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Abstract

Surface femtosecond laser texturing of biopolymer and biopolymer/ceramic composites
with subsequent ZnO film deposition on the samples by low temperature Atomic Layer
Deposition (ALD) method was performed. In the current study, the deposition of ZnO lay-
ers was implemented at temperature 50 °C under pressure of 2 mbar. In order to investi-
gate the effect of diverse ZnO thin films thickness, 100 or 500 repeating ALD cycles were
applied. The samples were exposed to ultra-short laser pulses of 130 fs duration generated
by a CPA (chirped pulse amplifier) Ti:Sapphire laser system. The artificial scaffolds were
irradiated by varying the laser fluence (0.2 J/cm?, 0.41 J/em? and 2.07 J/cm?) and the num-
ber of applied laser pulses (N=1, 2, 5 and 10). The morphology and chemical properties of
the treated samples were evaluated by Scanning Electronic Microscopy, Energy-Dispersive
X-ray Spectroscopy and X-ray photoelectron spectroscopy. By combining fs laser modifi-
cation with low temperature ALD method, essentially improved bioactivity properties of
hybrid organic—inorganic bone tissue scaffolds could be achieved, which is of great impor-
tance for future tissue engineering application of the samples.

Keywords Biopolymer/ceramic composites - Femtosecond laser modification - Atomic
layer deposition - Tissue engineering

This article is part of the Topical Collection on Advanced Photonics Meets Machine Learning.

Guest edited by Goran Gligoric, Jelena Radovanovic and Aleksandra Maluckov.

< L. Angelova
liliya_angelova@ie.bas.bg

I TInstitute of Electronics, Bulgarian Academy of Sciences, Sofia, Bulgaria

2 Institute of Solid State Physics, Bulgarian Academy of Sciences, Sofia, Bulgaria

3 Faculty of Physics, St. Kliment Ohridski University of Sofia, Sofia, Bulgaria

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s11082-020-02284-x&domain=pdf

173 Page2of 14 L. Angelova et al.

1 Introduction

Tissue engineering and regenerative medicine have become the standard field for replac-
ing organ and tissue loss or failure, resulting from injury and other types of damage, which
happen to be major human health problems. In fact, not quite long ago, the use of bone
tissue or organ transplantation was severely limited by donor shortage (Olson et al. 2011).
Current use of drug therapy, surgical reconstruction and medical devices are always avail-
able, but they tend to exhibit problems, such as incapability of replacing all the functions
of the damaged or lost bone tissue. Among the recent technologies in the multidisciplinary
field of tissue engineering or regenerative medicine, use of various types of scaffolds is the
key component (Olson et al. 2011; Pighinelli et al. 2016). Scaffolds are the best materials
for restoring, maintaining and improving tissue function. They play a unique role in repair
and more importantly regeneration of bone tissues by providing a suitable platform, per-
mitting essential supply of various factors associated with survival, adhesion, proliferation
and differentiation of cells (Scheinpflug et al. 2018; Alaribe et al. 2016). Scaffolds could be
made of synthetic or absorbable, naturally occurring, biological, degradable or non-degra-
dable polymeric and/or ceramic materials. These scaffolds act as a support structure for
the cell attachment and growth into tissues and must have adequate mechanical and anti-
inflammatory properties (Dahlan et al. 2012; Mukherjee 2014; Derakhshanfar et al. 2018;
Waua et al. 2014). Hydroxyapatite (HAp) is a mineral naturally found in bones and is used
for fabrication of dense and porous bioceramics (Wua et al. 2014; Gervaso et al. 2012) as it
increases the osteoconductive bonding of implants with surrounding tissues (Milella et al.
2001). Zirconia (ZrO,) has excellent chemical and dimensional stability and mechanical
strength (Tosiriwatanapong and Singhatanadgit 2018). Its anti-inflammatory qualities are
well known and make it a desirable component in hybrid bone and dental matrixes (Nevins
et al. 2011; Kohal et al. 2013). Apart from its biomedical significance (Zhu et al. 2016;
Laurenti and Cauda 2017), ZnO thin films (Laurenti et al. 2015), nanowires (Cui 2012),
nanorods (Li et al. 2001), nanoparticles (Dumontel et al. 2017), etc., find broad applica-
tion in a huge number of practical areas (Ozgur et al. 2005). These include surface acoustic
wave sensors (Fu et al. 2010), gas sensors (Wang et al. 2010; Eranna et al. 2004), energy
harvesting systems (Wang and Song 2006), perovskite solar cells (Li et al. 2017; Wang
et al. 2019; Zang 2018), light-emitting diodes (Zang et al. 2016), thin-film based transis-
tors (Fortunato et al. 2012), photodetectors (Soci et al. 2007), semiconductors (Janotti and
Van de Walle 2009), etc. Chitosan (Ch) is a natural biopolymer with high biocompatibility,
antimicrobial activity and superior affinity to proteins (Arca and Senel 2008; Martino et al.
2005).

