of HT (5, 10, and 15 wt.%, respectively). Their results showed that the mechanical properties of HA
increased and the bioactivity behavior improved with the addition of HT to natural HA. The maximum
value of the density was inferred for the 10 wt.% HT samples, which was attributed to the formation
of HT silicate phases between the matrix particles and formation of glass bonds. Moreover, the 15
wt.% HT nanocomposite samples had the lower cold crushing strength as compared to the other
ones investigated in the paper, which was due to the overlapping of glass bonds. Simulated body
fluid test results indicated that the Si content increased in the samples with a higher amount of HT.
Consequently, the number of Si-OH nucleation sites expands and the formation of apatite layers takes
place along with an increase in the ceramics’ bioactivity. In a similar study, Khandan et al. [65] reported
on natural HA-diopside (Di) bio-ceramics, with different Di content (10, 20, and 30 wt.%, respectively).
The obtained results indicated that an elevated content of Di in the samples determined an increase of
both the density on the surface and the adhesion values. In order to maintain a surface free of cracks,
Khandan et al. indicated the optimum values for voltage, time, and temperature as being 50 V, 10 min,
and 850 ◦C, respectively.
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Barakat et al. [30] proposed in their study three different methods to extract HA from bovine bones,
which include thermal decomposition, subcritical water, and alkaline hydrothermal processes. One
advantage of the first method was to produce an HA nano-rode rather than the nanoparticles obtained
by using the other two proposed methods. However, the morphological investigations illustrated
smaller-size particles in the case of subcritical and alkaline hydrothermal processes, as compared to
thermal decomposition. Barakat et al. concluded that the proposed methods are simple and cheap,
which are two important advantages that might advance their use for large scale applications.

Giraldo-Betancur et al. [66] reported on a physical-chemical comparison of synthetic and biological
HA. The bio-HA samples originated from bovine bones and were prepared by using three different
treatments (defat, alkaline, and calcination). It was indicated that the calcination and alkaline processes
delivered crystalline HA, which presented a comparable quality to the synthetic one. In addition, it
was illustrated that the calcination process was appropriate to obtain HA with the minor and major
elements that appear in the natural bone tissue. After applying the alkaline process, a crystallinity
degree greater than 62% was detected. Moreover, the surface of the alkaline sample presented a
transition behavior between dense and porous morphology. In a similar study, Rincón-López et al. [67]
performed a comparative study on the physical-chemical properties and biological behavior of
sintered-bovine-derived HA and commercial HA. It was demonstrated that highly crystalline HA
could be obtained from bovine bones. One should note that the Na+ and Mg2+ ions intrinsically
presented in HA of bovine origin seemed to influence the sintering behavior evolving to ceramics
with lower porosity and coarser microstructure compared to those obtained with synthetic HA. Both
these studies indicated the possibility to use HA derived from bovine bones as a viable alternative to
synthetic HA for biomedical applications.

In Table 3, the details for HA powder preparation using mammalian sources are summarized.
The colour of the resulting powders (Table 3) is either milky-white or green.
For more information on BioHA extraction methods from mammalian bones, the reader can

consult additional information contained in references from Table 3.
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4.0.2. Extraction of HA from Fish Sources

Even though fish bones represent a rich source of calcium, phosphate, and carbonate [2], there are
scarce reports on HA synthesis from these natural sources for biomedical applications [82]. In general,
fish bones originate from fisheries, which capture fish and use it mainly for obtaining meat, oil, or
some low-value fertilizers [2]. The fish bones are collected after gently removing the flesh parts from
the entire fish. The bones are washed with a hot water jet or steam to remove all types of proteins and
other organic impurities. The cleaned bony parts are further treated with reagents such as NaOH [83].
Similar to the case of mammalian bones, after washing and drying, the bone pieces are subjected
to heating at various temperatures ranging from 100 to 1200 ◦C, for 1 to 12 h in air (see Table 4), to
completely eliminate any organic matter from the bones. The resulting calcined fish bone specimens
are cooled to RT by slow furnace cooling. Afterward, the specimens are either hand-crushed with a
mortar and pestle or ball-milled to fine powders (Table 3). One notes that the color of the resulting
powders (Table 4) is white.

Table 4. Preparation of HA powders derived from fish sources, presented in order of the
calcination temperature.

Source Material Pre-Treatment
Calcination

Reference
[◦C] Time [min]

Cuttlefish bones Heating at 200 ◦C for 6, 12, and 24 h and drying 100–1200 60 [84]

Sword fish and tuna bones Boiling in water for 1 h and washing by a strong water
jet, drying at RT in air for 24 h 600–950 720 [85]

Fish bone wastes Incineration at 300 ◦C for 3 h 750 300 [88]

Fish scale
Hydrolyzation under 1% protease N for 2.5 h, and 0.5%
flavourzyme for 0.5 h, stirring and heating in boiling
water for 10 min, drying by hot air, and storing at –20 ◦C

800 240 [86]

Cod fish bones Immersion in CaCl2·2H2O, Ca(C2H3O2)2 and NaF
solutions, for different time intervals, stirring at 75 ◦C 900–1200 60 [87]

Tuna bones Washing with hot water for two days, mixing with 1.0%
sodium hydroxide and acetone, drying at 60 ◦C for 24 h 900 300 [83]

Shark tooth enameloid Keeping in boiling water for 3 h, drying in a laboratory
oven at 60 ◦C for 24 h 950 720 [89]

Dentine and enameloid of
shark teeth and deer antlers

Boiling water for 3 h and drying in a laboratory oven at
60 ◦C for 24 h 950 720 [90–92]

Venkatesan et al. [83] isolated HA from fish sources by applying alkaline hydrolysis and thermal
calcination methods. An increase in the particle size from 0.3 to 1.0 μm was observed when using the
thermal calcination method, which is due to the particle agglomeration. HA obtained by the second
method are of a nanorod shape, with 17–71 nm in length and 5–10 nm in width. Thermal calcination,
in comparison to alkaline hydrolysis, produced HA with a higher crystallinity degree.

Kannan et al. [84] used hydrothermal transformation of aragonitic cuttlefish bones at 200 ◦C and
calcination at temperatures up to 1200 ◦C to produce porous HA scaffolds with different levels of
fluorine substitution (46% and 85%) on the OH sites. The F incorporation in the HA lattice determined
a lowering of the unit cell volume because of the reduction of the a-axis length. The crystallites formed
were close in size to bone-like apatite and were orientated along the a-axis rather than the c-axis. An
type-AB carbonated apatite was also detected.

Boutinguiza et al. [85] reported on BioHA obtained from sword and tuna fish bones. The prepared
powders consisted of a B-type carbonate HA with a Ca/P ratio higher than that of stoichiometric HA
due to carbonate ions substituting phosphates. The presence of minor elements such as Na, K, Mg, and
Sr substituting Ca was also indicated. The calcination treatment performed at 600 ◦C delivered a B-type
carbonated HA. When reaching 950 ◦C, β-TCP was present in a minor amount and the carbonate
content decreased. This indicated a partial decomposition of the material. It was concluded that
these fish bone-derived materials originate from sustainable and cheap sources and could, therefore,
represent a promising future alternative to synthetic HA for medical applications.
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Huang et al. [86] compared the composition and biological properties of bio-waste HA derived
from fish scale with those of synthetic HA. The experimental results indicated that the fish HA materials
presented nano-sized particles with a high Ca/P ratio. Compared to synthetic HA, the sintering process
increased porosity and surface roughness for fish-derived HA. The alkaline phosphate assay and
von Kossa staining demonstrated that the fish-HA particles promoted osteogenic differentiation and
mineralization of MG63 cells. Taking into account these results, one should recommend fish scales as a
cost-effective and environmentally-friendly source for producing HA.

Piccirillo et al. [87] produced apatite-based and tricalcium phosphate-based materials from codfish
bones, by annealing at temperatures between 900 ◦C and 1200 ◦C. Single phase HA, chlorapatite,
and fluorapatite were obtained using CaCl2 and NaF solutions, respectively. One should note that
this was the first study to report on compositional modifications of natural origin materials used to
tailor the relative concentrations of elements. The obtained results indicated that, by using a simple
and effective valorization technique, the conversion of this by-product into a viable compound for
biomedical applications can be attained.

In Table 4, the details for HA powder preparation using fish resources are summarized.
For more information on BioHA extraction methods from fish sources, the reader can consult

additional information contained in references from Table 4.

4.0.3. Extraction of HA from Biogenic Sources

Every year, impressive quantities of biogenic resources such as eggshells, sea shells, and other
calcite materials are disposed of as waste by restaurants, hatcheries, bakeries, or homes [2]. Due to
the fact that they are very cheap and accessible, eggshells represent an important source of calcium
precursor required for the synthesis of HA.

In general, the preparation procedure to extract CaO from shells consists first in washing them
with boiling water or steam to completely remove all impurities. In the next step, the shells are crushed
to fine powders, which is followed by heating at elevated temperatures. The resulting CaO reacts with
phosphorous precursors to prepare HA by following a protocol detailed in Reference [93].

Starting from eggshells, Elizondo-Villarreal et al. [94] synthesized HA using a simple hydrothermal
approach. The obtained product was a mixture of HA and CaHPO4 in a 3:1 ratio, with HA morphology
in the form of whiskers. It was concluded that the obtained physical-chemical characteristics of HA
should advance this type of material for dental prosthesis applications.

HA was prepared by Chaudhuri et al. [95] from eggshells and a solvent such as dipotassium
phosphate. An appropriate amount of eggshells-derived CaO was immersed in K2HPO4 solution,
for different soaking times, to obtain nanocrystalline HA. Both grain size and pH indicated a slight
decreasing tendency with increasing soaking time. The lattice strain also showed similar behavior with
increasing soaking time. The proposed procedure for the low-temperature synthesis of large-scale HA
is rather simple, low cost, and eco-friendly.

Tamasan et al. [96] reported on the preparation and characterization of powders consisting of
the different phases of CaPs obtained from marine-origin raw materials of sea-shells (Sputnik sea
urchins and Trochidae I. concavus) in reaction with H3PO4. In the developing CaP powders, hot-plate,
and ultrasound methods were used. In the Sputnik sea urchins samples, brushite was found to be
predominant, while calcite was shown to exist as a small secondary phase. For the second analyzed
material, monetite and HA phases were identified. A thermal treatment performed at 850 ◦C resulted
in flat-plate whitlockite crystals (β-MgTCP) for both samples, regardless of the fabrication method.

Gunduz et al. prepared biphasic bioceramic nano-powders of HA and β-TCP [97] from shells
of a sea snail, by using a novel mechano-chemical method. When compared to the conventional
hydrothermal method, this chemical method is simple and economic, due to inexpensive and
safe equipment. The characteristics of the as-produced powders, along with their biological
origin, should advance these materials for further consideration and experimentation to fabricate
nanoceramic biomaterials.
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In Table 5, the details for HA powder preparation using biogenic resources are summarized.

Table 5. Preparation of HA powders derived from biogenic sources, presented in the order of the
calcination temperature.

Source Material Pre-Treatment
Calcination

Reference
[◦C] Time [min]

Shell of sea snail

Cleaning thoroughly from sand particles and other
foreign materials, drying, solution of H3PO4, hot-plate
stirring at 80 ◦C for 8 h, filtration, and drying at 100 ◦C
overnight in an incubator.

400–800 240 [97]

Sputnik Sea urchin and sea
snail shells Heating on a hotplate at 80 ◦C for 15 min 450–850 240 [96]

Chicken eggshells Cleaning with distilled water and keeping into 1 M
H2O2 solution for a week, drying at 90 ◦C 700 300 [94]

Egg shell Cleaning and washing with flowing distilled water,
drying at 300 ◦C for 1 h 850–900 180 [95]

Eggshells Cleaning in boiling water 900 120 [98]

Hen eggshell Stripping the membrane off the eggshell, rinsing with
water, drying 1000 180 [99]

For more information on BioHA extraction methods from biogenic sources, the reader can consult
additional information contained in references from Table 5.

5. Pulsed Laser Deposition Method

5.1. Method Overview

To the difference of wet synthesis methods, plasma-assisted techniques offer important advantages,
such as: (i) a much faster process for surface deposition, (ii) industrial scaling, (iii) a stoichiometric
transfer of the target composition in the synthesized structures, (iv) a better uniformity in terms of
morphology and composition, (v) a lower porosity, and (vi) a decreased tendency of the deposited
structures to crack or delaminate [100,101]. In the biomedical domain, for the fabrication of CaP
coatings for bone implant applications, the most applied plasma-assisted techniques are radio-frequency
magnetron sputtering and PLD [102].

PLD is a thin films synthesis technique consisting of the ablation by a focused, high power, pulsed
laser beam of a solid target in a vacuum environment and the condensation of the resulting vapor
phase on a deposition substrate placed parallel to the holder [19]. The most basic set-up consists of a
vacuum chamber, a laser source, a focusing lens, a target holder rotated by a motor, and a substrate
usually placed on a heater with the role to increase film adherence and promote crystallinity.

The wavelengths of choice for the laser sources used for ablation are in the UV range due to the
higher penetration depth of this type of beam in the target material as compared to visible or IR laser
sources and higher photon energy that allows for a more efficient vaporization of the target [103].
Popular laser sources used in PLD experiments are excimer lasers such as ArF [104], KrF [105], or
XeCl [106] emitting at 193, 248, or 308 nm, respectively, or a solid-state laser such as a Nd:YAG [107],
which emits at 266 nm.

To increase the amount of evaporated target material to the detriment of expulsed liquid or solid
phases, lasers emitting in a pulsed regime, with pulse durations in the nanoseconds-picoseconds range,
are generally used [108]. In these regimes, the absorption process occurs on a much shorter time-scale
as compared to the thermal diffusion process. The surface layers of the target reach temperatures of
tens of thousands of K and are instantly vaporized. A plasma plume consisting of atoms, ions, electrons,
molecules, free radicals, and condensed particles expands at supersonic speed and is accelerated toward
the substrate (on a direction perpendicular on the target), where the deposition takes place [109].

If a solid collector is placed in front of the target at a distance approximately equal to the plasma
plume’s length, the material condenses and, pulse-by-pulse, a thin film is grown [110]. If the placement

147



Coatings 2019, 9, 335

of the substrate is closer to the target than the plasma plume’s length, the material will be deposited and,
subsequently, washed by the plasma plume, with the deposition being inefficient and uncontrollable.
Similarly, if the distance is larger than the plume’s length, the deposition will also be inefficient,
since the film thickness is inversely proportional to the square of the target–to–substrate distance.
Femtosecond laser sources are not considered optimal for thin film synthesis. Due to the high energy
of the ablated species, the growing film is heavily bombarded by high speed particles, which makes the
process inefficient and results in films with defects, vacancies, or made of small solid particles ripped
from the target surface [111].

Due to the high temperatures generated on the target surface, any type of material can be ablated
and, therefore, a wide variety of targets can be used for thin film deposition.

The technique is versatile in terms of process output. By independent control of the deposition
temperature, background pressure, and substrate positioning, one can change the film’s crystallinity,
composition, adherence, surface roughness, and/or thickness [18]. The use of multiple targets irradiated
subsequently allows for the deposition of multi-layered structures [112].

Moreover, the PLD technique can be easily adapted to increase the range of applications: by
limiting the number of pulses, one can deposit nanoparticles instead of thin films [113]. Two targets of
different materials can be irradiated simultaneously and the intermixing plasma plumes can create
a compositional library on a substrate [114]. By irradiating a frozen target made from an organic
compound dissolved into a matrix material, an organic thin film can be laser deposited without
degradation of the target material in a variation of the method, denominated MAPLE, i.e. Matrix
Assisted Pulsed Laser Evaporation [115].

The film growth by PLD also offers different types of advantages over other deposition techniques,
such as:

• The irradiation source is situated outside the deposition chamber, which offers a high degree of
flexibility in using the material, set-up, and adjustment of deposition parameters;

• most solid materials can be laser ablated and deposited as films;
• due to the laser operating in a pulsed regime, the film growth rate can be controlled with a highly

precise degree (10−2 –10−1 nm/pulse);
• in optimal conditions, the stoichiometry of the deposited layer coincides with the one of the

targets, even for very complex materials with a high degree of instability;
• the high energy of ablated species determines the synthesis of extremely adherent layers;
• one can obtain species with electronic states different from the equilibrium ones and new,

metastable phases of the material;
• even though their thickness might have very low values, the films uniformly cover the substrate

and prevent the release of ions from the implant into the body;
• when reducing the thickness, the risk of delamination decreases.

Like all the other synthesis techniques, PLD presents some disadvantages too, such as a low
deposition rate, an applicability domain limited to compounds that are not sensible to thermal
decomposition and degradation that appears during processing by prolonged exposure to UV laser
radiation, the presence of droplets (of a different composition and dimensions), and a low deposition
area (no bigger than a few cm2). The last two drawbacks can be diminished or even eliminated by
additional set-ups [18,116].

5.2. BioHA Targets Preparation

The powders obtained following the protocols mentioned in Section 4 are generally pressed and
the resulting pellets are heat-treated in a furnace, to reach compactness by eliminating air bubbles and
water vapors. The as-sintered pellets are compact and tough (Figure 1) and can be used as targets in
the PLD experiments [11,25,53,54,60,80].
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Figure 1. Photos of sintered PLD targets: (a) before and (b) after the action of the beam generated by a
KrF* excimer laser source.

The Importance of Thermal Treatments in the Case of Targets

Even though CaP bio-ceramics possess excellent biomedical characteristics, their poor mechanical
behavior determined focused research to find viable solutions to this important drawback.

The properties, efficiency, phase purity, and size distribution of HA extracted from natural
resources, especially from bones, depend upon factors like the extraction technique, the calcination
temperature, and the nature of bones [2]. HA derived from natural resources (such as animal bones) is
available in unlimited supply and can be produced by calcination methods [27,117]. Ozyegin et al. [117]
reported that sintered BHA is safe from potentially transmitted diseases such as bovine spongiform
encephalopathy (“mad cow disease”). The manufacturing of these powders is easy to carry out and
economically viable [2,117]. Prions, which are the smallest proteinaceous infectious particles, can resist
inactivation by procedures that modify nucleic acids and are able to transmit alone an infectious disease,
which causes harm to the host tissue [118]. Thus, the temperature generally applied for calcination is
around 850 ◦C and it was demonstrated that no disease transmission pathogens (including prions) can
survive to such high temperatures [2,27,117]. However, a special calcination regime has to be carefully
selected in order to remove all organic matter and enhance the crystallinity of HA, while avoiding
thermal decomposition of the final product, HA [2].

5.3. Substrates Used as Pulsed Laser Deposition Collectors

In general, for the fabrication of bio-implants and bio–devices, there are five classes of materials
used: (i) metallic materials, (ii) polymers, (iii) ceramics, (iv) composites, and (v) natural materials.

The most commonly used metals and alloys for medical device applications include stainless
steels, cobalt-based alloys, and commercially-pure titanium and its alloys [119]. The last ones are
generally preferred for bone-replacement applications mainly due to their intrinsic resistance. These
materials have been widely used as endosseous implant materials in dentistry and orthopedics due
to their high strength, good corrosion resistance, no allergic problems, low density, and excellent
biocompatibility [120]. Moreover, the thin oxide layer, which is naturally formed on their surface, is
acting as a protective barrier, which confers its well-known resistance among metals to corrosion in
physiological conditions. However, it is far from being an ideal material from a medical point of view
because of its insufficient bioactivity when implanted in the human body [121].
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Polymers represent the largest class of biomaterials, which have gained greater attention due to
some important advantages such as (i) ease of fabrication to various complex shapes and structures,
(ii) wide range of bulk compositions and physical properties, and (iii) easy tailoring of surface
properties [119].

