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Abstract. In this paper we propose a method for measuring the negative refraction
index of films of optically transparent materials. Morphological, optical and
luminescence properties of rare earth doped ZnO layers prepared by a sol-gel method
with spin-coating, by magnetron sputtering, and by aerosol spray pyrolysis are
investigated in this paper by means of atomic force microscopy (AFM), optical
absorption and luminescence spectroscopy at room temperature. It was found that the
morphology of layers prepared by spin-coating is influenced by rare earth doping, a
mechanism being proposed for the explanation of this influence. Optical transmission
up to 90%, and the absorption edge in the region of exciton resonances have been
demonstrated in ZnO layers prepared by sol-gel spin coating. The photoluminescence
characterization of ZnO layers doped with Eu3+ and Er3+ ions suggests that the rare
earth ion is incorporated into the wurtzite ZnO host by substitution on the Zn
sublattice.
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1. INTRODUCTION

Zinc oxide is a semiconductor widely used in various optoelectronic
application, particularly in solar cells based on Si or Cu(In,Ga)Se, (CIGS) thin
films with ZnO:Al transparent window layer, due to the wide band gap, high
transparency, and low resistivity, [1-6]. Carrier transport has been analyzed in
ZnO/Si0,/n-Si solar cell as a function of the barrier (Si0O,) layer thickness and the
electron concentration in the ZnO layer. The optimum thickness of the barrier layer
of around 2 nm was found, and it was shown that decrease of ZnO layer optical
transmittance due to the increase of carrier concentration does not impact the cell
performance.
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On the other hand, the decrease of work function of ZnO with increasing the
carrier concentration leads to increase of cell efficiency [1]. ZnO nanostructured
layers (i.e. ZnO nanowhisker arrays, or ZnO films deposited on a porous silicon
layer) are also used for increasing the silicon solar cells efficiency, due to the
efficient antireflection coating provided by nanostructured ZnO film [2, 3]. Planar
and textured single-crystalline Si solar cells have been fabricated on industrial
scale using ZnO nanorods antireflection coating [4].

Record efficiencies exceeding 20 % have been reported for CIGS solar cells
with aluminum doped ZnO layers [5, 6]. Sputtering made ZnO thin films have
been also used as an electron-transport layer in a regular planar perovskite solar
cell [7]. Therefore, production of ZnO films compatible with Si-based and other
technologies is important for industrial applications.

A single-junction solar cell absorbs light in a quite narrow spectral range,
since it is transparent to photons with energies below the bandgap energy, from the
one side, and the higher-energy part of the sunlight spectrum is lost due to the
thermalization of high-energy (UV) photons, on the other side. One way of
increasing the efficiency of solar cells, including those with ZnO layers is
broadening the absorption range of the cell. Such broadening can be performed by
up-conversion and down-conversion techniques, which convert the incident solar
light into a spectrum that matches the absorption of the active layer in solar cells.
The progress achieved on various types of efficient upconversion materials and
their use in a series of solar cells, including silicon solar cells (crystalline and
amorphous), gallium arsenide (GaAs) solar cells, dye-sensitized solar cells, and
other types of solar cells was summarized in a recent paper [8]. Utilizing of
concentrating integrated optics, i.e. tapered and parabolic concentrators, have been
recently proposed to enhance up conversion in photovoltaics [9]. In such a case,
the sub-band-gap photons are independently concentrated on the up-conversion
layer.

One route for widening absorption range is the conversion luminescence by
doping rare-earth compounds. In some cases, doping with 3" rare-earth ions
performs two functions: increases incident light harvest by spectral conversion,
which results in increasing photocurrent of the cell, and changes the Fermi level in
the active layer and thus heightens photovoltage, as demonstrated in dye-sensitized
solar cells based on TiO, films doped with YF5:Eu’* [10], or in organic/inorganic
hybrid solar cells doped with Y,Os: Dy’" [11]. Up-conversion by lanthanide
compounds has been discussed in various host materials, including those used in
thin-film silicon solar cell [12].

Blue, green, and red up-conversion was realized in some ZnO structures such
as Er’"-doped ZnO nanospheres and nanocrystals [13, 14], ZnO:Er and ZnO:Er:Yb
thin films [15, 16], upon excitation with infrared 980 nm radiation. A down
conversion ZnO:Eu’* Dy’" material synthesized by precipitation method was used
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as photo-anode of dye-sensitized solar cells [17]. This material converts blue to red
light emission, corresponding to the absorption region of the dye N719.

However, the data about the incorporation of rare earth ions into the ZnO
wurtzite lattice are scarce in the literature. The goal of this paper is to investigate
the influence of rare earth doping on the morphology and optical properties of ZnO
layer prepared by different methods and to demonstrate the incorporation of Er’*
and Eu’" ions into the crystal lattice of ZnO films prepared by a sol-gel method
with spin-coating.

