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Effect of temperature on the characteristics of ZnO nanoparticles
produced by laser ablation in water
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Abstract. Effect of the water temperature on the characteristics of zinc oxide nanoparticles (NPs) produced by
laser ablation process is investigated experimentally. The fundamental wavelength of a Q-switched Nd:YAG laser
was employed to irradiate a high-purity zinc plate in distilled water at different temperatures of 0, 20, 40 and 60◦C.
The produced NPs were diagnosed by UV–vis–NIR spectroscopy, X-ray diffraction method, transmission electron
microscopy and scanning electron microscopy. Results show that with increase in the water temperature from 20
to 60◦C, size of NPs decreases while their bandgap energy increases. Maximum ablation rate occurs at the highest
temperature. Crystalinity also increases with increase in the water temperature. The abnormal behaviour of water
at 0–4◦C affects the NPs characteristics.
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1. Introduction

ZnO is actually a wide bandgap semiconductor of the II–VI
semiconductor group. The doping of the semiconductor is
n-type, which is due to oxygen vacancies. This has several
favourable properties like high electron mobility, good trans-
parency, wide bandgap for semi-conductivity, high room-
temperature luminescence, etc. In the form of nanoparticles
(NPs), ZnO is considered as one of the most promising and
novel materials because of its unique catalytic, electrical,
electronic, optical and antimicrobial properties as well as its
low cost and extensive applications in diverse areas [1–3].
Among several techniques laser ablation method is a clean
useful method for producing NPs. This method will not pro-
duce any toxic byproduct materials. By controlling several
features such as laser pulse width, laser wavelength and laser
spot size as well as ablation environment characteristics, we
can contol the nature of the produced NPs [4–6].

There are several published works on producing ZnO
NPs by laser ablation method. He et al [4] worked on self-
assembly of ZnO NPs produced by nanosecond pulsed laser
ablation (PLA) in aqueous media. They reported that small
ZnO NPs were obtained by PLA of a Zn plate in aqueous
media, and subsequent aging of the obtained ZnO NP suspen-
sion produced in cetyltrimethylammonium bromide solution
led to the formation of spindle-like ZnO aggregates. How-
ever, the spindle-like ZnO aggregates were not observed in
deionized water but fluffy round aggregates were obtained
[4]. Gondal et al [7] worked on the synthesis of ZnO2 NPs
by laser ablation in liquid and their annealing transformation
into ZnO NPs. Singh and Gopal [8] worked on the synthesis
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of colloidal zinc oxide NPs by PLA in aqueous media with
passing pure oxygen gas simultaneously. In their work, pos-
sible mechanism for the synthesis of ZnO and zinc oxyhy-
droxide NPs are discussed. Thareja and Shukla [9] worked
on the characterization of ZnO NPs by laser ablation in dif-
ferent liquid environment. Ismail et al [10] worked on the
preparation of colloidal ZnO NPs in water by laser ablation
at different laser conditions. Fazio et al [11] worked on the
optical and structural properties of ZnO nanostructures by
laser ablation, by varying the laser pulse energy between 20
and 150 mJ, and for an ablation time of 10 min.

Following our recent works on investigation of the effects
of laser wavelength, pulse energy [12] and aqueous ablation
environment [13] on producing ZnO NPs, and investigation
of the effects of volumetric ratio of Au and ZnO suspensions
[14] and ZnO and graphene nanosheets [15] on the charac-
teristics of ZnO NPs, we have presented the effect of ablation
environment temperature on the structure and morphology of
ZnO NPs produced by laser ablation method in this work. To
do this, we have produced ZnO NPs in distilled water of 0,
20, 40 and 60◦C temperatures.

2. Experimental

NPs were prepared by ablation of a high-purity zinc bulk
in distilled water, using the fundamental wavelength of
Nd:YAG laser operating at 1064 nm with pulse width of 7 ns
and 10 Hz repetition rate. Zn bulk was placed at the bottom
of a water container with its surface at the focal point of 80-
mm convex lens. The height of water on the target was 8 mm.
Laser beam diameter was 6 mm before lens and was calcu-
lated to be 50μm on the surface of the target. The volume
of the water in the ablation container was 20 ml and Zn
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target was ablated with 500 laser pulses at 0.7 J cm−2 fluence.
To study the effect of ablation environment temperature, the
ablation container was placed on an automatic heater and
the temperature of water was controlled by a thermometer.
Samples 1–4 were produced in water at 0, 20, 40 and 60◦C,
respectively, which are labelled as s1 to s4 in this report.

