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a b s t r a c t
Al-doped ZnO crystalline colloidal nanoparticles were synthesized by a laser ablation of ZnO:Al2O3 in
MilliQ water. Experiments were performed systematically by changing the number of applied laser
pulses and laser output energy with the aim to affect the nanoparticle size, composition (Al/Zn ratio)
and characteristics (band-gap, crystallinity). Distinctly, set of nanoparticle syntheses was performed in
deionized water for comparison. SEM investigation of colloidal nanoparticles revealed that the formed
nanoparticles are 30 nm thick discs with average diameters ranging from 450 to 510 nm. It was found
that craters in the target formed during the laser ablation influence the size of synthesized colloidal
nanoparticles. This is explained by efficient nanoparticle growth through diffusion process which take
place in spatially restricted volume of the target crater. When laser ablation takes place in deionized
water the synthesized nanoparticles have a mesh-like structure with sparse concentration of disc-like
nanoparticles. Al/Zn ratio and band-gap energy of nanoparticles are highly influenced by the number
and output energy of applied laser pulses. In addition, the procedure how to calculate the concentration
of colloidal nanoparticles synthesized by laser ablation in liquids is proposed. The Al-doped ZnO colloidal
nanoparticles properties were obtained using different techniques like scanning electron microscopy,
optical microscopy, energy-dispersive X-ray spectroscopy, grazing-incidence X-ray diffraction, photoabsorption, photoluminescence and X-ray photoelectron spectroscopy.
Ó 2018 Elsevier B.V. All rights reserved.

1. Introduction
Here we introduce a synthesis of Al-doped ZnO nanoparticles in
liquids by laser ablation in liquids (LAL) technique. This technique
is based on the process of pulsed laser ablation of metallic target
immersed in a liquid [1–3]. There are many advantages of this
technique over standard ones but they are still not fully exploited.
In particular, LAL is a very simple, fast, efficient and
environmentally-friendly technique for convenient synthesis of
nanoparticles colloidal solutions of wide range of materials and
of wide range of nanoparticle types [4,5]. It is known as ‘green synthesis’ technique as no chemicals are required for synthesis processes [6] making this technique residues- and byproducts-free.
This technique is not limited by a choice of materials as any metal
target can be ablated. Moreover, not only metallic but other material (composites, isolators, conductive materials, semiconductors,
⇑ Corresponding author.
E-mail address: niksak@ifs.hr (N. Krstulović).
https://doi.org/10.1016/j.apsusc.2018.01.295
0169-4332/Ó 2018 Elsevier B.V. All rights reserved.

organic materials, ceramics, catalytic, hybrid and magnetic or paramagnetic materials) can be used for the colloidal nanoparticle synthesis by LAL [7–18] while synthesis can be done in wide variety of
liquids for tailoring the nanoparticles properties [19]. In addition,
laser pulses can additionally generate, de-agglomerate, fragmentate, re-shape and reduce the size of the initial nanoparticle colloidal solution either in a form of secondary laser interaction
(post-irradiation) [20–23] or double-pulse LAL [24–26] by the processes described in [27].
ZnO is one of the most interesting materials due to the wide
variety of applications in material science, environmental monitoring, energy storage and bio-medical sciences. ZnO is used for development of LED sources [28], photodetectors [29], gas sensors [30],
as optical waveguide material [31] and as laser source [32,33].
Another promising applications are found among protective coatings such as an energy saving on windows or corrosion resistant
on steel coatings [34] or as UV protective coatings for health care
[35] or general purposes [36]. In addition, protective coatings are
needed for the transparent thin-film transistors, where
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ZnO-based transistors are insensitive to visible light. Generally,
ZnO is a promising material for optoelectronic devices [37] due
to a confinement effects, but its low conductivity limits the spectra
of applications. One way how to overcome this problem is n-type
or p-type doping [38,39] while n-type doping is still a challenge
due to known difficulties [40,41].
Physical properties of nanoparticles may additionally be
improved by nanoparticles doping with various doping agents.
By doping the nanoparticles may shift the photoluminescence
emission to a specific range or have simultaneous emission from
different parts of spectral range [42,43]. The possibility to change
the emission peak and intensity is very important for bioimaging
but also for development of luminescent phosphor-based lighting
devices due to prolonged emission after the excitation is
switched-off [44,45]. The other application is in photonics due to
achieved up-conversion effect [46,47]. However, fabrication of
doped nanoparticles is an issue as high-temperature chemical
reactions to synthesize the nanoparticles are often required which,
from one side, ensure high-quality nanoparticles, but from the
other hand, it induces segregation of dopants on the particle surface [48,49]. Here we show that crystalline Al-doped ZnO nanoparticles may be synthesized in one-step by LAL of Al-doped ZnO
target immersed in water. ZnO material is non-toxic and lowcost and its transport properties may be tuned by doping [50]. It
was found that doping of ZnO nanoparticles with Al may enhance
the sensitivity and the selectivity for developments of gas sensors
[51] and thermoelectric properties (several-fold decrease of the
thermal conductivity) [52]. Doping of ZnO with Al have a wide
commercial use and broad spectrum of applications. Regarding
the ideal doping level it was found that 2 wt.% of Al2O3 is an optimized balance between its electrical (low resistivity) [53] and optical (good transparency) [54] properties.
Beside ZnO thin films and related nanostructures [55,56], the
synthesis of ZnO nanoparticles by laser ablation in liquids (LAL)
technique for different colloidal nanoparticle properties is studied
in [57–61].
The main goal of this paper is to explore the possibility of production of colloidal Al-doped (as the promising p-doping candidate) ZnO nanoparticles using LAL technique in water medium.
We have particularly focused on the ZnO:Al2O3 targets to investigate the possibility of synthesis of Al-doped ZnO nanoparticles
which are crucial for optoelectronics applications. In addition,
we have varied various experimental conditions in order to optimize the LAL process and the properties of obtained ZnO
nanoparticles.

