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Effect of Laser Fluence on the Characteristics
of ZnO Nanoparticles Produced by Laser
Ablation in Acetone

DAVOUD DORRANIAN* AND ATEFEH FOTOVAT
ESKANDARI

Laser Lab., Plasma Physics Research Center, Science and Research Branch,
Islamic Azad University, Tehran, Iran

We have studied the effects of the laser fluence on the characteristics of ZnO nanopar-
ticles produced by pulsed laser ablation (PLA) of Zn plate in acetone. The beam of a
Q-switched Nd:YAG laser of 1064 wavelength at 7 ns pulse width and different fluen-
cies was employed to produce nanoparticles. The ZnO nanoparticles were found to be
hexagonal. The size distribution of generated nanoparticles is increased by increasing
the laser fluence. The production rate of nanoparticles is increased with increasing the
laser fluence. ZnO nanoparticles were formed with spherical shape. The bandgap energy
of nanoparticles is calculated to be 3.59-3.89 eV. In this range of ZnO nanoparticle size,
photoluminescence spectrum exhibits two peaks due to bandgap transition and defect
levels.

Keywords Nanoparticle; photoluminescence; pulsed laser ablation; SEM; size distri-
bution; TEM; zinc oxide

1. Introduction

There is a growing interest in the fabrication of nanomaterials and their applications in
various fields of life and technology such as electronics, health care, energy generation, and
storage. Nanoparticles are at the focus of scientific investigations for many technological
applications and fundamental research due to their size-dependent physical properties
[1]. Properties of material are known to be strongly dependent on the chemical nature
and the structure of its constituents, in particular, due to overlapping their atomic or
molecular orbitals. Bulk materials composed of a large number of atoms, are characterized
by the presence of energy bands, which are responsible for most of physical and chemical
properties of solids. However, for nanomaterials with dimension between few to 100 nm,
the number of atoms becomes so small that the electronic energy bands are significantly
modified, strongly affecting almost all physical properties of the materials [2]. Those
significant properties, such as chemical, electronic, mechanical, and optical properties, of
nanoparticles obviously distinguish them from those of the corresponding “bulk” material.

*Address correspondence to Davoud Dorranian, Laser Lab., Plasma Physics Research Center,
Science and Research Branch, Islamic Azad University, Tehran, Iran. Tel.: +98 21 44869 654;
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Among different nanoparticles ZnO has attracted great interests because of its several
interesting applications in different fields. ZnO is a compound chemically and thermally
stable n-type semiconductor which is distinguished for its wide direct bandgap (3.37 eV)
[3]. The nanostructure of ZnO is the key component of photonic devices, sensor array, and
catalyst because of this wide direct bandgap, as well as its high exciton binding energy at
room temperature (60 meV) [4, 5]. The best advantage of ZnO is its low price, good gas-
sensing properties, photocatalytic activity, and antibacterial activity. This semiconductor
nanoparticle shows possibility to prepare structures with interesting optical properties such
as photonic crystals. In small amount, ZnO is not toxic. Additional advantage of ZnO is
that it can be easily processed by wet chemical etching and that it has excellent stability
under high-energy radiation [6, 7].

A wide variety of techniques have been exploited to fabricate ZnO nanostructures. Most
well-defined ZnO nanostructures with an abundant variety of shapes, such as nanorods,
nanoneedles, nanotubes, nanobelts, flower-, spindle-, tower-like structures have been syn-
thesized by traditional methods based on the high-temperature vapor-based techniques or
the chemical solution route [8]. Among others, the pulsed laser ablation (PLA) method
has been attracting much interest for producing organic nanoparticles and is better suited
for organic compounds that are nonwater-soluble or water-soluble resistant [9]. The im-
portant features of PLA technique are that one can prepare well-crystallized nanoparticles
which are pure without by-products [10]. PLA technique for synthesis of nanostructured
materials from a solid target in liquid media has many advantages. The first advantage of
the PLA technique is inexpensive equipment for controlling the ablation atmosphere. Most
importantly, it has been demonstrated that size of synthesized material can be controlled by
changing different parameters such as laser wavelength, pulse laser duration, changing the
PH of the solution, adding surfactants, and changing the temperature of solution [11, 12].

