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Abstract. In the present work, the Europium doped Zinc Oxide (ZnO: Eu) thin films were elaborated using
spray pyrolysis technique. We are interested in investigating the structural properties, photoluminescence (PL)
and third harmonic generation (THG) of the elaborated films. The structural properties of as-prepared thin films
were characterized by X-ray diffraction (XRD). It confirms that all deposited thin films of Europium doped Zinc
Oxide are crystallized in the hexagonal wurtzite structure. Both undoped and doped europium thin films show
strong preferred c-axis orientation. Photoluminescence (PL) emission from Europium doped Zinc Oxide thin
films, under excitation by 266 nm, shows characteristic transitions of Europium (°Dy — "Fo, "Dy — “Fy, °Dy —
Fy, etc.). It reveals the good incorporation of Eu®' ions in the ZnO host. Additionally, the "Dy — “F5 is the most
intense transition usually observed for Eu*" embedded in materials of Zinc Oxide lattice. The dependence of
third-order nonlinear susceptibility on doping rate was evaluated. The highest nonlinear susceptibility x> is

obtained for the 5% Europium doped ZnO sample.
1 Introduction

Wide band gap semiconductors have attracted particular
interest for applications in semiconductor electronics as
well as electro-optical and nonlinear optics devices. The
zinc oxide (ZnO) is characterised by an optical transition in
the near ultraviolet (UV) (gap=3.37¢V) and its large
exciton binding energy of 60 meV [1]. The areas of interest
to materials based on ZnO and related heterostructures are
highly demanded for technological applications, especially
for the use in various electronic, optoelectronics devices,
spin electronics and microelectronics, such as gas sensing
applications, surface acoustic wave devices, transparent
coating and solar cell applications [2], especially in the form
of nanoparticles. Many investigations on structural,
electrical and optical properties of undoped and doped
ZnO were carried out [3—10]. The electronic and optical
properties of ZnO are profoundly modified and depend on
the size, form and surface state of the nanocrystals. The
interest is to control these parameters to adjust the desired
properties. However, its fast recombination of generated
electron-hole pairs limits its usefulness. This latter can be
resolved by rare earth ions doping. This also makes it
possible to increase the lifetime of charge carriers and

* e-mail: eljouad.m@ucd.ac.ma

subsequently reduce the probability of recombination [11].
Rare earth (RE) ion doped ZnO semiconductors have
generated a great interest, compared to 3d transitions
metal and non-metal transitions doping, because they are
characterized by, on the one hand, their f — for f — d
internal orbital transitions give very intense and narrow
emission lines in the ultraviolet (UV), visible and infrared
regions [12,13]. On the other hand, they are characterised
by long energy levels lifetimes that reach milliseconds (ms).
However, the problem with rare earth doped ZnO is that
the luminescence of the rare earth centers is weaker than
that of the excitons and defects originating from ZnO.
There are several techniques for showing rare earth
emissions at the expense of the intrinsic luminescence of
ZnO by optimizing the deposition conditions or by doping
with coactivators such as lithium ions, nitrogen. In this
study, we will be interested by europium ions doping. On
the one hand, the europium ion is used because it is known
to be the most sensitive probe, among rare earths, for the
structure and symmetry of its environment [14-18]. Thus,
it allows a better understanding of the distribution of
environments within occupied sites. On the other hand,
this ion is used mainly for its red emission located around
615 nm. This ion is an important candidate for doping ZnO
[19-26], due to its possible application in the optoelectron-
ics field, which attracts research groups. Though, the pure
and narrow red broadcast could not be obtained, because
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the latter is always accompanied by a large green emission
from the auto-activation centers. It is well known that zinc
oxide easily produces intrinsic defects such as interstitial
zine (Zni**) and oxygen vacancies (Vo**). Several other
attempts were made to obtain a strong red luminescence of
ZnO: Eu, in particular the role of the solvent and of the
temperature treatment in the luminescence behaviour of
ZnO: Eu®". In the literature, the thin films of undoped and
Eu-doped ZnO are prepared by numerous methods:
chemical vapor deposition (CVD) [27], Pulsed Laser
deposition [28], hydrothermal method [29], RF magnetron
sputtering [30]. These techniques lead to the production of
high films quality, however they are expensive (purchase +
maintenance). Hence the orientations towards less expen-
sive investment techniques like the sol-gel method [31],
electrochemistry [32] or even synthesis by “spray pyrolysis”
[33-35]. These methods are easier to implement and lead to
good quality materials. In our case, we will only be
interested in the last technique which is the reactive
chemical spraying in liquid phase “Spray pyrolysis” which is
characterized by its simplicity of implementation, its low
cost and also it remains attractive for the depositing films
with good uniformity over a large area. This deposition
technique takes its principle from Chamberlin, the first
who discovered it in 1966 [36]. It consists in spraying fine
droplets, on a previously heated substrate, a generally
aqueous solution containing atoms of the chosen com-
pound. The salts used in this deposition process are often
chlorides, both for the base oxide and for the dopant. Under
the effect of temperature, there is indeed a reaction and
therefore formation of the film on the substrate. One of the
advantages of the used technique in this work is the choice
of the starting solution. Indeed, we opted for solutions of
chlorides dissolved in water. The films prepared from
chlorides presents better luminescence intensity and good
cristallinity related to a dense structure and crystallites size
relatively important [37], which confirms our choice for this
precursor. The use of this solvent reduces the quantity of
precursors used and avoids the toxicity and corrosion
problems encountered in the preparation of these layers by
reactive chemical spraying. The objective of this article is
to contribute to the development of thin layers of europium
doped ZnO in order to control and improve the properties
of Solar cells (Down-converter layer), optoelectronic
components such as LEDs, electro-optical and non-linear
optical devices. In this study, Europium doped Zinc Oxide
were elaborated using spray pyrolysis technique. The
structural, linear and nonlinear optical properties were
investigated. We present the energy transfer process from
ZnO host to Eu®" ions and we suggest a suitable
mechanism for the energy transfer process. In addition,
we analysed the effect of Eu®" doping on the third order
nonlinear optical susceptibility.