Ceramics are inorganic compounds of metallic or non-metallic materials. When used for skeletal
or hard tissue repairing, they are referred to as bio-ceramics. These bio-ceramics can be classified as
bioinert (e.g. alumina, zirconia), bioresorbable (e.g. TCP), bioactive (e.g. HA, bioactive glasses, glass
ceramics), and porous (e.g. HA coatings on metallic substrates for tissue in-growth).

A composite consists of two or more materials, characterized by a combination of the best physical
and chemical characteristics of each component materials. In the biomedical field, composite materials
are generally designed for superior mechanical and biological properties. They can be classified as
a function of the (i) matrix material and (ii) bioactivity of the composite. In the first case, there are
three types of composite materials: (i) polymer matrix composites, (ii) metal matrix composites, and
(iii) ceramic matrix composites. For the second case, there are: (i) bioinert composites, (ii) bioactive
composites, and (iii) bioresorbable composites.

Collagen and glycosaminoglycans are the most commonly used natural materials for clinical
applications [122] due to a series of important advantages, such as: (i) easy recognition by the biological
environment due to their similarity with the macromolecular substances, (ii) possibility to by-pass
toxicity-related issues, chronic inflammation, or lack of recognition by cells (which generally occurs
when dealing with synthetic materials), and (iii) biodegradable nature of the materials, which permits
their use for focused applications, where a specific function is needed for a limited period of time [123].

In general, prior to the coating process and immediately after it, special attention needs to be
paid to the surface preparation of various types of used substrates. In this respect, different substrate
preparation techniques have been reported, from simple to complex ones, with their own peculiarities.
Thus, simple substrate preparation procedures include cleaning or degreasing to remove any remnant
surface contamination because of manufacturing conditions or improper storage. Solvents like acetone,
ethylic alcohol, and/or distilled water might be used in this case, always keeping in mind the nature
and properties of the used substrates. By contrast, more complex substrate preparation techniques
include (i) mechanical modification of the surface, by sand-blasting [124], grit-blasting [125,126],
polishing [127,128], or grinding [129], and (ii) chemical treatments, modifications, or functionalization,
using chemical activation [130], alkaline treatments [131], anodization [124,125], acid-etching [124–126],
oxidizing [132], and many other actions [124,133]. Additional physical treatments, resulting in various
types of surface modifications, were briefly discussed in Reference [133]. After CaP synthesis, the
applied post-deposition treatments are intended to (i) provide crystallization/recrystallization of
various phases, (ii) improve their fixation to the substrate, and (iii) evaporate traces of solvent(s) that
might remain trapped within the deposited structures.

5.4. Pulsed Laser Deposition Experimental Set-Up

A PLD experimental set-up is typically composed of a UV laser source, a vacuum stainless-steel
deposition chamber (Figure 2), equipped with a rotating target, a fixed substrate holder, and pumping
systems. Following target irradiation, a plasma cloud expands, either in vacuum or in different
gas atmospheres, and the vapors are collected on substrates (generally placed parallel to the targets
and heated up to a temperature in the range of 350–600 ◦C), in the form of thin, adherent films [18].
In this respect, amorphous or crystalline, extremely adherent, stoichiometric, and dense or porous
structures from various complex materials can be synthesized, even at relatively low deposition
temperatures, by varying the experimental parameters that are mainly related to the (i) laser (fluence,
wavelength, pulse-duration, and repetition rate), and (ii) deposition conditions (target-to-substrate
distance, substrate temperature, nature, and pressure of the environment) [19,134,135].
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Figure 2. Schematic of an experimental set-up used for PLD synthesis of animal-origin HA coatings.

Due to the possibility to independently vary a large number of parameters (such as the wavelength,
fluence, pulse repetition frequency, energy, target preparation, target–to–substrate distance, substrate
temperature, area of the laser spot, deposition geometry, nature, and pressure of the gas in the deposition
chamber), PLD represents a versatile technique to produce films with a high diversity of morphological
and structural characteristics, which are superior to the ones appertaining to conventional deposition
techniques (fast processing, safety in functioning, and low production costs) [18,19,116,136].

The substrate temperature during film synthesis by PLD is usually situated in the range of 350
to 600 ◦C. This way, one can assure the fabrication of highly crystalline and phase-pure films [137].
Moreover, lower or higher values for substrate temperature can be chosen to obtain layers with
fine textures or different roughness, with improved adherence to the substrate, depending on the
intended applications.

Various experimental conditions used for PLD synthesis of BioHA coatings have been reported
in the literature. They are summarized in Table 6. The results from these papers will be thoroughly
analyzed and discussed in Section 6.

Table 6. Different experimental conditions used for PLD synthesis of BioHA coatings.

HA Source
Material/Used

Substrate

Type of Laser
Used

Target-to-Substrate
Separation

Distance [cm]

Energy
[mJ]

Temperature
during

Deposition [◦C]

Water Vapor
Atmosphere

[mbar]

Pulse
Frequency

[Hz]

Number of
Applied Laser

Pulses
Reference

Enameloid
of shark teeth/Ti6Al4V
disc

ArF*
(193 nm) – 320 460 0.15–0.45 10 – [89]

Ovine and bovine
bone/Ti disc and Si
wafer

KrF* (248 nm) 5

330

500 0.50 10 15,000

[53]

Human dentine,
ovine, and bovine
bones/Ti disc and Si
wafer 350

[80]

Bovine bone/Ti disc
and Si wafer [54]

Sheep dentine/Ti disc
and Si wafer 330 [25]

Bovine bone/Ti disc
and Si wafer 360

[60]

Bovine bone/Ti disc [11]
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5.5. Thermal Treatments Applied to Pulsed Laser Deposited Coatings

BioHA coatings are generally amorphous when deposited by PLD. HA loses (OH)− molecules
and on the deposition substrate a mix of CaPs is formed. The most prominent of them are tricalcium
phosphate (TCP) and octacalcium phosphate. The process is reversible and a post-deposition thermal
treatment around 500 ◦C in water vapors leads to conversion of the deposited amorphous and
non-apatite phases into more stable compounds, like HA. In addition, their crystallinity and corrosion
resistance increase, and the residual stress is considerably reduced [138–141]. It is also important to
note that, the presence of water during the post-deposition heat treatment also plays an important role
in this conversion [142,143].

Dinda et al. [144] have reported that a post-deposition thermal treatment at 300 ◦C can produce
pure, adherent, and crystalline HA coatings, which will not dissolve in simulated body fluids.

Post-deposition thermal treatments, generally performed in air or enriched water-vapor
atmospheres, are of key importance. Their role is, on one hand, to restore the stoichiometry of
the synthesized compounds and, on the other hand, to improve the overall crystalline status of the
coatings [53].

The sintering temperature and atmosphere are considered as important parameters able to
tailor the strength and toughness of HA [145]. For example, sintering at elevated temperatures has
the tendency to eliminate the functional group OH in the HA matrix and this would result in the
decomposition of the HA phase to form α-TCP, β-TCP, and tetra-calcium phosphate [145].

6. Characterization of Pulsed Laser Deposited Coatings of Undoped and Doped Animal-Origin
Hydroxyapatite

The purpose of CaP coatings that cover metallic medical prostheses is to ensure biomimetism,
i.e. to “mislead” the human body that the newly implanted device is very similar to its bones and,
thus, start osteoblasts proliferation and osseous matrix synthesis. There is no perfect coating technique
and the existence of shortcomings for each of them determined the implementation of others, among
which PLD is worth mentioning due to its advantages such as stoichiometric transfer and precise
thickness control.

For characterization of the PLD synthesized coatings, the most common investigation techniques
are: Scanning Electron Microscopy (SEM) for surface morphology and cross-sectional investigations,
Energy-dispersive X-ray spectroscopy (EDS) for Ca/P ratio determinations, profilometry or Atomic
Force Microscopy (AFM) for surface parameters valuation, X-ray diffraction (XRD) for crystalline status,
stress, crystallites size, and orientation investigations, Fourier Transform InfraRed (FTIR) spectroscopy
for identification of chemical bonds, pull-out bonding strength or scratch tests for assessment of
films’ adherence to the substrate, and in vitro and in vivo tests. Therefore, we will concentrate in the
following sections on these techniques for comparing the morphological, structural, and functional
properties of PLD coatings synthesized from targets made of CaPs obtained from animal sources.

6.1. Morphological and Compositional Analyses

PLD coatings have general surfaces covered by round particles, which are further denominated
as “droplets.” Their presence on the surface can be explained like this: following target surface laser
irradiation, the surface top layers are instantly vaporized. Part of the pulse energy is transformed into
heat, which is concentrated in a subsurface layer. Therefore, due to heat accumulation, a mix of liquid
and gaseous phases is generated. A bubble is formed, which expands until the top solid layer breaks
and a plasma plume is released. The shockwave of the plume splashes the liquid phase on the target
surface and liquid droplets are released with supersonic speeds reaching the substrate. Their number
and diameter depend on the type of deposited material as well as pressure in the deposition chamber
and on the laser parameters [18]. Droplets can be trapped using ingenious particle captors or off-axis
geometries in order to obtain particle-free films. However, in the case of biological applications, a
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rough morphology could be beneficial for osteoblast proliferation and droplet-containing films are
considered acceptable.

Sheep derived HA (SHA) coatings synthesized by PLD using a KrF* excimer laser source [25]
also had an irregular morphology composed of spherical particles whose distribution could be
approximated by a Gaussian fitting centered around a mean diameter of 1 μm. The particles size varied
between 0.35 to 3.5 μm. An interesting observation was made for SHA doped with Ti (SHA:Ti, 1.5
wt.%) coatings. The particle number on the surface almost doubled as compared to undoped material,
which produced rougher surfaces. When depositing coatings with the same number of laser pulses
from SHA and SHA:Ti targets, Duta et al. [25] obtained thicker SHA coatings as compared to SHA:Ti
ones (1.8 vs. 1.2 μm, respectively).

In Reference [53], Duta et al. conducted a comparison between film morphology in the case of
SHA and BHA doped with Li2O or a commercial inert glass. In all cases, the coatings displayed the
morphology with round micronic droplets covering the surface. There were no big differences between
particles diameter. However, a variation in the number of particles/cm2 was statistically significant.
Table 7 summarizes these differences.

Table 7. Droplets density in the case of synthetic HA and different BioHA coatings synthesized by PLD,
using the same experimental conditions.

Sample Material Density (Particles/cm2)

SHA (5.5 ± 0.8) × 107

BHA:Li (11.2 ± 0.7) × 107

BHA:CIG (13.3 ± 1.1) × 107

HAsyn (1.4 ± 0.5) × 107

The coatings’ thickness decreased in the following order: HAsyn, BHA:Li, SHA, BHA:CIG (3.71 ±
0.15 μm→ 3.52 ± 0.16 μm→ 2.95 ± 0.21 μm→ 2.79 ± 0.02 μm). The roughness of the films decreased
in the same order with values of 0.76 ± 0.1 for HAsyn, 0.71 ± 0.06 for BHA: Li, 0.61 ± 0.05 for SHA and
0.77 ± 0.03 μm for BHA:CIG, respectively [53].

To the difference, Mihailescu et al. [54] obtained smooth surfaces of BHA coatings on which a low
number of spherical droplets appeared as sputtered. Their diameter ranged from 1.6 to 2.5 μm. The
beginning of an organization of some droplets into clusters could be assumed from the SEM images.
For BHA doped with MgF2 and MgO, deposited in the same experimental conditions, a clear increase
of the droplets’ density was observed. They tend to accumulate in a majority in clusters of particles,
with only a few isolated particles being identified. BHA doped with MgO (BHA:MgO) displayed the
largest area of film surface covered by particle clusters. Apparently, the mean size of the droplets was
very similar between undoped and doped materials.

In the case of BHA doped with Li2CO3 and Li3PO4 structures (further denoted as BHA:LiC and
BHA:LiP) [60], the films’ surface was flat, with isolated round droplets, sputtered on the surface. Most
droplets were more than half embedded in the film mass, which is an indicative for their high velocity
at the moment of impact with the surface. The droplets’ number quantification was performed on four
randomly chosen SEM fields and the obtained values were of (2.2 ± 0.2) × 104 particulates/mm2 (for
BHA), (2.8 ± 0.2) × 104 particulates/mm2 (for BHA:LiC) and (1.5 ± 0.1) × 104 particulates/mm2 (for
BHA:LiP) [60].

From the cross-sectional SEM images, thicknesses of ~8.5, ~7.2, and ~6 μm, respectively, were
inferred for BHA, BHA:LiC, and BHA:LiP coatings [60].

Comparative SEM micrographies showing different surface morphologies, which correspond
to titanium and various types of BioHA coatings synthesized by PLD, using the same deposition
conditions, are presented in Figure 3.
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Figure 3. SEM micrographies corresponding to the surfaces of titanium and different types of BioHA
coatings synthesized by PLD. Magnification bar: 50 μm.

Thickness of the PLD synthesized coatings can play an important role on their morphology,
especially in the case of rough substrates. In Reference [89], films deposited in a water-vapor
atmosphere onto Ti substrates were significantly thinner as compared to the ones deposited in vacuum.
The calculated deposition rates were 3.5 nm/min for depositions conducted in water vapors, and
18.1 nm/min for depositions performed in vacuum. Therefore, films deposited in water vapors were
thin and mimicked the Ti surface morphology. For deposition times under 30 min, surface features
were not evident. For deposition times between 30 and 120 min, surface features became prominent.
Aggregates of globular shape became visible at magnifications of 5000×, while at 20,000×, the droplets
appeared to be made of elongated acicular crystalline structures of < 1 μm in length.

In general, the EDS quantitative measurements are performed during SEM investigations to
determine the elemental distribution in the synthesized films and to estimate the Ca/P ratio.

A cross-sectional SEM image and its corresponding EDS spectra in the case of a BHA:CIG coating
synthesized by PLD is presented in Figure 4. A compact structure of the coating can be observed.
Moreover, the presence of trace elements (Na, Mg, Si, etc.) is also emphasized. A quasi-stoichiometric
target-to-substrate transfer is reported in which the inferred Ca/P molar ratio is ~1.70. This value is
typical to natural bone due to multiple doping with trace elements and functional groups.
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Figure 4. Cross-sectional SEM image and the corresponding EDS spectrum of a bovine hydroxyapatite
doped with commercial inert glass coating synthesized by PLD.

6.2. Structural Investigations

GIXRD patterns of post-deposition treated BioHA coatings synthesized by PLD should display
the characteristic peaks of HA [hexagonal, P63/m (176) space group, ICDD: 00-009-0432] [25]. It is quite
possible that the GIXRD patterns contain, besides the HA peaks, some pronounced humps (centered at
2θ ≈ 30◦), which are proof of an amorphous phase in the deposited films. Duta et al. [25] reported for
SHA films deposited by PLD a crystallinity degree of ∼35%. The starting powders for PLD targets
displayed in the XRD patterns some peaks that could be associated to MgCO3 (ICDD: 01-086-2345)
and CaMg2 (ICDD: 00-013-0450) phases. However, after the deposition, these crystalline peaks were
not present in the GIXRD patterns [25].

Some typical XRD patterns of HAsyn and BioHA coatings undoped or doped with Li2O (further
denoted as BHA:Li) synthesized by PLD are presented comparatively in Figure 5. One can observe that
the most intensive peaks of the patterns in Figure 5 appertain to the Ti peaks of the substrate (ICDD:
44-1294). The fabricated coatings consisted of an HA phase with different degrees of crystallinity, as
observed from the diffracted intensity variation and the mean crystallite sizes estimated from the
FWHM of (002) and (300) XRD lines [53]. It is visible in Figure 5 that a more pronounced crystallinity
corresponds to BHA:Li films. In addition, several weak lines were also identified whose origin might
be due to a small percent of oxygen-deficient titanium oxides. Their formation might be due to the
substrate oxidation during the post-deposition treatments [53].
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Figure 5. Comparative XRD patterns of synthetic and BioHA coatings synthesized by PLD onto titanium
substrates (�, HA; Δ, TiO, and Ti2O sub-oxides). Reprinted from Reference [53], with permission
from Elsevier.

Another way to identify BioHA is by means of characteristic functional groups that can be detected
by FTIR. Besides the characteristic HA bands of ν3 asymmetric stretching mode of (PO4)3− groups
(1010–982, 1063–1023, and 1091–1090 cm−1, respectively), the ν1 symmetric stretching mode of (PO4)3−
groups (961–945 cm−1), ν4 bending mode of (PO4)3− groups (558–553 and 600–594 cm−1, respectively),
and the peak at ∼630 cm−1 characteristic to (OH)− groups, in the case of BioHA, which is a band
centered at 874–870 cm−1, could be present in the spectra, assigned to (HPO4)2− groups.

In the case of BHA targets and films, Duta et al. [53] identified small traces of hydrogen phosphorus
fluoride hydrate (ICDD:77-0136) and brushite in the PLD targets [CaPO3(OH)·2H2O, ICDD:11-0293].
These traces were not present in the films obtained from irradiating these targets. Both targets and
films displayed low amounts of fluorine besides the main HA phase. Popescu et al. [60] identified in
BHA targets and films only FTIR bands corresponding to carbonate groups besides the characteristic
orthophosphate bands of HA.

In the case of HA obtained from shark teeth, Hidalgo-Robatto et al. [89] reported on depositions
conducted in water vapors. Depending on the pressure, different degrees of crystallinity were obtained.
Under 0.25 mbar, spectra revealed a singular broad peak centered at ~31◦, while, for a pressure of 0.45
mbar, the characteristic peaks for apatites located at 29.4, 32.1, and 33.4◦, respectively, were present. In
the FTIR spectra, besides the characteristic groups of CaPs, a peak associated with carbonate groups
was present at 870 cm−1. Depending on the deposition conditions, the importance of this peak varied.
As the vapor pressure increased, the intensity of carbonate bands also increased. The CO3

2−/PO4
3−

ratio was 30% higher in the BioHA coating deposited at 0.45 mbar H2O vapors as compared to the case
of depositions conducted without water vapors. F1s transition peaks were also shown by XPS in the
PLD targets and in deposited films. Based on FTIR, XRD, and XPS results, one could conclude that
films deposited by PLD from shark-derived HA contained a hydrated and fluorinated carbonated HA.

6.3. Bonding Strength Tests

The bonding strength at the bio-functional coating–substrate interface is considered a critical
parameter for the fabrication, successful implantation, and long-term stability of implant-type structures,
since it governs both the initial stability and long-term functioning of the medical devices [16,146].
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The bounding strength values inferred for Ti, BHA, and doped BHA coatings synthesized by PLD
are presented in Figure 6. The raw data of the obtained results reported in References [25,53,54,60,80]
were plotted together for comparison reasons only.

Figure 6. Bonding strength values in the case of titanium and different BioHA coatings synthesized by
PLD using the same experimental conditions.

