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ABSTRACT: Embedding rare earth ions into a host material such as alkali
halides, semiconductors, and metal oxides has been extensively studied, with
the goal to improve performance in light emitting devices and biomedicine.
Here, Europium-embedded ZnO nanowall structures have been achieved by
a facile electrochemical deposition method. Upon Eu embedment, the
nanowalls were found to become thicker and stacked. X-ray photoemission
study revealed that Zn(OH)2 was more dominant than ZnO near the
surface and it confirmed that Eu(III) was uniformly distributed in the
ZnO−Zn(OH)2 core−shell structure. We also measured the photo-
luminescence spectra of as-grown, heat-treated and 1,10-phenanthroline
surface-functionalized ZnO nanowalls samples, which led us to propose a
unique cascade energy transfer model between ZnO, 1,10-phenanthroline,
and Eu3+ ion.

■ INTRODUCTION

Rare earth doped ZnO nanomaterials are recognized as
promising candidates for applications in optoelectronic and
light-emitting devices, spintronics and photocatalysis.1−10

Among rare earth ions, the trivalent Eu3+ ion has attracted
great interest because of its unique optical properties, arisen
from the hypersensitive 5D0 →

7F2 red emission (∼620 nm)
from Eu(III).11−13 Recently, nanostructured Eu-doped ZnO
has been prepared by various methods, including hydrothermal
synthesis, thermal evaporation, electrochemical deposition,
sol−gel, and laser ablation.14−26 These techniques produced
Eu-doped ZnO nanostructures with various morphologies
including nanospheres, nanoparticles, nanoneedles, nanorods,
nanowires and nanoflowers.20−25 Upon excitation by UV
irradiation, these ZnO:Eu3+ nanomaterials produced a band-
edge emission at 369 nm, a broad defect-emission at 500−750
nm and/or a red emission from Eu3+. The appearance of the
red emission was dependent on the excitation energy and on
whether thermal annealing has been performed or not. The
Eu3+-related luminescence arisen from the band gap excitation
has been discussed in terms of the energy transfer from ZnO to
Eu3+.8,24,26 Alternatively, the red emission from ZnO:Eu3+

nanospheres and nanorods could also be attributed to the
direct excitation of Eu3+ to a charge-transfer state, instead of the
energy transfer pathway.25

Detailed knowledge of the structural and optical properties of
ZnO:Eu3+ nanostructured materials grown on a selected
substrate is important to industrial applications. Extensive
research has been conducted to deposit ZnO films or
nanostructures on a transparent substrate like indium tin

oxide coated glass (ITO-glass), and to characterize their
structural, optical and electrical properties.27−35 The deep-
level emission from ZnO, appearing in the visible region, has
been found to be highly dependent on its morphology, defects
and doping.35−41 Here, we fabricate ZnO nanowalls doped with
various concentrations of Eu3+ on ITO-glass by a simple
electrochemical deposition method and investigate the photo-
physical properties of the prepared nanowalls on ITO-glass. We
also clarify the change in the chemical-state composition of Eu
by depth-profiling X-ray photoelectron spectroscopy (XPS).
Furthermore, by functionalizing the surface of ZnO:Eu3+

nanowalls using an ultraviolet range energy donor such as
1,10-phenanthroline (phen), we investigate its effect on the
photoluminescence (PL) of the Eu-doped ZnO nanowalls. We
propose a cascade energy transfer model from ZnO to Eu3+ via
phen, in order to provide new insight into the emission and
energy transfer processes in surface-functionalized ZnO:Eu3+

nanostructures.