It is recognized that the behavior of the cell adhesion, proliferation, and differentia-
tion on materials depends largely on surface characteristics such as wettability, chemis-
try, charge, rigidity, and roughness (Saito et al. 2015). Femtosecond laser-assisted method
for surface processing is a promising method since it is non-contact, with high degree of
reproducibility, does not require chemical agents, it can create various nano- and micro-
structures with increased roughness. Laser processing allows the fabrication of precise
well-defined patterns, which makes it very attractive for tissue engineering applications
(Narayan et al. 2007; Terakawa 2018). By employing femtosecond laser radiation, the
mechanical properties of the engineered scaffolds remain unchanged after the laser treat-
ment (Mukherjee 2014; Govindarajan and Shandas 2014).

Atomic layer deposition (ALD) is a type of chemical vapor deposition, with precur-
sor delivery in a sequential manner. Separation of precursors in time leads to self-limiting
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surface reactions, which result in layer by layer deposition. That leads to conformal and
uniform covering with 3D structures with high- surface to volume ratio and accurate con-
trol of the thickness on a nanometer scale. Narayan et al. (2010) suggested that ALD is
an appropriate method for nanoporous alumina functionalization. Their claims were once
again confirmed by Cuevas et al. (2019), who analyzed optical and chemical changes of
nanoporous alumina structure, coated with different metal oxides and nanolayers by ALD
and demonstrated that ALD is an attractive method for further biomedical applications of
alumina substrates. Low temperature process allows film deposition on biomaterials with-
out their degradation. As an addition to that, low temperature ALD of ZnO provides high
antibacterial efficiency of the surface processed (Johnson et al. 2014; Oviroh et al. 2019).

In this study both surface modification methods described above were applied on
biopolymer ceramic composites based on Ch and Ch/HAp/ZrO,, in order to monitor their
complementary impact on the scaffolds properties for optimizing their application in bone
tissue engineering. A few studies have reported functionalization of chitosan by mixing
it with ceramic materials. For example, Wang and Yeung (2017) and Muzzarelli (2011),
reviewed in detail, diverse approaches for applying polymer coatings or creating polymer-
bioceramic microstructures that imitate the composite arrangement of bone and could be
applied for bone regeneration.

The current challenge is related to creation of ‘smart’ biomimetic scaffolds by combin-
ing the two described techniques to induce enhanced surface functionalization by tailoring
topographic surface modification.

Surfaces are the primary place of contact between a biomaterial and its host organism.
By tailoring the material surface morphology, functionalization of the biomaterials can be
achieved, by enhancing its biocompatibility and promoting cells integration, which is the
future task of this primary experiments. In order to obtain valuable information for opti-
mising the treated samples, their morphology and chemical properties were evaluated by
SEM, EDX, and XPS analyses.

2 Materials and methods

For the purposes of the investigation, samples of chitosan (Sigma—Aldrich®, medium
molecular weight) and Ch/HAp/ZrO, composites in different percent correlation (w/v)
were prepared in the form of thin films on glass substrates. The protocol of their prepara-
tion is presented elsewhere (Daskalova et al. 2019) (Fig. 1a). Femtosecond laser modifica-
tion was applied in order to obtain a microporous structure on the sample surface (Fig. 1a).
In the experiments, an amplified Ti:Sapphire laser system (Quantronix- Integra-C) emit-
ting at central wavelength A =790 nm, 130 fs pulse duration and 1 kHz repetition rate was
used. In order to optimize the samples texturing, the laser fluence (0.2-2.07 J/cm?), and the
number of applied laser pulses (N=1-10), were varied. The thin films were modified with
a pattern of parallel stripes by the femtosecond Ti:sapphire laser, described in (Daskalova
et al. 2019). The laser beam was focused with a lens with focal length of 200 mm. The
focal spot diameter was estimated to be 40 um. The laser patterning was performed by
scanning the laser beam across the samples surfaces in the X direction to produce a stripe-
like modification. The sample was positioned on a motorized XYZ translation stage. The
experiment was performed in air. The scanning velocity was set to 2.5 mm/s creation of the
rows. The whole setup was controlled by a Labview software. In this way, the non-contact
laser texturing of the samples leaded to morphological modification of the surface, without
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Fig.1 Schematic illustration of the main experimental steps: a femtosecond microstructuring of the pre-
pared biopolymer/ceramic scaffolds; b ZnO coating by ALD method of the samples ¢ mechanism of ALD
DEZ-H,0 step, repeated 100 or 500 times, respectively