2 Experimental details

The schematic set-up for the thin film elaboration used in
our laboratory is shown in Figure 1. Europium doped Zinc
oxide thin films were prepared from a solution of zinc
chloride (ZnCl,, Sigma-Aldrich 99,99%) and europium
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Fig. 1. Diagram of the spray pyrolysis device.

Chloride (EuCls,6H,0; Sigma-Aldrich 99.99%) dissolved
in deionised water and transported in tubes using a pump
flow meter to regulate the spray rate of the solution (4 ml/
min), which is sprayed in fine droplets using air as a carrier
gas. The nozzle is directed towards the substrate (distance
nozzle-substrates 40.5cm). This solution was sprayed,
during 4min, onto clean glass substrates with a size of
(25mm x 25 mm x 1 mm) heated at 450°C by a ceramic
heater. The atomic concentration of Eu in the solution was
varied from 1 to 5 at.%. After deposition, the films were
cooled to room temperature.

The structural analysis of obtained thin films was
carried out using X-ray diffraction (monochromatic Cu ka
radiation A =0.15405 nm) and profilometry. The emission
spectra were acquired at ambient temperature using an
ANDOR Shamrock spectrometer associated with an
intensified IStar CCD camera. The laser used for excitation
is a pulsed laser Nd: YAG Quanta ray INDI 40-10 emitting
at three different wavelengths: 532 nm, 355 nm and 266 nm.
This latter is used to excite the sample in our case. The axis
of the optical fiber collecting the light emitted by the
sample makes an angle of 90° with the axis of the laser
beam. Third order nonlinear optical susceptibilities x* of
undoped and doped ZnO thin films were examined by the
THG method [38]. The experimental arrangement that we
used for the measurements of the generation of the third
harmonic, represented on the Figure 2, uses a laser of the
type (Q-switched mode-locked Nd: YAG) whose funda-
mental beam has a wavelength of 1064 nm, it is a model
(Quantum elite). For a 15 ps pulse it delivers an energy of
1.6 mJ, the frequency of which is 10 Hz. The energy and
polarization of the fundamental beam are controlled by a
half-wave plate located between two polarisers. Part of the
incident beam was selected and measured by a photodiode
helping to monitor the incident energy. Then the beam is
focused on the sample using a lens with focal length of
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Fig. 2. THG experimental setup.
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Fig 3. X-ray diffraction patterns of Eu-doped ZnO thin films
with different Eu concentrations (1%, 3%, 5%).

25 cm. The surface excited by the beam has a diameter of
0.65mm, the energy density applied is 2 GW/cm? The
sample is mounted on a stepping motor (turntable). A filter
was used to screen the fundamental beam at 1064 nm and
then a selective filter (at 355nm) allowing only the
generated beam to be collected in a tube photomultiplier
(PMT). We also used density filters to reduce the intensity
produced by the non-linear medium. The signal for the
third harmonic was detected by a PMT (model: Hama-
matsu), integrated with a boxcar and processed by a
computer. This produces the Maker fringes, which were
produced by rotating the sample around an axis ranging
from the angle (—60°) to (+60°).