Optical absorption spectra of samples in a 10-mm
path length quartz cells were measured by UV–vis–NIR
spectrophotometer from PG Instruments (T-80). Transmis-
sion electron microscopy (TEM) and scanning electron
microscopy (SEM) micrographs were taken using Zeiss
EM10C and KYKY-EM3200 systems, respectively. X-ray
diffraction (XRD) was measured using X-PERTPRO MPD
X-ray diffract-meter from the PANalitical. To measure the
ablation rate in the liquid medium, the target was weighed
before and after the ablation process by Sartorius Uten-
sil model CP225D with 0.01 mg readability. After ablation
inside water with 500 laser pulses, the target was dried and
weighed again. Hence, the mass loss of the target attributed
to the amount of generated NPs.

Figure 1. Zinc oxide nanoparticle samples produced in different
water temperatures.

3. Results and discussion

Picture of samples is presented in figure 1. For NP suspen-
sion, the colour depends on the size and concentration of
NPs. The colour of ZnO NP suspension in different tempera-
tures is colourless. Variation of the temperature in our exper-
imental condition has not changed the colour of samples.
In this work, colour of suspensions is very closed and con-
firms the fact that the sizes of ZnO NPs produced in different
temperature are very closed.

In figure 2, the ablation mass of samples vs. water tempera-
ture is plotted. To achieve this data, dried target was weighted
before and after the ablation process. Difference of these two
weights is the reduced mass of target. Results show that the
minimum ablated mass occurs when the temperature of water
as the ablation environment was 20◦C for sample 2. Increase
in the water temperature, more than 20◦C, leads to increase
in the rate of ablation in our experimental condition.

XRD spectra of NPs as well as the XRD pattern of the Zn
target are presented in figure 3. In order to do this measure-
ment, samples were dried on the copper foil at room tem-
perature. The XRD spectrum clearly shows the crystalline
structure of the NPs and various peaks of zinc oxide. We
have the multi-structure of NPs indicating that their peaks
intensity is changed for different samples. From sample 1
to sample 2 the intensity of XRD peaks is decreased, while
from sample 2 to sample 4 the intensity of peaks is increased.
The intensity of the peaks increases with increase in tem-
perature, indicating increased crystallinity. The XRD peaks
of NPs occurred at very similar angles, and most of them
were different with Zn target peaks. It can be concluded that
Zn and O atoms are composed during the ablation process.
Ablation of atoms has taken place and nucleation occurred
during the plasma plume expansion phase on the surface of
target. The dynamics of a cavitation bubbles was also con-
trolled by changing the temperature of water as a liquid medium.

Figure 2. Variation of the ablation mass in different temperatures.
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Figure 3. X-ray diffraction pattern of (a) zinc oxide nanoparticle and (b) zinc target.

The XRD pattern of the ZnO NPs in water at different tem-
perature reveals that they possess the hexagonal wurtzite
structure. Results are in good agreement with other reports,
which are mostly on the production of ZnO NPs by laser
ablation in water [2]. The average grain size D of the NP of
ZnO generated by laser ablation was estimated by using the
standard Equation (1), known as Scherrer formula [16]:

D = kλ

β cos θ
, (1)

where k is a constant (0.89 < k < 1), λ wavelength of
the X-ray, β the FWHM (full-width at half-maximum) of the
diffraction peak and θ the diffraction angle. The mean grain
size of NPs are calculated using FWHM of peak at 2θ =
34.5◦, listed in table 1. The grain size extracted using Scher-
rer formula is the average grain size of (002) planes of ZnO

Table 1. Introduction of samples.

Sample s1 s2 s3 s4

Water temperature (◦C) 0 20 40 60
Grain size (nm) extracted from 9.24 9.23 10.26 10.26

Scherrer formula using XRD peak
Absorption peak wavelength (nm) 291 293 292 291
Bandgap energy (eV) 3.93 3.82 3.91 3.96

nanostructures. Result shows that the mean grain size of ZnO
NPs produced in different temperature are very close. The
differences between the grain sizes of NPs prepared in var-
ious temperatures are very small, which is justified to mea-
sure with such high precision. On the other hand, at higher
temperatures of water, migration of grain boundaries occurs,
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Figure 4. UV–vis–NIR absorption spectrum of zinc oxide nanoparticles produced in
different temperatures.

causing the coalescence of small grains and formation of
large grains.