compromising the biochemical structure of the composite sample. As a result, porous tex-
turing and higher surface to volume ratio were obtained. Surface topography of the bio-
materials affects the ability of cell adhesion and interaction, which is critical to achieving
optimal bioactivity. Control over nanostructures can be especially powerful in controlling
cell behavior. The cells react strongly on the surfaces; they adhere, distribute and change
their shape according to the geometry of the matrices (Ma 2001). After laser treatment, the
processed samples were coated with thin ZnO film deposited by low temperature atomic
layer deposition (ALD) (Fig. 1b). Thin ZnO films were prepared in a Beneq TFS-200 ALD
reactor on several groups of biopolymer substrates and on referent n-Si (100) substrate.
The deposition process was conducted at temperature 50 °C under pressure of 2 mbar. To
obtain ZnO films alternating diethyl zinc (C,Hs),Zn (DEZ) as a zinc precursor and deion-
ized water (H,O) as an oxygen precursor were used (Fig. 1c). Each precursor pulse was fol-
lowed by pure Nitrogen (N,) purging pulse. The pulse and purging durations were the same
for the both precursors—200 ms and 2 s, respectively. A pure N, gas flow at 300 sccm was
maintained in the reaction chamber during the deposition process. Hundred (100) and five
hundred (500) ALD cycles were applied on the created microstructures in order to investi-
gate the effect of different layer thickness. By varying the number of cycles, high precision
and uniform growth of ZnO on the complex substrates is possible. ALD is a deposition
method with great potential for producing very thin, 3D—conformal films with control
of the thickness and ZnO attachment at atomic level. The surface roughness, achieved
because of fs processing, is assumed to be one of the key factors for optimized coating of
the samples with ZnO thin layers, and additional conformational change of their surface.
Such combined modification of bone tissue scaffolds can essentially improve bioactivity
properties of hybrid organic—inorganic biomaterial.
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The morphological change of the synthesized biopolymer and biopolymer/ceramic thin
layers was examined by a Scanning Electron Microscope (SEM analysis, SEM-TESCAN/
LYRA/XMU). Energy Dispersive X-ray spectroscopy (EDX) was performed for identify-
ing and quantifying elemental compositions of the examined thin films. Each spectrum
was measured with operating voltage of 20 kV before and after femtosecond laser irra-
diation was conducted. X-ray photoelectron spectroscopy (XPS) was done by means of an
AXIS Supra electron spectrometer (Kratos Analytical Ltd., Manchester, UK). Chemical
analysis of the samples of interest (unprocessed and laser processed) with high-resolution
were obtained, as the variation of the applied laser fluence and pulses have been taken into
account. In order to investigate biomedical application of laser-induced surface texturing of
tissue scaffolds coated with ZnO by thermal ALD method, several techniques were used.

3 Results and discussion
3.1 Morphology and elemental analysis of ZnO coated microporous scaffolds

SEM images revealed the morphology of the obtained structures of Ch-ZnO(100) and
Ch/1%HAp/1%ZrO,—ZnO(100) before and after laser irradiation (Fig. 2).

The structures formed after laser texturing and ALD coating of biopolymer thin film
(Fig. 2b, c¢) have foam-like appearance, while the composite sample (Fig. 2e, f) possess
groove shape which results in different roughness on the material surface. The main reason
for the difference in the observed morphological structures originates from variations in
the thin film layer composition, applied laser parameters and scanning modes. The deposi-
tion of ZnO layer over the biopolymer/composite blends was estimated by comparison of
Energy-Dispersive X-ray Spectroscopy (EDX) analysis for laser processed and non-pro-
cessed regions of the samples. The obtained results demonstrate improved attachment of
the zinc oxide over the laser textured areas compared to the non-treated ones (Fig. 3).
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Fig.2 SEM images of the artificial scaffolds: a—¢ Ch—-ZnO(100) and Ch/HAp/1%ZrO,~ZnO(100) d—f Fem-
tosecond processed Ch—ZnO(100)-b, ¢ and Ch/1%HAp/1%ZrO,~ZnO(100)-e, f
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Fig.3 Energy-Dispersive