Producing ZnO nanoparticles by laser ablation in different aqueous media has been
reported by He et al. [13]. They employed a nanosecond UV laser pulse to generate ZnO
nanoparticles. In their experimental condition, the lattice of generated nanoparticles in
different solvent was not changed. Sizes of produced nanoparticles were in the range of
10-35 nm. In another report by He et al., the production of ZnO nanoparticles in CTAB
and deionized water was published [14]. The same laser was employed. They observed
that the morphology of nanoparticles strongly depends on the solution material. Rate of
ablation in CTAB is larger than other environments. Faramarzi et al. investigated the effect
of polymeric materials in the ablation medium [15]. The average particle diameters of
nanocomposites which was produced by 75 ©J pulse energy in the liquid with 0.4 Wt%
polymer concentration were in the range of 0.5-16 nm. The typical size of nanocomposites
was decreased from 8 nm to 6 nm by 0.1 Wt% increasing in polymer concentration. They
showed the possibility of production of <10 nm size ZnO nanoparticles with picosecond
pulsed laser of 515 nm wavelength.

In this manuscript, we have investigated the effect of laser pulse energy on the char-
acteristics of ZnO nanoparticles produced by laser ablation of a Zn bulk in acetone. Effect
of laser pulse energy on the size distribution as well as lattice structure and morphology of
nanoparticles are studied experimentally.

2. Experimental Set Up

ZnO nanoparticles were produced by pulse laser ablation of a Zn plate (99.99%) placed
at the bottom of a glass vessel filled with 5 mL acetone (from Merck Co.) at 12 mm
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Table 1. Laser fluence to produce samples and the size of nanoparticle grains calculated

from XRD pattern
Samples Sample 1 Sample 2 Sample 3 Sample 4
Laser fluence (J/cm?) 0.3 0.6 0.9 1.2
Grain size (20 = 33.7°) (nm) 3.99 7.69 11.89 13.89

height. Before ablation, Zn target was cleaned ultrasonically in acetone. The Zn target was
irradiated vertically with the first harmonic of a Q-switched Nd: YAG laser (A = 1064 nm)
at 7 ns pulse width and 10 Hz repetition rate. Each sample was prepared with 5000 laser
pulses. Samples 1-4 were prepared with laser pulse fluencies of 0.3, 0.6, 0.9, and 1.2 J/cm?,
respectively. Samples with some of their features are introduced in Table 1.

For calculating the ablated mass, Zn target was weighted before and after the ablation
process. Sample 1 was almost colorless and the color of ZnO suspension was changed from
bright brown to dark brown from sample 2—4 as is shown in Fig. 1.

Optical absorption spectra of samples in a 10 mm path length quartz cells were mea-
sured by UV-Vis-NIR spectrophotometer from PG Instruments (T-80). Crystalline struc-
ture of the samples was analyzed by X-ray diffraction (XRD) with Cu-Ke radiation (A =
1.54060 A), using STOE-XRD diffractometer. The suspensions were dried on Si substrates
XRD measurement. Also their morphology was studied by kyky EM3200 scanning elec-
tron microscopy (SEM) and Transmission Electron Microscopy (TEM, Philips EM 208).
Room temperature photoluminescence (PL) of the samples was measured to characterize
the luminescence properties of the nanoparticles. To investigate the molecular bonds in the
suspensions the infrared spectroscopy FTIR, NEXUS 870 FT-IR system was used.

Results and Discussion

In Fig. 1, the photos of samples are presented, and in Fig. 2, the ablation mass of samples
versus laser fluence is plotted. Depending on nanoparticle size and concentration, the color
of ZnO nanoparticle solution in acetone can be varied from colorless to brown as is shown
in Fig. 1. The color of sample 1 is light yellow which changes gradually to brown in sample

Figure 1. ZnO nanoparticle samples in acetone.
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Figure 2. Variation of the mass of the target during the ablation versus laser pulse fluency.

4. Amount of nanoparticles in the acetone and size of produced nanoparticles are two
reasons for changing the color of samples. In Fig. 2, it is shown that the amount of ZnO
nanoparticles is increased exponentially with increasing the laser pulse fluence. In another
experiment, the color of ZnO nanoparticles which were produced by laser ablation of Zn
bulk in water was found the same [16].