First, in order to verify the quality of the bonding adhesive, control tests are carried out on
bare Ti substrates. The adherence values determined at the stainless-steel dolly/Ti substrate interface
were of ∼60 MPa. We note that this value is in accordance with the specifications provided by the
manufacturer [147].

Duta et al. [53] recorded for the case of HAsyn coatings, adherence values generally similar to the
ones reported in literature for HA films synthesized by PLD [148,149]. Significantly higher values
were measured in the case of SHA and BHA:Li coatings. The decreased value of adherence registered
for the BHA:CIG structure was attributed to the intrinsic friability of the glassy doping phase under
mechanical stress [53].

Duta et al. [25] performed comparative pull-out adherence tests between SHA and SHA:Ti
structures. The values recorded for SHA coatings were of ~55 MPa, while, for the doped ones,
the values were of ~64 MPa. The increase in bonding strength of SHA:Ti coatings was due to
the presence of the Ti-Ca segregation at the interface with the substrate. One notes that, during
post-deposition annealing treatments, atomic inter-diffusion processes are known to take place at
the coating–Ti substrate interface [150–152]. In general, this leads to the strengthening of the films’
adherence by smoothing the interface between the two different materials. Therefore, the existence
at the interfacial region of a segregated Ti-Ca inter-layer could accommodate an easier and more
homogeneous inter-diffusion during the progress of the heat-treatments [25].

Mihailescu et al. [54] investigated the bonding strength for BHA and doped BHA structures.
Compared to BHA coatings, the addition of MgF2 and MgO seemed to result in an improvement
of the films’ adherence to the Ti substrate with mean bonding strength values of ~49 and ~56 MPa,
respectively, being measured [54].

Popescu et al. [60] reported on similar coating adherence values of (42–46) MPa, in the case of
BHA and BHA:LiC coatings. These values are in agreement with the ones inferred by Duta et al. [80].
A decrease of the bonding strength down to ~33 MPa was recorded in the case of BHA:LiP structures,
which was attributed to the existence of a larger content of the amorphous counterpart [60].
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It is important to emphasize that the bonding strength response measured for all coatings
synthesized by PLD (Figure 6) was superior to the minimum mandatory value of 15 MPa
imposed by international standard 13779-2 [153] in the case of implant-type coatings used for
load-bearing applications.

6.4. In vitro Biological Observations

6.4.1. Bioactivity Effect

The most common method to qualitatively assess BioHA coatings’ biocompatibility and
cells’ proliferation is the MTS assay, while cells’ toxicity can be determined by using a lactate
dehydrogenase (LDH) activity test. The MTS assay is based on the use of a tetrazolium compound
(3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner
salt – MTS) that is chemically reduced by viable cells into formazan, which is soluble in tissue culture
medium. Since the production of formazan is proportional to the number of living cells, the intensity
of the produced color can be used as an indicator of cell proliferation.

LDH (or LD) is an enzyme involved in energy production that is found in almost all of the body’s
cells. Elevated levels of LD usually indicate some type of cell damage. LD levels will typically peak as
the cellular destruction begins. Thus, if a substrate is cytotoxic, the detected LD levels will be high. In
Reference [25], tests were conducted according to the ISO standard 10993-5 [154].

In literature, the biocompatibility of synthesized coatings was assessed by the MTS tests, by
applying different protocols. In this respect, human mesenchymal stem cells (hMSC) were seeded on
Ti and various BioHA surfaces and the obtained results are plotted in Figure 7a,b and reported in
References [25,60].

 
Figure 7. Proliferation of human mesenchymal stem cells assessed by MTS assay in the case of (a)
bovine hydroxyapatite (BHA) and doped BHA coatings and (b) Ti, sheep hydroxyapatite (SHA), and
doped SHA coatings synthesized by PLD. Reprinted from References [25,60], with permission from
Elsevier. Slight modifications of the acronyms from the original figures were done to be in agreement
with the sample codes used in this review.

In Figure 7a, one can observe that the cells’ proliferation was better in the case of doped BHA
coatings with respect to undoped ones. The proliferation increase was demonstrated to be in a direct
relation with the augmentation of the polar component of the surface-free energy. Therefore, the
beneficial effect of Li2CO3-doping could be emphasized [60].

After 24 and 48 h, the proliferation capacity of cells grown on the surface of SHA and SHA:Ti
coatings was improved as compared to Ti surfaces for the same time intervals (Figure 7b). In addition,
cell death at 24 h of growth was tested by using the LDH method [25].
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Lithium is a trace metal in organisms. In pharmacy, it is used in composition of various drugs
for the treatment of bipolar affective disorder and depression [155]. Lithium was also administered
in drugs for treating osteoporosis in the last 20 years [156,157] due to its proven ability to enhance
osteogenesis [158]. Despite its proven efficacy [159], there are reports when lithium administration
determined side effects such as thirst and excessive urination, nausea, diarrhea, tremor, weight gain,
sexual dysfunction, dermatological effects, and long-term effects on the thyroid gland, kidneys, and
parathyroid glands [160]. However, recent studies challenge this negative perception of lithium
administration, stating that intoxication occurs only when the concentration is higher than 1.5 mmol/L,
and its main adverse effects can be properly monitored and managed [11,161–163].

Hidalgo-Robatto et al. [89] tested BioHA coatings (obtained from shark teeth) synthesized by PLD
using a pre-osteoblastic cell line MC3T3-E1. The BioHA was compared to synthetic HA and a control of
tissue culture polystyrene. Cell morphology was similar in the case of synthetic HA and BioHA. Both
coatings were able to promote healthy morphology on the cells. MC3T3-E1 cells made contact with
neighboring cells and covered the entire surface of their respective coatings. The MTT assay showed
after seven days from seeding, an intense proliferation of cells on the biological apatite coatings, which
is significantly higher than the proliferation on the synthetic HA coatings or the control by the MTS
assay. After 21 days, all tested materials had higher values of cell proliferation than on day 7 and
displayed similar absorbance values. Alkaline phosphatase (ALP) activity was tested as a measure of
osteoblastic activity and bone formation. Statistically significant higher ALP activity was quantified on
the BioHA coatings compared to both the synthetic HA and TCP, which presented lower values in the
same range. After 21 days of incubation, both types of apatite coatings apparently manifested higher
levels of ALP activity as compared to TCP values. Overall, BioHA seemed to accelerate osteogenic
activity as compared to synthetic HA due to its fluoride content and its trace elements such as Na
and Mg.

Doping of BioHA with various elements can drastically increase the cellular response toward PLD
synthesized coatings. In such a study, the surfaces of medical-grade Ti, SHA, and SHA:Ti coatings
(the precursor material for PLD targets was a mix of SHA powder and 1.5 wt.% Ti powder) were
seeded with human mesenchymal stem cells (hMSC) [25]. On all types of samples, cells displayed
the same typical morphology: small dimensions, well-spread, and having a polygonal shape. They
have established liaisons with neighbouring cells by thin cellular extensions. The lowest proliferation
value was reached for the SHA coatings, with respect to both SHA:Ti ones and controls (bare Ti and
polycarbonate) [25]. The experiments also showed an important cell number growth (of ∼60%) in the
case of SHA:Ti coated samples. The proliferation increase of SHA:Ti vs. SHA was found statistically
significant (p < 0.05). The LDH results showed that both SHA and SHA:Ti coatings fostered a good
cells’ cytocompatibility. However, the amount of cells that underwent apoptosis and death was lower
in the case of the polycarbonate control and SHA:Ti coatings. SHA structures presented almost double
cell apoptosis death as compared to SHA:Ti ones. The dead cells’ index (percent of dead cells from
the total number of cells) was lower than 4.5% for all cases, which constitutes another proof of the
good cytocompatibility of the PLD coatings. The beneficial effect of Ti doping in HA has not been
yet completely elucidated. Duta et al. [25] advanced its lower degree of crystallinity as a possible
explanation for the superior biocompatibility of SHA:Ti, which generated the premises for a better
interaction with the organic component of the mesenchymal cell culture media. Ca2+ ions released
by dissolution may act as binders for organic moieties from culture media with roles in the healthy
development of cells. A similar interpretation of enhanced protein binding by HA:Ti has been advanced
by Kandori et al. [164] and Wei et al. [165], respectively.

In Reference [60], the influence of lithium doping of BHA on the biological response of the same
type of cells was tested. The cells were stained with calcein/EthD-1 in order to evaluate the viable
ones and the morphology of hMSC was observed three days after seeding on the surface of undoped
and doped coatings. BHA:LiC and BHA:LiP samples produced a decrease in cell spreading without
significantly modifying cell viability. Cells were adherent on the tested materials and exhibited typical
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fibroblast-like characteristics, with dendrites and prominent nuclei. There was no visible difference
between lithium-doped BHA coatings and control materials (bare Ti and undoped BHA samples), as
shown in Figure 8.

Figure 8. Cellular viability of human mesenchymal stem cells after 72 h of growth on the surface
of Ti, bovine hydroxyapatite (BHA), and doped BHA coatings synthesized by PLD using the same
experimental conditions. Reprinted from Reference [60], with permission from Elsevier. Slight
modifications of the acronyms from the original figure were done for uniformization with the sample
codes used in this review.

The in vitro cellular viability of hMSC grown for 72 h on Ti, BHA, and doped BHA coatings was
assessed using the calcein AM/EthD-1 [60] method and the results are presented in Figure 8.

Based on relative intensity of calcein and EthD-1 signals on resulting scatter-grams, positive
from negative cell populations could be distinguished. Compared to BHA samples, lithium-doped
and MgF2-doped surfaces led to a slight improved growth of hMSC cells, whilst, for BHA:CIG and
BHA:MgO surfaces, a reduced cellular viability was inferred (Figure 8).

The high biocompatibility of BHA:LiC coatings was assumed to be favored by the highest
wettability and overall surface energy, as well as by an augmented contribution of the polar component
of the surface energy. Other studies report in favor of this hypothesis that, in order to enhance the
cellular response (including here adhesion, spreading, and cytoskeletal organization), an optimal
window for the contact angle in the range of 60◦ to 80◦ between surface and water molecules should
exist [166–168]. In this case, the cell proliferation results are in good agreement with this rationale,
with the best results being obtained for coatings to elicit a water contact angle of ~72◦ and the highest
polar component.

Dos Santos et al. [169] and Redey et al. [170] reported that the higher polar component of
carbonated HA and natural calcium carbonated surfaces induced an increased osteoblast and osteoclast
adhesion, respectively. Furthermore, Zhao et al. [171] indicated that a higher surface free energy is
connected with the increased production of bone ALP and osteocalcin, in the case of MG63 osteoblastic
cells grown on hydroxylated Ti surfaces.

6.4.2. Antibacterial Effect

Mihailescu et al. [54] tested BHA and BHA:MgF or BHA:MgO against gram-positive Micrococcus
sp. and gram-negative Enterobacter sp. for 72 h. The BHA coatings and Ti substrate used as controls had
no antibacterial effect. When BHA was doped with MgF2, and pulsed laser deposited on a substrate, it
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exhibited a slight anti-biofilm activity (1 log reduction of viable cell counts as compared to bare Ti)
toward Enterobacter sp. The highest anti-biofilm activity was observed for the BHA:MgO coatings,
which inhibited the Enterobacter sp. biofilm in all development stages, Micrococcus sp. biofilm at 24 and
72 h, and C. albicans biofilm at 48 h.

In Reference [172], it was shown that MgO exhibits stronger bactericidal activity as compared
to TiO2. Two hypotheses explaining the decrease of the number of biofilm-embedded cells could be
considered, i.e. (i) the surface coatings prevent the microbial/bacteria adhesion and (ii) the coatings
exhibit a microbicidal activity, which kills the cells before or after contact with the coated surfaces. The
second hypothesis is supported by the results of the minimal inhibitory concentration assay showing an
increased microbicidal activity of BHA:MgO and BHA:MgF coatings as compared to BHA against the
tested strains. No cytotoxic activity of deposited coatings against human cells was revealed during tests
on Hep2 cells. It has been reported in literature that pure Mg is highly effective against Staphylococcus
aureus (S. aureus) [173]. Numerous studies tested the antibacterial efficiency of MgO against bacteria.
Sawai et al. [174] demonstrated the efficiency of MgO powders against S. aureus and Escherichia coli,
while Gayathri et al. [175] created a doped HA containing Mg in the form of nanoparticles that had
antibacterial efficiency, but also insecticide action, which killed the larvae of three mosquito species.
Photoluminescence studies conducted by Sawai et al. [174] showed that MgO slurries generate active
oxygen species such as O2- and this seems to be the most probable cause for bacterial apoptosis. These
oxygen species form in wet media hydroxyl radicals and hydrogen peroxide. Hydroxyl radical is
the most reactive oxygen radical, able to interact with almost every type of molecule of the living
cells of bacteria and fungi, which causes irreversible damage to cellular components and, eventually,
apoptosis [176].

Mg is not toxic for the human organism in a dose of 200 to 400 mg per day. The Food and Nutrition
Board of the Institute of Medicine in the United States has set an upper tolerable limit of 350 mg per
day for supplemental magnesium. In larger doses, it can induce nausea and vomiting, muscle pain
and weakness, confusion, and cardiac arrhythmias [177].

BHA and BHA doped with lithium compounds such as carbonate and phosphate (i.e., BHA:LiC
or BHA:LiP coatings) proved antibacterial and antifungal activity against S. aureus and C. albicans
strains [11], which was an unexpected discovery. After 24 h, all tested coatings manifested inhibitory
activity for S. aureus colonies. After 48 and 72 h from inoculation, the antibacterial effect was much
more visible. Therefore, a drastic decrease in the number of CFU/mL of 2 to 4 logs at these two-time
intervals was recorded (Figure 9).
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Figure 9. Graphic representation of the logarithmic values of S. aureus biofilm cells developed on the
surfaces of Ti, bovine hydroxyapatite (BHA), and doped BHA coatings, at different time intervals (1–72
h) [11]. Slight modifications of the acronyms from the original figure were done for uniformization
with the sample codes used in this review.

Representative SEM images of S. aureus biofilm developed on the surface of Ti and BHA:Li
structures are given in Figure 10, at a magnification of 10,000×. One can observe that the density of S.
aureus cells was significantly more reduced on BHA:Li surfaces as compared to Ti ones, which is in
good agreement with the quantitative results presented in Figure 9.

 

Figure 10. SEM images corresponding to S. aureus biofilm after 72 h of development on the surfaces of
Ti and bovine hydroxyapatite doped with Li2O coatings.

BHA:LiC coatings exhibited a slightly increased antimicrobial activity against S. aureus biofilm, as
compared to BHA and BHA:LiP ones. In the case of C. albicans, the antifungal activity started to be
pronounced after 12 h of incubation and with a drastic decrease of the fungal biofilm after 48 and 72 h,
respectively (Figure 11).
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Figure 11. Graphic representation of the logarithmic values of C. albicans biofilm cells developed on the
surfaces of Ti, bovine hydroxyapatite (BHA), and doped BHA coatings, at different time intervals (1–72
h) [11]. Slight modifications of the acronyms from the original figure were done for uniformization
with the sample codes used in this review.

Again, the order of efficiency in reducing colonies was BHA:LiC > BHA:LiP > BHA. SEM images
revealed that, when grown on the surface of Ti, C. albicans produced biofilms, with interconnected cells
through filaments, while, when seeded on the surface of the synthesized BHA or doped BHA coatings,
the cells were ovoid and adhered in isolated unicellular forms, with completely absent filaments
(Figure 12).

 

Figure 12. SEM images corresponding to C. albicans biofilm after 72 h of development on the surfaces
of Ti and bovine hydroxyapatite doped with Li2O coatings.

Representative SEM images of C. albicans biofilm developed on the surfaces of Ti and BHA:Li
structures are given in Figure 12, at a magnification of 10,000×. While bare Ti samples were completely
covered by a continuous layer of cells, the number of yeast cells developed on the surface of BHA:Li
coatings was significantly decreased. They adhered exclusively in isolated, unicellular form, without
interconnecting filaments. Duta et al. [11] assessed the antibacterial and antifungal activity of
BioHA coatings to one of the following factors: (i) difference in polarity between negative-coated
surfaces (associated with the presence of hydroxyl hydrophilic functional groups) and S. aureus/C.
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albicans biofilms matrix, which is also negatively charged, due to its main component, represented by
self-produced exopolysaccharides, (ii) coatings will facilitate the formation of a highly alkaline medium,
which consequently leads to the destruction of lipids that are the main component of microbial cell
membrane, or (iii) the smooth surfaces of the films, which reduce the contact area between material
surface and bacterial cells, or (iv) metal accumulation inside bacterial cells, followed by the cellular
wall disruption, and, eventually, cellular lysis.

6.5. In Vivo Tests

In vitro tests were demonstrated to play a key role in the biological assessment of biomaterials
by offering in-sight information on their possible behavior in a biological environment. On the other
hand, to understand the complex processes that might occur in a living system and to provide accurate
data to completely validate the performances of a given biomaterial designed for clinical trials, in vivo
tests are extremely important and should, therefore, follow in vitro ones.

In the literature, there are many in vivo reports on CaPs, but, to the best of our knowledge, there
are few works only on HA coatings synthesized by PLD, and, unfortunately, no studies at all on BioHA
coatings synthesized by PLD. However, the authors of this review are confident that future in vivo
studies of BioHA coatings should deliver interesting results, since BioHA materials proved many times
to possess important advantages over synthetic HA. In the following paragraphs, a selection of the
papers dealing with PLD of synthetic HA will be considered and the obtained results will be reviewed.

The main purpose of CaP coatings is to stimulate and accelerate new bone formation around an
implant [178], and most of the reported research studies revealed positive and favorable effects in this
direction [179]. In general, the spectrum of animals used for testing CaP coatings synthesized by PLD
is reduced, and this includes rats, rabbits, mini-pigs, dogs, goats, or sheep [14]. The advantages and
disadvantages of different animal models used were discussed in Reference [139].

Chen et al. [180] synthesized using PLD fluoridated synthetic HA (HA:F) structures onto Ti
implants and inserted them into rat femurs. By using microcomputed tomography, histology, and
sequential polychromatic fluorescent investigations, their osteo-inductive and osseointegration activity
in comparison with that of uncoated Ti implants was assessed. The results of their study demonstrated
that HA:F-coated implants were characterized by superior osteogenesis and osseointegration properties
(1.5 times more new bone at one week and more than four times more new bone at 4 and 8 weeks,
respectively) as compared to bare (uncoated) Ti specimens, which can advance them as viable candidates
for future applications in dentistry.

Mroz et al. [181] reported on Mg-doped HA coatings fabricated by PLD onto porous Ti implants,
which were introduced in rabbit femoral bones for six months. The evaluation of bone–implant
interaction and bone volume in the region of interest were performed. Histopathological investigations
showed that all implants integrated well with the surrounding bone with ingrowth of newly formed
bone into the pores of the implants. No inflammatory or foreign body reaction were noticed at the
implant site. They note that, a significant increase in bone volume for Mg-doped HA implants, as
compared to uncoated implants, was detected.

Peraire et al. [182] conducted a comparative study of the biological stability and the
osteo-conductivity of HA coatings produced by PLD and plasma spraying. The functionalized
grit-blasted titanium rods were implanted in the proximal tibia of mature New Zealand White rabbits.
The obtained data suggested superior bone growth (percentage of bone contact) in the case of HA–PLD
coatings (86%) as compared to the HA–PS coatings (67%) or the uncoated grit-blasted titanium (69%),
after a period of 24 weeks implantation. Taking into consideration these results, the initiation of clinical
evaluation of this coating method for medical applications was encouraged.