2. SAMPLE PREPARATION

ZnO layers doped with Al or Ag and co-doped with rare earth elements such
as Eu, Er, or Tb and Yb have been prepared by a sol-gel method with spin-coating.
Zinc acetate dihydrate (Zn(CH3COQ),2H,0) was used as Zn source, and
dimethylforamide (C;H;NO), 2-methoxyethanol (C;HgO,), or isopropyl alcohol
were used as solvent, while ethanolamine served as stabilizing component. Doping
with Al and Eu, for instance, was performed by adding AI(NO;); and EuCls, or
Eu(TTA);(Ph;PO), to the solution subjected to ultrasonic stirring when preparing
the sol. The prepared sol was spin-coated on silica glass or Si(100) substrates. The
samples were heat-treated at the temperature of 150°C during 10 minutes after each
spin-coating process. The process was repeated until a needed layer thickness was
produced. After that, the sample was subjected to thermal treatment at 500°C
during 45 minutes.

ZnO layers co-doped with Al and Sm have been also produced by magnetron
sputtering from a Zn+5%Al+2%Sm target followed by thermal treatment in air at
500°C during 45 minutes.

Some samples have been prepared by aerosol spray pyrolysis with a special
injector under the pressure of an oxygen flow. The chemical solution spray rate
was controlled by means of a system with stepper motor controlled by a computer,
so that the volume of 2—5 mL of the chemical solution is deposited on the substrate
during 815 min. Zinc acetate dihydrate (Zn(CH3;COO),-2H,0 with concentration
of 0.05-0.1 M dissolved in a dimethylforamide (C;H;NO) or 2-methoxyethanol
(C3H30,) solvent with monoethanolamin (C,H;NO) as stabilizer were used as
spray chemical solution.

3. MORPHOLOGY CHARACTERIZATION

The AFM investigations of the produced ZnO layers co-doped with Al and
rare earth elements (Eu or Er) shown that they consist of a texture combining
smaller crystallites of submicron sizes and larger crystallites of the order of 1 um,
the height of these crystallites being larger for samples co-doped with Er (Fig. 1).
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So, that the roughness of layers is 100—200 nm and 50—150 nm for samples co-
doped with Er and Eu, respectively.

The samples co-doped with Ag and rare earth elements exhibit a more
uniform crystallite size distribution, all the crystallites being of submicron sizes. In
contrast to samples doped with Al, in samples doped with Ag the roughness is
larger for samples co-doped with Eu as compared to those co-doped with Er, since
some crystallites are higher in samples co-doped with Eu (Fig. 1).
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Fig. 1 — 3D AFM images of sol-gel prepared ZnO layers doped with Al or Ag and co-doped
with rare earth elements.

The produced morphologies are explained by competing processes occurring
during sol-gel deposition of ZnO layers containing heavy elements (Er, Eu, Yt,
Tb): migration of atoms on the substrate surface, and crystallization of sol
agglomerates at nucleation centers. The presence of heavy elements in the sol leads
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to decreasing the velocity of atoms surface migration. As a result, the coalescence
of islands and the formation of a continuous mono-layer on the substrate occur
significantly slower than the crystallization at nucleation centers. Layers with a
high degree of roughness are produced as a result of dominating crystal growth on
the islet fragments, while the layer roughness depends on the type of the doping
impurity. Layers with lowest roughness (40—70 nm) are produced upon co-doping
with ALYDb,Tb.

More uniform ZnO layers with crystallite sizes around 200 nm have been
produced by aerosol spray pyrolysis (Fig. 2a). A similar background layer with
crystallite size of the order of 200 nm was realized in ZnO layers doped with Er in
a magnetron sputtering process. However, some larger crystallites were formed on
this background similarly to rare earth doped layers produced by sol gel spin-
coating (Fig. 2b).
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Fig. 2 — AFM images of ZnO layers prepared by aerosol spray pyrolysis (a) and Er-doped ZnO layers
deposited by magnetron sputtering (b).

4. OPTICAL CHARACTERIZATION

The optical transmission of ZnO layers prepared by sol-gel spin coating is
around 90% (Fig. 3a), a parameter which is important when such layers are used as
transparent contacts to solar cells. The transparency of the layer produced by
magnetron sputtering is less, as shown by curve 4 in Fig. 2a. The Tauc plot was
plotted for estimation of the optical gap of the produced layers (Fig. 3b). The
deduced optical gap value from this plot is in the range of 3.28-3.29 eV for layer
prepared by sol-gel spin coating, a value which is nearly equal to the exciton
resonances in ZnO at room temperature. For layers prepared by magnetron
sputtering the estimated value of the optical gap is lower (about 3.24 ¢V), which is
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an indication of a lower optical quality, suggesting the presence of an impurity
band near the absorption ban edge (curve 4 in Fig. 3b).
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f optical transmission (a), and Tauc plot for ZnO rare earth doped ZnO layers
prepared by different methods (b).