Absorption spectrums of NP solutions in the range of 200–
1100 nm are presented in figure 4. The resonance absorp-
tion peaks at 291–293 nm due to ZnO NPs exciton resonance
absorption can be observed. It can be seen that the inten-
sity of absorption peaks and their FWHMs are different for
samples. The intensity of peaks is decreased from s1 to s2,
while it is increased with increase in the temperature from
s2 to s4. The intensity of peaks is directly proportional with
the number of particles in suspensions, as is presented in
figure 2. The smallest intensity of s2 confirms that the
amount of NPs in this sample is smaller than others. The
most dramatic property of semiconductor NPs is the size evo-
lution of the optical absorption spectra. Hence UV–visible
absorption spectroscopy is an efficient technique to moni-
tor the optical properties of quantum-sized particles [17]. If
the size of NPs increases, their resonance absorption spec-
trum peak will be shifted towards larger wavelength and vise-
versa. For exciton resonance phenomenon to happen, the
particle must be much smaller than the wavelength of inci-
dent light. A red shift in the absorption spectrum is due to
increase in the average NP size in samples, that the absorp-
tion measurements provide a qualitative indication of the
crystal size distribution. The sharp excitonic peak at lower
water temperature shows the narrow size distribution of the
NPs in the samples. At higher temperature, sharp excitonic
features are not present in the absorption spectra. This is due
to the fact that a number of exciton peaks appear at different
energies, corresponding to different size nanocrystals which
overlap with each other. Therefore, a broadened size distribu-
tion of the nanocrystals can be expected. This assumption is
confirmed by the number size distributions recorded by using
other diagnostics. The wavelengths corresponding to exitonic

absorption peaks are presented in table 1. Here also from s1
to s2 we have a red shift, while from s2 to s4 a blue shift is
observed. This observation confirms that with increase in the
temperature from s1 to s2 the size of NPs increased, while
with increase in the temperature from s2 to s4 the size of NPs
decreased. According to the width of the absorption peak,
variety of particle size distribution increases with increase in
the water temperature.

The absorption coefficient spectrum of samples vs. pho-
ton energy is presented in figure 5. This spectrum is deduced
from transmission spectrum of samples in Beer-Lambert law
equation;

I = I0e
−αd, (2)

where I is the intensity of the light passing through the sam-
ple cell, I0 the intensity of the light passing through the ref-
erence cell, α the absorption coefficient and d the distance
between sides of cell. For measuring the transmission spec-
trum, samples were in a 1 cm2 quartz cells. According to this
figure, the peak can be observed at about 4.25 eV. Nature of
the small peak at about 3 eV is not clear for us.

The influence of nanocrystal size on the electronic struc-
ture of semiconducting material is represented by the
bandgap increase with decrease in the particle size, which is
attributed to the so-called quantum confinement effect. Using
absorption spectrum in Tauc equation, the bandgap energy of
samples is calculated [18,19]. Tauc equation is as follows:

αhν = B(hν − Eg)
m, (3)

where α is the absorption coefficient, hν the photon energy,
Eg the bandgap energy and B a factor that depends on the
transition probability and can be assumed to be constant
within the optical frequency range. The index m is related
to the distribution of the density of states. The index m has



Effect of temperature on the characteristics of ZnO 1681

Figure 5. Absorption coefficient of nanoparticles.