3 Results and discussion

Figure 3 shows the XRD patterns of ZnO: Eu®" thin films
(deposited on glass substrates) prepared by spray pyrolysis
method. It shows that the layers are well crystallized in the
hexagonal wurtzite structure with the same preferential
orientation. The strongest diffraction peak, corresponding
to the (002) crystal plane of Eu doped ZnO, revealed the
preferred orientation along the c-axis of ZnO crystals.
Which correspond to the lowest surface energy for the
wurtzite structure of ZnO. Also, it is noted that the XRD

Fig. 4. Presents a displacement A (26p2) in the position of the
diffraction peak (002) of the Eu-doped ZnO thin films as function
of diffraction angle.

peaks are very narrow showing a good crystallinity of the
prepared thin films. No extra peaks associated to die-
uropium trioxide or any other incidental impurities were
detected. This indicated that the pure phase of ZnO
wurtzite structure was crystallized. This proves that the
Eu®" ions have very well incorporated in the ZnO lattice. It
is clear that incorporation of Eu®" ions with bigger ionic
radius (0.95A) to the ZnO host with smaller zinc ionic
radius (0.74 A) deteriorated the film’s crystallinity. From
Figure 3, we have observed that the intensity of the
preferential plane peak (002) of thin films of Eu-doped ZnO
decreases as the doping level of europium increases from 1%
to 5%. This is related to the influence of various factors
such as the spray temperature, flow rate of the sprayed
solution and spontaneous cooling. In this case, it may
happen that the crystallites are oriented, not completely
random, but preferably in one or more particular directions
[39]. The X-ray diffraction peaks of Eu-doped ZnO thin
films shifts slightly towards small when the europium
doping rates increases from 1% to 5% as shown in Figure 4.
The position of the diffraction peak (002) of the Eu-doped
ZnO thin films decreases from 34,433° for an Eu at 1%
doped ZnO thin film to 34,316° for Eu at 5% doped ZnO.
This peak displacement results from the structural strain
associated with Eu doping, determined using the following
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Fig. 5. Structural strain of Eu-doped ZnO thin films as function
the europium concentration.

Table 1. Lattice parameters of the undoped and Eu doped
ZnO thin films.

Sample c(A)  a(A) Volume (A*) ¢/a
ZnO 5190 3238 47 125 1603
ZnO : 1% Eu 5204 3261 47 926 1596
Zn0O : 3% Eu 5210 3271 48 279 1593
ZnO : 5% Eu 5222 3283 48 743 1591
relation [40]:

sty = —AO L (1)

str = b )

where &g, is structural strain; A6y, is the width at half
height expressed in radian (it’s calculated compared to
Zn0-1% Eu taken as origin); 0y is the diffraction angle.

Figure 5 also demonstrates that the structure strain
varies from 0.00 to 0.38 for 1% Eu-doped ZnO towards 5%
Fu-doped ZnO. This big increase in the value of the
constraint is able to create a change in the structure, it can
produce a slight increase in the lattice parameter (Tab. 1).
The lattice parameter ¢ value of Eu-doped ZnO thin films
was calculated from X-ray diffraction pattern [41]. From
calculated value of lattices parameters (Tab. 1), it is found
that these parameters increase with the percentage of the
concentration of europium (Eu) from 1% Eu to 5% Eu in
the lattice ZnO. It can be explained by the cationic
substitution of Eu®" ions (ionic radius 0.95 A) by Zn®" ions
(ionic radius 0.74 A). Similar behaviour was detected for
cerium and erbium doped ZnO thins films [42,43].

Figure 6 shows the photoluminescence spectra of the
samples of 1%, 3% and 5% Europium doped ZnO excited at
266 nm. In order to be able to compare the different spectra,
we normalized all of them on the maximum intensity of the
transition °Dy-'F; because her intensity is not very

. El Jouad et al.: Eur. Phys. J. Appl. Phys. 91, 10501 (2020)
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Fig. 6. Room temperature photoluminescence (PL) emission
spectra of the Eu-doped ZnO with different Eu concentration
(1%, 3%, 5%).
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Fig. 7. Schematic band diagram illustrating the ZnO and Eu®’
ions emissions and the energy transfer mechanism between them.

sensitive to the environment around the Eu®" rare earth
ion. The photoluminescence spectrum of ZnO-1% Eu shows
only broad bands characteristic of oxygen and zinc defects
in interstitial sites [44-47]. However, in the case of the two
other samples, in addition to the weak broad bands
characteristic of ZnO, the spectra exhibit sharp peaks
originating from the intra-4f transitions of the Eu®" ions.
This could be explained by the fact that after the ZnO band
gap excitation, the relaxation of the carriers towards the
band edge of the conduction band (CB) and the Valence
band (BV) takes place, where they are quickly trapped at
the level of the ZnO defects or give a Band edge radiative
emission. This is explained by the fact that these carriers
trapped in oxygen vacancies could transfer their energy to
the Eu®' ions via an energy transfer process. Similar energy
transfer behaviour is observed in other studies [48-50].
Subsequently, we observe the radiative transitions from D
to “F as shown in Figure 7. The emissions observed at 517,
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Table 2. Intensity ratio °D, — 7F2/5D0 — "F, for Eu
doped ZnO with different europium rates.