XRD spectrums of nanoparticle as well as the X-ray diffraction pattern of the Zn target
are presented in Fig. 3. In order to do this, measurement samples were dried on the silicon
substrate at room temperature. The large peak at 69° is due to silicon substrate. The XRD
spectrum clearly shows the crystalline structure of the nanoparticles and various peaks of
zinc oxide (ZnO). We have the multi structure of nanoparticles that their peaks intensity is
changed randomly for different samples. The XRD peaks of nanoparticles are very similar
and most of them are different with Zn target peaks. It can be concluded that Zn and O
atoms are composed randomly during the ablation process. Ablation of atoms has been
taken place and nucleation has been occurred during the plasma plume expansion phase
on the surface of target. The main dominant peaks can be identified at 26 = 31.8°, 33.7°,
36.3°,41.6°,43.2°, 56.6°, and 82.1°. The XRD pattern of the ZnO nanoparticles in acetone
at room temperature reveals that they are crystalline and possess the hexagonal wurtzite
structure, however the wide peak at 20 = 33.7° is not indexed for the ZnO wurtzite structure
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Figure 3. X-ray diffraction pattern of Zn target and dried ZnO nanoparticle samples.
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Figure 4. UV-Vis-NIR absorption spectrum of ZnO nanoparticles in acetone, with acetone as the
reference.

and is considered to steam from the ZnOOH nanoparticles [17]. The peaks at 20 = 36.3°
and 43.2° are due to hexagonal Zn structure which can be seen in the XRD pattern of target
[18]. Results are in good agreement with other reports which are mostly on the production
of ZnO nanoparticles by laser ablation in water [12-14, 17, 19-22].

The average grain size d of the nanoparticle of ZnO generated by laser ablation was
estimated by using the standard Eq. (1) known as Scherrer formula [23]:

kA
d =
Bcosb

ey

where k is a constant (0.89 < k < 1), A is wavelength of the X-ray, § is the FWHM (Full
Width at Half Maximum) of the diffraction peak, and 0 is the diffraction angle. The mean
grain size of nanoparticles are calculated using FWHM of peak at 260 = 33.7°, which is
listed in Table 1. The grain sizes of nanoparticles are increased by increasing the laser
fluence.

Absorption spectrums of nanoparticle solutions in the range of 200-1000 nm are pre-
sented in Fig. 4. The resonance absorption peak at 334-342 nm due to ZnO nanoparticles
exciton resonance absorption can be observed. It can be seen that the intensity of absorp-
tion peaks and their FWHMs are different for samples. The most dramatic property of
semiconductor nanoparticles is the size evolution of the optical absorption spectra. Hence
UV-visible absorption spectroscopy is an efficient technique to monitor the optical prop-
erties of quantum-sized particles [24]. The influence of nanocrystal size on the electronic
structure of semiconducting material is represented by the band gap increasing with de-
creasing of the particle size, which is attributed to the so-called quantum confinement

Table 2. Some characters of produced nanoparticles

Samples Sample 1 Sample 2 Sample 3 Sample 4
Exciton absorption peak wavelength (nm) 334 334 338 342
Absorption intensity 0.28 0.717 1.722 1.984
Bandgap energy (eV) 3.37 3.33 3.33 3.30
Transmission 0.005 0.0055 0.0055 0.0025

Photoluminescence peak (nm) 375 377 378 379
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effect. If the size of nanoparticles increases, their resonance absorption spectrum peak will
be shifted toward larger wavelength and vise-versa. For exciton resonance phenomenon
to happen, the particle must be much smaller than the wavelength of incident light. A
red shift in the absorption spectrum is due to increasing the average nanoparticle size in
samples, that the absorption measurements provide a qualitative indication of the crystal
size distribution. The sharp excitonic peak in the absorption spectra in the case of small
nanocrystals (at higher laser pulse energy) is indeed indicative of the narrow size distribu-
tion of the nanoparticles in the samples. For the larger particles, sharp excitionic features
are not present in the absorption spectra (at lower laser pulse energy). This is due to the
fact that a number of exciton peaks appear at different energies corresponding to different
sized nanocrystals which overlap with each other. Therefore, a broadened size distribution
of the nanocrystals can be expected. This assumption is confirmed by the number size
distributions recorded by using other diagnostics. The intensity of the absorption peaks of
samples as well as their FWHMs and their corresponding wavelengths are presented in Ta-
ble 2. The intensity of excitonic absorption peak is increased with increasing the laser pulse
energy during the ablation process, which can be due to increasing the concentration of
nanoparticles in the suspensions. A red shift in the wavelengths at which peaks are occurred
can be observed. According to Mie theory, this red shift confirms an increase in the size of
produced nanoparticles from sample 1-4. Appearance of one peak in the spectrum shows
that the width of the size distribution function of produced nanoparticles in suspensions is
narrow.