Mihailescu et al. [183] reported on synthetic HA, Mn2+-doped carbonated HA and octacalcium
phosphate (OCP) coatings fabricated by PLD onto Ti implants for insertion in the tibia bones of
New Zealand White female rabbits. The bone–implants bonding was assessed by a tensile (pull-out)
test. The measured value of the pull-out force was found to be more than double in the case of
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CaP-functionalized Ti implants, as compared to the control (uncoated) ones. In addition, the pull-out
force increased by 25% for the Mn2+-doped carbonated HA and 10% in OCP-coated implants, in
comparison with the synthetic HA-coated implants. Mihailescu et al. concluded that nanostructured
CaP depositions manifested a significant potential for improving the performance of functionalized Ti
implants in bone, and the composition and structure of the CaP coating have a significant influence on
their biological effect.

Dostalova et al. [184] functionalized by PLD the surface of Ti6Al4V dental implants with HA
coatings. Coated and uncoated implants were inserted into the lower jaw of mini-pigs. The evaluation
of implants’ osseointegration degree was assessed by polarized and fluorescent light microscopy with
computer image processing. The results of the study proved that the osseointegration of the coated
layer was superior for HA coatings (~77.2%) than the integration of uncoated Ti implants (~65.2%).
With the owned advantage of delivering an inert and osseoconductive ceramic coating, the same team
concluded that the PLD could be a viable method for coating metallic implants.

7. Conclusions and Perspectives

When animal-origin calcium phosphates (CaPs) are tackled, pulsed laser deposition (PLD) could
be one of the most interesting choices for coating synthesis. If synthetic hydroxyapatite (HA) has a
complex molecule with a large number of atoms and functional groups difficult to transfer in form of
thin films by physical deposition techniques, natural apatites become even more complicated to transfer
because of new functional groups and substitution ions, which further complicate the molecule. PLD
is renowned for the ability to transfer stoichiometrically very complex molecules and this advantage
should make it one of the premiere candidates for the transfer of such complex materials.

The most common sources for obtaining animal-origin HA for PLD targets are swine, ovine, and
bovine teeth or bones. They are immersed in alkali solutions and further calcinated at ~800 ◦C to
remove the organic parts. The powder resulting after grinding and milling can be pressed into targets
or mixed with various doping agents to change mechanical or biocompatibility properties.

Coatings’ morphology depends on the thickness, the origin of the natural apatite, and on the
doping agents. In general, films are covered by round droplets that originate from the expulsion of the
liquid phase during target irradiation. Their number and size can drastically differ depending on the
experimental conditions. Usually, films in the range of hundreds of nanometers mimic the substrate
morphology (especially if it is rough), with surface features that are not evident. Thickness seems to be
dependent on the experimental conditions (number of pulses, laser fluence, and gas pressure), but also
on the type of apatite. Studies on coatings synthesized in the same experimental conditions on sheep,
cow, and cow-HA and bio-glass revealed different thicknesses for different types of materials.

Structural differences between synthetic HA and animal-origin apatites or between different types
of animal origin-apatites cannot be shown by X-ray diffraction only. All these materials display the
same crystalline peaks in the diffraction patterns. Differences appear in Fourier transform infrared
spectroscopy that contain, in the case of animal-origin HA, bands corresponding to (HPO4)2− or
(CO3)2− groups.

In terms of adherence to the substrate, PLD synthesized coatings from doped or undoped
animal-origin HA could easily surpass the mandatory value of 15 MPa of bonding strength established
by international standards for biocompatible coatings to be used in implantology.

Biocompatibility of animal-origin HA was consistently being reported as surpassing that of
synthetic HA both in cells morphology, cells proliferation, and bioactivity. Moreover, when doped
with Ti or Li2CO3, the effect was a boost in cell proliferation.

Animal-origin HA could be, therefore, a reliable, promising, safe, and, most importantly, low-cost
source for coatings that reach biomimetism. For PLD, the field is still in his incipient development,
with numerous possibilities to expand in terms of natural-HA sources, doping agents, or morphology
and structural control of the obtained coatings. The transfer from PLD, which is essentially a laboratory
technique to an industrial coating technique also belongs to the future.
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Besides their often-increased bioactivity as compared to synthetic HA, BioHA coatings can display
antibacterial and antifungal properties, which are not present in the case of synthetic HA. Undoped
or BioHA doped with MgO, or carbonates and phosphates of lithium, were active against various
microorganisms. Possible explanations for this property could be the presence of dopants, which have
antibacterial and antifungal properties by themselves, the smoother surfaces of PLD deposited BioHA
films, which reduce the contact area between coating and bacteria, and the metal ions accumulation
inside microorganisms followed by the membrane disruption and cell apoptosis.

The authors of this review express their confidence that the future of biomimetic coatings belongs
to the natural-origin CaPs source materials and their perfect transfer and delicate tuning in terms of
thickness, crystallinity, and functional groups can be optimally studied using PLD as deposition method.
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Abstract: We report on the fabrication of shellac thin films on silicon substrates by matrix-assisted
pulsed laser evaporation (MAPLE) using methanol as matrix. Very adherent, dense, and smooth
films were obtained by MAPLE with optimized deposition parameters, such as laser wavelength and
laser fluence. Films with a root mean square (RMS) roughness of 11 nm measured on 40 × 40 μm2

were obtained for a 2000-nm-thick shellac film deposited with 0.6 J/cm2 fluence at a laser wavelength
of 266 nm. The MAPLE films were tested in simulated gastric fluid in order to assess their capabilities
as an enteric coating. The chemical, morphological, and optical properties of shellac samples were
investigated by Fourier transform infrared spectroscopy (FTIR), X-ray photoelectron spectroscopy
(XPS), scanning electron microscopy (SEM), and atomic force microscopy (AFM).

Keywords: thin films; matrix-assisted pulsed laser evaporation; shellac; enteric coatings

1. Introduction

Shellac is a biomaterial, a resin secreted by the female lac bug Kerria lacca on the trees in India and
Thailand. It consists of esters and polyesters of polyhydroxy acids. The main components of shellac
are aleuritic and shellolic acid [1]. Other components can be butolic and jalaric acid [2]. The color can
vary between light yellow and dark red depending on the origin of the raw material.

Shellac possesses very interesting properties, such as being UV resistant, and it is a barrier for
water and a very good dielectric [3]. As a thin film, shellac can be easily deposited by drop casting
from a solution with ethanol or methanol. Shellac thin films have a dielectric constant between 3
and 5 [3] and very low surface roughness. They have been used as a substrate for organic field-effect
transistor (OFET) and as a gate dielectric [3]. When used as a substrate, a concentrated solution is
prepared. The solution has to evaporate for about half an hour at 50 ◦C and then it has to be heated for
an hour at 70 ◦C in order to obtain roughness lower than 1 nm [3].

Shellac is used in the food industry as a coating for fruits as protection against dehydration and
for the glossy and attractive aspect [4]. Shellac can be added to the composition of food packaging
materials for protection against bacteria and as a water repellent element [5]. Nail polish [6], furniture
and wood varnish, and the protection of art objects [7] are some other applications shellac can be
used for.

Shellac biopolymer can be used as a new carbon source for growing bubble-decorated graphene
oxide films with high magneto-resistance as reported by Singhbabu et al. in [8].

Improved properties for wood protection can be achieved for shellac films as a coating
by dispersing inorganic nanoparticles (1–2%) in alcoholic shellac solution as demonstrated by
Weththimuni et al. in [9]. Increased hardness and increased UV resistance can be obtained using ZrO2
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and ZnO nanoparticles. The low cost and low processing temperature make shellac a good candidate
for microfluidics applications via hot embossing in the same way standard polydimethylsiloxane
(PDMS) is used [10].

In pharmaceutics, shellac can be used for encapsulation and micro encapsulation [11] as an enteric
coating due to its acidic character, delivering the drug to the colon for specific applications [12–14].
Kumpugdee-Vollrath et al. obtained controlled drug release using coatings of shellac and pectine in [15].
Coaxial electrospinning has been reported for the obtaining of shellac nanofibers for colon-targeted
drug delivery by Wang et al. in [16].

In this work, we used a laser deposition technique to grow thin films of shellac for targeted
drug release. The employed laser technique was Matrix-Assisted Pulsed Laser Evaporation (MAPLE),
a variation of the pulsed laser deposition (PLD) procedure. Pulsed laser deposition is especially
used in the deposition of inorganic thin films [17–19] and it cannot be used for all types of delicate
materials. The PLD method can lead to their photochemical interaction when using laser emitting in
UV. For polymers, organic materials, and materials with a complicated structure, the MAPLE system
is preferred [20–22]. Important advantages arising from our approach using laser-based techniques are
the good adherence, the high density of the films, and control over their thickness. Another important
issue is the fact that MAPLE is a “dry technique”. During the coating procedure with MAPLE, the drug
is not in contact with the matrix (solvent) and drug–solvent chemical interactions are therefore avoided.

MAPLE-grown films have been tested in simulated gastric fluid, where the resin coating offers
the needed resistance to the stomach and small intestine environment [23].

2. Materials and Methods

Shellac wax-free was purchased from Sigma-Aldrich (St. Louis, MO, USA) and used as received.
The MAPLE technique was employed using a low concentration of shellac (1–2 wt % dissolved in
methanol). The solutions were poured into a copper target holder and they were frozen with liquid
nitrogen. During the experiments, the targets were kept in a solid state. The influence of various laser
wavelengths (266, 355, 532, and 1064 nm) on the deposition process was investigated. The laser fluence
was in the range 0.6–2 J/cm2 for the experiments using the UV wavelength and up to 4 J/cm2 for the
visible and IR wavelengths. We will present the results just for UV laser beam irradiation because green
and infrared light did not lead to continuous films, most probably due to the fact that the methanol
matrix does not absorb light at these wavelengths [24] and the target evaporation took place mainly
on defects. The laser spot was set in the range 0.9–1 mm2 for all the experiments. The substrates of
10 × 10 mm2, i.e., two side polished Si (100) wafer and quartz, were kept at room temperature and
positioned at a distance of 4 cm from the target. The base pressure in the deposition chamber was
~8 × 10−6 mbar and it increased during laser irradiation to 10−4 mbar due to solvent evaporation.
The number of pulses varied between 18,000 and 90,000 for a pulse repetition rate of 10 Hz. Before the
deposition, the substrates were cleaned in an ultrasonic bath, using a standard procedure implying
soap solution, water, acetone, and ethanol for 15 min each, and dried in a nitrogen gas flow.

For measuring the deposition rates of the films, contact profilometry studies were performed by
means of a KLA-Tencor P-7 (Milpitas, CA, USA) step profiler equipped with a 2-μm radius and a 60◦

stylus working in contact with 2 mg applied force and scanning on a 3-mm length of the samples with
a scan speed of 100 μm/s. Surface morphology was investigated by atomic force microscopy (AFM)
and scanning electron microscopy (SEM) with an “XE-100” AFM produced by Park Systems (Suwon,
South Korea) and a Quanta ESEM FEG 450 SEM (FEI, Hillsboro, OR, USA). Fourier transform infrared
absorption spectra were acquired with a Jasco 6300 FTIR system (Oklahoma, OK, USA), in the range
4000–400 cm−1, with 4 cm−1 resolution.

The wettability characteristics of the films were evaluated by contact angle measurements.
The water contact angle was measured using an optical microscope KSV CAM101 (KSV Instruments
Ltd., Helsinki, Finland) with water drops of 0.5–1 μL and by mediating the processed angles obtained
upon five drops for each sample.
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The simulated gastric fluid (SGF) dissolution media that is described in United States
Pharmacopeia 33-28NF (2010) and European Pharmacopeia 7.0 (2010) was prepared as follows: 2.0 g
NaCl, 3.2 g pepsin, 7.0 mL HCl, and 1000 mL milli q water. The solution used had a pH of 1.2. Shellac
films deposited by MAPLE were immersed in SGF for 15, 30, 60, 120, and 240 min.

X-ray photoelectron spectroscopy (XPS) survey spectra and high-resolution XPS scan spectra were
acquired for shellac dropcast, the initial film, and films immersed in SGF for different time durations
using an Escalab Xi+ system, Thermo Scientific (Waltham, MA, USA). The survey scans were acquired
using an Al Kα gun with a spot size of 900 μm, a pass energy of 100.0 eV, and an energy step size of
1.00 eV. For the high-resolution XPS spectra, the pass energy was set to 10.0 eV, the energy step size
was 0.10 eV, and 10 scans were accumulated.

3. Results and Discussion

The MAPLE-deposited films using a 266 nm irradiating wavelength are very smooth and the
surface is droplet-free. The deposited films have low roughness: less than 1 nm on 5 × 5 μm2 for films
with a thickness in the range 400–2000 nm; however, at micrometric scale, the surface has a wave-like
aspect (Figure 1).

The films present a slight hydrophobic tendency, with contact angles in the range 92–105◦ on
samples prepared by MAPLE at a 266-nm wavelength.

Figure 1. AFM and SEM images on a shellac film deposited from a 1 wt % shellac in a methanol frozen
target on an Si substrate as a result of 72,000 pulses at a 266-nm wavelength with a fluence of 0.5 J/cm2.
RMS roughness is 23 nm on 40 × 40 μm2. The water contact angle is 97.2◦.

Profilometric studies on the shellac films deposited using UV-irradiated light revealed deposition
rates between 0.01 and 0.3 Å/pulse for using fluences in the range 0.5–2 J/cm2 (Figure 2). A significant
increase was obtained when using a higher amount of shellac as a guest molecule in the target.
The deposition rate as a function of fluence has very interesting behavior; there is no evident increase
with fluence. More than that, a decrease of the deposition rate is encountered upon increasing the
laser fluence when the target contained 2 wt % shellac. It has also been reported in Ref. [25] the
case of depositing lysozyme and myoglobin proteins where the deposition rate increases up to a
maximum, after which it has a clear decrease. This may be due to a low sticking coefficient on the
already deposited film or to the ejection of the fragmented shellac scattered from the normal direction
onto the target [25]. Additionally, at high fluences and higher shellac concentrations, the amount
of the evaporated solvent molecules and fragments are higher, leading to a pressure increase in the
deposition chamber, which blocks shellac to reach the substrate.
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Figure 2. Dependence of shellac deposition rate on the laser fluence as resulting from profilometry on
samples prepared by matrix-assisted pulsed laser evaporation (MAPLE). Inset AFM image on a shellac
film deposited on an Si substrate using 355 nm laser wavelength as a result of 72,000 pulses at 1 J/cm2

from a 2 wt % shellac in a methanol frozen target.

The very low deposition rate obtained for the experiments performed by using the 355 nm laser
wavelength (the red circle on Figure 2) corroborated with the high roughness of the surface covered
with droplets and elongated structures (inset Figure 2) preventing the utilization of this wavelength
for shellac deposition in applications where a continuous and smooth film is needed. As already
mentioned in the experimental part, the use of the 532 nm and 1064 nm irradiation wavelengths did not
even lead to the deposition of continuous films. The few aggregates that could be seen on the substrate
are related to the absorption of laser light by defects, seed electrons, and impurities in the frozen target,
which lead to material transfer onto the substrate. Taking into consideration all these aspects, the
following experiments involved the use of films deposited using the 266 nm laser wavelength.

The surface analysis revealed smooth films with low roughness grown at low fluences, unlike
the case for higher fluences, where the surface is covered with wrinkle-like structures (Figure 3).
Such features were previously explained upon molecular dynamics simulations of the MAPLE
process [26,27]. They originate from large clusters of target material, including the solvent, which are
ejected from the frozen target and deposited onto the substrate, followed in a second stage by solvent
evaporation from the substrate and film formation.

As a conclusion, for experiments on the film’s behavior upon immersion in SGF, the low range of
fluences with values up to 0.6 J/cm2 were chosen.
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(a) 

(b) 

Figure 3. (a) The RMS roughness determined for areas of 40 × 40 μm2 for shellac films deposited by
MAPLE. The line between the points is for eye-guidance; (b) From left to right: AFM images for 0.6,
1.3, and 1.6 J/cm2.

Fourier transform infrared spectroscopy (FTIR) investigations were performed on films deposited
by MAPLE and the results were compared to the pristine material. The laser fluence and the amount
of shellac in the target solution were the investigated parameters (Figure 4).

 

Figure 4. FTIR spectra of shellac films.

The large band in the range 3100–3700 cm−1 with a maximum at about 3420 cm−1 is attributed to
the O–H stretching vibration, while the O–H bending vibration is identified at 1250 cm−1. The strong
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symmetric and asymmetric stretching vibrations of CH2 can be easily identified at 2855 cm−1 and
2932 cm−1, respectively. The other two strong vibrations peaked at 1712 cm−1 and 1733 cm−1 are
attributed to the C=O stretching vibration of esters [23] and acids, respectively [28,29]. The other
medium bands of the characteristic fingerprint are: 1636 cm−1 corresponding to the C=C stretching
vibration of vinyl [30]; and 1463 cm−1 and 1376 cm−1 are attributed to CH3 asymmetric and symmetric
bending, respectively [31]. The weak signal at 1412 cm−1 was associated to the CH2 group attached
to the ester chain as reported in Zumbühl et al. in [32]. The absorption bands at 1175 and 1050 cm−1

may be due to stretching vibrations of C–O and C–C bonds [31]. Weak signals can be seen at 944 and
882 cm−1 for pristine shellac, dropcast, and the low fluence used of 0.6 J/cm−2. They can be attributed
to the O–H out-of-plane deformation in carboxylic acids, to the C–H out-of-plane deformation in
aldehydes, or to their combination [33].

The FTIR spectra show that the general aspect of the spectra of shellac deposited using laser
fluences up to 2 J/cm2 is not changed, leading to the conclusion that a significant part of the film
material remains unaffected by the laser transfer process. The best concordance with the pristine
shellac of the intensities ratio was obtained for low fluences, where all shellac characteristic absorption
bands can be found. However, at laser fluences of at least 1.33 J/cm2, one can notice the appearance
of two additional bands in the region 1400–1600 cm−1, namely at 1515 and 1550 cm−1, related to
the symmetric and antisymmetric stretching modes of carboxylate moieties (COO–) formed upon
deprotonation of the carboxylic acids of shellac [34]. This is accompanied by a decrease of C–O and
C–C stretching bands at 1175 and 1050 cm−1, suggesting a tendency for material crosslinking upon
laser transfer, which was confirmed by the broadening of the bands and the loosening of the fine
structure noticed at large fluences.

4. Acidic Solution Resistance on Samples Prepared by MAPLE Deposition

As mentioned in the experimental part, we have investigated the enteric capacity of shellac to be
used as a coating for colon-targeted drugs. The chemical evolution of shellac in simulated gastric fluid
(SGF) was analyzed at different time intervals. The time intervals were selected in accordance with [35].
Figure 5 presents the FTIR spectrum for a film immersed for 240 min in SGF. We have calculated and
compared the intensities of the strong absorption bands from 3423 cm−1 (O–H) and 1711 cm−1 (C=O)
normalized to the strongest band in the spectra appearing at 2933 cm−1 for the films immersed in SGF
to the as-deposited films.

