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ABSTRACT

The spectral mismatch between solar cells and incident radiation is a fundamental factor limiting their
efficiencies. There are materials and luminescent processes which can modify the incident sunlight's
properties to better suit the cell's optimal absorption regions. Developing new structures or optical devices
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to improve the trapping of light within solar cells is a real challenge. This work is part of the theme of

increasing the efficiency of solar cells by relying on techniques offered by optical engineering. Our aimisto KEYWORDS
study the visible photoluminescence spectra after Ultraviolet (UV) excitation, of hafnium and erbium Photoluminescence
codoped zinc oxide, in order to modify the solar spectrum and adapt it to the solar cell, and consequently to  Thin films

enhance its efficiency. In addition we will study the use of these films as photovoltaic anode. 7n0
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Introduction

Thin films based on transparent conductive oxides (TCO)
have been widely studied due to their high optical
transmission, electrical conduction, and potential
applications in photoelectronic devices such as displays
and solar cells [1-2]. The most marketed material (TCO) is
indium tin oxide (ITO). It has been widely used in flat panel
displays including liquid crystal displays, plasma displays
and organic electro-luminescent displays (OLEDs) [3-4]
and organic photovoltaics [5]. However, the growth in
production of these optoelectronic devices has led to
double the demand for the ITO material, and the shortage
of indium resources worries these industries. Thus, there
remains an urgent need for the development of an effective
solution for the search for alternatives to ITO at low cost.
Doped zinc oxide (ZnO) is a possible alternative to ITO
because of its optical and electrical characteristics, non-
toxicity, low price and abundance. Consequently, the thin
films of doped ZnO have a good potential for optoelectronic
applications in particular in photovoltaics where it could be
used as an anode [6] or as a down conversion conch [7-8].
ZnO is known by its wide band gap of about 3.33 eV and its
exciton binding energy (60 meV). It is considered to be an
excellent near ultraviolet emitter at room temperature. It is
also a semiconductor material having a low electrical
resistivity in most cases where it is of type n, with high
transmission in the visible and near infrared. In addition,
its physicochemical properties in the form of a thin film are
directly related to the structure, morphology, size and
intrinsic (such as oxygen vacancies and Zn interstitials) or
extrinsic (dopants) defects in crystallites of ZnO.

The current interest of the scientific community in this TCO
is based on improving its various properties in order to
improve its performance and accelerate the race towards
new applications. Indeed, the incorporation of impurities
into the ZnO matrix can considerably modify its properties.

Generally, ZnO thin films are doped with trivalent cations
or with appropriate anions to improve the electrical
conductivity of the material. In our work we have been
interested in doping with rare earth ions. Nowadays, the
doping of ZnO thin films with lanthanides called "rare
earths" has attracted a lot of attention in several fields due
to their electronic and optical properties. In principle, rare
earth ions exhibit 4f-4f optical transitions in a wide range
of wavelengths from ultra-violet to infrared, thus
possessing numerous very intense luminescent bands,
which are used. in various applications. The problem with
rare earths is that increasing the concentration of rare
earth ions leads to a decrease in luminescence. To
overcome this problem, it is in our interest to dope with a
coactivator such as aluminum for example. Several studies
have noted the dispersing effect of aluminum co-doping on
rare earth (RE) ions incorporated in glasses or silica gels
[9-10]. The details of the ion isolation process are not clear
to us. However, it is generally argued that the rare earth
oxides being poorly soluble in silica form aggregates, the
addition of aluminum (Al) increases this solubility. Rare
earth ions preferentially bind with aluminum (Al) ions,
thus forming Al-O-RE bonds rather than RE-O-RE bonds.
Consequently, the space between the rare earth elements
would be greater in the case of matrices containing
aluminum, than in those without. In the case of ZnO, the
band-to-band excitation of ZnO only induces luminescence
of the self-activated (SA) ZnO centers. However, adding a
small amount of a coactivator [11], such as Li* ions or
nitrogen induces energy transfer from the semiconductor
to RE3+ ions. Then, the excitation of ZnO in the forbidden
band can lead to the luminescence of RE3+* ions. This
characteristic is required for possible applications as a
converting layer for photovoltaics. This is widely used for
adapting the solar spectrum to the absorption band of the
active material in photovoltaics. Indeed, the main limitation

Corresponding Author: Oumar A. Niasse, Tel: +221775081180
Email: oumar.niasse@ucad.edu.sn
Contents lists available at http://www.jmsse.in/ & http://www.jmsse.org/

© 2021 INSciencelN. All rights reserved @in



988 Z. Makir et al./ Hafnium and Erbium Codoped ZnO Thin Films as Anode Material and Spectral Modificater for Solar Cells Applications

of the efficiency of photovoltaic cells comes from the
polychromatic nature of the solar spectrum. Thus,
potentially, if we transform the wavelength of the incident
photons to bring it back to that corresponding to the air
gap of the semiconductor, the cell could achieve a very high
efficiency.