X-ray Spectroscopy (EDX) analysis

of: a non-treated Ch-ZnO(100) ¢

Ch/1%HAp/1%ZrO,~ZnO(100); laser treated areas of b Ch-ZnO(100) and d Ch/1%HAp/1% ZrO,—

ZnO(100)

EDX analysis represents the atomic percentages of the elements of interests C, O, N, Zn
and Ca for each region. From the acquired results could be concluded that the ZnO attach-
ment over the laser textured zones of the biopolymer and composite scaffolds increases
in comparison to unmodified ones. This is confirmed by the weight percent values of the
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elements detected Fig. 3 (right)—Zn (wt%) increases from 2.28 to 3.77 for Ch—ZnO(100)
and from 0.97 to 1.45 for Ch/1%HAp/1%ZrO,~ZnO(100). Laser treatment leads to devia-
tion in the surface roughness (Daskalova et al. 2019), which in turns triggers better ZnO
deposition on the modified layers, due to increased surface area.

3.2 Chemical analysis of examined thin films

X-ray photoelectron spectroscopy (XPS) was performed to evaluate the presence of ZnO
deposition on the surface of the samples and to compare the number of applied growth
cycles on the Ch-ZnO(500) samples (Fig. 4). Analysis is performed also for the compo-
sitions of 70%Ch30%HAp/1%ZrO,—ZnO(100) and Ch/1%HAp/1%ZrO,~ZnO(500) layers
(Fig. 5). All recorded spectra are related to the non-treated areas on the scaffold to serve as
control (the lowest row of both figures) and visualize the characteristic differences. High-
resolution detailed scans were performed around peaks of interest Cy, Ca,,,, Cay,, Ny, Oy,
Zny,, Sizp, and Zry, (Figs. 4 and 5). The samples of Ch-ZnO(500) were processed with
laser fluence of F=0.41 J/em?, N=1, 2 and 5 laser pulses (Fig. 4, rows 1,2 and 3, respec-
tively;), and repetition rate v=50 Hz (Fig. 4a—h) and v=500 Hz (i—p). Curves are pre-
sented with different colors, according to number of fs pulses/non-treated surface on each
row of the figure.

The first two spectra (Fig. 4a, b) present the region of C,, peak, which is decomposed
into several peaks, attributed to bonding energies of 284.8, 285.8, 286.3, 286.8, 288.0,
and 289.0 eV corresponding to C—C/C—H bond and C-NH/C-NH, (Gao et al. 2009). The
additional peak (Fig. 4b, orange) at the highest binding energy of 288.5-289.0 eV, as an
exception to the ideal chitosan structure, is observed in all cases of laser treated samples,
but not in the case of the non-treated areas of the scaffold. According to the theoretical
considerations this peak can be attributed to C, binding energy of other carbon atoms.
The results, presented at Fig. 4 are in agreement with the fundamental study of Jiang et al.
(1997), as well as with the theoretical and experimental results, presented in the elaborate
work of Kostov et al. (2018). Other regions of interest are the detected Cay, peak (Fig. 4c¢)
decomposed to two peaks with corresponding energies: 344.59 and 348.25 eV (control sur-
face); N=1—at 345.30, 348.66 eV; N=2—at 345. 10, 348.86 eV and N=5—at 345.20,
348.86 eV. For Ca,, (Fig. 4d) there is no detectable energy maximum for control surface
and pronounced peaks are observed for N=1,2 and 5 at 436.82, 436.99, and 437.15 eV,
respectively. Another intense peak, appearing at 529.68 eV, could be assigned to hydroxyl
groups (—OH™) of O line (Fig. 4f) (Kostov et al. 2018). A small amount of silicium (Si)
was reported (Fig. 4h), and in the case of N=35 it’s quantity is increasing, which may be
attributed to the fact that in this case the glass substrate of the sample is reached, due to the
larger amount of material ablated by fs pulses. The Zn registration is by ZnO applied by
the ALD method (Fig. 4g). In the case of repetition rate v=500 Hz Fig. 4i—p, no difference
was observed in the energy peaks of C, (Fig. 4i), Zn,, (Fig. 4m) and Oy (Fig. 40) for the
non-treated and laser treated chitosan with N=1. No detectable energy maximums were
captured for the Ca,, and Cay (Fig. 4j, k), Ny (Fig. 41) and Zr, (Fig. 4p) for the control
and fs treated chitosan surface, which confirms that these elements are not presented in the
Ch-ZnO(500) sample.