Figure 5. FTIR spectra of shellac film as-deposited and film immersed in simulated gastric fluid (SGF)
for 240 min. Relative intensities of the absorption bands of O–H and C=O (3423 and 1711 cm−1,
respectively) normalized to the CH2 band (the strongest band of at 2927 cm−1).

It is clear that no significant modification in the material composition occurs even upon immersion
of the shellac film into SGF for 240 min. Upon the first 30 min of exposure to SGF, a low decrease of
the populations of the C=O stretching vibration of esters and the O–H stretching vibration relative
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to stretching vibrations of CH2 identified at 2927 cm−1 was noticed. Nevertheless, upon a longer
time of exposure in SGF, the shellac films were stable in the acidic gastric medium, no significant
transformation could be identified, and the analyzed populations remained approximately constant up
to the maximum investigated time of 240 min, which corresponds to the typical passage time through
the digestive system.

The modification of surface chemical composition upon immersion in SGF, as revealed by the
XPS survey spectra, is presented in Figure 6. It is shown that a slightly higher amount of oxygen is
present in the MAPLE-deposited film as compared to the dropcasted shellac. Also, an incorporation
of nitrogen onto the shellac surface appears and its concentration increases from 2.63% at 15 min of
immersion up to 5.02% at 240 min of immersion. This is associated with pepsin interaction with shellac
films, leading to the covalent attachment of nitrogen to the shellac structure.

 

Figure 6. Dependence of the surface elemental concentration on the SGF immersion time.

The high-resolution XPS spectra in the carbon binding energy region were deconvoluted both for
the shellac material and for those kept in SGF for various times; the results for the 240 min immersion
are presented in Figure 7.

Figure 7. High resolution C 1s and fitting for non-irradiated shellac (a) and for a sample immersed in
gastric fluid for 240 min (b).

The spectrum of the initial shellac film is dominated by the C–C/C–H peak at 284.8 eV, while larger
peaks at 285.7 eV and 286.7 eV are assigned to *C–O–C* hydroxyl ether and O–C*=O/C*–O carbonyl
peaks, respectively. At higher binding energies, around 289.1 eV the presence of a COOH carboxyl
peak is noticed. Upon the interaction of the shellac film with the SGF, one can see the diminution of
C–C/C–H-related bonds accompanied by a significant increase and widening of the peak at 285.7 eV.
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This counts as C–N bonding, which superimposes on the *C–O–C* from the shellac, and it appears on
the film surface upon the interaction with the pepsin. Looking into the N 1s high-resolution spectra,
presented in the inset of Figure 7, one can see that the main nitrogen-related bonds are those related
to the amide formation, peaked at 400.0 eV, as well as those associated with the protonated nitrogen
obtained upon interaction with COOH functionalities [36]. The results are consistent with the increase
of nitrogen atomic concentration with the time of immersion in SGF.

The thickness of the films remained intact for all the investigated samples. The interaction of the
shellac film with the SGF was evaluated also by means of AFM measurements. We performed analysis
of 2000-nm-thick films with an RMS roughness of 0.7–1 nm over a scanned area of 5 × 5 μm2. The step
profile measurements show that the film’s thickness does not modify significantly even upon 240 min
immersion. Nevertheless, the roughness increases by 1 order of magnitude even for an immersion time
as low as 15 min and reaches 12.3 nm upon 120 min of immersion. Small pores, both regarding their
diameter and depth, had appeared on the shellac surface already upon 15 min of immersion (Figure 8).
The pores’ density and their depth increases when the exposure time to SGF increases; however, the
largest pore identified after 4 h of immersion had a depth of 85 nm, which represents less than 5% of
the film’s thickness.

 

Figure 8. AFM images on 5 × 5 μm2 films of MAPLE shellac films immersed in SGF for different time
durations. RMS Roughness on 5 × 5 μm2 and number of pores counted on 5 μm2. The MAPLE films
have a thickness of 2000 nm and were deposited using 2% shellac dissolved in methanol with a fluence
of 0.6 J/cm2 and 72,000 pulses.
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The behavior of MAPLE-deposited shellac films upon immersion in SGF for 240 min was
compared to that of films deposited by the dropcast method and submitted to the same environment.
The AFM images are presented in Figure 9. The 5 × 5 μm2 AFM image for the dropcast film, before
SGF immersion, presents a smooth film, with an RMS roughness of 0.6 nm. After SGF immersion, the
surface of the film is strongly changed; the film is very rough and holes similar to those noticed in the
case of MAPLE films can be identified. Nevertheless, the higher roughness of the dropcast films after
immersion (88 nm measured on 5 × 5 μm2) compared to the MAPLE films also supports the hypothesis
that the MAPLE technique produces more dense and compact films. This can be associated with the
higher impinging energy of the material reaching the substrate in the case of MAPLE processing,
which leads to a more compact deposit with respect to the softer dropcast process.

 
(a) (b) 

Figure 9. AFM image on 5 × 5 μm2 on a dropcast film (a); AFM image on 40 × 40 μm2 after 240 min
immersion in SGF (b).

5. Conclusions and Outlook

The deposition of shellac thin films by MAPLE has proven to be successful by utilization of a
UV laser. The obtained samples have low roughness and are droplet-free. We have obtained films
with a thickness of 2000 nm and an RMS roughness less than 1% of the thickness for the optimal set
of deposition parameters. It can be seen that laser fluence is an important factor in preserving the
chemical structure of shellac. For low fluences, all the characteristic absorption bands were found
and the best concordance to the pristine shellac was obtained. Upon immersion in Simulated Gastric
Fluid, the thickness of the films remained intact even upon 240 min of immersion. The surface of the
films changed even for an immersion time as low as 15 min, and the roughness increased as a result
of the appearance of holes. The pores’ density and size increased when the exposure time to SGF
increased, but the biggest hole measured after 240 min in SGF had a depth of just 85 nm. This behavior,
corroborated with the UV resistance [28] we have demonstrated previously, makes MAPLE shellac
films promising for use as an enteric coating and opens the path for a variety of applications.
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Abstract: The aim of this review is to present the state-of-the art achievements reported in the last
two decades in the field of pulsed laser deposition (PLD) of biocompatible calcium phosphate (CaP)-
based coatings for medical implants, with an emphasis on their in vivo biological performances.
There are studies in the dedicated literature on the in vivo testing of CaP-based coatings (especially
hydroxyapatite, HA) synthesized by many physical vapor deposition methods, but only a few of
them addressed the PLD technique. Therefore, a brief description of the PLD technique, along with
some information on the currently used substrates for the synthesis of CaP-based structures, and a
short presentation of the advantages of using various animal and human implant models will be
provided. For an in-depth in vivo assessment of both synthetic and biological-derived CaP-based
PLD coatings, a special attention will be dedicated to the results obtained by standardized and micro-
radiographies, (micro) computed tomography and histomorphometry, tomodensitometry, histology,
scanning and transmission electron microscopies, and mechanical testing. One main specific result of
the in vivo analyzed studies is related to the demonstrated superior osseointegration characteristics
of the metallic (generally Ti) implants functionalized with CaP-based coatings when compared to
simple (control) Ti ones, which are considered as the “gold standard” for implantological applications.
Thus, all such important in vivo outcomes were gathered, compiled and thoroughly discussed both to
clearly understand the current status of this research domain, and to be able to advance perspectives
of these synthetic and biological-derived CaP coatings for future clinical applications.

Keywords: calcium phosphate-based coatings; synthetic and natural hydroxyapatite; pulsed laser
deposition; in vivo testing; biomedical applications

1. Introduction

The biomedical domain has witnessed over the last decades a significant development
due to an extensive demand for a wide variety of implants, grafts, and/or scaffolds.
The bone tissue engineering field has therefore expanded to be able to address a wide
spectrum of bone-related injuries and offer viable and efficient solutions. This is mainly
achieved by combining the properties of bioactive materials and cells for an improved and
faster bone tissue ingrowth. Implants’ surface functionalization and modification with
performant bioactive materials is of high interest as it provides various possibilities to
modify the surface properties of biomaterials to make them suitable for specific medical
applications. This technology is currently applied both for the prevention of failure and
the prolongation of the bone implants’ life [1]. The fabrication of resistant implants able to
bypass the difficulties related to their rejection from the living bodies is therefore of huge
research interest. It is important to note that the global market for implantable medical
devices was valued at $72,265 million in 2015 and foreseen to attain $116,300 million in
2022 [2].

Calcium phosphates (CaP) represent the main inorganic component of bone tis-
sues [3]. They are the most utilized bioceramics in the medical field (i.e., orthopedics and
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dentistry [4–7]), as coatings for a wide range of metallic implants [8]. In the last few decades,
research emphasis was put on hydroxyapatite (HA), which is the most frequently used
CaP due to some interesting characteristics, such as its role as scaffold for osteogenic differ-
entiation [9] and its capacity to stimulate and accelerate new bone formation around
implants [10–12]. One should note that there are currently two ways to obtain HA:
the first one uses inorganic synthesis by different chemical routes (i.e., hydrothermal [13],
co-precipitation [14], or sol–gel [15]). In the case of hydrothermal method, the synthesis
temperature is relatively low, and the reaction conditions are moderate. The obtained prod-
ucts have high crystallinity, high purity, and controllable shape and size [16]. The chemical
precipitation of nano-sized powders from salt solutions allows for the rapid synthesis
of large amounts of material in a controlled manner [17]. The sol–gel process is a wet
chemical method that involves atomic level molecular mixing, and provides good control
over the composition and chemical homogeneity [18]. It should be emphasized that some
of these approaches imply the use of complex processes, which could generate pollu-
tant chemical wastes. Moreover, the composition of synthetic CaP is more complex than
the one of biological-derived apatites due to both multiple lattice substitutions and the
presence of ion vacancies [19]. As a consequence, a good alternative to classical chemi-
cal routes (i.e., extraction from renewable CaP resources) was introduced. One should
note that the most important primary natural reservoirs of CaP are either bones (of mam-
malian [20,21] or fish [22,23] origin) or biogenic sources (egg-shells [24], mussel shells [25],
or marine shells [26]). Unfortunately, these are generally treated as food industry wastes
only [27]. Besides its low production cost, another great advantage of this fabrication route
is the preservation of compositional and structural properties of the source material [28].
Furthermore, these as-fabricated biological-derived HA (BioHA) materials are well-suited
to achieve a perfect synergy with the biological media due to their content in trace ele-
ments [4,8]. These elements have a determining role in the proper adjustment of biological
properties (i.e., solubility, surface chemistry, and morphology), to keep compatible with
the natural human bone [5,29]. As compared to chemically-synthesized HA, BioHA has
different composition, stoichiometry, degree of crystallinity, degradation rate, and overall
biological performance. From the biomimetic point of view, BioHA materials are more
appropriate than synthetic HA to repair the skeletal system. It was reported that HA
obtained from renewable, low-cost resources (i.e., animal or fish bones and egg-shells)
can lead to physical-chemical characteristics and biological response comparable or even
improved than those obtained in the case of synthetic ones, due to their resemblance with
bone apatite [30,31]. The conversion of these by-products into HA is envisaged both as
a strategy for wastes management and an economically feasible approach to reduce the
overall costs for HA production. As compared to synthetic HA, the osseoconduction speed
of BioHA takes place more rapid due to its higher solubility and content of Mg2+ and
Na+ ions. It is very important to note that these elements are generally implicated in the
process of bone remodeling [32]. A detailed comparison between BioHA and synthetic HA
materials can be found in Ref. [33].

In contrast to their excellent bone regeneration properties, CaP-based materials are
brittle in bulk [34] (the brittle nature being in relation with their primary ionic bonds [3]),
and characterized by poor mechanical properties. Their low impact resistance and tensile
strength [35] represent critical drawbacks, which limit their wider clinical applications.
However, the compressive strength value is rather good, exceeding that of the bone [35].
In general, an implant is fabricated from Ti or its medical-grade alloys. Despite their
improved mechanical characteristics, Ti implants are characterized by low osseointegration
rates. To overcome these shortcomings, HA can be used as a coating for Ti implants.
This way, a combination between the ceramic’s bioactivity and the metallic substrate’s
mechanical performances is attained [34,36]. To even accelerate coatings’ osteoinduction
and biomechanical fixation to the metallic substrate, some additions or HA doping with
different ion concentrations were also reported [7,8]. Besides orthopedic prostheses and
dental implants, HA coatings are currently being deposited also on (macro) porous scaf-
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folds, thus expanding their applications towards bone regeneration therapies. Next to CaP,
another important class of bioactive materials is represented by bioglasses (BG) [37,38],
that demonstrated excellent osteointegrative characteristics in bulk form. Metallic implants’
functionalization with BG coatings can be considered a good alternative for rapid bone
reparation and regeneration [39].

In the field of thin film growth, the PLD method proved to be a simple, versatile, fast-
processing, and cost-effective technique, which allows for a precise control over the growth
rate and morphology to fabricate high-quality coatings [40,41]. In the case of CaP-based
biomaterials, one of the most important and enabling characteristics of this technique is its
capability to grow stoichiometric films [41]. This is mainly due to a high ablation rate that
causes the evaporation of all elements at the same time [42]. The deposition temperature,
substrate position, or background pressure can be independently controlled for the ease
tailoring of the crystallinity, chemical composition, thickness and/or surface roughness of
the fabricated structures [40]. One should emphasize upon that both film thickness and
composition nonuniformity over high surface areas are two important drawbacks of the
PLD technique, which can be fortunately overcome using special experimental set-ups
(i.e., laser beam rastering over large diameter targets) [43]. In this respect, excimer lasers
represent one economical choice for large-area commercial scale-up of the PLD process,
advancing this technique as a viable alternative for future industrial applications [41].

There are studies in the dedicated literature on the in vivo testing of CaP-based
coatings (especially HA) synthesized by many physical vapor deposition methods as
alternatives to plasma spraying (PS), but only a few of them addressed the PLD technique.
Moreover, to the best of my knowledge, there are no any review papers to summarize all
the efforts dedicated in this direction, and the main objective of this review is to fill in this
gap of knowledge. Therefore, the current review is focused on the gathering, compilation,
and thoroughly discussion of the in vivo results pertaining to the studies reported in the
last two decades on either synthetic or biological-derived CaP coatings only, synthesized
by PLD technique, for various medical applications.

2. Search Strategy

2.1. Study Selection

A comprehensive literature search in the Web of Science (https://apps.webofknowledge.
com/) database up to 11 December 2020, was carried out. The search included both animal-
and human-related studies, and only the publications written in English were considered.
The applied search strategy was: (“in vivo” [Topic], “Ti implants” [Topic], AND “Pulsed
laser deposition” [Topic]), OR (“hydroxyapatite coatings” [Topic], “in vivo” [Topic] AND
“Pulsed laser deposition” [Topic]), OR (“hydroxyapatite” [Topic], “Pulsed laser deposition”
[Topic], AND “patient” [Topic]), OR (“hydroxyapatite” [Topic], “in vivo” [Topic] AND
“Laser” [Topic]), OR (“hydroxylapatite” [Topic], “osseointegration” [Topic], AND “KrF
laser” [Topic]), OR (“hydroxyapatite” [Topic], “osteoconduction” [Topic], AND “laser”
[Topic]), OR (“calcium phosphate” [Topic], “in vivo” [Topic], AND “Pulsed laser deposi-
tion” [Topic]), OR (“calcium phosphate” [Topic], “in vivo” [Topic], AND “osseointegra-
tion” [Topic]).

2.2. Inclusion of Studies

These searches resulted in the identification of more than 700 studies. These titles
were initially screened for possible inclusion, resulting in further consideration of approxi-
matively 100 publications. A careful screening of the abstracts led to 40 full-text articles.
Considering the aim of this review, less than half of these articles (i.e., 15) met the inclusion
criteria and were chosen and assessed in detail, and parts of the reported results were
included and discussed in the present review.
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3. Pulsed Laser Deposition Technique

Bioceramic coatings are currently used for various biomedical applications [9] to
modify the implant surface (by increasing its surface roughness), to promote osseoin-
tegration. Nowadays, PS is the only industrial technology used for coating dental and
orthopedic implants with CaP materials. In this respect, in the dedicated literature there
are numerous and very interesting research works that point out and critically evaluate
the physical-chemical and biological characteristics of the structures fabricated by this
technique, along with their clinical performances [44,45]. The CaP-based coatings fabri-
cated by conventional thermal PS onto medical implants function as an intermediate layer
between the tissues and the metallic implants [46]. Despite its wide commercial availability,
this technique still has some drawbacks, such as: (i) the synthesized coatings generally
consist of several phases (i.e., β-TCP forms at 1200 ◦C, and it transforms into TTCP at
T > 1400 ◦C); (ii) at higher synthesis temperatures, the negative influence of the mismatch
between the thermal expansion coefficients of HA and TCP and the ones corresponding
to Ti-based alloys (11–15 × 10−6 cm/(cm·K) vs. 8–10 × 10−6 cm/(cm·K), respectively),
limit the obtaining of good CaP coatings onto metallic substrates [47]; (iii) it supplies very
thick structures with low adherence to the substrate (because the coatings’ tensile stresses
have a greater tendency to initiate cracks and cause film delamination [47]); (iv) surface
morphology, phase composition, or uniformity of crystallization [32,48] are difficult to be
controlled; and (v) it is a line-of-sight method [3]. Therefore, no coating technique can be
considered perfect and all these drawbacks gradually supported research efforts focused
on the introduction of various, alternative coating techniques to PS (i.e., radio frequency
magnetron sputtering, PLD, electrochemical deposition, etc.) [1,3,7,8,11]. Among these,
PLD technique is worth mentioning due to some important advantages over PS method,
such as: (i) a much faster surface deposition process; (ii) a stoichiometric transfer of the ma-
terial’s composition from the target in the synthesized coating; (iii) a better morphological
and compositional uniformity; (iv) a lower porosity; (v) precise thickness control; (vi) effec-
tiveness for coating small implants, with complex shapes; (vii) a decreased tendency of the
synthesized structures to crack or delaminate; and, very important, (viii) a high adherence
to the metallic substrate [1,49]. In the biomedical field, for the fabrication of CaP-based
coatings for bone implant applications, one of the most applied plasma-assisted methods
is PLD [7]. This technique is able to fabricate dense and extremely adherent films. In this
respect, synthetic HA and BioHA coatings obtained by PLD previously demonstrated
high adherence to metallic substrates [50]. Moreover, the composition of these coatings is
consistent with the one corresponding to the raw (base) materials, along with an improved
crystallinity [50]. One should note that in PLD, after the ablation of the target by laser
pulses, a plasma plume is generated. When the species existing in the plume reach the
surface of the substrate, they may deposit onto the surface and form a film [41]. The number
of the deposited species depends both on their density in the plume and their energy. In the
case of low energies, the species may not deposit on the substrate surface even if they
arrive at the surface [51]. If the substrate temperature is high, the energy of the species
can be compensated. Consequently, the number of deposited species onto the substrate
surface will increase, along with the density of the droplets. High substrate temperatures
also contribute to the atomic diffusion, which, in turn, can determine the appearance of
two phenomena: the first one is the atomic rearrangements and crystallization of the film
and the second one, the improvement of the film−substrate bonding state [52].