2. Experimental
In this study, we have used a ZnO:Al2O3 target (98 wt.% ZnO, 2
wt.% Al2O3), for synthesis of colloidal nanoparticles by means of
laser ablation in water. The experimental set-up is shown in [62].
The target was immersed in 30 ml beaker containing 28 ml of
MilliQ water. The water thickness above the target surface was
kept constant at 2 cm during laser ablation in order to keep the
laser ablation efficiency constant [63]. Beside MilliQ water that
was used as a liquid medium for the most of the syntheses, one
experiment was conducted in deionized (DI) water for the comparison. The targets were irradiated by Nd:YAG laser operating at
wavelength of k = 1064 nm, 5 Hz of repetition rate and pulse durations of 4, 5, 8 and 13 ns for 300, 200, 100 and 50 mJ of output
energy, respectively. The energy delivered to the target surface is
40% of output energy. The laser pulse is focused on the target surface immersed in a water using a 10 cm lens. The laser pulse focal
plane position is corrected after each 1000 pulses as the index of
refraction changes with the time of processing (with number of

Table 1
Laser parameters for 1064 nm of output wavelength and 5 Hz repetition rate.
Eout (mJ)
Etarget (mJ)
r (mm)
Area (103 cm2)
Fluence (J/cm2)
Pulse duration (ns)
Power density (GW/cm2)

300
120
298
2.78
43
4
10.8

200
80
297
2.77
29
5
5.7

100
40
221
1.53
26
8
3.3

50
20
213
1.42
14
13
1.1

pulses) due to increase of colloidal density. The laser operating
parameters for various output energies are summarized in Table 1.
After experiments, the craters created on the targets were studied with an optical microscope (Leitz, Leica Aristomet, reflective
illumination mode) in order to determine crater’s volume, depth
and shape and to assess the nanoparticle synthesis efficiency.
The optical absorbance of laser synthesized colloidal solutions
was recorded in the wavelength range from 190 to 800 nm using
a UV–Vis spectrophotometer (Lambda 25, Perkin Elmer). The morphology and size-distribution of the obtained nanoparticles was
studied by a field emission scanning electron microscope (SEM,
Joel 7600F). Specimens for SEM imaging were prepared by depositing one drop of a suspension on a polished Al sample holder. The
colloidal solutions were sonicated for 5 min before the deposition.
The holder with the specimens was coated with a 3 nm thick carbon layer prior to the SEM imaging. The Al/Zn ratio in ZnO
nanoparticles was determined with the FE-SEM equipped with an
energy-dispersive X-ray spectrometer (EDXS) elemental analysis
system. Specimens for EDXS analysis were prepared by depositing
a drop of prepared colloidal suspensions on a carbon tape placed
on a carbon sample holder. The holder with the specimens was
coated with a thin carbon layer prior to the EDXS analyses. The
SEM images were processed by ImageJ software to obtain the
size-distributions of Al-doped ZnO nanoparticles.
Films of the colloidal solutions were prepared for XRD (X-ray
diffraction) measurements by drop coating of particular solution
onto a Si substrate. The dropping was repeated several times until
a visible film was formed. Prepared films were structurally examined with GIXRD (grazing incidence X-ray diffraction) technique.
The GIXRD measurements were carried out on a diffractometer
equipped with a Co X-ray tube and a W/C multilayer for beam
shaping and monochromatization. The diffracted spectra were collected with a curved position sensitive detector (RADICON) in the
angular range 2h = 30–85°. In all measurements, a fixed grazing
incidence angle of ai = 1.5° was used.
The X-ray photoelectron spectroscopy (XPS) analyses were carried out on a PHI-TFA XPS spectrometer produced by Physical Electronics Inc. The analyzed area was 0.4 mm in diameter and the
analyzed depth was about 3–5 nm. Sample surfaces were excited
by X-ray radiation from a monochromatic Al source at photon
energy of 1486.6 eV. The high-energy resolution spectra were
acquired with an energy analyzer operating at resolution of about
0.6 eV and pass energy of 29 eV. During data processing the spectra
from the surface were aligned by setting the C 1s peak at 284.8 eV,
characteristic for CAC/CAH bonds. The accuracy of binding energies was about ±0.3 eV. Quantification of surface composition
was performed from XPS peak intensities taking into account relative sensitivity factors provided by instrument manufacturer [64].
Two different XPS measurements were performed on each sample
and average composition was calculated.
Photoluminescence (PL) was measured at room temperature
using a continuous wave laser diode at 405 nm. Spectra were collected using a BWTek BCR 112E spectrometer coupled with a Sony
ILX511 CCD linear image sensor. Before spectrometer a longpass
filter at 450 nm was placed.
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3. Results and discussion
In Table 2 beside exact experimental conditions as number of
laser pulses and laser energy a band-gap energy Al/Zn ratio,
nanoparticles’ average diameter and calculated nanoparticle concentration for all samples (marked as sp.1 to sp.8) are given.
3.1. Crater and UV–Vis analyses
During the laser ablation process craters were created in the
targets. In order to determine the volume of ablated material (or
ablation rate) which is assumed to correspond to the concentration
of formed ZnO nanoparticles and to compare it with photoabsorption results the craters have been analyzed and quantified. Additionally, craters were used to get insight into the processes
involved in LAL.
In Fig. 1 craters semi-profiles obtained with (a) different number of applied laser pulses with 300 mJ of output energy and (b)
obtained with different energies with fixed 10,000 applied laser
pulses. It can be seen that craters differ in shape, depth and radius.
Such semi-profiles are used for calculation of crater’s volumes