25 KV 400 KX 1um KYKY-EM3200

40.0 KX 1 um CYKY 3 0.0 KV 40.0 KX 1um

Figure 5. SEM micrographs of ZnO nanoparticles samples dried on aluminum foil.
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Figure 6. TEM image and size distribution of ZnO nanoparticle generated in acetone with laser
ablation method.

Figure 5 presents SEM images of ZnO nanoparticles prepared by laser ablation in
acetone. Images are taken using 25 keV electrons leads to 40 kX magnification. Morphology
of ZnO nanoparticles depends on laser pulse energy and also is influenced by laser pulse
wavelength and ablation environment. As can be seen, the density of ZnO nanoparticles in
acetone is increased with increasing the fluence of the laser pulse. The particles are almost
spherical and adhered to each other. The morphology of nanoparticles is strongly depends
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on the ablation environment in the experiment. The ZnO nanoparticles prepared by laser
pulse of 1064 nm wavelength in water are reported to be sheet-like and spherical [16]. The
ZnO nanoparticles prepared by laser pulse of 1064 nm wavelength in other environments
such as CTAB are reported to be spindle like [14]. In the case of acetone as the ablation
environment particles are all spherical. In this result, the effect of higher energy particles
can be observed. With increasing the laser fluence, adhesion of particles is decreased. Effect
of laser pulse energy on the size of produced nanoparticles is clear in Fig. 5. From sample
1-4, the number of larger particles in the SEM micro images is increased.

TEM images of the nanoparticles on the scale of 100 nm are displayed in Fig. 6. The
smallest nanoparticle in samples can be seen in these images. Size distribution functions of
particles are plotted with their TEM images. The peak of size distribution of ZnO nanopar-
ticles produced in acetone is at 5 nm. This size range is more smaller than that reported
on producing ZnO nanoparticles in similar experimental condition in other environments
[14, 25]. The products are composed of particles with nearly spherical shape, similar to
other reports [26]. With increasing the laser fluence, the concentration of nanoparticles in
solutions is increased. Number of large particles in samples is increased from sample 1 to
4. In other words the average size of ZnO nanoparticles is increased with increasing the
laser fluence in the ablation process. This variation is in good agreement with the red shift
which was occurred in the excitonic peak of absorption spectrum of samples.

From transmission spectrum of samples, their bandgap energy is calculated. To calcu-
late the absorption band edge of the samples, the first derivative of the optical transmittance
can be computed using MATLAB software. The peak of d7/dA curve occurs at the wave-
length corresponds to bandgap energy of samples, which are presented in Table 2. Bandgap
transition wavelength of samples are in the range of 368-376 nm, correspond to pho-
ton energy in the range of 3.29-3.36 eV. Similar results are reported in other researches
[13, 23]. From sample 1-4 with increasing the laser fluence during the synthesize process,
the bandgap energy of nanoparticles is decreased. It can be due to increasing the number
of atoms, i.e., defect levels, in the structure of nanoparticles. With increasing the size of
nanoparticles their bandgap energy is expected to decrease. This result is in very good
agreement with red shift of excitonic peak and SEM and TEM images.

A study of the PL property of any material is interesting because it can provide valuable
information on the quality and purity of the material. The semiconductor ZnO nanoparticles,

[ I S ]
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o
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Figure 7. Photoluminescence spectrum of ZnO nanoparticles in acetone.
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Figure 8. Schematic view of the energy band diagram proposed for ZnO nanoparticle.

with sizes comparable to or below their exciton Bohr radius, have distinctive electronic
and optical behaviors due to exciton quantum confinement phenomena. For such reasons,
“quantum dots” suitably describes these semiconductor nanoparticles which absorb light
at specific wavelength and emit it at longer ones. Therefore, recording of PL spectrum is
of paramount importance for estimating the size of nanoparticles and their characteristics
for various applications [27]. In the photoluminescence spectra of ZnO, typically there
are emission bands in the UV and visible regions. The UV peak is usually considered as
the characteristic emission of ZnO and attributed to the bandedge emission or the exciton
transition [28], while the emission bands in the visible range are due to the recombination
of photo-generated holes with singly ionized charge states in intrinsic defects such as
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Figure 9. IR transmission spectrum of samples.
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oxygen vacancies, Zn interstitials, or impurities [29]. Generally, the UV emission in ZnO
disappears in two cases. First, if the excitation energy is considerably lower that its band
gap energy and second, if the intensity of visible emission is much higher due to increased
defect density [28].