The laser sources appropriate for the ablation of a wide range of materials use wave-
lengths in the UV domain due to some important advantages over IR and/or visible laser
sources, such as (i) a higher penetration depth of the laser beam in the target material
and (ii) a higher energy of the photons that allows for a more efficient vaporization of the
target [53]. In this respect, the laser sources used for PLD experiments are either excimer
lasers (i.e., ArF [54], KrF [55], or XeCl [56], emitting at wavelengths of 193, 248, or 308 nm,
respectively) or solid-state lasers (i.e., Nd:YAG [57], emitting at 266 nm). It should be also
emphasized that to increase the amount of evaporated material from the ablated target to
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the detriment of expulsed liquid or solid phases, lasers emitting in a pulsed regime with
pulse durations in either the nanoseconds or picoseconds range are generally used [58].
In these regimes, the absorption process takes place more quickly than in the case of ther-
mal diffusion processes. More insights on the PLD and PS techniques are well described
elsewhere [33,41,49].

It is important to mention that post-deposition treatments are generally applied to
transform CaP phases with lower Ca/P ratio to crystalline HA. Thus, there are two commer-
cially used post-treatments: sintering [33,59,60] and soaking in alkaline solutions [61,62].
These treatments are generally applied for several hours, in the range of 600–800 ◦C.
Their aim is to transform the water trapped in the film during the synthesis process in
OH− ions, to stabilize the crystalline structure [34].

There are reports in the dedicated literature on the in vivo testing of CaP-based
coatings (especially HA) fabricated by different physical vapor deposition methods, but,
to the best of my knowledge, only a few of them addressed the PLD technique. Therefore,
for an easy access to information, Table 1 introduces the PLD experimental details given in
the papers considered in this review.

Table 1. Pulsed laser deposition (PLD) experimental details given in the papers considered in this
review, in the chronological order in which they were reported in the literature.

Laser
Repetition
Rate (Hz)

Substrate
Temperature (◦C)

Fluence
(J/cm2)

Atmosphere/
Pressure (Pa)

Coating
Thickness (μm)

Post-
Treatment

Ref

KrF - 500 3 Ar–water vapor 1 - [63]
KrF,
CO2

2−10 RT 3–10 - 1–4 550 ◦C, 1 h,
10−2 Pa [64]

KrF - 490 3 Ar–water
mixture 1–1.2 - [65]

KrF 30 650−730 4–7 Ar/H2O/40–80 1–3 - [66]
ArF 20 490 0.9 Water vapor/45 2 - [67]

KrF 2 150−400 2 O2/13–50 0.4 150−400 ◦C,
6 h [68]

ArF - 460 4.2 Water vapor/45 0.05–0.1 - [69]
- - - - - 0.05/0.3 800 ◦C, 8 h [32]

ArF 10 RT 1 Water
vapors/0.1 - 380 ◦C, 1 h [70]

KrF 5 200,600 5 Ar/45 - - [52]
KrF 10 400 5 Water vapors/50 - 400 ◦C, 6 h [71]

- 3 186,410 4.6 Water vapors - - [72]
KrF - - - - - - [73]
KrF 5 600 5 Ar/45 - - [74]
KrF 10 500 3.5 Water vapor/50 - 600 ◦C, 6 h [75]

4. In Vivo Assessment of PLD CaP-Based Coatings

In vitro tests play key-roles in the overall evaluation of a biomaterial by delivering
important information on its potential behavior inside a living system. To better understand
the complex processes occurring in a living environment and to deliver accurate data for
the validation of the biomaterials’ performances that target clinical trials, in vivo tests
(using either animal or human models) are of key-importance and should, therefore,
follow thorough in vitro acceptance [75].

Biocompatibility is an essential and required characteristic of the biomedical mate-
rials introduced inside the living systems, presenting a beneficial interaction with the
surrounding bone tissues. Immediately after CaP-based functionalized implants are sur-
gically inserted into the living bodies, there are tissue responses that take place at the
implanted materials−soft/hard tissues interface. The formation of connective tissue fibers
(2–3 weeks), which make a fiber mesh containing carbonated apatite, is one such response
that occurs initially [76,77]. This tissue-free layer develops onto the ceramic surface and
actively contributes both to a strong fixation of the implant to the surrounding bone tissues
and to the acceleration of bone integration and healing at early implantation times [78–81].
These aspects are of key-importance for any implant system [82]. The amount and nature
of osseointegration in metallic implants are determined by several factors such as surface
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topography, which includes surface roughness [83], wettability [84,85], and surface mor-
phology [86,87]. It was demonstrated that an initial stability and a further stronger interface
with the bone tissues are more likely to be achieved in the case of implants with rough
surfaces as compared to smooth ones [88], in both animal and human models, with bone
ongrowth interface [89,90]. Furthermore, the bone–implant interfacial shear strength is
directly related to the degree of surface roughness. However, for an optimal clinical per-
formance of metallic implants in bone, both an ideal type/shape of the implant and the
surface roughness degree still remain unknown. It is also important to mention that initial
stability is also achieved by drilling the bone socket to a diameter slightly inferior to the
implant’s dimensions, but to the proper matching length of the implants. If the opening
hole is drilled through the bone and enlarged progressively, and the implant is screwed in
with low momentum, the surrounding bone is going to be compressed. This provides a
firmer fit to the implant itself and it also increases the calcium concentration in the inter-
face. This method decreases also the blood clot thickness around the implants. If growth
factors are used, a boost in the healing process will be observed, while in their absence,
the osteoconduction process only will occur.

A nowadays challenge in implantology is the capability of a surface to assist cells’
colonization and differentiation. Cell migration, adhesion, and proliferation onto implant
surfaces are key-processes for the initiation of tissue regeneration [91]. Osteoconduction
and osseointegration represent two mechanisms that involve the adhesion or proliferation
of cells and integration in the CaP [35,92]. The adhesion of cells is directly related to the
CaP ability to adsorb the proteins from the extracellular matrix. For CaPs, this is strongly
determined by important parameters, such as the surface roughness, crystallinity degree,
Ca/P ratio, solubility, phase content, grain and particle sizes, and surface energy [92].

Osteoinduction is the property of a material to induce the differentiation of progenitor
cells to osteoblasts [35,92]. It was demonstrated that CaPs in the absence of supplements
are osteoinductive materials [92]. In turn, the osteoinduction ability depends on several
CaP properties, i.e., surface charge, morphology, and chemistry, which can influence the
adsorption of proteins [92].

The success rate of a medical implant is in relation to several factors such as the
implant’s design, the structure, and properties of the used material, the applied loads’
magnitude, the employed surgical technique, health conditions of either animals, or human
patients [82], and the existence of an inflammation-free environment. In the latter case,
there exist two major problems: (i) the area intended for the implant insertion might be
infected and (ii) the implant’s surface might get contaminated during surgery. Both sit-
uations can be easily by-passed, by appropriate dental work and by a proper isolation
during the surgical act, respectively. All aspects related to the biological interactions to
improve the long-time stability and reliability of medical devices inside living systems
have pushed forward the research of a wide range of surface modification techniques.
The aim was to achieve rapid healing and an improved bone-implant interaction, for an
early osseointegration. Therefore, in the last two decades, the surface functionalization of
implants by increasing the bioactivity using various biological and chemical processes or by
surface macro- and microtexturing was one of the major research topics in the biomedical
domain [82].

4.1. Used Substrates

Currently, in comparison to polymers and ceramics, metallic biomaterials are exten-
sively used in orthopaedics, dentistry, and oral and maxillofacial surgeries. This is due
to several important advantages, such as the high mechanical strength, superior biocom-
patibility, high resistance to corrosion, and improved chemical stability under biological
conditions [93–95]. Bioinert metallic implants (i.e., stainless steel (316L) and Ti, Ti-based,
and cobalt-chromium alloys [96]) are generally utilized for a wide range of medical appli-
cations, but there is currently a new generation of biodegradable metals (i.e., Mg, Zn or Fe)
that has been intensively employed for temporary applications [97,98]. Because they do
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not chemically bond to bone tissue unless their surfaces are modified, the use of the latter
ones is generally limited.

4.2. Animal and Human Implant Models

After the in vitro validation of biomaterials’ surfaces, the use of laboratory in vivo
models is a step forward biocompatibility assessment [99] and future clinical outcome of
metallic implants introduced in bones. In this respect, in vivo testing on animal models is
a key-parameter for both understanding and evaluation of the biological processes that
occur in a living system.

The general animal spectrum used for in vivo testing of CaP-based coatings syn-
thesized by the PLD technique only is limited to rats, rabbits, (mini) pigs, dogs, goats,
and sheep [34], and each animal model having its own advantages and limitations [100].
Small animal models demonstrated some important advantages over larger ones, i.e.,
overall lower costs, osteogenic ability, the possibility to both shorten the implantation
time-periods [101,102], and monitor bone formation by imaging methods (e.g., μCT). Thus,
the possibility to carry out longer experimental times is worth considering. In this respect,
rat or mice models are generally used for subcutaneous examination of implants [103,104],
while rabbits represent the easiest way to investigate the interaction between the coating
and the femoral bones [105–107]. It should be noted that the rabbit bone model was pre-
viously indicated [108,109] as a valuable screening tool able to select favorable implant
surface characteristics/technologies before moving to the next step (i.e., human trials). It is
currently used in various medical tests [110], due to both its size and ease of handling. In ad-
dition, it was demonstrated that its skeleton reaches maturity very fast (~24 weeks) [111].
In comparison, large animal models (i.e., dogs, sheep, or goats) are generally indicated
for verifying the practicability of implants closer to real clinical situations. In such large
animal models, the investigation of the osteoinduction process is easier to be attained than
in the case of small ones. Large animals have the advantage of an immune system more
similar to humans than in the case of small animals and can offer the possibility to host
different types of test materials [112]. Despite this, such large animal models are not so
intensively utilized for the evaluation of osteoinduction because of their lower metabolic
rates, besides higher costs for management and maintenance [113].

Usually, implants are surgically inserted in either the femur, tibia, or mandible
bones [114]. The rabbit’s bones manifest faster changes as compared to the case of larger
animal models [115]. Considering the difficulties met when extrapolating the results
obtained on rabbit bones to the human case, various screenings for implant design and
validation of the tested materials are still needed to be performed [75], before their testing
on larger animal models. Dog models are generally used for testing dental implants [116].
One should emphasize upon that the focus of the most studies is directed to the biological
response of the living bone to CaP-based materials.

For an easier follow-up of the text, Table 2 introduces information on the sample codes,
which will be further used in the paper.

For an ease access to information presented in the papers considered in this review,
Tables 3–6 introduce data on the investigated coating materials (along with the type and
dimension of substrates, bone implantation sites, length of studies, and all performed
analyses). All the information was grouped according to the applied small and large
animal models, respectively (Table 3—rats/mice, Table 4—rabbits, Table 5—minipigs,
and Table 6—dogs/sheep/humans).

It should be emphasized that because of the reduced number of in vivo studies on
the PLD synthesis of CaP-based coatings, the use of a certain animal model as the most
suitable one for the optimal assessment of metallic implants’ osteoconduction has not
been established yet. The reports on clinical trials (using human patients) are therefore
scarce [71].
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Table 2. Sample acronyms related to different materials used in the review and their explanation.

Samples Code Description of Samples

Ti/Ti6Al4V Titanium/titanium alloy (control specimen or deposition substrate)
HA Synthetic hydroxyapatite

HA/TTCP Synthetic hydroxyapatite/tetracalcium phosphate
OCP Octacalcium phosphate

Mn-CHA Manganese-doped carbonated hydroxyapatite
BHA/HA Bilayer bovine hydroxyapatite/hydroxyapatite

HATW Titanium web scaffold functionalized with hydroxyapatite
HA/45S5; HA/BG Hydroxyapatite/bioglass composite

Mg:OCP Octacalcium phosphate doped with magnesium
Mg:HA Synthetic hydroxyapatite doped with magnesium

FHA Fluoridated hydroxyapatite
Li-C Biological hydroxyapatite doped with lithium carbonate
Li-P Biological hydroxyapatite doped with lithium phosphate

Table 3. Information related to the investigated coating materials, according to the applied small
animal models (i.e., rats/mice).

Investigated
Material

Animal
Model/Number

Used Substrate/Dimensions
Bone Implantation

Site/Length of
Study (Weeks)

Performed
Analyses

Ref

HA Adult rats/36 Teflon, polyethylene,
Ti6Al4V/2.5 × 2 × 1 mm3 Femurs/2–8 SEM, histology [64]

HA KSN nude
mice/12

Ti web discs/5 mm diameter,
1.5 mm thickness Backs/2–12 Histology [70]

Fluoridated
HA Rats/16

Ti disc implants and
screws/15 mm diameter, 1 mm
thickness and 1.2 mm external

diameter, 12 mm length

Distal femur/4–8
Microcomputed

tomography,
histology

[73]

Table 4. Information related to the investigated coating materials, according to the applied small
animal models (i.e., rabbits).

Investigated
Material

Animal
Model/Number

Used Substrate/Dimensions
Bone Implantation

Site/Length of
Study (Weeks)

Performed
Analyses

Ref

HA,
HA/TTCP

New Zealand
White Rabbits Ti6Al4V Proximal tibia, distal

femurs/8 Histomorphometry [66]

HA
New Zealand

White
Rabbits/12

Grit-blasted commercial
titanium rods/7 mm length,

2 mm diameter
Proximal tibia/24 Histology, histo-

morphometry [67]

HA,
Mn-CHA,

OCP

New Zealand
White rabbits/12

Coins of Ti implants/1.95 mm
thick, 6.25 mm diameter Tibia/8 Tensile (pullout)

tests [68]

HA/45S5 New Zealand
White rabbits

Ti6Al4V/20 mm diameter,
1 mm thickness Shin bones/4–12 Histology [52]

Mg-doped
octacalcium
phosphate

and HA

Rabbits/23 Porous Ti6Al4V
scaffolds/(10.3 × 2.5 × 2.5) mm3

Femoral
condyles/24

Histopathology,
planimetric

analysis, μCT
[72]

HA/45S5 New Zeeland
White rabbits

Ti6Al4V plates/Φ20 mm ×
1 mm Shin bones/4–8 Histology [74]

Lithium-
doped

biological HA

New Zealand
White rabbits/26

3D Ti implants/3.5 mm
internal and 5.5 mm external

diameters, 9 mm length

Femoral
condyles/4–9

Computed
tomography,

mechanical testing,
scanning electron

microscopy

[75]
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Table 5. Information related to the investigated coating materials, according to the applied small
animal models (i.e., mini-pigs).

Investigated
Material

Animal
Model/Number

Used
Substrate/Dimensions

Bone Implantation
Site/Length of Study

(Weeks)
Performed Analyses Ref

HA Mini-pigs/3
Dental cylindrical

implants/13 mm length,
3.3 mm diameter

Lower jaws/16

(Micro)radiography,
transmission and

fluorescent
microscopies

[63]

HA Mini-pigs/4
Ti6Al4V dental

implants/12 mm length,
3.3 mm diameter

Lower jaws/16

Polarized and
fluorescent light,

percentage of
osseointegration

[65]

Table 6. Information related to the investigated coating materials, according to the applied large
animal models (i.e., dogs/sheep/human patients).

Investigated
Material

Animal
Model/Number

Used Substrate/Dimensions
Bone Implantation

Site/Length of Study
(Weeks)

Performed
Analyses

Ref

BHA/HA Beagle dogs/8
Commercial Ti screw

implants/8 mm length,
3.7 mm diameter

Bilateral femoral
Shafts/4–24 Histology [32]

HA Sheep/20 Cylindrical Ti implants/10
mm long, 5 mm diameter Tibia/8–12 Histomorphometry [69]

HA Human
patients/12

3D Ti mesh implants/(10 × 5)
cm2 size, 0.2 cm in holes

diameter, thickness of 0.25 cm
Skulls/12–24 Tomodensitometry [71]

4.3. Characterization Methods

For the in vivo assessment of the CaP-based coatings considered in this review, the per-
formed investigations, on which we will focus our attention, are standardized radiography,
microradiography, (micro) computed tomography (μCT), tomodensitometry, histology (un-
der polarized and fluorescent light), histomorphometry, planimetric analysis, fluorescent
microscopy, scanning and transmission electron microscopies (SEM, TEM), and mechanical
testing. While mechanical testing aims to determine the bonding strength between the
newly formed bone tissue and the implant, histological investigations are used for a wide
range of purposes, such as the measurement of the new bone area, bone apposition ratio,
etc. [105–107,117]. It is important to note that light microscopy or optical microscopy is
the most common laboratory technique used for biological investigations. It is a cheap,
robust, and typically noninvasive method that uses visible light to detect and magnify small
objects. The resolution limit is an intrinsic property due to the wavelength of visible light
radiation [118]. Polarized light microscopy is a contrast-enhancing technique with a high
degree of sensitivity that can be used for both qualitative and quantitative investigations.
It can provide information on both absorption color and optical path boundaries and the
structure and composition of materials that are invaluable for identification and diagnostic
purposes. The technique of fluorescence microscopy has become an essential tool in biology
and biomedical sciences, as well as in materials science, being capable of revealing the
existence of single molecules. SEM and TEM microscopies enable the characterization
of microstructures at many different length scales, from micro- to nanoscale, within an
imaging session. They all generate a highly focused beam of electrons, which impacts
the specimens inside a vacuum chamber. SEM microscopy is used to examine material
surfaces, in comparison to TEM microscopy, which primarily focuses on investigation of
the internal structure of the specimens [118].

4.3.1. Standardized Radiography and Microradiography

Dostalova et al. [63] evaluated quantitatively and qualitatively the Ti implants by radio-
graphical measurements. After 16 weeks of implantation, the osseointegration process was
confirmed by the presence of newly formed bone around all implants, along with a strong
bone–implant connection. When measured in the long-axis cross-section, the implant area
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was in the range of ~25–28 mm for Ti implants and ~21–37 mm in the case of the HA-coated
ones. This corresponded to an osseointegration area of ~18–22 mm for Ti implants and of
~15–30 mm for the HA-functionalized ones. The inferred percentage of osseointegration
varied from 73% to 79% for Ti implants and from 70% to 86% for the HA-coated ones.
No differences between various implants were found to be statistically important.

4.3.2. Computed Tomography

Using μCT, Mroz et al. [72] performed qualitative and quantitative investigations on
Mg:HA samples and Ti implants, and the obtained results revealed significantly higher
differences between these groups (p = 0.0311).

In another study, Chen et al. [73] demonstrated by μCT that for both 4 and 8 weeks,
the ratio of bone volume to total volume, mean trabecular number, and mean trabec-
ular thickness were significantly higher (p < 0.05) in the case of FHA-coated implants,
which was indicative for an accelerated osteogenesis process in the region of interest.
Moreover, for both time periods, the mean trabecular separation was found to be signifi-
cantly lower (p < 0.05).

Duta et al. [75] used CT scans, at 4 weeks after the surgical procedure, to observe the
correct placement and the good integration of all implants into the surrounding bone. Thus,
the presence of the peripheral osteosclerosis and no inflammatory process of the soft tissues
were indicated. The obtained results pointed out to an increase in the osseous density,
for both investigated time periods (4 and 9 weeks, respectively). Thus, the bone density
values corresponding to the Li-C and Li-P coatings, measured at 9 weeks, were ~1.2 times
higher than those inferred at 4 weeks after implantation. At 4 weeks, both Li-C and Li-P
structures indicated bone density values ~1.3 times higher than those obtained for Ti
implants. Moreover, at 9 weeks, the density values inferred in the case of functionalized
3D Ti implants were ~1.4 times higher as compared to Ti ones.