Figure 6. Plot of (αhν)2 vs. photon energy to extract the bandgap energy of samples,
where α is the absorption coefficient and hν the photon energy.

discrete values like 1/2, 3/2, 2, more depending on whether
the transition is direct or indirect and allowed or forbidden,
respectively. In the direct and allowed cases the index m =
1/2, whereas for the direct but forbidden cases it is 3/2. How-
ever for the indirect and allowed cases m = 2 while for the
forbidden cases it is 3 or more [20]. The value of m for our
samples is estimated from the slop of the log(α) vs. log(hν)

plots by taking a linear fit and is found to be 1/2. To calculate
Eg, the usual method is plotting (αhν)1/m against hν, which
is presented in figure 6. The values of the bandgap energies
of samples are found to be 3.82–3.96 eV, which is presented

in table 1. Similar result has been reported by Solati et al
[12]. From s1 to s2 the bandgap energy is decreased, while
from s2 to s4 the energy of bandgap is increased. The
bandgap energy of NPs strongly depends on their size and
morphology. In any case, the bandgap energy of NPs is larger
than the bulk material. In fact, higher temperature leads to
larger kinetic energy that increases collision among initially
formed large NPs in the condensation process and NPs are
placed in the path of the laser beam, and fragmentation phe-
nomena may also take place which further reduces the size
of NPs.
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Figure 7. Scanning electron microscopy images of nanoparticles dried on silicon substrate.

Sample 1 Sample 2 

Sample 3 Sample 4 

Figure 8. Transmission electron microscopy images of nanoparticles.
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SEM images of ZnO NPs prepared by laser ablation
method in water at different temperatures are shown in
figure 7. Images are taken using 26 keV electrons and 20 kX
magnification. For SEM imaging, few drops of suspensions
were dried on silicon substrate at room temperature. Mor-
phology of ZnO NPs in this experimental condition does not
depend on the water temperature. The produced NPs in all
samples are spherical. These images confirm that the mini-
mum production rate occurs when the temperature of water
was 20◦C. Aggregation of particles decreases with increase
in the water temperature. In comparison with results reported
in Ref. [12], the particles prepared by laser pulse of 1064 nm
wavelength are sheet-like and spherical nanostructures and
size and amount of sheet-like nanostructures decreased by
increase in the laser pulse energy. According to the Ref.
[21], the ZnO NPs prepared by ablation at 40◦C were almost
spherical and adhered to each other, but particles prepared
at 60 and 80◦C were observed in the small polyhedron and
rod-like nanostructures.

TEM images of the NPs in the scale of 100 nm are dis-
played in figure 8. Figure 9 also shows the size distribution
of ZnO NPs. Size distribution profiles are measured using
MEASURREMENT software. The products are composed
of the particles with nearly spherical shape, like other reports
[21,22]. The particle sizes and size distribution are related to
the environment temperature. As can be seen, the size of NPs
increases from s1 to s2, and then decreases with increase in
the water temperature. Average diameters of ZnO NPs varied
from about 9.84, 10.69, 9.80 and 6.55 nm for samples 1–4,
respectively. One can clearly see that the size of NPs shifts
towards smaller particles size with increase in the tempera-
ture of water, because high temperature of water can supply
more kinetic energy to the NPs during the laser irradiation.
In this process, ZnO NPs are placed in the path of the laser
beam, and fragmentation phenomena may also take place
due to the interaction between pulsed laser light and col-
loids, thus reducing the final particle size of ZnO NPs. Result

Figure 9. Size distribution of zinc oxide nanoparticles extracted
from transmission electron microscopy.

shows that with increase in the water temperature the size
distributions of ZnO NPs is rather wide. TEM micrographs
show that some NPs consist of a black core with grey shells.
If we consider the black cores as the non-oxide Zn atoms, the
grey shells indicate ZnO; small NPs are ZnO.

4. Conclusion

ZnO NPs were prepared by pulse laser ablation method in
water as a liquid environment, because of its potential to con-
trol the features of NPs. In this work, the effect of ablation
environment temperature on the structure, morphology and
optical properties of ZnO NPs have been investigated. XRD
data reveal that these NPs possessed the hexagonal wurtzite
structure. Blue shift in peak of absorption spectrum of ZnO
NPs and TEM images showed that the particle size of ZnO
NPs is decreased with increase in the temperature of water.
SEM image indicates that the morphology of ZnO NPs was
spherical and does not affect with the variation of tempera-
ture in this range. Bandgap energy of samples was changed in
range with their size; i.e., the bandgap energy was decreased
from s1 to s2 and increased from s2 to s4. Actually, higher
temperature leads to larger kinetic energy that increases col-
lision among initially formed large NPs in the condensation
process and NPs are placed in the path of the laser beam, and
fragmentation phenomena may also take place which further
reduces the size of NPs.
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