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The structural and optical properties of post surface Eu-treated ZnO nanowires (NWs) have been investigated
systematically. It is found that the Eu3+ ions are in the Eu2O3-like state located at the surface of ZnO NWs.
Sharp intense red emissions in the range of 580-650 nm due to the intra-4f transition of Eu3+ ions are
observed from the sample. The temperature-dependent photoluminescence (PL) measurement shows that the
intensity of the Eu3+ ions emission is related to the near-band-edge (NBE) emission of ZnO NWs, indicating
direct energy transfer from ZnO to Eu3+ ions. Finally, the time-resolved PL measurement was carried out,
and the roles played by the Eu2O3-like layers are discussed in detail. It is found that the Eu2O3 layers not only
suppress the deep level emission (DLE) in ZnO NWs but also provide efficient energy trap centers supporting
the direct energy transfer from ZnO to Eu3+ ions.

Introduction

Wurtzite-type ZnO, a wide bandgap (3.37 eV) polar semi-
conductor with a large exciton binding energy (∼60 meV) at
room temperature,1 has been recognized as a promising material
for ultraviolet (UV) light-emitting devices (LEDs) and laser
diodes.2,3 The emission wavelength of ZnO-based materials can
be tuned by alloying with other elements, for example, Mg or
Be for shorter wavelengths4,5 and Cd for longer wavelengths.6,7

For some particular applications such as full color flat panel
display and solid-state lighting, three primary colors (red, green,
and blue) are required. ZnCdO-based devices are suitable for
blue-green light emitters; however, it is hard to achieve high
efficient red emission because of the phase separation during
material growth with high Cd concentrations.8 On the other
hand, rare-earth element doped wide bandgap semiconductors
have become attractive for some selective wavelength emissions.
The large bandgap of the host material allows higher efficiency
device applications at room or even higher temperatures. This
approach has been demonstrated successfully in Eu3+-doped
GaN material.9 To harvest intense Eu3+ emission from ZnO,
an efficient energy transfer from the host to Eu3+ ions is
required. However, there have been very few reports on the
synthesis and investigations of the optical properties of Eu-doped
ZnO nanowires (NWs) with intense red emission.10

For the fabrication of Eu3+-doped ZnO material, several kinds
of methods such as pulse laser deposition (PLD),11 hydrother-
mal,10 and ion implantation techniques12 have been employed.
However, up until now, for red emission in Eu3+-doped ZnO
NWs, the Eu3+ ions were incorporated into the matrix during
growth.10,11,13-16 Motivated by the intensive interest in ZnO-
based NWs LEDs,17 we have studied the structural and optical

properties of post surface Eu-treated ZnO NWs. It is found that
the sample exhibits intense red emission from the intra-4f
transition of Eu3+ ions, which may provide a viable approach
for efficient red light source for ZnO-based devices. The
temperature-dependent photoluminescence (PL) measurement
indicates direct energy transfer from ZnO to Eu3+ ions. The
surface modification of the Eu2O3-like layer and the mechanism
of energy transfer are discussed in detail.

Experimental Section

The ZnO NWs used herein were fabricated on a c-plane
sapphire substrate by a vapor phase transport (VPT) method.
ZnO (99.99%, Alfa Aesar) and graphite powder (99.99%,
Aldrich) with a 1:1 weight ratio on the Sapphire substrate were
precoated with a 20 nm Au film. The source was placed in the
center of a horizontal tube furnace maintained at 950 °C. The
europium acetate powders were dissolved in deionized water,
and then urea was employed to tune the pH value (∼6.5) of the
solution to exclude damage of ZnO. The as-grown ZnO NWs
were then treated with the solution and followed by a thermal
annealing at 500 °C in air for 3 h. Simultaneously, another pure
ZnO NW sample was annealed under identical conditions for
reference.

The crystal structure of the ZnO NWs was characterized by
X-ray powder diffraction (XRD) using a Bruker D8 Advanced
diffractometer and Cu KR radiation. Morphological character-
ization was performed with a JEOL JSM-6700F field emission
scanning electron microscope (FESEM) and a JEOL 2100
transmission electron microscope (TEM). The PL measurements
were performed between 10 and 300 K by using a closed cycle
helium cryostat. A cw He-Cd laser emitting at 325 nm was
used as excitation source, and the signal was dispersed by a
750 mm monochromator combined with suitable filters and
detected by a photomultiplier using the standard lock-in
amplifier technique.18 Time-resolved photoluminescence (TRPL)
was carried out at room temperature by the time-correlated single
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photon counting (TCSPC) technique, with a resolution of 10
ps (PicoQuant PicoHarp 300), and the 295 nm pulse laser (100
fs, 80 MHz) from the third harmonic of the Titanium sapphire
laser (Chameleon, Coherent Inc.) was used as an excitation
source.

