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ABSTRACT

The rare-earth (RE) (Eu, Er, Nd) doped ZnO thin films were fabricated by a cost-effective chemical solution deposition method. The emission properties of ZnO:RE
films were investigated under different excitation conditions, where the RE ions were excited either through direct pumping into the 4f energy levels of RE ions or
through indirect excitation by energy transfer from the host material. It is demonstrated that under both excitation methods, the films showed strong emission from
the RE ions at room temperature, which confirms the hypothesis that the RE ions can be effectively excited by the host material. Moreover, the influence of RE doping
on the development of the crystalline structure of the ZnO thin film was studied. Only a small amount of REs was incorporated into the ZnO grains; most of the REs

remained segregated at the grain boundaries, forming a thin oxide shell that strongly suppresses the sintering of the grains and reduces their size.

1. Introduction

Zinc oxide is a promising material for a plethora of applications,
including transparent electrodes, thin-film transistors, light-emitting
diodes, ultraviolet laser diodes and photodetectors, gas sensors, and
piezoelectric nanogenerators [1-6]. The application of ZnO in real de-
vices requires a deeper understanding and control of the optical and
electrical properties. A fundamental way to modify the properties of ZnO
is the incorporation of dopants. The emission properties of ZnO can be
tailored by doping with rare-earth elements to allow for radiative
transitions across a wide spectral range from UV to far IR part of the
spectrum, which opens opportunities for the application in a variety of
optoelectronic devices. The wide-bandgap semiconductors, such as ZnO,
GaN, and SiC, are attractive host materials for RE ions since the
temperature-quenching effect is inversely proportional to the bandgap
of the host [7]. Consequently, a highly efficient luminescence from REs
can be achieved. Moreover, it has been demonstrated that RE-doped
ZnO has a high potential in spintronics as a diluted magnetic semi-
conductor with a Curie temperature above room temperature [8].

Indirect excitation by energy transfer (ET) from the host material to
REs has attracted attention in recent years since it provides several
channels through which the RE ions can be effectively excited. In the
case of indirect excitation, there are three processes leading to the RE
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emission; absorption of excitation energy by the ZnO host, energy
transfer from ZnO to the Er ions, and radiative relaxation in the Er ions.
The direct energy transfer from the ZnO to RE ions is physically
impossible because of the much faster radiative and nonradiative decay
of exciton in ZnO than the time required for energy transfer [9,10].
However, RE ions can absorb energy transferred from the DLE of the
ZnO host. A few research groups reported indirect excitation of RE ions
through a defect level of ZnO [11-18]. However, under indirect exci-
tation in the UV-VIS region, the emission from the host material domi-
nates, and only low-intensity emission from the REs transition was
observed. Despite a large number of papers on this topic, the reason why
the emission from ZnO:RE thin films is so weak has not been clarified
yet. Therefore, one of the important scientific tasks is to understand the
optical behavior of RE elements in the ZnO host, which would open the
door for enhancing the energy transfer from the semiconductor host to
RE ions.

In this work, we investigated the effect of RE doping on the struc-
tural, optical, and electrical properties of the ZnO films with an
emphasis on the study of indirect excitation of REs by energy transfer
from the host material. All selected REs have appropriate energy levels,
which can be indirectly excited by the broad defect emission band of
ZnO. The presence of RE-related emission under indirect excitation
confirms the effective energy transfer between the RE ions and the host
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material. The emission from REs can be partly affected by the crystal-
linity of the host crystal. Therefore, this work attempts to shed light on
how the mechanism of formation of ZnO:RE thin film influences its
optoelectrical properties.

2. Experimental

The zinc oxide thin films doped with different RE ions, erbium,
europium, and neodymium, were prepared by the sol-gel method. The
initial chemicals were zinc and rare earth species in the form of acetates
(Merck) dissolved in 2-methoxyethanol with the addition of mono-
ethanolamine (Carl Roth). The 0.75 M solution of zinc acetate was mixed
with 0.1, 1, 2.5, and 5 mol. % addition of the rare earth acetate. The
films were deposited by five dip-coating cycles with subsequent
annealing of each layer at 350 °C. The final heat treatment followed at
600 °C. Both treatments were carried out in the air. A reference undoped
ZnO sample was also prepared.

The morphology of the ZnO thin films was examined by scanning
electron microscopy (SEM) (Tescan LYRA3 GM, 20 kV), atomic force
microscopy (AFM) (JPK NanoWizard Nanooptics with BRUKER TESPA-
V2 tips), and transmission electron microscopy TEM (Jeol JEM-2200FS).
The lamellas for TEM measurements were prepared by a lift-out method
in dual-beam FIB-SEM system Tescan LYRA3 GM.