On Fig. 5 comparison between the XPS spectra of C;,, Cay, Cay, Ny, Siy,
and Zn,, regions are presented for Ch/1%HAp/1%ZrO,~ZnO(500) (a-h) and
70%Ch30%HAp/1%ZrO,—ZnO(100) (i—-p) samples. The composites were treated with
F=2.07 J/cm® and N=10 (upper row, in purple). As a control, laser non-treated sample

@ Springer



173 Page8of 14

L. Angelova

etal.

(a)

(@)

(¢)

Ne5 28484 12858 ' N=5F=041Jlcm?
c1 P ® Ca2p N=5 Ca2s
F=0.41J/cm? s o 2007 cis ::‘-:uwcmz F=0.41Jcm?
i 288032800
x18 .
N2 N=2
F=0.41J/cm? F=0.41J/cm? N=2
? & i F=0.41J/cm?
£ : VRS i { | bika
3 H (ol
| J— = x1.6 Y ‘W‘TT
& [ : .
E. N=1 N=1
2 | F=041Jcm? F=0.41J/cn? N=1
o F=0.41J/cm?
£ ~
x1.6 3 J
Non-treated Non-treated non-treated ghitosan
chitosan chitosan
Non-treated
270 280 290 300 585 "ok oke " ok oS o T T chifosan
P el 282 284 286 288 290 292 340 350 360 420 430 440 450 4
inding ner e
v b Binding Energy (eV) Binding Energy (eV) Binding Energy (eV)
(e ® (8 (h)
N=5 N1s N=5 O1s N=5 F=0.41Jlcm? Zn2; N=5 Si2p
F=0.41J/cm? F=0.41J/cm? ey F=0.41J/cm?
b i N-2 { N-2F=0.41J/cm?  F=0.41 Jem' N=2 i
% F=0.41Jcm? | F=0.410cm? [ |
= f l /
3 ke “.4 W
g A S o N
> Nt
G F=041Jcm? N=1 " N=1F=0.41J/cm? Ne1
5 F=0.41J/cm’ F=0.41J/cm?
&
f
= T =
non-treat treat non-treated chitosan| [ o "treated chitosan
T T T T T T - T T T T
300 400 410 520 530 540 1010 1020 1030 1040 1050 g 100 110
Binding Energy (eV) Binding Energy (eV) Binding Energy (eV) Binding Energy (eV)
@) @ (k) )
N=1F=0.41J/cm? (4o N=1F=0.41Jcm?  Ca2p | N=1F=0.41Jcm? Ca2s N=1F=0.41Jicmz  N1s
E
3
g i i -
£ | Non-treated chitosan Non-treated chitosan Non-treated chitosan Non-treated chitosan
2
‘@
&
3
=
270 275 280 285 200 295 300 340 345 30 35 430 440 450 390 395 400 405 410

Binding Energy (eV)

Binding Energy (eV)

Binding Energy (eV)

Binding Energy (eV)

Fig.4 X-ray photoelectron spectroscopy (XPS) detailed spectra of Ch—ZnO(500)
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Fig.4 (continued)

surface was used (lower row, in green). The typical structure of chitosan for the sam-
ple composition —70%Ch30%HAp/1%ZrO,—ZnO(100) is analogical to Fig. 4 and is
clearly observed (Fig. 5i, j). This could be explained with the applied lower number of
ALD cycles and the poor coverage of the laying underneath Ch-ceramic layer. In con-
trast, in the spectrum obtained from Ch/1%HAp/1%ZrO,~ZnO(500) sample, the char-
acteristic decomposition is absent (Fig. 5a). Similarly to the Ca peak (Fig. 5b, c), the
detection of Zr on the spectrum from Ch/1%HAp/1%ZrO,~ZnO(500) is not pronounced
(Fig. 5e), in relation to the spectrum obtained for the sample with the composition
70%Ch30%HAp/1%ZrO,—ZnO(100) (Fig. 5Sm), where Zr is detectable under the thinner
layer of ZnO(100). The Zr element in the Ch/1%HAp/1%ZrO,—ZnO(500) sample volume
is not captured (Fig. 5e), due to the well covered ZnO layer on the top of the surface, as
the XPS analysis is performed at average depth of 5 nm, which is less than the ZnO layer
thickness (given afterwards).

