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a b s t r a c t

Zinc oxide thin films were deposited on soda lime glass substrates by pulsed laser deposition in an oxygen-
reactive atmosphere at 20 Pa and a constant substrate temperature at 300 ◦C. A pulsed KrF excimer laser,
operated at 248 nm with pulse duration 10 ns, was used to ablate the ceramic zinc oxide target. The
structure, the optical and electrical properties of the as-deposited films were studied in dependence
of the laser energy density in the 1.2–2.8 J/cm2 range, with the aid of X-ray Diffraction, Atomic Force
Microscope, Transmission Spectroscopy techniques, and the Van der Pauw method, respectively. The
results indicated that the structural and optical properties of the zinc oxide films were improved by
increasing the laser energy density of the ablating laser. The surface roughness of the zinc oxide film
increased with the decrease of laser energy density and both the optical bang gap and the electrical
resistivity of the film were significantly affected by the laser energy density.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Zinc oxide (ZnO) is a transparent wide band gap semiconducting
material having a variety of interesting applications, such as for gas
sensors, piezoelectric devices, surface acoustic wave devices, field
effect transistors, solar cells, catalysts, and others [1–3].

Many techniques are applied for the growth of ZnO films, includ-
ing sputtering, thermal evaporation, chemical vapor deposition
(CVD), sol–gel, molecular beam epitaxy (MBE) and electrodeposi-
tion. Besides the above listed techniques, pulsed laser deposition
(PLD) has emerged as an efficient technique for growing ZnO films,
as it provides several advantages compared to others. The compo-
sition of the films grown by PLD is quite close to that of the target
material, even for a multicomponent target. Pulsed laser deposited
films crystallize at lower substrate temperatures relative to other
physical vapor deposition (PVD) techniques; this is due to the high
kinetic energies (>1 eV) of the ejected atoms and ionized species in
the laser-produced plasma [4]. Due to the low crystallization tem-
perature, PLD is also used for the growth of films even on organic
substrates [5], a fact that is essential for fabrication of flexible flat-
panel displays.

Most of the works that deal with pulsed laser deposited ZnO
films focus on the influence that the deposition parameters, such
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as the reactive gas pressure and substrate temperature [6] have on
the film properties. In the present investigation, ZnO films were
grown using the PLD technique and the influence of the ablating
laser energy density (in J/cm2) on the crystalline structure, the sur-
face morphology, optical transmission and electrical resistivity of
the films was investigated. In particular, the laser pulse energy was
constant at 65 mJ/p (maximum pulse energy available) and the dis-
tance of the focusing lens from the target was changed. To the best
of our knowledge, only very few investigations in the past have
focused on this aspect during film growth [7–10]. However, their
experimental conditions were very different from ours.

2. Experimental

ZnO thin films were deposited in a high vacuum chamber that
was initially evacuated to a base pressure at 10−4 Pa. A UV pulsed
KrF excimer laser, operated at 248 nm with a repetition rate of
10 Hz and pulse duration 10 ns, was used to ablate the target, a
ceramic ZnO disc (99.9% of purity) with 1.2 cm in diameter and
0.5 cm thickness. To avoid fast drilling, the target was mounted
on a vacuum compatible, computer-controlled XY-stage and per-
formed a meander-like movement. The laser beam was focused
through a 70 cm focal lens onto the target at a 45◦ angle of inci-
dence. The substrates were microscope soda lime glass slides; they
were cleaned for 10 min in an ultrasonic bath with acetone before
being loaded into the chamber and placed parallel to the target sur-
face at a distance of 5 cm. For all depositions, the oxygen pressure
and the deposition time were constant at 20 Pa in dynamic flow and
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Fig. 1. (a) The calculated laser energy density as a function of the relative lens position. The position 0 corresponds to the lens focal distance. The measured laser spot area
(single shot) is shown for (b) the highest and (c) the lowest energy density.