■ RESULTS AND DISCUSSION
Figure 1 shows the SEM images of undoped and Eu-doped
ZnO nanowalls. For the undoped ZnO sample, the ledge
thickness of the pristine nanowalls is measured to be 50−100
nm (Figure 1a). On the other hand, Eu-embedded ZnO
nanowalls are found to be stacked together, forming relatively
thicker structures with the ledge thickness of 150−400 nm for
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0.01 M Eu-doped nanowalls (Figure 1b) and 300−700 nm for
0.05 M (Figure 1c) and 0.10 M Eu-doped nanowalls (Figure
1d). Although the stacking of individual nanowalls in Eu-
embedded samples is quite apparent in the nanowalls with less
dopant, heavier doped nanowalls appear merged together
forming a thicker edge with smoother surface.
Figure 2 shows the XPS spectra, collected as a function of

sputtering depth, of the Eu 3d, Zn 2p, and O 1s regions of Eu-
doped ZnO nanowalls obtained in the 0.05:0.1 M Eu3+:Zn2+

electrolyte. For the as-prepared sample, a single broad O 1s
peak at 532.9 eV is observed. With increasing Ar+ ion sputtering
time, a new peak emerges at 531.2 eV and becomes more
dominant. The O 1s peaks at 532.9 and 531.2 eV can be
attributed to Zn(OH)2 and/or Eu hydroxides and to ZnO,
respectively. The Zn 2p3/2 (Zn 2p1/2) peak, initially located at
1023.3 eV (1046.4 eV) before sputtering, is found to evolve
into a considerably more intense peak at 1022.5 eV (1045.6
eV) upon sputtering for 500 s. We also observe a strong Eu(III)
Eu 3d5/2 (Eu 3d3/2) peak at 1135.5 eV (1165.0 eV) and a
considerably weaker Eu(II) Eu 3d5/2 (Eu 3d3/2) feature at
1126.5 eV (1156 eV).42 This indicates that both Eu(III) and
Eu(II) coexist in the ZnO nanowall structure. The relative
Eu(III)/Eu(II) composition ratio is 1.8 and found to be nearly
constant with increasing sputtering depth. Of special interest is
the definite presence of Eu(II) even though only Eu(III) ions
were used in our electrolytes. Because of the larger ionic radius
of Eu(III) than that of Zn(II) and of the charge imbalance, it is
less likely for Eu(III) than Eu(II) to be uniformly incorporated
into ZnO matrix. It therefore appears that Eu(III) is first
reduced to Eu(II) in order to alleviate the charge imbalance,
thereby creating defects inside the nanowalls, during the
electrodeposition.
For pristine ZnO nanowalls, Pradhan et al. demonstrated

their ZnO/Zn(OH)2 core/shell structure, along with details of
the growth mechanism consistent with the XPS results of
electrodeposited ZnO nanostructures.43,44 The observed O 1s
and Zn 2p spectra for the Eu-doped ZnO nanowalls closely
resemble those for undoped ZnO nanowalls reported by
Pradhan et al., indicating a similar ZnO/Zn(OH)2 core/shell
structure that is likely obtained by a similar growth mechanism.
The PL spectra of the ZnO nanowalls grown on ITO-glass

from various concentrations of Eu3+ were also measured at

room temperature. As shown in Figure 3, the spectral shape of
the ZnO:Eu3+ nanowalls is almost independent of the Eu3+

concentration, i.e., there is virtually no difference in the spectral
shapes between the undoped and the doped nanowall
structures. Upon excitation by a He−Cd 325 nm line, both
the undoped and doped nanowalls exhibit only one broad band
in the 400−700 nm region. The visible emission from ZnO
generally originates from various intrinsic defects. For example,
the green emission can be attributed to neutral and ionized
oxygen vacancies, while the orange-red emission is associated
with neutral and charged zinc interstitials or oxygen
interstitial.36,39 Alternatively, the green and yellow emissions
from ZnO could also correspond to the presence of OH− and
Zn(OH)2 on the surface, respectively.40,41 The excitation
spectrum of the deep-level emission illustrated in Figure 3a
shows that the origin of the broad visible emission is the ZnO
host and it confirms the electronic transitions from the valence
band to the upper conduction band. The band-edge emission
peak at 370 nm is therefore not likely to be produced by the as-

Figure 1. SEM images of ZnO nanowalls deposited at 70 °C on ITO-
glass in (a) 0.10 M Zn(NO3)2·6H2O mixed with 0.10 M KCl, and with
additional (b) 0.01 M, (c) 0.05 M, and (d) 0.10 M Eu(NO3)3·5H2O.