The aim of this article is to demonstrate the effect of
hafnium as coactivators in order to improve the
photoluminescence of erbium ions. To our knowledge, this
article is the first report on the use of hafnium as
coactivators in the erbium-doped ZnO matrix. This in order
to consider an integration of a thin layer of ZnO in
photovoltaic solar cells, a systematic study of the influence
of the doping of ZnO on their properties remains a
necessary step for the optimization of their performance in
order to use them as transparent and conductive electrode
[12] and / or converting layer [13]. The low conversion
efficiency of solar cells is mainly due to the shift between
the solar spectrum and the spectral response of PV solar
cells, therefore due to poor exploitation of the solar
spectrum. As example, for crystalline silicon (c-Si) solar
cells which largely dominate the current market, two
intrinsic spectral limitations exist. The limitation in the
infrared (A > 1100 nm) is due to the gap of silicon which
cannot absorb lower energies. With regard to high energy
radiation (UV and blue wavelength), the conversion
limitation comes from the thermalisation of charge carriers
and the losses induced by the excitation of an Auger
electron. The advantage of wavelength conversion
materials is that they can be integrated fairly easily into the
cells without modification of their active part. We make
just front panel for down-conversion (DC) systems and
rear panel for up-conversion (UC) systems, as shown in Fig.
1.
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Figure 1: Principle of spectrum modification by down- and
upconversion

Materials that can act as down or up converters can reduce
the cost of fabrication of these systems. ]. Day et al. gave an
estimate of the maximum mass of rare earth ions that can
be added per W of solar cell to reduce more the cost per W
[14].

Thin films of zinc oxide are made using a wide variety of
techniques due to the diversity of applications of this
material. They can be obtained by operating using the
physical "PVD" methods, the "CVD" chemical methods, sol
gel [15], electroplating by electrochemical synthesis [15]
and Reactive chemical spraying in liquid phase, which We
will be interested in this study, also called "spray pyrolysis"
from aqueous or alcoholic solutions of a zinc salt is a

technique widely used especially for oxides because the
deposits are produced in a normal atmosphere [17].

Experimental

Materials and methods

Thin films are prepared using the spray pyrolysis
technique. Thin films of zinc oxide co-doped with hafnium
and erbium were prepared from a solution of zinc chloride,
cerium chloride and hafnium chloride dissolved in
deionized water and transported to the nozzle (4 ml / min
and distance nozzle-substrates 40.5 cm), which is sprayed
in fine droplets using air as carrier gas. This solution was
deposited for 4 minutes on clean glass substrates heated to
450° C. The structural analysis of the thin layers obtained
was carried out by X-ray diffraction (monochromatic Cuk a
radiation A = 0.15405 nm). These films were studied
electrically by means of resistivity measurements by the
method of Van Der Pauw. Photoluminescence
measurements were made using an Omnichrome HE-Cd
laser (A = 325 nm, 42 mW) was used to excite the sample.

Results and Discussion

After codoping, the Er and Hf doped zinc oxide layers
obtained under optimal operating conditions were
characterized by X-ray diffraction. This is in order to
identify the phases present and the effect of the doping on
the structure. Figure 2 represents the diffractograms of the
various layers doped with 5% Er and codoped respectively
at 2; 5 and 7% Hf.
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Figure 2: Diffractograms of ZnO layers doped with Er respectively
at 0; 2; 5 and 7% Hf

According to Fig. 2, all the layers are well structured. They
crystallize in the hexagonal Wiirtzite type structure with
the same preferential orientation, along the ¢ axis
perpendicular to the surface of the substrate. This
orientation is due to the fact that the plane (002) is the
densest and corresponds to the minimum energy surface
[18-19]. This same observation is made on layers prepared
by simultaneous evaporation of zinc and erbium oxide [20].
In our case, the contribution of hafnium is manifested by
the change in the intensity of diffraction and the width at
half height. We also noticed a slight change in the position
of the diffraction peak which reflects the stresses to which
the mesh is subjected following the insertion of the
hafnium. No additional peak associated with dierbium
trioxide, hafnium dioxide or any other accidental
impurities were detected. This proves that the Hf2+ and Er3+
ions incorporated very well into the ZnO network. It is
clear that the incorporation of Hf?* and Er3+ ions, with an
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ionic radius (0.81 and 0.89A respectively) greater than that
of Zn (0.74 A) in the ZnO matrix deteriorated the
crystallinity of the film.