90 min, respectively. At a constant substrate temperature of 300 ◦C,
five ZnO films were prepared with of 1.2, 1.8, 2.1, 2.4, and 2.8 J/cm2

laser energy density.
The structure of the deposited ZnO films were investigated

with X-ray Diffraction (XRD, Bruker D8 Focus) technique in
Bragg–Brentano geometry, using the Cu-K�1 line (� = 1.5406 Å).
The root mean square (RMS) roughness of the films was measured
with the aid of an Atomic Force Microscope (AFM, DME Dualscope
DS95) and the optical transmittance, by Spectrophotometry (Perkin
Elmer Lambda 19) in the 300–800 nm wavelength range. The elec-
trical resistivity of the films was measured with the 4-point Van der
Pauw method. All measurements were performed at room temper-
ature. The given values of various parameters are the average values
of four independent experiments.

3. Results and discussion

In previous investigations [8–10], the laser energy density var-
ied by changing the laser pulse energy while keeping constant the
distance of the focusing lens from the target. In the present work,
the pulse energy was maintained constant at 65 mJ/p measured
before the target inside the chamber and the irradiated area was
varied by changing the lens distance from the ZnO target. In Ref. [7]
the focusing lens distance was also changed, however, no optical
and electrical results were reported; furthermore, their laser prop-
erties as well as the deposition parameters were very different from
ours. In particular, no energy density values were given in Ref. [7].

The measurements of the (single pulse) laser spots were per-
formed on a clear surface of the ceramic target and observed with
an optical microscope. Fig. 1 presents the measured spot area for the
highest and lowest energy density as well as the calculated energy
density as a function of the lens position, relative to the position of
the minimal spot area. As expected, the spot area is minimal in the
focus position and increases when moving away from it.

3.1. Structure

Fig. 2 shows the X-ray diffraction pattern of the ZnO thin films
deposited on glass substrates, for five different energy density
values (1.2, 1.8, 2.1, 2.4 and 2.8 J/cm2) and at constant substrate

temperature (300 ◦C) and oxygen pressure (20 Pa). From this fig-
ure, it is evident that for all the applied laser energy densities the
ZnO samples were crystalline and c-axis (0 0 2) oriented.

In Fig. 3 the Bragg angle of ZnO (0 0 2) diffraction peak (a), the
full width at half maximum (FWHM) (b) and the peak intensity (c)
are plotted as a function of the energy density. From this figure, it

Fig. 2. X-ray diffraction pattern of ZnO thin films deposited at various laser energy
densities.



Author's personal copy

6316 M.G. Tsoutsouva et al. / Applied Surface Science 257 (2011) 6314–6319

Fig. 3. (a) Bragg angle of the (0 0 2) diffraction peak, (b) FWHM and (c) intensity as
a function of laser energy density.

results that the Bragg angle is not depending on the energy den-
sity values of this experiment and that is systematically larger than
the angle of the ZnO bulk. This is an indication of tensile stresses
inside the film. Such stresses correlate with the PLD technique
applied here as they were also observed previously [8]. The FWHM
decreases slightly with increasing energy density, resulting to a
small increase of crystallite size of ZnO films. Similar observations
were made [8,9] when the pulse energy was changed instead of
the focal lens position. Furthermore, the peak intensity is decreas-
ing with the laser energy density. This correlates with the decrease
of the film thickness [8,9], see Fig. 7b.

The average grain size (Fig. 4) of the ZnO films grown with dif-
ferent laser energy density is calculated according to the following

Fig. 4. The mean grain diameter of the ZnO films grown at different laser energy
densities.

Debye–Scherrer equation:

D = 0.94�

Bcos�
(1)

where �, � and B are the X-ray wavelength (0.15405 nm), the Bragg
diffraction angle and the peak width, respectively.

From this figure, it follows that the increase of energy density
from 1.2 to 2.8 J/cm2 increases the mean grain size of crystalline
ZnO. An explanation of this phenomenon could be that by increas-
ing the energy density, both the plasma density and the plasma
kinetic energy increase. When the species (ions, neutrals and clus-
ters) of the plasma arrive at the surface of the substrate, the kinetic
energy of the deposited adatoms acquire higher diffusion, which
results to the coalescence of grains and particles. Fig. 5(a–e) shows
the AFM images (10 �m × 10 �m scanning range) of the ZnO films
deposited with different energy density. The structures size that
appears apparently larger than that of the XRD results may be due
to the finite size of the AFM tip as well as to clusters formed on the
film surface. Fig. 6 shows the variation of the root-mean-square
(RMS) surface roughness as a function of the laser energy density
for the ZnO films as it results from the AFM images and indicates a
smoother surface.