Results and Discussion

As shown in Figure 1a, the annealed pure ZnO NWs are
found vertically aligned on the substrate with a length of only
300-400 nm. A high-resolution TEM image (Figure 1b) reveals
sharp and clear ordered-lattices in the center of the post Eu-
treated ZnO NW. The interplanar d-spacing is 0.28 nm, which
corresponds to the (100) plane of the hexagonal ZnO. In contrast,
the outer-shell of the Eu-treated ZnO NW exhibits relatively
oblique and disordered-lattices, which can be attributed to the
presence of Eu2O3 on the surface.19 Figure 1c-e shows the XRD
patterns of Eu-treated ZnO NWs together with Eu2O3 and ZnO
for comparison. The XRD patterns of the sample can be indexed
as coming from Eu2O3 and ZnO. It is well-known that the radius
of Eu3+ (0.95 Å) is bigger than Zn2+ (0.74 Å); thus, the
diffraction peaks are expected to shift toward smaller angles if
Eu3+ entered the Zn2+ lattice sites. However, no shifts in the
XRD peaks for Eu-treated ZnO were observed. Therefore, the
investigation suggests that almost all of the Eu3+ ions are in
Eu2O3 oxide, which is just located at the surface of the ZnO
NWs. This is also supported by the optical measurements
performed later.

Figure 2 depicts the room temperature PL spectra of annealed
ZnO NWs with and without Eu3+ treatment. The pure ZnO
sample exhibits an emission band at 380 nm, which is attributed
to the near-band-edge (NBE) emission. A strong green emission
band located at ∼515 nm is also observed, which is cor-
responded to oxygen vacancy (VO) and denoted as deep level
emission (DLE).20 In comparison, it is interesting to note that
the emission of Eu-treated ZnO NWs demonstrates a dramatic
decrease in the green emission. It is well-known that the Eu2+

ions in crystal give a broad emission band in the same
wavelength range due to the f-d transition.13 However, here
we used Eu3+ solution for treatment, and the presence of Eu2+

is excluded. Therefore, it is believed that the broad visible band
emission after Eu3+ treatment is purely ascribed to the deep
level defect states in ZnO NWs. The physical mechanism of
the reduction of DLE will be discussed later. Furthermore, it is
noted that there emerges a new peak at ∼612 nm, located at
the tail of the broad DLE band after Eu3+ treatment. This peak
is in accordance with the 5D0-7F2 transition of the Eu3+ ion
which usually appears at ∼611 nm.

To better understand the optical properties of the Eu-treated
ZnO NWs, temperature-dependent PL measurements were
performed. As presented in Figure 3a, a series of sharp intense
peaks at UV and visible regions can be observed. At low
temperatures, the UV emission of the sample is dominated by
transition from NBE, such as donor-bound excitons located at
369.5 nm (3.356 eV) and the longitudinal optical (LO) phonon
replica of the free excitons (FX). For the visible emission, the

Figure 1. (a) FESEM image of the annealed ZnO NWs. (b) High-
resolution TEM of the Eu-treated ZnO NWs. (c-d) The XRD pattern
of Eu-treated ZnO NWs and the reference of pure Eu2O3 and ZnO.
The peak denoted by a closed square is from sapphire substrate.

Figure 2. Room temperature PL spectra of the ZnO NWs with and
without Eu3+ treatment.

Figure 3. (a) Temperature-dependent PL spectra of Eu-treated ZnO
NWs from 10 to 300 K. (b-c) The intensity of the NBE, the 5D0-7F2

transition of Eu3+ ion, and the defect-related PL (the broad emission
∼600 nm) of the Eu-treated ZnO NWs changed with temperature.
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characteristic bands related to the intra-4f transition of Eu3+ ions
are clearly observed. It should be mentioned that the excitation
wavelength (325 nm) for the PL measurement is within the
charge transfer band (CTB) of Eu3+ ions, which has very low
absorption ability, implying that the emission of Eu3+ ions
should not be directly excited by the laser but mediated by ZnO.
On the other hand, at low temperatures, the intensity of Eu3+-
related emission is even higher than the NBE of ZnO NWs,
indicating the high probability of energy transfer from ZnO to
Eu3+ ions. This may open a door to realize the white-light LEDs
based on ZnO NWs. Our study provides a proof-of-concept
demonstration that ZnO NWs can be efficient hosts for Eu3+

emission using this “core/shell” structure.
With the increase of temperature, the intensity of those sharp

peaks gradually drops. However, the NBE and the 5D0-7F2

transition of the Eu3+ ion still exist up to room temperature.
Figure 3b-c presents the temperature dependence of the NBE,
the 5D0-7F2 transition of Eu3+ ion, and the defect-related PL
intensity (the broad emission ∼600 nm) of the Eu-treated ZnO
NWs. If the energy transfer from deep level defects to Eu3+

ions determines the efficiency of the Eu3+-related PL, it is
expected that the intensity change with temperature is similar
to that of the defect-related emission, because the Eu3+-related
PL intensity is proportional to the number of carriers trapped
at the defects of ZnO NWs.21 However, the temperature
dependence of 5D0-7F2 transition from Eu3+ ion is similar to
the NBE of ZnO NWs, and this trend is totally different from
the defect emission. Therefore, it is concluded that the energy
transfer occurs directly from ZnO to Eu3+ ions.