5. PHOTOLUMINESCENCE SPECTROSCOPY ANALYSIS

The activat

ion of rare earth ions into the ZnO host was investigated by means

of photoluminescence spectroscopy. A series of narrow emission bands in then
range of 540-550 nm are observed in the PL spectra of ZnO layers doped with Er

impurity (Fig. 4).
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PL spectra of Er and Eu doped ZnO layers produced by spin coating.
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These lines are due to transitions from the excited *Ss), level to the ground
*I,5,» level of the Er’" ions. Usually, the rare earth ions are incorporated in the Zn
sites with C;, symmetry of the wurtzite ZnO lattice. According to group-theoretical
methods [18, 19], the 4S3/2 and “1, sp energy states of Er*' in Cs, symmetry are split
into I'y+(I's + I'g), and 5I'4+3(I's+1), Stark levels, respectively. Therefore, eight
emission lines should be observed when the electrons are transferred from the
lowest level of the excited states 4S3/2 state to the split levels of the ground 4115/2
state. However, only five PL bands are deduced from the deconvolution of the PL
spectrum as shown in Fig. 5.
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Fig. 5 — Deconvolution of the Eu and Er doped ZnO layers produced by spin coating.

This observation can be explained either by the fact that some of the Stark
split manifold of *I;s, levels are situated very close to each other, so that the
respective transitions can not be resolved in the PL spectrum, or by the fact that the
laser radiation is polarized, and in Cs, site symmetry, one can expect at most five
emission transitions between *Ss/, and 1,5, free ion states in n-polarization [20].

The PL spectrum of Eu-doped samples consists of a series of PL bands
related to the Eu’" 4f-4f intrashell transitions superimposed on two broad PL in the
orange-red spectral region. The orange-red broadband emission in ZnO is
commonly believed to come from structural defects, such as interstitial oxygen
[21, 22]. The lines related to the Eu®" 4f-4f intrashell transitions are summarized in
Table 1.
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Table 1

The PL bands related to the Eu®" 4£-4f intrashell transitions in ZnO laters

Band label 1 2 3 4 5 6 7 8 9 10

Wavelength, nm 578 587 | 592 | 596 | 613 | 617 | 622 651 690 | 700

Transition *D,—F, °D,—'F, °D,—'F, SDO —>7F; *D,—F,

All the observed lines are consistent with Eu’’-related emission from
5D0 —'F 7 (J = 1,2,3,4) transitions. As mentioned above, it is well documented

that rare earth ions, including Eu’" ions are usually incorporated in II-VI
compounds by substitution on the metal sublattice with C; site symmetry. The

C,, site symmetry splits ground 7F2-5 levels. Theoretically, the 7F2 level gives
three crystal field levels of A, and 2E with C;, symmetry [23, 24], which gives

rise to PL lines centered at 613, 617, and 622 nm. This >D,—>'F, emission comes

from an allowed electric-dipole (ED) transition [24, 25, 26], which results in a
large transition probability in the crystal fields without inversion symmetry. The

lines at 587, 592, and 596 nm are due to 5D0 —)7F] transitions. The 7F2 level
should give only two crystal field levels in a site with C,, symmetry [24]. The
presence of three lines related to 5D0 —)7E transitions, along with the observation

of the 5D0 —>7F0 transition, which may only be activated by Eu’" at interstitial sites
with lower symmetry than Cs, [27, 28], suggests that some of Eu’* ions are
incorporated into sites with the symmetry different from C, .

In contrast with *D,—'F, transition, the *D,—'F transition is a
magnetic-dipole (MD) one [24, 25, 26]. When the Eu ion is placed at a center of
symmetry, ED transitions between the 4 f° levels are strictly forbidden by the
Laporte selection rule (equal parity) while MD transitions are allowed. Thus, the
intensity ratio of *D,—'F, to’D,—F, transition, known as the asymmetry
ratio, would be zero when Eu ion is at a center of perfect symmetry, but could be
quite large for distorted sites. The asymmetry ratio in our samples is ~5. Such a
high value is explained by the lack of inversion symmetry when the Eu’* ion is
incorporated into wurtzite ZnO host by substitution on the Zn sublattice. This lack

of inversion symmetry produces strong ligand crystal fields and thereby relaxes the
Laporte selection rule.
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6. CONCLUSIONS

The results of this study demonstrate that the morphology of ZnO layers
doped with Al or Ag is impacted by co-doping with rare earth elements in a sol-gel
method with spin-coating. The impact is explained by competing processes
occurring during sol-gel deposition such as migration of atoms on the substrate
surface and crystallization of sol agglomerates at nucleation centers. The presence
of heavy elements in the sol impedes the atom migration, favoring the crystal
growth on islet fragments, and deposition of layers with larger roughness. The
deposition process is also influenced by the interaction of doping (Al or Ag) and
co-doping (Eu, Er, Yb, or Tb) impurities. As a result, in samples doped with Al the
roughness is larger for samples co-doped with Eu as compared to those co-doped
with Er, while the situation is vice-versa in samples doped with Ag. Layers with
lowest roughness are produced upon co-doping with Al Yb,Tb. The optical
properties are less impacted by rare earth doping, but more dependent on the
deposition technology. Layers with optical transmission up to 90%, and the
absorption edge in the region of exciton resonances are prepared by sol-gel spin
coating. The analysis of photoluminescence spectra suggests that the Eu®* and Er’®
ions are incorporated into the wurtzite ZnO host by substitution on the Zn
sublattice.
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