(ablated volume) used for calculation of nanoparticle concentrations. The procedure on how the crater volume is determined is
described in details in [65]. It can be seen that craters obtained
with lower energies (sp.5, sp.6 and sp.7) or with low number of
pulses (sp.4) have Gaussian profiles following the laser beam profile. Otherwise, craters profiles obtained with 300 mJ (sp.1, sp.2
and sp.3) deviate from Gaussian profiles possibly due to redeposition of ablated material back onto the crater surface caused by severe ablation. Although the laser ablation in water is known as
redeposition-free technique [63,66] while the heat-affected zone
is significantly reduced [67] it obviously applies up to some values
of laser energies when a water medium cannot carry the ablated
material away from the crater efficiently anymore.
UV–Vis absorbance spectra of the Al-doped ZnO colloidal solutions prepared with (a) different number of laser pulses (sp.1, sp.2,
sp.3 and sp.4) and (b) different laser output energies (sp.2, sp.5,
sp.6 and sp.7) is shown in Fig. 2. In Fig. 2(a) a UV–Vis spectrum
of pure ZnO colloidal solution is shown for comparison (red dotted
line) obtained with 300 mJ and 10,000 laser pulses (like sp.2 sample). It can be seen that absorbance maximum at 330 nm is 30%
lower than that of sp.2 sample indicating that nanoparticle

Table 2
Sample labels, experimental conditions (pulse number and laser output energy) and properties of the studied samples (Al/Zn ratio and band gap values).

*
**
***

Sample notation

Number of pulses

Laser energy (mJ)

Band-gap (eV)

Average diameter (nm)

Al/Zn ratio**

Concentration*** (109 ml1)

sp.1
sp.2
sp.3
sp.4
sp.5
sp.6
sp.7
sp.8*

15,000
10,000
5000
2500
10,000
10,000
10,000
10,000

300
300
300
300
200
100
50
300

3.31
3.29
3.27
3.17
3.31
3.26
3.15
3.09

509
502
481
453
496
499
495
234

0.12 ± 0.02
0.15 ± 0.03
0.15 ± 0.02
0.17 ± 0.03
0.13 ± 0.01
0.16 ± 0.02
0.33 ± 0.07
0.14 ± 0.02

1.9 ± 0.2
1.4 ± 0.1
1.0 ± 0.1
0.6 ± 0.1
1.5 ± 0.2
0.9 ± 0.1
0.38 ± 0.05
–

Sample sp.8 was prepared in deionised water while all the others in MilliQ water.
Al/Zn ratio was calculated from the data obtained from EDXS.
Concentration was calculated from the crater volumes and average sizes of nanoparticles.