Figure 2. XPS spectra of (a) Eu 3d, (b) Zn 2p, and (c) O 1s regions of
as-deposited Eu-embedded ZnO nanowalls before sputtering and with
a total sputtering time of 1000, 2000, and 3000 s.
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prepared undoped and doped nanowalls upon excitation at 325
nm. These results indicate that for the nanowall structures on
ITO-glass, the radiative transition from the conduction band is
suppressed by the energy transfer to the upper states of the
intrinsic defects. Furthermore, the sharp Eu3+ lines at 620 nm
are not observed from the ZnO:Eu3+ nanowalls on ITO-glass.
These results are very similar to those of ZnO:Eu3+ films grown
by solution chemistry.26

The formation of ionized vacancies and OH− on the surface
of the nanowalls from the aqueous solution is clearly seen from
the XPS results (Figure 2). The red emission from Eu3+ would
eventually be quenched by these defects. To investigate the
effects of reducing the defects, we annealed the as-prepared
nanowalls on ITO-glass at 300 °C for 1 h under oxygen flow.
SEM study indicates that the morphology of the postannealed
nanowalls on ITO-glass was not changed by the heat treatment
(not shown). As shown in Figure 3b, the 325 nm excitation
produces not only the deep-level emission band but also a
strong, sharp band-edge emission band at 378 nm. Annealing
also reduces the intensity of the deep-level emission by more
than half, with the green emission being quenched more than
the orange-red emission, which shifts the band maximum to
600 nm. This spectral change indicates that more OH−-related
defects and the oxygen-related vacancies are removed than
other intrinsic defects by thermal annealing. However, the
sharp 620 nm line characteristic of Eu3+ remains absent, which
suggests that the energy transfer from the ZnO host to the
doped Eu3+ ion does not occur efficiently.
As shown in XPS analysis, Eu3+ ions are also present at the

surface layer, we attempted to induce the red emission from
Eu3+ by modifying the ZnO:Eu3+ nanowall surface with phen.
For a Eu3+ complex with phen, the sensitized emission from
Eu3+ can be effectively generated by phen.45,46 First, the
surfaces of the as-grown and the postannealed ZnO:Eu3+

nanowalls were modified by dipping them in phen with three

different concentrations (0.010, 0.050, and 0.10 M) in CH2Cl2
for 30 s then PL with excitation wavelength of 325 nm were
measured. Evidently, surface-functionalization with 0.010 M
solution of phen has no effect on the PL spectrum for the as-
grown ZnO:Eu3+ nanowalls (Figure 4a). In contrast, the same

treatment for the postannealed ZnO:Eu3+ nanowalls results in a
sharp red emission band from Eu3+ at 620 nm, as shown in
Figure 4c. Except for the emergence of this sharp 620 nm red
emission and the slight intensity reduction for the band-edge
emission at 376 nm, the spectral shape of the phen-treated
nanowalls (Figure 4c) is almost the same as the postannealed
nanowalls without the phen treatment (Figure 4b). The
appearance of the 620 nm peak indicates that the Eu3+ ions
on the surface layer are coordinated to phen, and the
coordinated phen molecules trigger energy transfer process to
Eu3+ ions which produce the red emission. When treated with a
higher phen concentration of 0.050 M (Figure 4d), the blue-
green emission becomes discernibly more intense. For
treatment with an even higher phen concentration of 0.10 M
(Figure 4e), spectral intensity above 480 nm has been
significantly reduced relative to that functionalized with 0.05
M phen, with the blue-green emission becoming stronger than
the 600 nm emission. The band-edge emission at 376 nm has
also been quenched significantly. For comparison, PL and
excitation spectra of an Eu−phen complex, [Eu(phen)2]·
(NO3)3, have also been obtained (Supporting Information,
Figure S1), which shows that its excitation spectrum does not
match with the excitation spectrum of the Eu-doped ZnO
nanowalls shown in Figure 3a.
To investigate the energy transfer path and the origin of blue-