From Figs. 5 and 6, it is obvious that the RMS surface rough-
ness decreases with increasing incident laser energy density. This
observation may be explained by the assumption that the increase
of laser density leads to the better organization of the deposited
adatoms on the various layers of the grown oxide.

3.2. Optical properties

Fig. 7(a and b) shows the optical transmittance spectra and the
thickness of the ZnO films deposited with different laser energy
density, respectively.

The thickness d of the ZnO films was estimated from two succes-
sive maxima or minima in the transmittance spectrum, according
to the following equation [11]:

d = M × �1 × �2

2(n(�1) × �2 − n(�2)) × �1
(2)

where M is the number of oscillations between the two extremes
(M = 1 between two consecutive maxima or minima), n(�1), n(�2)
are the indices of refraction and �1, �2 are the corresponding wave-
lengths.

The indices of refraction, n(�1) and n(�2), were determined
according to the following equation taken from Ref. [12]:

n(�) =
√

1 + A�2

�2 − B2
(3)

where for ZnO: A = 2.51 and B = 0.205 �m.
All deposited films in this work show a high average transmis-

sion up to 95% that depends slightly on the laser energy density. A
slight decrease of the optical transmittance for lower laser energy
density could be attributed to the increase of film thickness (Fig. 7b)
[13,14], the decrease of grain size and the increase of the RMS
roughness of the ZnO films (Fig. 6) as a result to multiple reflections
on the film surface.

The film thickness on the laser energy density was reported
in [8,9] to increase with the increase of laser energy density. This
had followed directly from the fact that in those experiments the
increase of the energy density resulted from the increase of the
laser pulse energy, as mentioned above. Therefore, the increased
thickness was directly related to the mass of the ablated material
from the target (“volume effect”). Our experimental conditions are
close to those of Ref. [7]. The highest energy density was achieved
when the lens focus was on the target surface in both experiments.
When moving closer to the target (defocusing), the laser spot area
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Fig. 5. AFM images of the ZnO films deposited at different laser energy densities: (a) 1.2 J/cm2, (b) 1.8 J/cm2, (c) 2.1 J/cm2, (d) 2.4 J/cm2, (e) 2.8 J/cm2.

on the target increased and we observed an increase in the film
thickness (see Fig. 7b), as in Ref. [7]. For all films we deposited,
the energy density lies therefore well above the ablation thresh-
old in the 1.2–2.8 J/cm2 range. The thickness therefore scales with
the increased spot area and consequently increases because the
total number of atoms that arrives at the substrate increase. Due
to geometrical constrains in our experiment, we were not able
to further defocus the laser beam in order to observe a possi-
ble decrease in film thickness as in Ref. [7]. However, it has been
also reported by other investigators that there is a critical laser
energy density (determined by the spot area) below which the
thickness of the film starts to decrease [17]. This means that many
atoms have no longer the required kinetic energy to arrive at the
substrate.

ZnO is a direct band gap semiconductor; assuming a direct tran-
sition between the valence and the conduction bands, the optical

band gap (Eg) was estimated from the following equation:

(˛hv)2 = A(hv − Eg) (4)

where ˛ is the optical absorption coefficient, h is the Planck’s con-
stant, A is a constant and Eg is the band gap.

The transmission data were used to evaluate the absorption
coefficient of the ZnO films, according to the following equation:

˛ = 1
d

ln
(

1
T

)
(5)

where d is the thickness and T is the transmittance of the film. In
order to calculate the optical band gap energies of the films, the
expression (ahv)2 was plotted as function of the photon energy (hv).
By extrapolating the linear portion near the onset of the absorption
edge towards the energy axis (at ˛ = 0), the optical band gap energy
Eg has been estimated as shown in Fig. 8a.
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Fig. 6. The root-mean-square (RMS) surface roughness of the deposited ZnO films
as a function of the laser energy density.