Fig. 1. Craters semi-profiles obtained with different (a) number of laser pulses and (b) different laser energies.
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Fig. 2. UV–vis spectra of colloidal solutions as a function of (a) number of pulses and (b) laser output energy. In (a) is shown photoabsorption for colloidal solution of pure
ZnO nanoparticles for comparison (red dotted line). In (c) (ahm)2 versus photon energy for sample sp.2 is shown (black line) with a linear fit (red line) to obtain the band-gap
energy. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

production rate is higher for Al-doped ZnO samples. All spectra in
Fig. 2(a) and (b) show a characteristic sharp curve (within 330 and
400 nm) including distinct maximum at 330 nm typical for ZnO
nanoparticles [68] positioned between low absorption in visible
part of the spectrum and high absorption in UV part. The higher
the number of applied laser pulses the sharper the absorption
curve. This also applies for all output energies except that for
300 mJ which is similar to 200 mJ case. From photoabsorption
spectra shown in Fig. 2(a) and (b) a ZnO band-gap can be determined. Details on band-gap calculation can be found in [62]. As
an example, the calculated band-gap is shown in Fig. 2(c) for the
sp.2 case and its value is 3.29 eV.
In Fig. 3 a comparison of calculated crater volume (left y-axis)
and absorbance at 330 nm of ZnO:Al2O3 (right y-axis) as a function
of (a) laser pulses and (b) output energy is shown. Craters were
obtained from crater semi-profiles shown in Fig. 1 while absorbances were extracted from UV–Vis spectra shown in Fig. 2. It
can be seen in Fig. 3(a) that both volumes and absorbances
increase linearly with the number of applied laser pulses. It implies
that volumes and absorbance are interrelated as most of ablated
material appeared in a form of absorbing (absorption and scattering) nanoparticles. Otherwise, if that is not the case, the ablated
material would have significant amount of debris and other, wavelength independent scatterers so the absorption curve would have
different, rather complicated shape than that presented in Fig. 2.
Moreover, its relative intensity at 330 nm vs. number of pulses will
not follow the same trend as shown in Fig. 3(a). Again, both volumes and absorbances have the same dependence on energy as
is shown in Fig. 2(b) confirming close relation between the volume
of ablated material and absorbance. That leads us to an assumption
that ablated volume in most of its part is transferred into nanoparticles upon LAL within used parameter space.
Band-gap energies for Al-doped ZnO nanoparticles as a function of number of applied laser pulses, laser pulse energy and
type of water are shown in Table 2. The band-gaps are of lower
values (red-shifted) in comparison to the reported values [69–
71] but they exhibit slight increase with both number of applied
laser pulses and laser output energy. The reported values of bulk

Fig. 3. Crater volumes (left, black squares) and maximum absorbance (right, empty
circles) as a function of (a) number of pulses and (b) laser output energies.

ZnO are in the range from Eg = 3.3 to 3.82 eV, depending on the
crystal properties, synthesis routes and measurement techniques.
The band-gap closest to the reported values is observed for the
nanoparticles synthesized with larger number of pulses or high
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laser energy output; samples sp.1, sp.2 and sp.5. The lowest
band-gap of 3.09 eV was measured for the nanoparticles that
were synthesized in DI water (sp.8). So the high laser output
energies and number of applied laser pulses favour synthesis of
Al-doped ZnO nanoparticles with band-gap closest to the bulk
value. The red-shift of the obtained band-gaps is likely ascribed
to the size and shape of nanoparticles, defects in energy levels,
impurities and structural defects [72]. Moreover, UV–Vis spectroscopy showed that doped ZnO material exhibit band gap narrowing both in the nano and micro states with respect to the
pure ZnO material [73].

3.2. GIXRD analysis
The crystallinity of the Al-doped ZnO nanoparticles was examined by GIXRD measurements. The selected GIXRD spectra for the
samples sp.2, sp.7 and sp.8, together with the reference patterns
for the ZnO and Al2O3 phases, are shown in Fig. 4. As can be seen,
the experimental GIXRD spectra of all samples show only the peaks
characteristic for the hexagonal wurtzite phase of ZnO. In addition,
the presence of all main ZnO diffraction peaks in the experimental
curves indicate randomly oriented crystallites within the film (no
preferential orientation). The main difference among spectra
shown in Fig. 4 is noticeable less intense diffraction peaks for the
sp.8 sample, indicating lower number of crystallites present within
this sample.
Furthermore, a lack of Al2O3 diffraction peaks in the GIXRD
spectra, at least the most intense ones, discards the laserprepared colloidal solutions as a heterogeneous mixture of ZnO
and Al2O3 phases. This indicates that the Al2O3 phase is dissolved
within the ZnO crystallites. The intensity of Al2O3 peaks may be
below the sensitivity of GIXRD method. However, GIXRD spectra
cannot be used to identify whether the Al2O3 is doped in ZnO
nanoparticles or not so further measurements were carried out
(XPS and EDSX) to identify that issue.
3.3. SEM analysis

Fig. 4. XRD patterns of Al-doped ZnO nanoparticles for sp.7, sp.2 and sp.8 samples.
The top most spectra are a reference XRD spectra of ZnO and Al2O3. Spectra were
equidistantly separated for better visibility.