green emission enhancement, we also modified the surface of
the annealed nanowalls by ethylenediamine (en), which has
two nitrogen atoms like phen. En acts as a bidentate ligand to
form a complex with Eu3+, but en is nonluminescent. Figure 5
shows the PL emission spectra of the postannealed ZnO:Eu3+

nanowalls on ITO-glass without and with en surface-

Figure 3. (a) PL (with λexcitation = 325 nm) and excitation (exn) (with
λemission = 590 nm) spectra of ZnO:Eu3+ nanowalls for various Eu3+

concentrations and (b) PL (with λexcitation = 325 nm) spectrum of
thermally treated ZnO:Eu3+.

Figure 4. PL (with λexcitation = 325 nm) emission spectra of (a) as-
grown ZnO:Eu3+ nanowalls sample surface-functionalized with 0.010
M phen, and annealed samples surface-functionalized (b) without and
with (c) 0.010 M, (d) 0.050 M, and (e) 0.10 M of phen.
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functionalization. Evidently, the nanowalls treated with 0.01 M
of en in CH2Cl2 do not exhibit the sharp feature at 620 nm, in
marked contrast to the phen surface-functionalization. The
blue-green emission between 450 and 550 nm becomes more
intense, as similarly found for the case with the phen treatment
at a higher concentration. Together with Figure 4, these results
therefore suggest that the emission from Eu3+ could be strongly
related to the energy-transfer process from a coordinated
molecule, such as phen. In addition, the enhancement of the
blue and green emissions could be attributed to newly formed
defects, such as Zn2+−N complex, on the surface layer of the
nanowalls.
These observations suggest that phen adsorbed on the

surface of the ZnO:Eu3+ nanowalls could play two important
roles in the energy transfer mechanism from ZnO (as the
energy donor) to Eu3+ (as the energy acceptor). Phen is
potentially a good acceptor, because its absorption band
overlaps well with the band-edge emission band. To account for
our observation, we propose a model (shown schematically in
Figure 6) for the red emission from Eu3+ involving two

consecutive energy-transfer processes, i.e., from ZnO to Eu3+

via phen. As shown in Figure 7, the cascade energy transfer
begins with excitation of ZnO from the valence band (VB) to
upper levels in conduction band, and the subsequent relaxation
from upper levels to the lowest level in the conduction band
(LCB). Without the surface modification of the ZnO:Eu3+

nanowalls by phen, the two possible processes originating from
LCB are the radiative decay to VB and the energy transfer to
upper levels of the intrinsic defects (such as OH−, oxygen
vacancy VO, zinc vacancy VZn, and oxygen interstitials Oi),
which result in the band-edge and deep-level emissions,
respectively (Figure 7a). When the surface of the nanowalls is
treated with phen of a sufficiently low concentration (Figure
7b), a competitive process involving energy transfer from LCB
to the excited singlet state of phen also occurs. Furthermore,

following the subsequent intersystem crossing of the singlet
excited state (1S*) to its triplet state (3T*) in phen, the energy
of the excited triplet state of phen is transferred to the near
resonant states of Eu3+ (5D2,