The phase composition and the texture of the thin films were char-
acterized by X-ray diffraction (XRD). The XRD data were collected with
an X'Pert PRO 6-0 powder diffractometer in Bragg-Brentano geometry
using Cu Ka radiation (A = 1.5406 10\, U = 40 kV, I = 30 mA). The data
were scanned with an ultrafast detector X’Celerator over the angular
range 25-80° (20), using the step size 0.026° and a counting time of
236.64 s step .

The chemical composition of the layers was probed by X-ray
photoelectron spectroscopy (XPS). The XPS measurements were per-
formed on a custom-built spectrometer (SPECS GmbH) consisting of a
hemispherical electron energy analyzer with a 1-D line detector (Phoi-
bos 150 1D-DLD) and a monochromatized Al Ka X-ray source (p-FOCUS
600 equipped with XR 50 MF) of high intensity. The fitting of the ob-
tained spectra was performed using KolXPD fitting software.

The photoluminescence (PL) spectra were measured using an optical
set-up consisting of the Jobin Yvon THR 1000 grating monochromator, a
GaAs photomultiplier (R943-02, Hamamatsu Photonics KK, Tokyo,
Japan), and a closed-cycle He optical cryostat (4-300 K). A He-Cd laser
emitting at 325 nm and a 532 nm solid-state laser were used as excita-
tion sources for the PL measurements. Calibrated neutral-density filters
were employed to adjust excitation power density.

The electrical properties of the thin films were studied by the mea-
surement of their current-voltage (I-V) characteristics using a Source
Measure Unit Keithley 236 or by Ossila Four-Point Probe station.

3. Results and discussion
3.1. Structural and morphological analysis

As was presented in Fig. 1, the XRD pattern for the undoped ZnO thin
film is dominated by the (002) reflection, which points to a strong c-axis
texture. After doping with REs, the (002) reflection is still dominant;
however, its intensity is suppressed at the expense of (100) and (101)
reflections, indicating a more random orientation of the ZnO grains. In
addition, for the REs doped films, the (002) reflection peak is shifted to a
smaller angle. Such behavior can be associated with increasing inter-
plane distance due to the substitution of Zn by REs with larger ionic
radii. Indeed, the radius of Zn is 0.74 10\, while for the REs it is 0.947,
0.88,and 1.013 A for Euy, Er, and Nd, respectively. At the same time, the
average grain size decreased after RE doping (Fig. 2). The lattice strain
related to the difference in ionic radii of Zn and REs probably limits the
crystallization process [19]. The grain size reduction can be also related
to the segregation of RE oxides at the grain boundaries, which
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Fig. 1. X-ray diffraction pattern of undoped and RE-doped (2.5%) ZnO thin
film prepared by the sol-gel method. Besides the (100), (002), (101), (102), and
(110) peaks corresponding to ZnO, the silicon substrate peaks and the (002) K
reflection are visible in the patterns. The inset represents the shift of (002)
reflection due to increasing interplane distance, when REs substitute Zn, due to
the large difference in ionic radii. The weak peaks at 20 = 28.4° (*) and 29.5
(+) can be associated with the presence of Eu,03 and Nd,O3, respectively.

suppresses the coalescence of the ZnO grains. Indeed, as presented in the
cross-sectional TEM images (Fig. S1), the undoped film after annealing
at 600 °C contains one or two layers of close-packed c-axis oriented
polycrystalline grains. In contrast, the ZnO films doped with REs
comprise smaller close-packed grains stacked in five layers, which
confirms the hypothesis of the presence of a thin RE oxide layer on the
surface of the grains that act as stopping barriers for coalescence. The
presence of REs oxides is also supported by XRD; the weak peaks at 20 =
28.4" and 29.5° can be associated with the presence of EusO3 and Nd,O3
at the grain boundaries. The average crystallite size was extracted from
XRD data using the Scherrer formula(not to confuse it with the grain size
observed by SEM and AFM). The crystallite size for REs doped samples
varied from 10 to 14 nm, while for the undoped samples it is about 58
nm.