Table 1: Lattice parameters of Er doped and Hf codoped ZnO thin

films
Sample c(h) a(A) Volume (A3)
Zn0: 5% Er 5.201 3,245 47.429
Zn0: 5% Er : 2% Hf 5.203 3.251 47.623
Zn0: 5% Er : 5% Hf 5.206 3.255 47,768
Zn0: 5% Er : 7% Hf 5.211 3.259 47.931

The value c of the lattice parameter of the Er and Hf
codoped ZnO thin films were calculated from the X-ray
diffraction pattern. From the calculated value of the lattice
parameters (Table 1), we find that these parameters
increase with the percentage of hafnium (Hf) concentration
from 0% to 7% Hf in the ZnO network. This can be
explained by the cationic substitution of Zn2?+ ions (ionic
radius 0.74 A) by the Er3+ and Hf2* ions (0.81 and 0.89 A
respectively).
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Figure 3: Photoluminescence spectra of films of ZnO layers doped

with Er respectively at 0; 2; 5 and 7% Hf

The study of the luminescence of ZnO has revealed
interesting characteristics of this material. Figure 3
represents the photoluminescence spectrum of ZnO doped
with erbium and hafnium ions. For a better evaluation of
the doping effect, the photoluminescence spectra were
normalized against the UV band. This figure shows that
these films are luminescent at three wavelengths,
characteristic of ZnO, at 380, 530 and 675 nm
corresponding to luminescence in the ultraviolet, blue-
green and in the red. The first band located at the
wavelength of 380 nm, associated with the band-to-band
transition, is the origin of the intrinsic properties of ZnO.
The presence of this band indicates the good crystalline
quality observed by the X-ray diffraction. The second band
located at 530 nm is a characteristic of the zinc oxide of the
blue green emission. The center responsible for this
emission in thin films of ZnO has been studied by several
authors. Minami et al. [21] attributed this emission to
crystal defects. Indeed, the emission in this area is
associated with a transition of the self-activation centers

formed by a doubly ionized zinc vacancies vy and an
n

ionized interstitial site Zn*. Other authors have reported
that this emission is due to a radiative transition between
oxygen donor vacancies and zinc acceptor vacancies [22-
23]. While, T. Sekiguchi et al. have suggested that this

luminescence may also be due to copper atoms which
become incorporated into the layer during growth [24].
The last band centered around 675 nm is a characteristic of
the emission in the red. Indeed, the emission in the red can
have different origins: electron-phonon coupling, distortion
of the network, localization of charge carriers due to the
interface effect. Lohnert et al. [25] also noticed that the
luminescence spectra observed between 450 and 700 nm
depend on the partial pressure of oxygen. This led us to
suggest that the emission at 675 nm in the red of these
layers can be attributed to the transition from a neutral
oxygen atom Vo* to a simply ionized oxygen Vo-.