5D1), because the energy transfer
directly from the singlet state of phen to the Eu3+ states is less
efficient.
The energy transfer processes from an excited state of a

ligand to a rare earth ion in the solid state have been described
in the exchange interaction theory by Dexter.47 In Dexter’s
model, the energy transfer rate is given by exp(−2R), where R
is the separation between a donor phen and an acceptor Eu3+.
When the proximate distance is very close to the Eu-to-N bond
distance (2.60 Å), energy transfer from phen to Eu3+ could take
place very effectively.45 If the Eu-to-N separation is increased by
twice the proximate distance, the energy transfer probability
would decrease by more than an order of magnitude. When
ZnO:Eu3+ nanowalls are treated with a sufficiently low
concentration of phen (below 0.050 M, Figure 4c), the phen
molecules located within the proximate range of Eu3+ ions
provide a preferred path in the optical de-excitation process of
the nanowalls, and the cascade energy transfer process (from
ZnO to phen to Eu3+) would take place efficiently. When the
concentration of phen is increased to 0.050 M (Figure 4d),
some phen molecules would bind to Zn2+ at long distance,
which would contribute to additional blue-green emission.
However, the overall intensity except the blue-green region is
greatly reduced for 0.1 M phen (Figure 4e). Since phen is
saturated in the proximate distance range of Eu3+, the additional
phen molecules are anticipated to bind to Zn2+ and are not able
to enhance the probability of cascade energy transfer from ZnO
to Eu3+. Furthermore, the additional phen molecules appear to
crunch the intensity of the overall spectrum.

■ CONCLUSION
We have successfully embedded Eu into ZnO nanowall
structures by using a single-step electrochemical deposition
method. Our SEM data show that ZnO nanowalls have become
thicker and stacked upon doping with Eu. Our O 1s and Zn 2p
XPS results further reveal a ZnO−Zn(OH)2 core−shell
structure for the Eu-embedded ZnO nanowalls, similar to
that of the pristine ZnO nanowall structure. Eu is found to be
uniformly embedded in the ZnO−Zn(OH)2 core−shell
nanostructure, as supported by the nearly uniform Eu 3d
intensity with increasing Ar+ sputtering depth. The PL spectral
features of the as-grown Eu-embedded ZnO nanowalls are
observed to be independent of the Eu3+ concentration.
Annealing the ZnO:Eu3+ nanowall samples yields band-edge
emission, while surface modification of the samples by phen

Figure 5. PL (with λexcitation = 325 nm) emission spectra of
postannealed ZnO:Eu3+ nanowalls (a) without and with surface-
functionalization of (b) 0.01 M and (c) 0.1 M of enthylenediamine.

Figure 6. Schematic model for the cascade energy transfer of phen-
modified ZnO:Eu3+ nanowalls.

Figure 7. Energy level diagrams for (a) annealed ZnO:Eu3+ nanowalls
and (b) the cascade energy transfer mechanism in the phen-modified
ZnO:Eu3+ nanowalls.
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generates an additional sharp Eu3+ emission at 620 nm. These
results show that the energy transfer from ZnO to Eu(III)
appears to be extremely weak without phen, and they provide
strong support for our proposed cascade energy transfer model.
Our findings and the cascade energy transfer model could be
extended to provide further insight into rare earth-doped ZnO
systems prepared by other embedment process.

■ EXPERIMENTAL SECTION
Europium-doped ZnO nanowall structures were prepared by
electrochemical deposition at 70 °C, described in detail
elsewhere.43,44 Briefly, we employed a potentio/galvanostat
electrochemical workstation (CH Instruments 660A) and a
three-electrode glass cell, with a Ag/AgCl reference electrode
and a Pt wire counter electrode. The working electrode was
single-sided polished, SiO2-passivated float glass coated with an
ITO film (200−500 nm thick with a sheet resistance of 4−8
ohm) obtained from Delta Technologies Limited (Minnesota,
USA). ZnO nanowall structures were deposited at −1.2 V vs
Ag/AgCl by amperometry in a solution of 0.1 M Zn(NO3)2·
6H2O (Aldrich, ≥99.0% purity) with 0.1 M KCl used as the
supporting electrolyte. To prepare Eu-doped ZnO nanowalls,
we simply added Eu(NO3)3·5H2O (Aldrich, 99.9% purity)
solutions of different concentrations (0.01, 0.05, and 0.10 M) to
the electrolyte solution and follow the electrochemical
deposition procedure. After the deposition, we rinsed the
samples with Millipore water thoroughly and dried under
nitrogen flow before analysis. Surface modification of Eu-doped
ZnO nanowalls were performed by dipping the samples into
1,10-phenanthroline (Aldrich, ≥99% purity) or ethylenedi-
amine (Aldrich, ≥99.5% purity) with various concentrations.
For both cases, CH2Cl2 (Aldrich, ≥99.9% purity) was used as a
solvent.
Scanning electron microscopy (SEM) images were obtained