A SEM imaging was used to determine the impact of the synthesis parameters such as number of laser pulses, laser output energy
and type of water on the morphology of nanoparticles and to determine its size-distribution. In Fig. 5 a characteristic SEM images of
(a) sp.2, (b) sp.5, (c) sp.3 and (d) sp.8 are shown. It can be seen that
at all synthesis conditions, except for the DI water, the formed
nanoparticles are in the shape of 2D discs with the diameters

Fig. 5. SEM images of Al-doped ZnO nanoparticles for samples (a) sp.2, (b) sp.5, (c) sp.3 and (d) sp.8. (a)–(c) images were taken at the same magnification of 20,000 (scale
bar is 1 mm) while (d) was taken with 40,000 (Scale bar is 100 nm).
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ranging from 100 nm to 1.4 mm. The average thickness of disc-like
nanoparticles is (29 ± 3) nm. Inset in Fig. 5(b) is showing a characteristic thin disc-like structure. The obtained Al-doped ZnO
nanoparticles are of core/shell structure with crystalline core and
amorphous 5 nm thick shell as was found with TEM imaging
[62]. Morphology of the sample synthesized in DI water is rather
different in comparison to all other samples as shown in Fig. 5
(d). It appears that 3D mesh-like structures with sparse concentration of colloidal nanoparticles were obtained. Thus, from the point
of production rate of colloidal nanoparticles by LAL and purity of
the colloidal samples, a MilliQ is more favourable than DI water.
Average diameter of all nanoparticles is shown in Table 2 and its
value is ranging from 450 to 550 nm in synthesis in MilliQ water,
while that for DI water is 234 nm. It is worthwhile to note that
nanoparticles diameter does not depends on applied laser pulse
energy but only on number of laser pulses.
ZnO nanoparticle formation processes in LAL are described with
dynamical formation mechanisms including diffusion growth process or diffusion coalescence process [74–76]. The formation of
disc-like Al-doped ZnO nanoparticles may be ascribed to two processes defining the growth of such nanoparticles [77]. The first is
that it was found that ions from the laser ablated plasma plume
may dominate the growth of nanoparticles as dopant particles
(in our case that would be Al) [78]. The second is that the nanoparticle growth upon LAL is defined by the surface energy of the
formed crystals with different orientation which may results in
preferential formation of nanodiscs (we revealed by XPS that
formed nanodiscs are comprised of randomly oriented crystallites).
Moreover, pressure and temperature gradients may also induce 2D
anisotropic directional growth [79] as well as the hightemperature nucleation [80]. There is still no verification for final
mechanism of disc-like Al-doped ZnO growth.
The elemental composition of the nanoparticles was carried out
by energy dispersive X-ray spectroscopy (EDXS). The results of the
Al/Zn ratio in dependence of energy and number of pulses are
shown in Table 2. In general, the Al/Zn ratio show very weak
dependence on number of laser pulses or on laser output energy
except for the lowest energy of 50 mJ (sp.7). In this case the value
is very similar to the Al/Zn value of the target. Note that when doping is increasing the band-gap is decreasing. The same behaviour is
found in [81] and it is related to crystal size increase and lattice
strain decrease. Interestingly, the Al/Zn values for all the samples
are lower than that of the Al/Zn ratio in the target, except that
for sp.7. This might be explained by leaching of aluminium from
the nanoparticles to the liquid phase during and after the synthesis
(the samples for EDXS analysis were prepared a week after the synthesis) [82]. It is well known that laser ablation within such high
pulse energy range allows for stoichiometric ablation, i.e. the stoichiometry of bulk is reflected into stoichiometry of ablated plasma
plume [83] (from which further nanoparticle growth takes place).
So, if stoichiometry from target to the ZnO nanoparticles synthesized by LAL of ZnO:Al2O3 in MilliQ water needs to be preserved
it is obvious that lower laser output energies should be used. From
these results we can conclude that by regulation of laser ablation
parameters, especially the laser output energy, we can tailor the
aluminium content in the ZnO nanoparticles to some extent.
3.4. XPS and photoluminescence analysis
Elemental composition of synthesized nanoparticles is determined with XPS and shown in Table 3 for selected characteristic
samples (sp.2, sp.4 and sp.7). It is shown that small amount of Al
presented in nanoparticles is detected with XPS while Al/Zn ratio
show the same relative trend as that obtained with EDXS but with
smaller values (in both cases Al/Zn ratio increases either decreasing the number of laser pulses or decreasing the laser output

Table 3
XPS elemental compositions and Al/Zn and O/Zn ratios of samples sp.2, sp.4 and sp.7.
Sample n element

O 1s (at.%)

Al 2p (at.%)

Zn 2p (at.%)