In the layers codoped by erbium and hafnium ions, in
addition to the characteristic bands of ZnO we also observe
emissions from the erbium ion. A simple comparison
between the spectrum of the Erbium doped layer and the
Erbium and Hafnium codoped layers also shows a clear
improvement in the luminescence intensity. We have
noticed the appearance generation of new bands. We can
attribute the visible luminescence lines to the transitions
between the 4f levels of the Er ion3+. They correspond to
the transitions around 440nm, 450nm, 488nm, 537, 559nm
and 653nm assigned respectively to*F3;2 241152, 4Fs)2
>4is5.2, 4F7/2 241572, 2H1172 D4l1s)2, 4S3/2 D4115/2 et 4Foj2
>*115/2. Emissions are not very well resolved because of
peak broadening which is probably related to electron
phonon interactions [26]. This is a characteristic of
disordered media with a gap between (1.5 -3.5 eV), in
particular by erbium doping [27]. This observed change
can be explained by a deactivation phenomenon linked to
the occupation of vacant zinc sites by erbium ions [28].
This promotes energy transfer from the ZnO matrix to the
erbium ions. This is because hafnium has a dispersive effect
on erbium ions by reducing erbium aggregates. Hence, the
erbium ions find an environment more conducive to their
incorporation into the material. Thus, we have shown that
the increase in the codoping rate leads on the one hand to
the appearance of new luminescence bands, on the other
hand to the intensification of all the transitions. This is a
sign that the hafnium codoping facilitated the insertion of
erbium into the zinc oxide matrix thereby promoting
internal erbium transitions. In addition to this
improvement, we also notice that our materials convert UV
light, Excitation, into a wide band in the visible area which
corresponds to the most absorbed band by photovoltaic
cells in terms of dyes and organics. This makes this sample
a good candidate for the down conversion layer used to
match.
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Figure 4: Transmission spectra of films of Er-doped ZnO layers
respectively at 0; 2; 5 and 7% Hf
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The majority of optoelectronic devices require transparent
layers in the visible range. In this approach, we studied the
optical transmission of the layers developed according to
the composition. Figure 4 shows the optical transmission
spectra of the layers differently codoped 5% Er and 2, 5,
7% Hf. It can be seen that the spectra are composed of
three regions: A region of high transparency, located
between 400 and 800 nm; the value of the transmission
varies between 80% and 95%. This value gives the thin
layers of undoped and doped In:03 the character of
transparency in the visible range. In this wavelength range,
interference fringes are observed in the films produced.
These fringes, characterized by the undulations of the
curves, are due to the multiple reflection of the radiation on
the two interfaces of the film. This result indicates that the
films prepared under these conditions are homogeneous
and have more smooth surfaces. The second region is
characterized by a slight reflection in the infrared domain.
This phenomenon is generally attributed to absorption by
free carriers, given their high concentration in these films.
The third region shows strong absorption. The latter
corresponds to the fundamental absorption (A <400nm) of
films. This absorption is due to the inter-band electronic
transition.

Table 2: Gap energies of Er doped and Hf codoped ZnO thin films

7n0-Hf ZnO- Zn0-5% Zn0-5% Er- Zn0-5% Er-
n 50 Er  Er-2% Hf 5% Hf 7% Hf
Eg(eV) 3,888 3.816 3,796 3.218

Table 2 present the variation of gap energies of Er doped
and Hf codoped ZnO thin films. This variation is probably
due to the formation of localized states at the end of the
band and in the forbidden band. Erbium and hafnium
codoping causes the inter-atomic distances to vary, thus
creating a disorder, leading to the disappearance of the
band edges which were described in the case of crystal
lattices and which were delimited by the valence and
conduction energies. However, we observe the creation of
states located in the tail of bands at the borders of the
forbidden band, in the valence and conduction band. These
are responsible for reducing the gap energies.

20 Ha,

Resistivity (C.cm)
T
/

% Hf
Figure 5: Evolution of the resistivity of ZnO thin films doped with
Errespectively at 0; 2; 5 and 7% Hf

The electrical properties of a thin layer of ZnO will directly
influence the performance of the device in which this layer
will be integrated. This is why we have studied the
electrical behavior of thin films by determining their
electrical resistivity as a function of the co-dopant rate as

shown in Fig. 5. The electrical measurements that we
carried out are obtained using the four-point method. The
influence of the doping rate on the electrical resistivity (p)
of thin films of ZnO codoped by erbium and hafnium. This
codoping decreases the value of the electrical resistivity to
the minimum value of 9.10-2Q.cm and beyond this doping
rate, it remains practically constant. This decrease in
electrical resistivity with the doping rate can be interpreted
by the increase in the number of charge carriers (electrons)
originating from the Hf** donor ions which are
incorporated in the substitutional or interstitial locations
of the Zn2+ cations. Each substitution of Zn by Hf gives two
free electrons which will contribute to the electrical
conduction. From the results of transmission and
resistivity, we can conclude that our materials, especially
with codoping, could play the role of a photovoltaic anode
[29-31].

Conclusions

Thin films of Hafnium and Erbium codoped Zinc Oxide have
been prepared using spray pyrolysis techniques. A
systematic study according to codoping rate, the
crystallinity revealed that the codoped zinc oxide layers
have good adhesion to the substrates and crystallize in the
same hexagonal structure of ZnO undoped with an
orientation of the crystallites in the direction (002).
Transmission of the order of 90% and 85% in the visible
range, accompanied by a decrease of resistivity as function
as the codoping rate. This justifies the use of our thin films
as an anode for photovoltaics. Finally, the
photoluminescence, after UV excitation, exhibits a large
and important luminescence in the visible, which could be
used as a down converter thin film in order to adapt the
solar spectrum to the absorption of active materials in
photovoltaics.
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