Figure 7 shows the room temperature photoluminescence spectra from ZnO nanopar-
ticles on irradiating at excitation wavelength 335 nm by a xenon lamp. Spectra exhibit two
main emissions. One UV emission band in the range of 375-379 nm and one visible wide
emission band in the range of 410-430 nm, which are presented in Table 2. The peak at
375-379 nm can be attributed to the interband transition from conduction band to valance
band. The magnitude of wavelength correspond to this peak is very close to calculated
bandgap wavelength. The next peaks in the range of 410—430 nm are due to defect levels
as mentioned.

The PL intensity of UV emission is increased with increasing the laser pulse energy
form 0.75-1.5 J, while the intensity of visible emission is decreased. On the other words,
the sharp excitonic emission indicates that the ZnO nanostructure have a low defect con-
centration and relevant optical properties [30]. The same red shift can be observed in the
PL spectra of samples which are occurred in both main peaks, shows that PL peaks are very
sensitive to the size of nanoparticles.

Based on the observed PL results, the schematic energy level diagram of ZnO nanopar-
ticles can be depicted as shown in Fig. 8. The presence of different types of defects and their
effect are considered in this model. The first principle study shows that the Zn34 electron
strongly interacts with the O, electron in ZnO. Oxygen has tightly bound 2p electrons
and Zn has tightly bound 3d electrons, which sense the nuclear attraction efficiently. Violet
luminescence is attributed to the transition from conduction band to the deep holes trapped
levels like Vy, as is shown in the Fig. 8a. The blue emission can be ascribed to the direct
recombination of conduction electron in the Zn3gband and a hole in the Oy, valance band.
Figure 8d shows the typical process for green emission: the mechanism of the transition
(1) from near conduction band edge to deep acceptor level and (2) from deep donor level to
valence band. The recombination of shallowly trapped electron with a deeply trapped hole
in Vo, center causes visible emission [28].

FTIR spectrum was recorded in the spectral range of 400-4000 cm~!. The FTIR spectra
of ZnO nanoparticles prepared by laser pulse with different energy in acetone are shown
in Figs. 9 and 10. In comparison with other reports several peaks are appeared in the FTIR
spectrum of nanoparticles solution when ablation is carried out in acetone [10, 12]. These

—s1 -—-m ---53 54

B0 806 1
806 1 806 -
™ 80- o T |
5 [
[ S \
8 nst " i
& - o i ] 80
i \
i Fooy i
Em E i) LB 1 1E
1 1 g 1
u 1 i i
78 s :. l| a5l 1 795
1 1 !
i i
! i
75 y et
™ [ i 7
! i
T4 L 11
| ]
!
e =0 o0 3o =0 wo ko 250 00 i 250 500
Wavenumbersiem’) Wavenumbersiem’) Wavenumbersicm * Wavenumbers(em ')

Figure 10. IR transmission spectrum of ZnO nanoparticles in 400-500 (cm™") range.
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impurities such as OH and CO absorb by ZnO nanoparticles during the FTIR measurement.
The absorption peak in the range of 3451-3459 cm™! are correlated to the acetone O—H
stretching vibration. In the spectrum of samples 1 and 2 we observed two picks in 6229
and 2961 cm~! due to CHj;. The absorption peak revealing the vibrational properties of
ZnO nanoparticles is observed at 410-500 cm™! as can be seen in Fig. 10. The absorption
peaks of OH bending and C=0 due to ZnO nanoparticles almost are in the same range of
transmittance [25].

Conclusion

In conclusion, ZnO nanoparticles were prepared by pulse laser ablation method in acetone
as a liquid environment, because of its potential to decreases the size and the aggregation
of NPs. In this work, the effects of laser pulse energy and liquid environment on the
nanostructure, morphology, optical properties of ZnO nanoparticles have been investigated.
XRD data reveal that these nanoparticles possessed the hexagonal wurtzite structure. Red
shift in absorption spectrum of ZnO nanoparticles and TEM images showed that the size
distribution and particle size of ZnO nanoparticles is increased with increasing laser fluence.
Also PL spectrum authenticates this issue. PL result is in good agreement with the calculated
bandgaps. SEM image indicate that the morphology of ZnO nanoparticles was spherical.
FTIR transmittance spectra of ZnO nanoparticles proved the existence of characteristic
peak of ZnO at 410-500 cm ™.
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