Al/Zn

O/Zn

sp.2
sp.4
sp.7

58.9
63.2
68

2.5
4.2
5.9

38.6
32.6
26.1

0.07
0.13
0.23

1.53
1.93
2.6

Fig. 6. High resolution XPS spectra of Zn 2p, Al 2p and O 1s (red line) with fit
spectra (blue and green) od sample sp.4. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

energy). The higher Al/Zn ratio is obtained with lowest laser output
energy (sp.7) like it was found with EDXS. The increase in Al atomic
concentration and O/Zn ratio is also observed (smallest for sp.2,
highest for sp.7). In Fig. 6 high resolution XPS spectra from sample
sp.4 for Zn 2p fitted with two components at 1019.9 eV (15%) and
1021.7 eV (85%), Al 2p fitted with two components at 72.3 eV (27%)
and 73.9 eV (73%) and O 1s fitted with three components at 528.9
eV (6%), 530.3 eV (50%) and 531.7 eV (43%). XPS spectra are qualitatively similar for all measured samples (sp.2, sp.4 and sp.7). The
Zn 2p component at 1021.7 eV corresponds to Zn2+ states in ZnO
while that at 1019.9 eV may correspond to maybe Zn-Al bonding.
The Al 2p component at 72.3 eV corresponds to Al(0) states. This
component is probably related with doped Al-atoms in ZnO phase.
The Al 2p component at 73.9 eV corresponds to Al3+ states like in
Al2O3 compound. It is probably related with the oxidized surface.
The O 1s components at 528.9 eV and 530.3 eV correspond to
O2 states. These components are probably related with oxide lattice in ZnO phase. The O 1s component at 531.7 eV may be associated with O2 ions in the oxygen deficient regions within the
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Fig. 8. The nanoparticles size-distributions of sp.1, sp.4 and sp.8 samples (column
bars) with corresponding LogNormal fit (solid line).
Fig. 7. Photoluminescence of sp.2, sp.4 and sp.7.

matrix of ZnO and therefore with concentration of oxygen vacancies [84]. Another possible assignment of this component might
be assigned to chemisorbed oxygen ions.
Fig. 7 presents the photoluminescence spectra of samples sp.2,
sp.4 and sp.7. showing broad luminescence band peaking at 514
nm for sp.2 and 500 nm for sp.4 and sp.7. The green PL is due to
transitions between conduction band and deep level defects [85]
ascribed to a presence of oxygen vacancies [86]. The highest PL
intensity shows sp.2 sample with red-shifted maximum with
respect to two other samples while PL intensity of sp.7 sample is
the lowest, twice lower than sp.2. It was found with XPS that the
surface concentration of oxygen is lowest for sp.2 case and highest
for sp.7 case (Table 3) which confirm the PL spectra. The lowest
concentration of oxygen implies consequently that the concentrations of oxygen vacancies in the lattice is highest which, upon
recombination with electrons, emit green PL [87].
3.5. Size-distribution of ZnO colloidal nanoparticles
Size-distribution of nanoparticles is determined using SEM
images. In Fig. 8 size-distributions of nanoparticles synthesized
for samples sp.1, sp.4 and sp.8 are shown. Size distributions are
obtained by analysing 583 and 157 and 75 particles, respectively.
The size-distributions were fitted with Log Normal (LogN) curve
(black line) in order to obtain the peak maximum of the distribution. The maximum of the LogN distribution (average diameter)
are shown in Table 2 for all samples. The LogN fit is often used
to describe the size-distribution of the nanoparticles synthesized
from gaseous phase what is the case in nanoparticles syntheses
processes by LAL. It applies whenever particle growth depends
on diffusion and drift of atoms to a growth zone of nanoparticles
[88]. The final distribution is determined with the available growth
time of the nanoparticles [89]. It can be seen from Fig. 8 that size of

nanoparticles depends on number of applied pulses ranging from
453 nm to 509 nm for 2500 (sp.4) and 15,000 (sp.1) pulses, respectively. On the other side, size-distribution does not depend on laser
pulse energy although the crater volume and absorbance depend
on it as is shown in Figs. 2 and 3. The average diameter of nanoparticles synthesized in DI water is 234 nm.
The size of particles is independent on laser output energy
although the crater volume and absorbance depend on it as shown
in Figs. 4(b) and 6(b), respectively. In [88] it was found that ZnO
nanoparticle size is not influenced by the laser fluence (corresponding to the laser pulse energy) nor by ablation time (corresponding to the number of laser pulses) upon synthesis of ZnO
nanoparticles by laser ablation in DI water under similar experimental conditions. The only difference from our case was that during LAL the target was moving in order to avoid drilling and
possible heating effects. It leads to the conclusion that in our case
the crater influences the particle size (which volume corresponds
to the number of applied laser pulses). The dependence of particle
size on number of applied laser pulses may be ascribed to the continuous heating of the target upon prolonged laser ablation as the
laser pulse was impinging the same spot during LAL so the energy
threshold for the ablation decreases promoting the ablation rate
and thus density of ablated species in gaseous phase. But that is
less-likely scenario as there is no evidence to support it. From
the dependence of volumes of craters and photoabsorption intensity on number of applied laser pulses such conclusion could not
be made because volumes and photoabsorption will increase with
the number of pulses rather exponentially than linearly as was
found here. The more-likely scenario is that upon laser ablation
the craters becoming larger and deeper so the ablated material is
bounded by its walls and it does not have much space to spread
around. When laser pulse impinges onto the target a dynamic
plasma plume consisting of the ions, atoms and molecules is
formed and it expands. The formation of ZnO particles can be
described with dynamic formation mechanism [74], as was
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discussed earlier, from the plasma plume which includes rapid
growth (initial stage of formation, ps-ns range) of ZnO clusters in
the laser plasma plume which are nuclei for further slow growth
(intermediate stage of formation, ns range) due to diffusion of particles in the vicinity of the clusters. Further coagulation and coalescence, if growth is not affected by surfactants [75,90], takes place
(late stage of formation, ns-ms range) leading to the possible
agglomerations and precipitations. If the growth of particles from
gaseous phase is spatially restricted, this increases the probability
for the diffusion of surrounding particles to the vicinity of embryonic particles, which results in a formation of larger nanoparticles
at a final stage of its growth. In other words, the diffusion length of
the gaseous particles (Zn, O and Al atoms and ions) to the embryonic particle is smaller. It is assumed that larger nanoparticles are
formed in deeper craters due to higher density of ablated gaseous
material in spatially restricted volume involved in nanoparticles
growth (higher probability of growth of larger nanoparticles).