Samples 5D0—7F2/5D0—7F1
Zn0-1% Eu -

Zn0-3% Eu 1.36

Zn0-5% Eu 1.27

560, 575, 600, 680 nm corresponding respectively to "Dy —
7F17 5Do — 7F07 5Do — 7F17 5Do - 7F2 and 5Do - 7F3
europium transitions. The emission of level °D; is a
characteristic of a low phonon energy host. These phonons
are responsible for the mechanism of non-radiative
transitions between the energy levels of the rare earth.
The dominant peak is observed at 600 nm due to the *Dy —
"F, transition. The emission intensity increased with the
increase in the concentration of Eu®" till to 3%, and then it
decreases. This can be explained by the phenomenon of
extinction of the concentration [51] and the formation of
Eu,03 [50]. At a higher dopant concentration, the ability to
form Eu,0j3 is energetically more favorable.

Table 2 summarizes the relative intensities of the Dy —
F, transition versus the Dy — “F; transition for the two
samples. Hypersensitive transitions (that obey the selec-
tion rules [AJ] =2, |AL| <2 and |AS| =0) such as D, —
F, tend to be much more intense in non-symmetrical sites
whereas the transition °D, — 'F, which is a magnetic
dipole, its intensity is almost independent of local
environment. This is why the intensity ratio Dy, —
7FQ/E’DO — 'F, is a good measure of the environmental
symmetry of the rare earth ion. The ratio of intensities “D
— "Fy /°Dy — 'Fy is higher for Zn0-3% Eu sample, which
indicates that the environmental symmetry of Eu®' is
slightly lower in the latter. From the results of photo-
luminescence it could be deduced that the thin layers of
ZnO: Eu can be used in solar cells and light-emitting diodes
as down-converter layer and emitting layer respectively.

Figure 8 gives the signal intensity for layers doped with
1%, 3% and 5%. Indeed, the signal intensity increases and
adopts a bell shape with a slight appearance of the fringes.
This form was explained by Castaifieda et al [52], as being
due to the thickness of the layers which is less than the
coherence length of the oxide and which is of the order of
1pm. This explanation does not seem very decisive,
because our thin layers have the same thickness. The
intrinsic zinc oxide is homopolar. So the introduction of the
Eu®" ion would probably lead to a substantial redistribu-
tion of the charge density as well as to an additional
polarization by charge density which could improve the
nonlinear optical properties.

This signal intensity affects the value of the nonlinear
susceptibility. In Table 3, we group the calculated x*. For
zinc oxide the susceptibility value is much higher than the
value of the reference material. Europium introduces a
redistribution of electronic charge density thus inducing a
substantial polarization [53]. As expected there is an
improvement in nonlinear properties and an increase in the
susceptibility value. The systematic study according to the

—a—Zn0: Eu 1%
B —8— Zn0: Eu 3%
Zn0O: Eu 5%
)
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2
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<
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Fig. 8. Normalized third-harmonic response of Eu-doped ZnO
thin films with different Eu concentrations (1%, 3%, 5%).

Table 3. Third order nonlinear susceptibility, and
thickness of Eu doped ZnO with different europium rates.

Sample Thickness  (x*+0.1)* 10"
(nm) (esu)

Si02 reference material 0.026

Zn0 200 9280 [38]

ZnO: Eu 1% 200 7320

ZnO: Eu 3% 220 33 430

ZnO: Eu 5% 250 65 840

doping rate revealed that the best susceptibility value is
obtained by doping with 5% europium. This makes this
latter one of the good candidate materials for nonlinear
optical device applications

4 Conclusion

In summary, a simple, effective and economical method of
production, of europium doped Zinc Oxide, based on the
spray pyrolysis was proposed. The samples were charac-
terized by photoluminescence using a 266 nm excitation.
We have convincingly demonstrated that efficient energy
transfer takes place from the ZnO host to Eu®" ions. This
energy transfer gave a strong red emission at 600 nm (5D0
— F,) of the Eu®" ions. We have also shown that doping
with europium improves significantly third-order nonlinear
susceptibility. The highest susceptibility value is recorded
for ZnO: 5% Eu (65.840%10 '? (esu)). These results show
that the thin layers of ZnO: Eu are good candidates in order
to control and improve the properties red light sources,
electro-optical, non-linear optical devices and solar cells
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especially dye-sensitized solar cells (DSSC) to which we are
going, in future, to incorporate the studied films in DSSC as
a down-converter layer in order to enhance their efficiency.
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