3.2. XPS analysis

The undoped and RE-doped ZnO thin films (doped with 2.5% rare
earth acetate) were further analyzed by the XPS technique. The XPS
survey spectra and high-resolution C 1s, Zn 2p, and O 1s spectra ac-
quired from the undoped and RE-doped ZnO layers are presented in
Figs. S2 and S3. The high-resolution Eu 3d, Er 4d, and Nd 3d spectra are
shown in Fig. 3. The following information was obtained from the
processing and analysis of the spectra in Fig. 3: The high-resolution Eu
3d spectra shown in Fig. 3a can be fitted using two Eu 3d3/2-3d5/2 spin-
orbit-split doublets. The doublet at 1134.9-1164.5 eV corresponds to
Eu" trivalent ion, while the doublet at 1125.4-1155 eV corresponds to
Eu?" divalent ion [20]. A minor feature at BE of about 1143.6 eV is the
shake-up satellite related to Eu®* [21,22]. It should be noted that Eu®*
ions were unstable under X-ray irradiation and continuously converted
to Eu?t during the XPS measurement (Fig. 3d). In the first spectrum
scan, the concentration of Eu?>" was almost invisible in the spectrum,
indicating that the as-prepared Eu-doped ZnO contains only Eu>". After
15 scans, its concentration decreased to 40% with respect to the total
concentration of Eu. A similar reduction of Eu>" ions to Eu** was
observed for different oxide glasses doped with Eu while irradiating
them by y-rays [23], B-rays [24] or femtosecond laser [25]. It was
explained by the fact that the embedded Eu®* ion behaves as an active
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Fig. 2. Top view SEM and AFM images for ZnO thin films prepared by the sol-gel method. (a, e) undoped ZnO; (b, f) ZnO-Eu (2.5%); (c, g) ZnO-Er (2.5%); (d, h) ZnO-
Nd (2.5%). The undoped film contains a compact seed layer formed by nanocrystals with an average size of about 58 nm. The average grain size significantly
decreased after RE doping, which can be related to the segregation of RE oxides at the grain boundaries, suppressing the coalescence of the ZnO grains and to the

strain in the lattice due to the difference in ionic radii for Zn and REs, limiting the crystallization process.

E)
o
2
&
2
@
C
Qo
£
1 1 1 1 1
1170 1160 1150 1140 1130 1120
Binding energy (eV)
T T T T T

L Nd 3d (OF
£
.e - -
2 Satellite
2
‘@ i
C
Qo
£

1 1 1

1 1
1010 1000 990 980 970
Binding energy (eV)

Fig. 3. High-resolution XPS spectra of the ZnO thin film doped with 2.5% RE ions. (a) Eu 3d; (b) Er 4d; (c) Nd 3d. Figure (d) represents the influence of X-ray

irradiation on the Eu state in ZnO thin film.
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electron trap. If there is a source that creates electrons in the conduction
band, some electrons are trapped by the Eu®" ions, leading to the for-
mation of the Eu?" ions. The fact that Eu®" ions were unstable under
X-ray irradiation and continuously converted to Eu?* is in accordance
with the PL spectra where only red luminescence was observed (it is well
known that Eu can be incorporated into ZnO either as Eu®" ions for
which red luminescence is dominant or as Eu>" ions with dominant blue
luminescence [15]). The high-resolution Er 4d spectra in Fig. 3b
exhibited a complex multiplet splitting with the main poorly resolved
doublet (the split is about 2 eV) at 168.7 eV accompanied by two sat-
ellite features at 174.3 and 181.5 eV. This is a typical spectrum for Er
ions in an Er-doped ZnO film and can be associated with Er** ions
dispersed inside the film [26-28]. Finally, the high-resolution XPS
spectra of the Nd 3d core presented in Fig. 3c can be described by two
peaks at 983 eV and 1005.3 eV that belong to Nd 3ds,2 - Nd 3ds/2
doublet of Nd** ions in Nd,O3 [29]. Each component of this doublet
shows a multiplet structure typical for Nd oxides, where there are the
low BE components at about 879.5 and 1001.7 eV, assigned to the sat-
ellite of the main doublet (in the shake-down process) [29].

3.3. Optical properties

3.3.1. ZnO:Ew"

When Eu®t is exited directly (direct excitation at 532 nm is in
resonance with the 7F0 - 5D, transition of Eu®* ions), at the first step the
electrons transfer from °D state to °Dy state by a nonradiative process.
Then the characteristic red emission line is observed at ~580, 594, 614,
656, and 699 nm due to radiative transition from °Dy to 7Fj G =
0,1,2,3,4) (Fig. 4a and S4). The integral emission intensity for all tran-
sitions increases with increasing concentration of Eu>" up to 2.5%, and
then at 2.5% it significantly decreases (Fig. S5). The quenching of the
emission intensity at the highest europium concentration can be
explained by the reduction in the average distance between luminescent
centers, which enhances the probability of nonradiative energy transfer
between Eu®" ions [30]. The presence of the 5Do -7F1 emission indicates
that some Eu®* ions occupy a site with inversion symmetry. However,
the more intense °Dy -’F5 emission compared to 5Dy -’F; emission and
the presence of forbidden 5Dy -’Foemission indicate that Eu®* ions are
primarily located at a low-symmetry site without an inversion center
[311.