923

The synthesis in DI water reveal sparse density of nanoparticles
with dominating mesh-like structures.
When energy and number of laser pulses are high enough the
synthesized nanoparticles are of high concentration, band-gap is
close to the pure ZnO, there is no significant doping level and PL
spectra show intense green PL. When the number of laser pulses
is small both the band-gap and the Al/Zn ratio are relatively small.
Finally, when the energy of laser pulses is small the band-gap and
concentration are small but Al/Zn ratio is reaching a bulk value. To
tune the properties of synthesized ZnO nanoparticles with LAL
there is an interplay between low laser energy and low number
of applied laser pulses.
We demonstrated how to obtain the concentration of colloidal
nanoparticles from known size-distribution and a crater volume.
In this work we showed how the properties of Al-doped ZnO
nanoparticles synthesized by LAL can be adjusted within a parameter space used. We also promoted LAL as efficient Al-doped ZnO
nanoparticle colloidal synthesis technique for various applications.

3.6. Concentration of nanoparticles
Concentration of nanoparticles is calculated from known volumes of ablated material (volume of a crater) and average volume
of single nanoparticle. The calculation is made under the assumption that whole crater volume is transferred into nanoparticles
neglecting the possibility that part of ablated material appeared
as debris. The nanoparticles were assumed as discs of average
diameters given by the size-distribution and thicknesses obtained
from SEM images. There was no distinction in thicknesses among
nanoparticles obtained with different synthesis parameters. The
average nanoparticles thickness is 29 ± 3 nm. The concentration
of nanoparticles is calculated as ratio of crater volume (given in
Fig. 3) and average nanoparticle volume divided by 28 ml of water
used for the synthesis.
For example, sample sp.1 has average nanoparticle diameter of
509 nm giving the average volume of disc-like single nanoparticle
of Vsp1 = 5.9  103 mm3. Corresponding crater volume is Vc,sp1 =
317  106 mm3. The ratio N = Vc,sp1/Vsp1 gives a total number of
nanoparticles created from crater volume to be 5.37  1010. The
synthesis was performed in 28 ml of MilliQ water so the concentration is n = N/28 ml = 1.9  109 ml1. The nanoparticles concentrations for all samples are listed in Table 2. Exception is sp.8 where
assumption that most of ablated material is transferred into
nanoparticles is not valid due to a presence of dominating meshlike structures.
4. Conclusion
In summary, we have successfully synthesized colloidal solutions of Al-doped ZnO nanoparticles by LAL technique performed
in MilliQ water. The formed disc-like nanoparticles have thickness
of 29 nm and diameter ranging from 450 to 510 nm. It was found
that the size of colloidal particles depends on the number of
applied laser pulses but not on the laser pulse energy. It is
explained by the fact that growth takes place in spatially restricted
volume of the target crater. The boundary of the crater supports
the diffusion-growth of particles as the density of Zn and O atoms
is high thus statistically increasing the possibility of adsorption on
the embryonic (nucleus) particle. The XRD analysis revealed that
all synthesized ZnO particles are crystalline. The XPS analyses recognized different chemical states of Zn, Al and O atoms in synthesized nanoparticles. Zn atoms are mainly present as Zn2+ in ZnO
phase while speculating a small presence of Zn-Al bonded atoms
was revealed. Al atoms are present partially in metallic state what
is probably related with the doped Al atoms in ZnO phase. In addition, Al atoms in (3+) oxidation state were detected originating
from oxidized sample surface.
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N. Krstulović et al. / Applied Surface Science 440 (2018) 916–925