The signal intensity of Zn peak is much higher in the case of a laser-treated surface
(Fig. 5h, p). The results show a preferential adhesion of ZnO to the laser-processed sam-
ple surface. Supplementary evidence is the presence of peaks corresponding to chitosan
structure underneath ZnO (100) layer, which is not observed in the case of 500 ALD cycles
(Fig. 5h—o0). Atomic percentages of the elements of interest are given in Table 1.

The results clearly demonstrate increment of atomic concentrations of both zinc and
oxygen for all laser treated surfaces, as the number of laser pulses rises up. However, a
slight deviation of Zn atomic concentration is observed for the case of Ch-ZnO(500), N=2
and 5 pulses (5.9 and 3.9 at. conc. %, respectively). Considering the information given
in Table 1, repetition of these preliminary measurements in subsequent experiments is
planned in order to estimate the trend of the obtained data.

Results of the performed measurements with a Woollam M2000D rotating compensator
spectroscopic ellipsometer (wavelength range from 193 to 1000 nm), show that the estima-
tion of ZnO layer thickness is 38.0 and 13.1 nm for ZnO(500)- and ZnO(100)- biopolymer
and biopolymer/ceramic samples, respectively. These thicknesses partly explains the XPS
results, presented on Fig. 5, as analysis is performed at average depth of 5 nm. The data
acquisition and analysis was obtained by CompleteEASE 5.10 J.A.Woollam Co., Inc soft-
ware. The thicknesses of the ZnO layers were determined using spectroscopic ellipsometry
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Fig.5 (continued)

Table 1 Atomic concentration of XPS analysis

Sample Zn at. conc. (%) O at. conc. (%) Zr conc. (%)
Ch-ZnO (500) non-treated surface 0.2 23.5 -
F=0.41J/cm? N=1 0.7 324 -
F=0.41J/cm? N=2 5.9 33.9 -
F=0.41J/cm* N=5 3.9 37.0 -
70%Ch30%HAp/1%ZrO,-ZnO (100) non- 0.5 238 0.1
treated surface
F=2.07J/em?*, N=10 7.9 43.7 4.0

measurements of ZnO layers, deposited on accompanying Si substrates. The spectroscopic
ellipsometry data ¥ and A (taken at angles of incidence of 50°, 60° and 70°) were analyzed
using a three-layer model consisting of a silicon substrate with a 2.33 nm thick SiO, native
oxide as a first layer, a ZnO as a second layer and a roughness layer as a third one. The
interfaces between the different layers were assumed to be abrupt and the layers—homoge-
neous in depth. The optical constants of the ZnO layer were assumed to be isotropic. Tabu-
lated values for the optical constants of the silicon substrate and the silicon native oxide
from the CompleteEASE software database were used. The ZnO layers were represented
by the general oscillator model consisting of one PSemi-MO and one Gaussian oscilla-
tors. The roughness layer for all samples was modeled by Bruggeman’s EMA (Effective
Medium Approximation) of 50% voids and 50% bulk material (CompleteEASE® Software
Manual (Lincoln: J.A.Woollam Co.) USA).

4 Conclusion
Experimental results obtained by the combination of femtosecond laser—induced sur-

face modification of scaffolds with subsequent deposition of ZnO film by low tempera-
ture ALD method are presented. The samples were divided by the number of applied ALD
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cycles-ZnO(100) and ZnO(500) cycles.The acquired data demonstrate significant effi-
ciency of ZnO adhesion over the laser-treated surface in contrast to untreated one. These
studies show that the ZnO(500) layer for all types of thin films seem to have improved
attachment on the laser treated parts of the samples in comparison to ZnO(100). ALD
process is based on surface chemical (adsorption) reactions and strongly depends on free
chemical bonds on the surface. Laser treatment is producing micro-/nano- porous structure,
which expands the surface of the sample. Furthermore, during laser treatment new chemi-
cal bonds are activated which facilitate ALD surface reactions. Because of the porous
structure and the larger surface, the precursor did not penetrate into the pores. Repeating
the ALD cycle many times drastically improves the attachment of ZnO on the surface. To
clarify that, additional experiments with longer pulse durations should be implemented.
The atomic percentage of elements of interest was evaluated by EDX and XPS analyzes.
The obtained results clearly demonstrate that the combined application of ultra-fast laser
treatment and low temperature ALD method for surface functionalization of biopolymer
and biopolymer/ceramic composite materials leads to improved deposition of ZnO over
laser-processed areas.
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