The optical band gap energies for the deposited ZnO films, were
found to be 3.255, 3.263, 3.269, 3.272 and 3.288 eV for energy
density values 1.2, 1.8, 2.1, 2.4 and 2.8 J/cm2, respectively. The cor-
responding plot is shown in Fig. 8b. The estimated Eg values are
close to 3.3 eV which is the value of pure ZnO reported in the lit-
erature [18]. The increase (blue shift) of Eg with increasing laser
energy density (Fig. 8b) is opposite to the observations of Refs.

Fig. 7. (a) Transmittance spectra and (b) thickness of the deposited ZnO films as a
function of the laser energy density.

Fig. 8. (a) Plot of (ahv)2 as a function of (hv) for ZnO films deposited with different
laser energy density, and (b) laser energy density dependence of the band gap energy
for ZnO films.

[8–10] where the energy gap was shown to decrease (red shifted)
with increasing energy density. Energy band gap shifts may be due
to a number of effects. One such effect is the quantum size effect,
which relates the size of the grains with their electrical and optical
properties. Indeed, such a blue shift of the band gap with decreasing
grain size has been observed by other authors [14,19,20], irrespec-
tively of the composition of their samples. In the present work,
the mean diameter of the grain size slightly increases with energy
density, see Fig. 4. However, Figs. 5 and 6 show a dramatic decrease
of the surface grain size (film roughness), which may account for
the Eg blue shift in Fig. 8b. By the same argument, the red shift of
the energy band gap, observed in Refs. [8–10], is explained by the
increase of the film roughness in those experiments.

A further contribution to the blue shift of Eg can be due to the
Burstein–Moss effect [14–16]. As explained in Section 3.3, for high
energy densities, the carrier concentration increases which may
shift the Fermi energy into the conductivity band. This results to a
widening of the optical band gap.

3.3. Electrical properties

The electrical properties of the ZnO films as a function of laser
energy density has not been reported thus far [7–10]. The electrical
resistivity of the ZnO films at room temperature was measured by
the 4-point van der Pauw method and Fig. 9 presents its depen-
dence on the applied energy density. The resistivity increases with
an increase of laser energy density up to 2.1 J/cm2 and then approx-
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Fig. 9. Resistivity of ZnO films at room temperature as a function of laser energy
density.

imately saturates for higher laser energy density. This correlates
closely with the thickness dependence on the laser energy density,
see Fig. 7b. There is a large number of literature data [21–25], which
show that the resistivity decreases with increasing film thickness.
Moreover, this is independent of the film composition and growth
method. In general, the resistivity � is given by � = (N �)−1, where
N is the carrier density and � the carrier mobility. An independent
measurement of � and N (Hall effect) would give more insight into
the processes dictated by the variation of the laser energy density,
but this possibility was not available.

4. Conclusions

Zinc oxide thin films were deposited on microscope glass
substrates by pulsed laser deposition in an oxygen-reactive atmo-
sphere (20 Pa) and a constant value of substrate temperature
(300 ◦C). High quality polycrystalline ZnO films with hexagonal
wurtzite structure were grown. The available UV pulsed laser
energy was effectively used by changing the focusing lens posi-
tion and the result was a fine control of the films properties in the
applied energy density range. The increase of the laser energy den-
sity was found to improve the crystallinity of the ZnO films and
slightly increase the average grain size while decreasing the thick-
ness of the film. The surface roughness of the deposited oxide films
increased with decreasing laser energy density, probably due to the
decreased kinetic energy of the deposited adatoms. The ZnO films
exhibited high transmittance of 90% in the visible region at laser
energy densities ranging from 1.2 to 2.8 J/cm2. The energy band

gap was slightly increased with the increase of laser energy den-
sity. Finally, for the selected experimental conditions, the electrical
resistivity of the ZnO films initially increased with increasing laser
energy density up to 2.1 J/cm2 and then remained almost constant.
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