[17] D. Zhang, J. Liu, P. Li, Z. Tian, C. Liang, Recent advances in surfactant-free,
surface charged and defect-rich catalysts developed by laser ablation and
processing in liquids, ChemNanoMat. 10.1002/cnma.201700079.
[18] D. Zhang, B. Gökce, C. Notthoff, S. Barcikowski, Layered seed-growth of AgGe
football-like microspheres via precursor-free picosecond laser synthesis in
water, Sci. Rep. 5 (2015) 13661.
[19] S.I. Dolgaev, A.V. Simakin, V.V. Voronov, G.A. Shafeev, F. Bozon-Verduraz,
nanoparticles produced by laser ablation of solids in liquid environment, Appl.
Surf. Sci. 186 (2002) 546–551.
[20] T. Tsuji, N. Watanabe, M. Tsuji, Laser induced morphology change of silver
colloids: formation of nano-size wires, Appl. Surf. Sci. 211 (2003) 189–193.
[21] T. Tsuji, Y. Okazaki, T. Higuchi, M. Tsuji, Laser-induced morphology changes of
silver colloids prepared by laser ablation in water enhancement of anisotropic
shape conversions by chloride ions, J. Photochem. Photobiol. A 183 (2006)
297–303.
[22] H. Zeng, S. Yang, W. Cai, Reshaping formation and luminescence evolution of
ZnO quantum dots by laser-induced fragmentation in liquid, J. Phys. Chem. C
115 (2011) 5038–5043.
[23] E. Giorgetti, F. Giammanco, P. Marsili, A. Giusti, Effect of picosecond
postirradiation on colloidal suspensions of differently capped AuNPs, J. Phys.
Chem. C 115 (2011) 5011–5020.
[24] V.S. Burakov, N.V. Tarasenko, A.V. Butsen, V.A. Rozantsev, M.I. Nedel’ko,
Formation of nanoparticles during double-pulse laser ablation of metals in
liquids, Eur. Phys. J. Appl. Phys. 30 (2005) 107–112.
[25] A. DeGiacomo, A. DeBonis, M. Dell’Aglio, O. De Pascale, R. Gaudiuso, S. Orlando,
A. Santagata, G.S. Senesi, F. Taccogna, R. Teghil, Laser ablation of graphite in
water in a range of pressure from 1 to 146 atm using single and double pulse
techniques for the production of carbon nanostructures, J. Phys. Chem. C 115
(2011) 5123–5130.
[26] M. Dell’Aglio, R. Gaudiuso, R. El Rashedy, O. De Pascale, G. Palazzo, A. De
Giacomo, Collinear double pulse laser ablation in water for the production of
silver nanoparticles, Phys. Chem. Chem. Phys. 15 (2013) 20868–20875.
[27] D. Werner, S. Hashimoto, Improved working model for interpreting the
excitation wavelength- and fluence-dependent response in pulsed laserinduced size reduction of aqueous gold nanoparticles, J. Phys. Chem. C 115
(2011) 5063–5072.
[28] Z. Zang, X. Zeng, J. Du, M. Wang, X. Tang, Femtosecond laser direct writing of
microholes on roughened ZnO for output power enhancement of InGaN lightemitting diodes, Opt. Lett 41 (2016) 3463–3466.
[29] C. Li, C. Han, Y. Zhang, Z. Zang, M. Wang, X. Tang, J. Du, Enhanced
photoresponse of self-powered perovskite photodetector based on ZnO
nanoparticles decorated CsPbBr 3 films, Sol. Energy Mater. Sol. Cells 172
(2017) 341–346.
[30] R. Kumar, O. Al-Dossary, G. Kumar, A. Umar, Nano-Micro Lett. 7 (2015) 97.
[31] S.Y. Li, C.Y. Lee, T.Y. Tseng, Copper-catalyzed ZnO nanowires on silicon (1 0 0)
grown by vapor–liquid–solid process, J. Cryst. Growth 247 (2003) 357–362.
[32] V.M. Markushev, M.V. Ryzkov, C.M. Briskina, Appl. Phys. A 84 (2006) 333.
[33] C. Li, Z. Zang, C. Han, Z. Hu, X. Tang, J. Du, Y. Leng, K. Sun, Enhanced random
lasing emission from highly compact CsPbBr3 perovskite thin films decorated
by ZnO nanoparticles, Nano Energy 10.1016/j.nanoen.2017.08.013.
[34] A. Moezzu, A.M. McDonagh, M.B. Cortie, Zinc oxide particles: Synthesis,
properties and applications, Chem. Eng. J. 1 (2012) 185–186.
[35] M.S. Ghamsari, S. Alamdari, W. Hana, H.-H. Park, Impact of nanostructured thin
ZnO film in ultraviolet protection, Int. J. Nanomed. 12 (2017) 207–216.
[36] M. Gorjanc, K. Jazbec, M. Šala, R. Zaplotnik, A. Vesel, M. Mozetič, Creating
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