4.3.3. Tomodensitometry

In a pioneering contribution, Duta et al. [71] used the tomodensitometry analysis
to evidence the osteogenesis process of simple and functionalized Ti meshes implanted
in human patients, at 3 and 6 months after surgery. After 3 months, no changes were
detected for any of the investigated patients in terms of tissue density on Hounsfield (HU)
scale. After 6 months, in the case of two patients with Ti mesh and for all with Ti meshes
functionalized with bioactive surfaces, changes in measurements of osteoinductive and
osseointegration phenomena were evidenced. In the first case, these changes were assessed
only on the edge area, which was in direct contact with the bone. In the second case,
four patients from the total of six, showed changes of tissue density, both on the edge and
interjacent areas of the mesh. Up to 6 months, no patient evidenced those changes in the
center region of the implants. Thus, the inferred values for the functionalized Ti meshes
were of 583 and 412 HU (for the edge and interjacent region, respectively), in comparison
to 78 HU, obtained in the case of Ti meshes.

4.3.4. Histology

Antonov et al. [64] performed histological evaluations of their synthesized structures
for three different time periods of 15, 30, and 60 days, respectively. It is important to
note that no inflammation was observed around the sites of implantation for any of
the investigated structures. However, in the case of Ti samples, a significant fibrous
tissue formation was pointed out. For both types of structures (synthesized by either
KrF or CO2 lasers), a thin fibrous layer could be observed after 15 days of implantation.
At 30 days, a partially direct bone–implant contact was indicated, while very little fibrous
tissue and the formation of new bone, which was in direct contact with the implant surface,
were shown at 60 days. A very interesting observation was that the osteointegration rate
was slightly superior in the case of annealed samples, rather than for the non-annealed
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ones. Between the two types of synthesized coatings (using either KrF or CO2 lasers),
no significant statistical differences in the osteogenesis process were inferred.

The histological evaluation under polarized and fluorescent light was used by
Dostalova et al. [65] to indicate the presence of newly formed bone tissue around the
investigated implants. No osteoclasts, macrophages, or any inflammatory reaction cells
could be observed in the ground sections. In the case of synthesized coatings, a fibrous
connective tissue occurred in ~23% of the implant surface, but without the formation of a
continuous layer. In contrast, the fibrous connective tissue between the implant and the
newly formed bone tissue occupied ~35% of the surface, especially in the middle part of the
implant. However, it was indicated that these differences were not statistically significant
(p = 0.05). Under fluorescent light, a uniform distribution of the fluorescent label in the
whole bone, most probably due to a remodeling process of early formed bone, was ob-
served. These results were supported by the higher magnification investigations, in which
active bone cells were observed.

Using histological analyses, Peraire et al. [67] succeeded to demonstrate bone up-
growth in the endosteal areas, with a great amount of lacunae area in contact with them,
while in the center, the bone apposition was indicated to be totally absent. The fiber mesh
either disappeared in some implants or was very thin. In the case of the Ti rods function-
alized with HA coatings by plasma spraying (HA–PS), a good bone regeneration at the
ends of the implants (endosteal zones) was observed, but the newly formed bone tissue
in contact with the implant surface evidenced a significant large amount of lacunae area.
This active remodeling process might occur because of the coating degradation. HA–PS
coatings partially disappeared in some areas of the implants, were delaminated or even
detached, and HA particles could be therefore observed. In the central zone, bone appo-
sition areas could be hardly seen, with a slightly thicker fiber mesh. Inflammatory cells
(i.e., lymphocytes, macrophages, or neutrophils) were also present. In the case of HA
coatings synthesized by PLD (HA–PLD), a good bone regeneration at both endosteal ends
of the implant was indicated. All samples presented superior (grade 4) responses in bone
reaction and interface analysis parameters. The newly formed bone tissue was similar
to the cortical one, and the presence of mature osteocytes was detected. Under optical
microscopy, HA–PLD coatings could not be evidenced because of their low thickness,
while under polarized microscopy, the mineralized matrix in apposition to the implants
could be observed for all investigated areas (cortical insertion area, opposite endosteal area,
and bone marrow). The central area in contact with the bone marrow indicated bone
apposition areas interspersed in a thin fiber mesh, with large trabeculae growing from the
coating surface.

Hayami et al. [32] performed histological investigations of the interface between bone
and the tip of each implant. After 4 weeks, large gaps at the Ti implant−bone interface
could be observed, bone and connective tissues being intermingled. In the case of the
sprayed implants, a thick adhering coating could be clearly seen, along the observable
length of the interface. For the BHA/HA bilayered implants, no detectable gap was visible,
and the bone and the implant closely adhering to each other along the full length of the
interface. Thus, the process of biointegration was assumed to be complete after only 4 weeks
of implantation. This strong bone−bilayered implants connection was also observed at
8 and 24 weeks post-operation. At 24 weeks after surgery, normal bony structures with
osteocytes were indicated surrounding the implants.

Using histological analysis, Hontsu et al. [70] could observe that the HA-functionalized
implants were surrounded by a mesh of thin fibrous tissue. Inside the implants, the mesh
porosity was filled with fibrous tissue containing capillaries. Inside the HATW structure,
a slight amount of new immature bone formation was indicated. This amount clearly
increased from the second to the fourth week of implantation, for all types of scaffolds.
At 4 and 8 weeks, more sites containing osteoblast-like cells and osteoid tissue expressing
active bone formation could be observed, while at 12 weeks, the structure of the bone was
further matured and contained larger areas of remodeled lamellar bone.
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After observing the stained tissue sections, Wang et al. [52] indicated an obvious crack
between the newly formed bone tissue and the 200 ◦C-synthesized film. This was mainly
because of the preparation process of the tissue sections.

Although SEM results demonstrated good connections between the newly formed
bone tissues and the surfaces of the two type of films (Figure 1a,b), the histological mi-
crographs indicated a superior bone growth of the structures synthesized at 600 ◦C,
in comparison to those prepared at 200 ◦C. The osteoblasts in the newly formed bone
tissue were shown clear and homogenous, with a growth oriented along certain directions.

 

Figure 1. Morphologies of the implants after embedding for 1 month. (a,b) are the SEM morphologies
of 200 and 600 ◦C films. (Reprinted with permission from [52]. Copyright 2013 Elsevier.)

It was therefore concluded that all tissue sections from the implants deposited at
600 ◦C were good, with a satisfactory connection between the film and newly formed bone
tissue. In contrast, for the structures synthesized at 200 ◦C, a lower adherence between the
newly formed bone tissue and the films was demonstrated. This was mainly influenced by
the presence of a dark area between the film and the new bone tissue, which seemed to
appear because of the high shearing stress during the cutting process.

Using the histopathological evaluation, Mroz et al. [72] showed that Ti implants had
a tight adherence to the mineralized bone tissue, being in many cases within the fatty
marrow. Small fields of connective tissue were also observed directly adjacent to the
implant, along with a direct penetration of regular bone into the implants’ pores. In the
case of Mg:OCP samples, a direct integration of the bone and penetration into the pores
and the structure of the implant were indicated. For the Mg:HA group, evidence of a direct
bone−implant integration was shown, with no sign of osteoclastic or osteoblastic reaction
around the implants.

Longitudinal sections were collected by Chen et al. [73] to assess the newly bone
tissue formation around the implants. No adverse inflammatory reactions or gaps at the
bone–implant interface were observed. At 8 weeks after surgery, the bone area ratio and
bone–implant contact were significantly higher (~6 and ~1.5 times, respectively) around
FHA-coated implants in comparison to Ti ones.

Wang et al. [74] performed histological investigations to assess the osteoconduction
capacity of HA/BG composite coatings, with three different BG concentrations. Thus,
the 90%HA + 10%BG structure was shown to connect well with the bone tissue. However,
the bone matrix filled the implant−bone tissue interspace, and osteoblast cells (OB) were
not observed in this region before 2 months after implantation. In contrast, the 80%HA
+ 20%BG film exhibited better osteoconduction behavior as new OB could be observed
near the implant surface in the first month after surgery. It is important to note that the
improved biological activity of the film was indicated to be mainly due to their c-axis
orientation. Macroscopically, a good connection with the bone tissue was also observed in
the case of the 20%HA + 80%BG structure. In this case, a crack was indicated between the
film and the bone tissue, which corresponded to a poor bond state (mainly because of the
shearing force coming from the inner circle saw, used to cut the specimen into slices).
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4.3.5. Histomorphometry

Dostalova et al. [65] inferred the area of the bone–implant interface and found the
values to vary from ~65%, for Ti implants, to ~78%, for HA-functionalized ones. It is
important to note that between both types of surfaces, no significant statistical differences
were inferred (Student’s t-test, p = 0.05). As a consequence, a similar osseointegration trend
for both Ti implants and HA-functionalized ones was indicated.

In the case of the implants inserted by Kim et al. [66] in the femur, a value of ~48% of
the mineralized bone at the bone–coating interface for the synthesized HA coatings and
of ~63% for the HA/TTCP biphasic ones, was inferred. For the case of tibia-implanted
samples, values of ~51% and ~56% for the mineralized bone were indicated in the case
of HA and HA/TTCP biphasic coatings, respectively. Very important, all samples were
shown to exhibit a good integration, with no significant foreign body response.

Among the three materials evaluated by Peraire et al. [67], there were no statistically
significant differences in bone in-growth around the drilling hole. However, the HA–PLD
implants presented the highest value of the percentage of bone contact (86%), and the
lowest value of percentage of lacunae contact (14%). This difference was statistically
significant (Scheffe Test, p < 0.05,). When referring to the ratio between the total bone
surface and length of the evaluated area, the HA–PLD implants showed a significant
increase in comparison to the HA–PS group (Scheffe test, p < 0.05). This did not apply as
well to the Ti group. In the case of the HA–PS group, even though the bone response was
slightly different than the one corresponding to the Ti, no statistically significant differences
were found, in any of the quantified variables.

Paz et al. [69] used in their study two methods to evaluate the percentage of bone–
implant contact (% BIC): conventional light transmission microscopy and environmental
scanning electron microscopy (ESEM). The obtained results demonstrated no statistically
significant differences between these two methods, although ESEM is believed to offer
greater precision when characterizing bone areas in close contact with implant surfaces.
ESEM analysis showed a considerable improvement of the bioactivity in the case of HA-
coated samples, the bone–implant interface being more homogeneous and continuous in
comparison to Ti implants. Moreover, the bone was observed to enter deeper into the
craters of the macrostructure for the HA-coated samples than for the Ti implants. In areas
with low bone density, the HA-coated structures presented a superior behavior in contrast
to Ti. ESEM analyses showed an improvement of the percent of total BIC for both HA-
synthesized coatings (50 and 100 nm-thick samples, respectively) with regard to Ti implants.
There were no significant differences between the two coated samples, although the percent
apical BIC indicated better characteristics of the thicker coating over the thinner one.
The conventional light transmission microscopy images showed similar results as ESEM,
but with a modification in the percent total BIC; for this investigation, the thinner HA
coating showed superior behavior in comparison to the thicker one, while for the percent
apical BIC, the thicker coating presented a better behavior, but with a great increase in the
standard deviation for the thinner one.

4.3.6. Planimetric Analysis

The results of planimetric investigations performed by Mroz et al. [72] revealed
the best bone integration in the case of Mg:HA samples, this group having the highest
average length of the bone–implant interface and also the best reproducibility of the results.
No significant differences were inferred between the Mg-doped (OCP and HA) implants
and the Ti ones.

4.3.7. Fluorescent Microscopy

When fluorescent microscopy was used by Dostalova et al. [63], the active bone for-
mation could be observed, both in the neck and in the bottom of the implants, surrounding
osteons and braiding the fibrous connective tissue on the implant.
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Chen et al. [73] investigated by fluorescence microscopy the bone formation around
the implanted structures. As determined by confocal laser scanning microscopy, the bone
area between the implant surface and the boundaries observed at 1, 4, and 8 weeks, respec-
tively, was significantly higher for FHA-coated implants as compared to Ti ones (p < 0.05).
These implants indicated 1.5 and more than 4 times more new bone tissue formation at
1 week and 4 and 8 weeks, respectively, as compared with the case of Ti implants.

4.3.8. Scanning Electron Microscopy

Antonov et al. [64] used SEM to investigate the in vivo behavior of the synthesized
coatings. New bone formation was therefore observed, which surrounded implantation
site of the HA-coated alloy samples.

SEM observations performed by Peraire et al. [67] allowed for the detection of the
HA–PLD coatings on the grit-blasted Ti surfaces, at 24 weeks after surgery. The images
obtained using backscattered electrons showed different contrasts for the bone and the
coating, which allowed for their clear differentiation.

Hayami et al. [32] investigated by SEM the holes from the removed implants.
Because the threads of the screw implants had a long pitch, the troughs left in the bone
were trapezoidal in shape. For Ti implants, bone growth was slow and insufficient because
of the imperfect trapezium formation, in comparison to the BHA/HA-bilayered implants,
where the growth rate and quantity of newly formed bone tissue were greater due to
the formation of regular trapezia. In the V-shaped groove of the thermal-sprayed HA
coatings, a flaky piece was indicated, which appeared to be a fragment that peeled away
from the substrate.

Wang et al. [52] investigated the morphologies of the implants at 1 month after
implantation. These are shown in Figure 1a,b.

A layer of newly formed bone tissue was clearly seen, developing along both types
of structures (synthesized at 200 and 600 ◦C, respectively). This layer intimately adhered
to the implants’ surface and had a thickness of ~5 μm. After 3 months of implantation,
the newly formed bone tissue occupied the bone−implant interspace (Figure 2a,b).

 

Figure 2. Morphologies of the implants after embedding for 3 months. (a,b) are the SEM morpholo-
gies of 200 and 600 ◦C films. (Reprinted with permission from [52]. Copyright 2013 Elsevier.)

A good bioactivity of the films was therefore indicated, the two types of implants
being capable of inducing new bone growth on their surfaces.

Using SEM (Figure 3), coupled with the analysis of backscattering electrons,
Duta et al. [75] managed to infer the adherence ratio of the remaining bone fragments onto
the surface of the extracted implants.
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Figure 3. SEM micrographs indicating bone detachment on the surface of a control and functionalized
(with Li-C and Li-P coatings) Ti implant, at 4 weeks after surgery.

Thus, adherence ratios up to ~38% higher in the case of functionalized 3D Ti implants
(with Li-C and Li-P coatings) as compared to the Ti ones were indicated. This result,
corroborated with the higher values of the detachment force obtained in the case of func-
tionalized 3D Ti implants, in comparison to Ti ones, were indicative for an enhanced
osseointegration process. Moreover, the presence of such osseous structures onto the
surface of the implants suggested, besides the beginning of the implant integration process
into the bone, the absence of any adverse reactions at the implantation site.

4.3.9. Transmission Electron Microscopy

Using TEM, Dostalova et al. [63] have shown no marks of irritation and inflammation
in the surrounded bone. OB could be seen both in the border of the implants and newly
formed bone tissue. A low number of foreign body cells were indicated in the close vicinity
of the implant cover. In the case of Ti implants, a fibrous connective tissue between the
implants and the newly formed bone was seen, while in the case of the synthesized HA
coatings, this layer could be observed only seldom.

4.3.10. Mechanical Testing

The pullout (tensile) test was used by Mihailescu et al. [68] to compare the strength of
the biological–chemical bonding between the bone and Ti implant surfaces functionalized
with HA, Mn-CHA, and OCP coatings, respectively. The inferred values for all three
tested groups demonstrated a significantly improved bone attachment strength value
(p ≤ 0.05), which was about twice as high as the one associated to the Ti implants (~5 N).
In comparison to the strength value corresponding to the synthetic HA (~8 N), up to
10% (in the case of OCP, ~9 N) and 25% (in the case of Mn-CHA, ~11 N) higher values
were obtained.

Duta et al. [75] evaluated the quality of the implants’ osseointegration by mechanical
(tensile) tests. In none of the cases, alteration or disruption of the implants were present.
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The detachment force (Fmax) of implants under tensile pull-out testing, inferred for Ti and
functionalized (with Li-C and Li-P coatings) 3D Ti implants, at 4 and 9 weeks after surgery,
are represented in Figures 4 and 5, respectively.

 

Figure 4. Detachment force, Fmax, of implants (n = 10) under tensile pull-out testing, inferred
in the case of control 3D Ti implants (marked in blue color) and of those functionalized with
(a) Li-C (marked in green color) and (b) Li-P (marked in orange color) coatings, at 4 weeks af-
ter surgery. **** Represents highly significant differences (p ≤ 0.0001). ** Represents significant
differences (p ≤ 0.01).

At 4 weeks after surgery (Figure 4), the obtained mean detachment force values
demonstrated significant and highly significant differences between the Ti group and the
Li-P one, and between the Ti group and the Li-C one, respectively. When referring to the
extractions performed at longer periods of time, i.e., 9 weeks from implantation (Figure 5),
the inferred mean detachment force values indicated highly significant differences for both
investigated groups.

It is important to mention that the failure loads of the implants functionalized with
both Li-C and Li-P coatings measured at 9 weeks were ~5 times higher in comparison
to those inferred at 4 weeks after surgery, respectively. Moreover, for both time periods,
the Li-C and Li-P functionalized implants demonstrated a bone attachment strength of
~2 times stronger than the one corresponding to Ti implants. One could therefore indicate
that both the PLD surface functionalization of the implants and a longer implantation time
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period could induce a positive influence on the overall bone bonding strength characteris-
tics of the investigated medical devices. It should be emphasized that the fabrication of
novel BioHA implant coatings derived from sustainable and inexpensive CaP resources,
with improved mechanical properties, correlated with an increased bone fixation in vivo,
could stand for a pioneering contribution to the progress of advanced medical devices.

 

Figure 5. Detachment force, Fmax, of implants (n = 3) under tensile pull-out testing, inferred in
the case of control 3D Ti implants (marked in blue color) and of those functionalized with (a) Li-C
(marked in green color) and (b) Li-P (marked in orange color) coatings, at 9 weeks after surgery.
***** Represents highly significant differences (p ≤ 0.00001).

5. Discussion

Because the biomaterials’ osteoinduction mechanism is not yet entirely understood,
one could not precisely answer the question whether if the sole biomaterial or an inter-
action between the biomaterial and the relevant proteins present in the living system are
responsible for the osteoinduction process. Because most of the implants do not possess
the capability to induce bone growth, specific material properties are required to activate
the osteoinduction process. To begin the differentiation of the undifferentiated inducible
osteoprogenitor cells into bone-forming cells, it was suggested that both the chemistry and
the geometry of the biomaterial in contact with these cells represent critical factors to be
considered [119].
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Metallic implants (including Ti) are generally used for various biomedical applications,
mainly due to their resistance to corrosion and favorable mechanical characteristics [120].
Because of its bioinert nature, bulk Ti is not capable to form a biochemical bond with
the bone, and this biological inactivity often generates a fibrous tissue that surrounds
the implanted device [121]. To improve both osseointegration rates and longevity of Ti
implants, the deposition of CaP-based coatings onto their surfaces is envisaged. It was
therefore demonstrated that implants’ surface functionalization with CaP-based coatings
could promote the formation of real bonds with the surrounding bone, due to their proved
chemical similarity with natural bone tissue and their high biocompatibility [122]. This pro-
cess occurs rapidly along the entire surface of the coating, in comparison to the case of
simple Ti implants (used as controls in the experiments) [47].