To analyze the carrier dynamics to better understand the
energy transfer from ZnO to Eu3+ ions, TRPL measurements
were carried out. Figure 4 provides the room temperature PL
decay kinetics of ZnO NWs with and without Eu3+ treatment
monitored at 380 nm. The decay curve can be well-described
by a biexponential fit with reconvolution,

where Ai is the amplitude of the ith component at time zero, τi

is the corresponding lifetime, and IRF is the instrument response
function. It is found that, from the fitting results, the short
lifetime component is ∼0.15 ns (80%) which is the same for
samples with and without Eu3+ treatment. As the long lifetime

component is sensitive to Eu3+ treatment, we can focus on this
component only for further discussion.

The PL decay time of bare ZnO NWs (τZnO) and ZnO NWs
with Eu3+ ion treatment (τZnO:Eu) can be expressed as the
following expression, respectively.

where τR (τR*) and τNR (τNR* ) are the radiative and nonradiative
decay times of ZnO NWs. 1/τET is the energy transfer rate from
ZnO NWs to Eu3+ ions. It is expected that the radiative
recombination rate should be similar before and after Eu3+ ions
treatment (τR ≈ τR*). If the nonradiative decay time remains
unchanged, the decay time of ZnO (τZnO:Eu) is expected to be
shorter if energy transfer exists due to the addition of channel
for carriers. In contrast with expectations, the Eu-treated ZnO
NWs display a longer decay time (1.40 ns) than pure ZnO NWs
(0.45 ns), indicating the change of nonradiative decay time after
post Eu3+ ion treatment. The reason can be ascribed to the
surface modification of the Eu2O3-like layer located at the
boundaries of ZnO NWs.22 In ZnO there exist some intrinsic
defects, such as oxygen vacancies. The defects at the surface
may act as adsorption sites for O2 and H2O. Those sites can
trap free electrons and serve as nonradiative recombination
centers. This phenomenon is expected to be more significant in
NWs due to the larger surface-to-volume ratio. After Eu3+ ion
treatment, the ZnO NWs are coated with an Eu2O3-like layer,
which can remarkably decrease the nonradiative recombination
rate (1/τNR* , 1/τNR). Thus the PL decay time of Eu-treated ZnO
NWs is even longer than that of pure ZnO NWs, although there
is an additional decay channel.23 The interpretation is also
consistent with the observations presented in Figure 2 so that,
after Eu-treatment, the DLE of ZnO NWs is greatly suppressed.

Generally speaking, direct energy transfer from ZnO to Eu3+

ions is difficult to achieve due to the shorter lifetime of exciton
in ZnO, the difference of ionic radii, and charges between Eu3+

and Zn2+ ions. Nevertheless, the Eu2O3-like layer not only plays
an important role in the surface modification of ZnO NW but
also serves as a medium for direct energy transfer from ZnO to
Eu3+ ions. At the boundaries of ZnO NWs and the Eu2O3-like
layers, surface shallow level defects may be generated. Taking
into account the bandgap of 3.37 eV (368 nm in wavelength)
of ZnO, the shallow level may be in line with the 7F0-5L6

absorption band of Eu3+ ions (393 nm). Those defects located
at the boundaries can serve as energy trap centers and support
the transfer of energy in the system.24

On the basis of the above discussion, we illustrate the tentative
excitation and emission processes of the UV-excited Eu3+

emission in our sample, and the schematic processes are shown
in Figure 5. First, under optical excitation, a large number of
carriers are excited from valence band (VB) to conduction band
(CB) in ZnO NWs. Then, some of the excited carriers are
trapped at the donor level or the interface and consequently
recombined, resulting in the DLE (process 2) and NBE (process
3). At the same time, part of the emitted photons of NBE may
be reabsorbed by Eu3+ ions (process 4). On the other hand, the
energy level of carriers trapped at the interface is parallel to
the excited states of Eu3+ ions, and therefore the energy will
resonantly transfer from the shallow level of ZnO to Eu3+ ions
(process 5). After a fast relaxation, the excited carriers in Eu3+

ions radiatively recombine and give rise to the intense 5D0-7FJ

Figure 4. Room temperature TRPL measurement of the ZnO NWs
with and without Eu3+ treatment.
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red emission. The large ratio of surface to volume in a NW
structure should be favorable to the resonant energy transfer.

Conclusions

In conclusion, we have studied the optical properties and
energy transfer mechanism of Eu-treated ZnO NWs. The sample
exhibits sharp intense red emission related to the intra-4f
transition of Eu3+ ions. It is found that the Eu3+ ions are in the
Eu2O3-like state located at the surface of ZnO NWs, which play
an important role for surface modification of ZnO NWs.
Moreover, the Eu2O3-like layers serve as efficient energy trap
centers supporting the direct energy transfer from ZnO to Eu3+

ions.
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Figure 5. Schematic processes of intense red emission in Eu3+ treat
ZnO NWs under UV excitation.
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