Under excitation at 325 nm (indirect excitation of Eu3+ions), typical
luminescence spectra for ZnO were measured with the near-band edge
(NBE) excitonic emission in the UV region and broad deep-level emis-
sion (DLE) in the visible region [32]. Nevertheless, in addition to the
luminescence from ZnO, the spectra exhibited a sharp peak at 615 nm
(Fig. 4b). This emission line is associated with intra-4f transitions of
Eu®" ions due to energy transfer from the host material to Eu ions.
However, direct energy transfer from the ZnO to Eu ions is physically
impossible because of the much faster radiative and nonradiative decay
of exciton in ZnO than the time required for energy transfer. Therefore,
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Eu>* ions can absorb energy transferred from the DLE of the ZnO host
and can resonantly excite the 5Dy-"F,, transition (Fig. S4) [33].

3.3.2. ZnO:Nd**

The luminescence spectra from ZnO:N were investigated solely
under indirect excitation and showed a similar trend as was observed for
the ZnO:Eu" thin film. Apart from the NBE and DLE emission from ZnO,
high-intensity luminescence bands were present in the region of
860-1500 nm (Fig. 5a,b and S6). We assume that Nd3* ions can absorb
the energy transferred from the DLE of the ZnO host and can resonantly
excite the 4F9 /2 transitions, which are in resonance with the maximum of
the DLE emission (Fig. S6). In addition, the broad DLE can also reso-
nantly excite other transitions of Nd>* ions that are located in this region
(2H11 /2 4F7/2, 453/2, 4F5/2, and 2H9/2). At the first step, the electrons
transfer from all resonantly excited states to *Fs »state by a nonradiative
process. Then the emission band centered at 902, 1082, and 1354 nm
due to radiative transition from “Fs /o to 419/2, i /2, and 4113/2 is
observed. The integral emission intensity of the Nd>* transition de-
creases with the increasing concentration of Nd** (Fig. 7). The pres-
ence of the luminescence quenching at such a low concentration of
Nd**ions (~0.1%) can be explained by the higher solubility of Nd in
ZnO. The broad character of the three emission bands of Nd>* ions in-
dicates that the luminescence signal originates mostly from NdyO3 [34]
located at the grain boundary rather than from Nd** incorporated in the
ZnO crystallites [35]. However, it cannot be excluded that both, Nd3t at
the substitutional position and Nd;O3 at grain boundaries, contribute to
the luminescence.

d3+

3.3.3. ZnO:E”*

Er acts as an optically active center when surrounded by oxygen
(ErOg), forming a pseudo-octahedral structure with C4y symmetry [36].
When Er replaces Zn in the ZnO matrix, ErO4 forms, which is not an
optically active center. In as-prepared samples, only negligible lumi-
nescence from Er ions was observed (Fig. S10). However, the formation
of ErQOg clusters can be achieved by annealing. When the ZnO:Er films
were annealed at 600 °C, the ErOg clusters formed either in the ZnO
matrix or at the grain boundaries. Under direct excitation with 532 nm
(Fig. 6a; Fig. S8), three well-pronounced emission bands of Er®* (located
at 557, 655, and 1539 nm) attributed to down transitions from excited
Er’" levels 453/2, 4F9/2, and 4113/ 2 to the ground state 4115/2 were
identified [37,38]. Moreover, the transition from 483/2 to 4113/2 was
observed at about 862 nm. The most intense luminescence band in the
VIS range is due to the 453 /2 —4113/2 transition at 557 nm and in the NIR
range due to the 4113/2-4115/2 transition at 1539 nm. Under indirect
excitation with 325 nm the NBE and DLE emissions from the host ma-
terial were observed in the UV-VIS region ( Fig- 6b; Fig. S8). However,
also a sharp peak at ~650 nm due to the 4F9/2-4115/2 transition was
superimposed onto the broad DLE band. In the NIR region, the transition
at ~1530 nm was dominant due to the 4113/2-4115/2 transition. The
presence of two Er-related emission peaks under indirect excitation
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Fig. 4. Room temperature photoluminescence emission spectra for ZnO:Eu thin films under direct (a) and indirect (b) excitation.
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confirms the assumption that Er ions are excited due to the energy
transfer from the ZnO host. The integral emission intensity of the Er®*
transition increases with increasing concentration of Er* (Fig. S9),
which indicates that even at the highest concentration of Er ions (~5%),
the conditions for luminescence quenching are not reached.