A nowadays growing research interest in the field of biomaterials is related to the use
of biological-derived CaP materials as viable, safe, and low-cost alternatives to synthetic
CaP-ones [33]. It should be emphasized that, unfortunately, the Earth’s available mineral
resources are threatened to become limited in the near future because of the rapid demo-
graphic increase and economic growth. The access to sustainable resources is therefore
critical. Consequently, this will generate a beneficial economic and environmental impact
over the society, allowing for an intelligent use of these renewable resources.

The mechanical properties of CaP-based coatings are responsible with the overall
success rate of an implant [123]. Thus, the optimal functioning of an endosseous implant is
directly influenced by the biomaterial’s mechanical stability, which can be easily evaluated
by extraction tests. To obtain information on the force that occurs between the bone
tissue and implanted materials, various experimental study models have been developed,
each of them with their own particularities [115,124,125]. In this respect, the investigation
of the coating bond strength is typically performed by scratch [126–128], pull-off [129],
tensile adhesion [130–132], or shear strength tests [133], respectively. It is important to
emphasize upon that the ISO 13779-2:2008 standard requirement for tensile adhesion
strength of CaP-based coatings, used for load-bearing applications, is of 15 MPa [134].
It was reported that, in general, CaP-based coatings synthesized by the PLD technique easily
surpass this imposed value [33,59,135]. There are some studies in the literature concentrated
on tensile strength measurements [136,137], which, very importantly, can provide a direct
measurement of the attachment between the bone and the implant surface, being therefore
influenced only by the chemical bonding between those two [138–140]. This way, the effects
of friction and of mechanical forces introduced by surface roughness can be minimized [141].
In the case of animal trials, the implant’s increased bone retention is considered a clinically
relevant indicator of improved stability and capacity of the implants to carry loads without
detaching. Unfortunately, this type of information cannot be acquired by histological or
SEM investigations, which provide only limited information on the functional performance
of an implant. One should note that in none of the studies included in this review, related to
mechanical testing of CaP-based coatings, alteration or disruption of the implants were
present. In general, the inferred values for all functionalized Ti implants demonstrated
significantly improved bone attachment in comparison to Ti ones. Next to the PLD surface
functionalization of metallic implants, a longer implantation time period was demonstrated
to induce a positive influence on the overall bone bonding strength characteristics of the
investigated medical devices. One should note that the fabrication by PLD of novel
BioHA implant coatings derived from sustainable and inexpensive CaP-based resources,
with improved mechanical properties, correlated with an increased bone fixation in vivo,
could stand for a pioneering contribution to the progress of advanced medical devices.

In general, the results of the studies included in this review, obtained using standard-
ized radiography and microradiography [63], computed tomography [72,73,75], histomor-
phometry [65–67,69], and tomodensitometry [71], have confirmed the osseointegration
process (pointing to an increase in the osseous density), along with a strong bone–implant
connection and no inflammatory process of the soft tissues. The histological investigations,
performed with various microscopy techniques [32,52,63–65,67,70,72–75], have indicated
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also new active bone formation and demonstrated no adverse inflammatory reactions
or gaps around the sites of implantation or at the bone–implant interface, for any of the
investigated structures. In addition, the bone and the implant were shown to tightly adhere
to each other along the full length of the interface. One interesting observation was that the
temperature applied during the deposition process seemed to play an important role in
the bone growth of the synthesized structures, the osteoblasts in the newly formed bone
tissue being shown clear and homogenous [52]. Moreover, the osteointegration rate was
demonstrated to be slightly superior in the case of annealed samples, rather than for the
non-annealed ones [64]. It seemed also that no matter what the laser source used (i.e.,
KrF or CO2), between the synthesized coatings, no significant statistical differences in
the osteogenesis process were inferred [64]. Significantly higher values of the bone area
between the implant surface and the boundaries and bone adherence ratios were inferred
at various implantation time periods in the case of functionalized implants in comparison
to control ones [73,75]. In this respect, in the case of control samples, a fibrous connective
tissue between the metallic implants and the newly formed bone was shown, while in the
case of the synthesized coatings, this layer could be observed only seldom [63].

Even though it is generally accepted that CaP-based coatings deposited by PLD im-
prove bone strength and the initial osseointegration rate, the coatings’ properties necessary
to achieve an optimum bone response are yet to be determined. This is mainly because
of the limited number of in vivo studies available in the dedicated literature. It should
be emphasized upon that the in vivo testing should demonstrate stability in biological
environment for up to 1 month, which corresponds to the initial healing phase of the
implants [142]. The limitations on such experiments can be related to (i) the difficulty to
select a suitable animal model in order to properly simulate the actual mechanical loading
and unloading conditions in which an implant should function inside a living system;
(ii) the need to sacrifice a large number of animals to reach a significant statistical rele-
vance, able to validate the obtained results; (iii) the demands for high costs and long time
frame in the case of clinical trials; (iv) the lack of coordination among material scientists
and biologists and thus an insufficient understanding of this interdisciplinary subject;
and (v) the serious ethical concerns related to the used animals (including also the choice
of their correct number), as they might be sometimes subjected to painful procedures or
toxic exposures during the experimental trials [143].

Taking into consideration all these aspects, a future important progress of CaP-based
materials might be linked to a shift of the focus from osteoconduction to osteoinduction, e.g.,
by additive manufacturing of scaffolds with complex, controlled three-dimensional porous
structures and development of novel ion-substituted CaPs with increased biological activity.
Moreover, new strategies, possibly based on self-assembling and/or nanofabrication might
be developed for the successful fabrication of load-bearing bone graft substitutes. In the
future, the composition, microstructure, and molecular surface chemistry of various types
of CaPs might be tailored in such a way to match the specific biological and metabolic
requirements of tissues or disease states. The multilayer composite coating systems,
fabricated by the PLD technique, should represent also a future trend, able to provide
multifunctional properties for the biomedical implants.

6. Conclusions

This review summarizes a two decades achievements reported in the field of in vivo
assessment of calcium phosphate (CaP)-based coatings deposited onto metallic implants
by one of the most frequently used plasma-assisted techniques, i.e., pulsed laser deposition
(PLD). Due to their proven biocompatibility, mechanical (high adherence), and osseointe-
gration and osteoconduction properties, CaP-based bioceramics are widely used in the field
of bone regeneration, both in orthopedics and dentistry. For an in-depth in vivo assessment
of various CaP-based coatings synthesized by the PLD method only, the results of the stud-
ies included in this review were obtained using a wide range of investigation techniques,
among which a special focus was put on standardized and (micro) radiographies, (micro)
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computed tomography and histomorphometry, tomodensitometry, histology, scanning and
transmission electron microscopies, and mechanical testing. It is important to note that all
these results indicate superior osseointegration characteristics of the metallic (generally
Ti) implants functionalized with CaP-based coatings when compared to simple (uncoated)
Ti ones, which are considered as the “gold standard” for implantological applications.

In the last two decades, research studies performed on CaP-coated metallic implants by
PLD resulted in an interesting progress in vitro and in vivo, while not enough comparable
clinical results were delivered so far for an easier assessment. This was mainly because
of the lack of standardization of the coating properties and in vivo models. Therefore,
additional testing is still needed in this direction, both to be able to advance a certain
“recipe” to obtain optimum in vivo results, and to further reveal the relative influence
of implant design, surgical procedure, and coating characteristics (thickness, structure,
porosity, and surface morphology, which includes the wettability behavior), on either
short-term or long-term clinical beneficial effects of the CaP-based coatings. In addition,
one should emphasize upon the growing interest on the biological-derived CaP-materials
as viable, safe, and cheap alternatives to the CaP synthetic ones, along with their improved
biological properties and a greater resemblance to the mineral part of the human bones.
The domain of PLD synthesis of natural-CaP sustainable coatings is in its first stages of
development, and therefore, various possibilities to expand in the near future in terms of
natural-CaP new resources, different concentrations of doping agents, or morphology and
structural control of the obtained coatings are envisaged.
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57. Novotný, M.; Vondráček, M.; Marešová, E.; Fitl, P.; Bulíř, J.; Pokornýa, P.; Havlová, Š.; Abdellaoui, N.; Pereira, A.; Hubík, P.; et al.
Optical and structural properties of ZnO:Eu thin films grown by pulsed laser deposition. Appl. Surf. Sci. 2019, 476, 271–275.
[CrossRef]

58. Gyorgy, E.; Ristoscu, C.; Mihailescu, I.N. Role of laser pulse duration and gas pressure in deposition of AlN thin films. J. Appl. Phys.
2001, 90, 456. [CrossRef]

59. Zhang, Z.; Dunn, M.F.; Xiao, T.; Tomsia, A.P.; Saiz, E. Nanostructured Hydroxyapatite Coatings for Improved Adhesion and
Corrosion Resistance for Medical Implants. Mat. Res. Soc. Symp. Proc. 2002, 703, 291–296. [CrossRef]

60. Jain, P.; Mandal, T.; Prakash, P.; Garg, A.; Balani, K. Electrophoretic deposition of nanocrystalline hydroxyapatite on Ti6Al4V/TiO2
substrate. J. Coat. Technol. Res. 2013, 10, 263–275. [CrossRef]

61. Wen, C.; Guan, S.; Peng, L.; Ren, C.; Wang, X.; Hu, Z. Characterization and degradation behavior of AZ31 alloy surface modified
by bone-like hydroxyapatite for implant applications. Appl. Surf. Sci. 2009, 255, 6433–6438. [CrossRef]

62. Bakhsheshi-Rad, H.; Idris, M.; Abdul-Kadir, M. Synthesis and in vitro degradation evaluation of the nano-HA/MgF2 and
DCPD/MgF2 composite coating on biodegradable Mg–Ca–Zn alloy. Surf. Coat. Technol. 2013, 222, 79–89. [CrossRef]

210



Coatings 2021, 11, 99

63. Dostálová, T.; Jelínek, M.; Himmlová, L.; Grivas, C. Laser–Deposited Hydroxyapatite Films on Dental Implants—Biological
Evaluation in vivo. Laser Phys. 1998, 8, 182–186.

64. Antonov, E.N.; Bagratashvili, V.N.; Popov, V.K.; Sobol, E.N.; Howdle, S.M.; Joiner, C.; Parker, K.G.; Parker, T.L.; Doktorov, A.A.;
Likhanov, V.B.; et al. Biocompatibility of laser-deposited hydroxyapatite coatings on titanium and polymer implant materials.
J. Biomed. Opt. 1998, 3, 423–428. [CrossRef]

65. Dostálová, T.; Himmlová, L.; Jelínek, M.; Grivas, C. Osseointegration of loaded dental implant with KrF laser hydroxylapatite
films on Ti6Al4V alloy by minipigs. J. Biomed. Opt. 2001, 6, 239–243. [CrossRef]

66. Kim, H.; Vohra, Y.K.; Louis, P.J.; Lacefield, W.R.; Lemons, J.E.; Camata, R.P. Biphasic and Preferentially Oriented Microcrystalline
Calcium Phosphate Coatings: In-vitro and In-vivo Studies. Key Eng. Mat. 2005, 284–286, 207–210. [CrossRef]

67. Peraire, C.; Arias, J.L.; Bernal, D.; Pou, J.; Leon, B.; Arano, A.; Roth, W. Biological stability and osteoconductivity in rabbit tibia of
pulsed laser deposited hydroxylapatite coatings. J. Biomed. Mater. Res. Part A 2006, 77, 370–379. [CrossRef]

68. Mihailescu, I.N.; Lamolle, S.; Socol, G.; Miroiu, F.; Roenold, H.J.; Bigi, A.; Mayer, I.; Cuisinier, F.; Lyngstadaas, S.P. In vivo
tensile tests of biomimetic titanium implants pulsed laser coated with nanostructured Calcium Phosphate thin films.
Adv. Mater.-Rapid Commun. 2008, 2, 337–341.

69. Paz, M.D.; Chiussi, S.; González, P.; Serra, J.; León, B.; Alava, J.I.; Güemes, I.; Sánchez-Margallo, F.M. Osseointegration of Calcium
Phosphate Nanofilms on Titanium Alloy Implants. Key Eng. Mater. 2008, 361–363, 645–648. [CrossRef]

70. Hontsu, S.; Hashimoto, Y.; Yoshikawa, Y.; Kusunoki, M.; Nishikawa, H.; Ametani, A. Fabrication of Hydroxyl Apatite Coating
Titanium Web Scaffold Using Pulsed Laser Deposition Method. J. Hard. Tissue Biol. 2012, 21, 181–188. [CrossRef]

71. Duta, L.; Stan, G.E.; Popescu, A.C.; Socol, G.; Miroiu, F.M.; Mihailescu, I.N.; Ianculescu, A.; Poeata, I.; Chiriac, A. Hydroxyapatite
thin films synthesized by Pulsed Laser Deposition onto titanium mesh implants for cranioplasty applications. In Proceed-
ings of the ROMOPTO International Conference on Micro- to Nano-Photonics III, Bucharest, Romania, 3–6 September 2012;
Volume 8882, p. 888208. [CrossRef]

72. Mroz, W.; Budner, B.; Syroka, R.; Niedzielski, K.; Golanski, G.; Slosarczyk, A.; Schwarze, D.; Douglas, T.E.L. In vivo implantation
of porous titanium alloy implants coated with magnesium-doped octacalcium phosphate and hydroxyapatite thin films using
pulsed laser deposition. J. Biomed. Mater. Res. B Appl. Biomater. 2015, 103, 151–158. [CrossRef]

73. Chen, L.; Komasa, S.; Hashimoto, Y.; Hontsu, S.; Okazaki, J. In Vitro and In Vivo Osteogenic Activity of Titanium Implants Coated
by Pulsed Laser Deposition with a Thin Film of Fluoridated Hydroxyapatite. Int. J. Mol. Sci. 2018, 19, 1127. [CrossRef]

74. Wang, D.G.; Chen, C.Z.; Yang, X.X.; Ming, X.C.; Zhang, W.L. Effect of bioglass addition on the properties of HA/BG composite
films fabricated by pulsed laser deposition. Ceram. Int. 2018, 44, 14528–14533. [CrossRef]

75. Duta, L.; Neamtu, J.; Melinte, R.P.; Zureigat, O.A.; Popescu-Pelin, G.; Chioibasu, D.; Oktar, F.N.; Popescu, A.C. In Vivo Assessment
of Bone Enhancement in the Case of 3D-Printed Implants Functionalized with Lithium-Doped Biological-Derived Hydroxyapatite
Coatings: A Preliminary Study on Rabbits. Coatings 2020, 10, 992. [CrossRef]

76. Rosengren, A.; Danielsen, N.; Bjursten, L.M. Inflammatory reaction dependence on implant localization in rat soft tissue models.
Biomaterials 1997, 18, 979–987. [CrossRef]

77. Black, J.; Hastings, G. Handbook of Biomaterial Properties; Springer: New York, NY, USA, 2013; p. 676.
78. Habibovic, P.; Kruyt, M.C.; Juhl, M.V.; Clyens, S.; Martinetti, R.; Dolcini, L.; Theilgaard, N.; van Blitterswijk, C.A. Comparative

in vivo study of six hydroxyapatite-based bone graft substitutes. J. Orthop. Res. 2008, 26, 1363–1370. [CrossRef]
79. Marini, E.; Ballanti, P.; Silvestrini, G.; Valdinucci, F.; Bonucci, E. The presence of different growth factors does not influence bone

response to hydroxyapatite: Preliminary results. J. Orthopaed. Traumatol. 2004, 5, 34–43. [CrossRef]
80. Rabiee, S.; Moztarzadeh, F.; Solati-Hashjin, M. Synthesis and characterization of hydroxyapatite cement. J. Mol. Struct. 2010,

969, 172–175. [CrossRef]
81. Brånemark, P.I.; Hansson, B.O.; Adell, R.; Breine, U.; Lindström, J.; Hallén, O.; Ohman, A. Osseointegrated implants in the

treatment of the edentulous jaw. Experience from a 10-year period. Scand. J. Plast. Reconstr. Surg. Suppl. 1977, 16, 1–132. [PubMed]
82. Choi, A.H.; Karacan, I.; Ben-Nissan, B. Surface modifications of titanium alloy using nanobioceramic-based coatings to improve

osseointegration: A review. Mater. Technol. 2018, 742–751. [CrossRef]
83. Martin, J.Y.; Schwartz, Z.; Hummert, T.W.; Schraub, D.M.; Simpson, J.; Lankford, J., Jr.; Dean, D.D.; Cochran, D.L.; Boyan, B.D.

Effect of titanium surface roughness on proliferation, differentiation, and protein synthesis of human osteoblast-like cells (MG63).
J. Biomed. Mater. Res. A 1995, 29, 389–401. [CrossRef]

84. Rupp, F.; Gittens, R.A.; Scheideler, L.; Marmur, A.; Boyan, B.D.; Schwartz, Z.; Geis-Gerstorfera, J. A review on the wettability of
dental implant surfaces I: Theoretical and experimental aspects. Acta Biomater. 2014, 10, 2894–2906. [CrossRef]

85. Gittens, R.A.; Scheideler, L.; Rupp, F.; Hyzy, S.L.; Geis-Gerstorfer, J.; Schwartz, Z.; Boyanc, B.D. A review on the wettability of
dental implant surfaces II: Biological and clinical aspects. Acta Biomater. 2014, 10, 2907–2918. [CrossRef]

86. Elias, C.N.; Oshida, Y.; Lima, J.H.; Muller, C.A. Relationship between surface properties (roughness, wettability and morphology)
of titanium and dental implant removal torque. J. Mech. Behav. Biomed. Mater. 2008, 1, 234–242. [CrossRef]

87. Massaro, C.; Rotolo, P.; De Riccardis, F.; Milella, E.; Napoli, A.; Wieland, M.; Textor, M.; Spencer, N.D.; Brunette, D.M. Comparative
investigation of the surface properties of commercial titanium dental implants. Part I: Chemical composition. J. Mater. Sci.
Mater. Med. 2002, 13, 535–548. [CrossRef]

88. Lee, T.Q.; Danto, M.I.; Kim, W.C. Initial stability comparison of modular hip implants in synthetic femurs. Orthopedics 1998,
21, 885–888.

211



Coatings 2021, 11, 99

89. Wong, M.; Eulenberger, J.; Schenk, R.; Hunziker, E. Effect of surface topology on the osseointegration of implant materials in
trabecular bone. J. Biomed. Mater. Res. 1995, 29, 1567–1575. [CrossRef]

90. Svehia, M.; Morberg, P.; Zicat, B.; Bruce, W.; Sonnabend, D.; Walsh, W.R. Morphometric and mechanical evaluation of titanium
implant integration: Comparison of five surface structures. J. Biomed. Mater. Res. 2000, 51, 15–22. [CrossRef]

91. Lavenus, S.; Louarn, G.; Layrolle, P. Nanotechnology and Dental Implants. Int. J. Biomater. 2010, 915327, 9. [CrossRef]
92. Samavedi, S.; Whittington, A.R.; Goldstein, A.S. Calcium phosphate ceramics in bone tissue engineering: A review of properties

and their influence on cell behavior. Acta Biomater. 2013, 9, 8037–8045. [CrossRef]
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