3.4. Electrical properties

The electrical resistivity of the undoped ZnO thin film was approxi-
mately ~82 Q cm. The dominant transport mechanism for poly-
crystalline thin films with low doping levels is the grain boundary
scattering caused by the thermionic emission over the potential barrier
created by surface states at the grain boundaries [39-41]. The effect of

Table 1
Electrical properties undoped and REs doped ZnO thin film.

Average resistance’, Q Four-point method

Resistivity, Qcm

ZnO 8.5E6 81.5
Zn0: 2.5% Eu 2.6E8
Zn0: 2.5% Nd 1.3E9
ZnO: 2.5% Er 5.6E7 1272

# The resistance was calculated from the slope of the I-V curve (Fig. S11). The
I-V measurements were performed at several points over the entire area of the
sample. A non-alloyed ohmic contact on the top of the ZnO thin film was created
by thermal evaporation of a 100 nm film of Al covered with a 50 nm film of Au to
prevent surface oxidation. To eliminate the influence of Si substrate on the
electrical properties of ZnO thin films, we isolated Si from ZnO by inserting a
600 nm layer of SiO4; **Out of the range of Ossila Four-Point Probe System.

doping with RE ions on the resistivity is summarized in Table 1. The
resistivity increased after doping with REs, confirming the hypothesis
that RE oxides segregate at the grain boundaries, leading to the forma-
tion of a barrier for charge transport.

3.5. Possible mechanism formation of ZnO thin film

Based on the obtained experimental results, the formation of undo-
ped and RE-doped ZnO films can be explained as follows. The as-
deposited sol of Zn(OAc), started to crystallize gradually after pre-
heating at 350 °C to form a compact polycrystalline film with an average
grain size of approximately 10 nm. Further increase in temperature to
600 °C resulted in the increase of the grain size up to 58 nm (Fig. 7a).
The film was still composed of at least two layers of grains with the
preferential orientation along the c-axis. For the RE-doped sols, the RE
were uniformly dispersed in Zn(OAc),. Similar to undoped ZnO, the
preheating at 350° resulted in the nucleation of ZnO and the formation
of a compact polycrystalline film. However, the majority of RE ions were
not incorporated in the ZnO host lattice because of the large difference
in ionic radii and the strong susceptibility of Zn>* and RE to oxidation. It
may result in the diffusion of RE towards the surface of ZnO grains and
their oxidation. The presence of RE oxides on the surface of the ZnO
grains prevented their coalescence, and the annealing at 600 °C had a
negligible effect on the increase of their size (Fig. 7b). The cross-
sectional TEM image shows that the film is composed of five poly-
crystalline layers corresponding to five dip-coating cycles (Fig. S1). This
indicates that after annealing at 600 °C, each grain is still covered with a
thin RE oxide which impedes coalescence of the grains in both vertical
and lateral directions.
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4. Conclusion

The undoped and Eu, Er, Nd-doped ZnO thin nanocrystal films were
fabricated by a chemical solution deposition method. After annealing,
the undoped films comprised larger crystallites up to 58 nm in diameter
and showed a strong c-axis texture. The orientation of RE-doped films
was more random and the sintering of the grains was largely suppressed
due to the formation of RE oxides at the grain boundaries, which
significantly decreased the size of the crystallites. XPS measurements
showed that REs were mainly present in its 3+ state; however, Eu>" ions
were unstable under X-ray irradiation and continuously converted to
Eu?t during the XPS measurement. We assume that the majority of RE
ions were not incorporated in the ZnO host lattice; the large difference in
ionic radii and the strong susceptibility of Zn?>" and RE to oxidation led
to the segregation of RE oxides at the grain boundaries. This assumption
was supported by the results of optical, electrical, and structural mea-
surements. First, the broad character of the emission bands of RE ions
indicated that the luminescence signal mostly originated from RE ox-
ides. Second, the resistivity of the ZnO film increased after REs doping
due to the formation of RE oxides at the grain boundaries forming an
additional barrier for charge transport. Third, the weak reflections at 20
=28.4",and 29.5 in the XRD patterns were associated with the presence
of Eup03 and Nd,Os at the grain boundaries.

We confirmed the possibility of indirect excitation of Eu, Er, and Nd
ions through the energy transfer from the host ZnO and showed that
both direct and indirect excitations resulted in a highly intensive lumi-
nescence at 1.5 pm for ZnO:Er and in the region of 0.86-1.5 pm for ZnO:
Nd thin films. This indicates that the energy transfer process is highly
efficient. In the visible region, the strong green and red emissions for Er
and Eu doped ZnO thin films were observed only under direct excitation
since the emission from the host material remains dominant under in-
direct excitation.
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