using a field-emission Zeiss UltraPlus microscope. For depth-
profiling X-ray photoelectron spectroscopy, we utilized a
Thermo-VG Scientific ESCALab 250 Microprobe with a
monochromatic Al Kα source (1486.6 eV), and an energy
resolution of 0.4−0.5 eV full width at half-maximum. For
photoluminescence and excitation spectroscopic measurements,
an excitation source of a He−Cd 325 nm laser line and an Oriel
1000 W lamp (operated at 600 W) with an Oriel MS257
monochromator were used, respectively. The spectra were
taken by an ARC 0.5 m Czerny-Turner monochromator and a
cooled Hamamatsu R-933−14 photomultiplier tube.
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C. C.; Beling, C. D.; Fung, S.; Kwok, W. M.; Chan, W. K.; Phillips, D.
L.; et al. Defects in ZnO Nanorods Prepared by a Hydrothermal
Method. J. Phys. Chem. B 2006, 110, 20865−20871.

(40) Norberg, N. S.; Gamelin, D. R. Influence of Surface
Modification on the Luminescence of Colloidal ZnO Nanocrystals. J.
Phys. Chem. B 2005, 109, 20810−20816.
(41) Zhou, H.; Alves, H.; Hofmann, D. M.; Kriegseis, W.; Meyer, B.
K.; Kaczmarczyk, G.; Hoffmann, A. Behind the Weak Excitonic
Emission of ZnO Quantum Dots: ZnO/Zn(OH)2 Core-Shell
Structure. Appl. Phys. Lett. 2002, 80, 210−212.
(42) Han, M.; Oh, S. J.; Park, J. H.; Park, H. L. X-ray Photoelectron
Spectroscopy Study of CaS:Eu and SrS:Eu Phosphors. J. Appl. Phys.
1993, 73, 4546−4549.
(43) Pradhan, D.; Leung, K. T. Controlled Growth of Two-
Dimensional and One-Dimensional ZnO Nanostructures on Indium
Tin Oxide Coated Glass by Direct Electrodeposition. Langmuir 2008,
24, 9707−9716.
(44) Pradhan, D.; Leung, K. T. Vertical Growth of Two-Dimensional
Zinc Oxide Nanostructures on ITO-Coated Glass: Effects of
Deposition Temperature and Deposition Time. J. Phys. Chem. C
2008, 112, 1357−1364.
(45) Kang, J.-G.; Kim, T.-J.; Kang, H.-J.; Kang, S. K. Crystal
Structures and Luminescence Properties of [Eu(ODA)·(phen)·
4H2O]

+, [Tb(ODA)·(phen)·4H2O]
+ and [Tb(ODA)3]3

− (ODA,
oxydiacetate; phen, 1,10-phenanthroline). J. Photochem. Photobiol. A:
Chem. 2005, 174, 28−37.
(46) Lee, J. C.; Choi, K.-S.; Cho, H.-K.; Kang, J.-G. Synthesis and
Luminescence of Eu(III) Complexes with Macrocyclic Azacrown
Ethers and 1,10-Phenanthroline. J. Lumin. 2007, 127, 332−338.
(47) Dexter, D. L. A Theory of Sensitized Luminescence in Solids. J.
Chem. Phys. 1953, 21, 836−850.

The Journal of Physical Chemistry C Article

DOI: 10.1021/jp5090795
J. Phys. Chem. C 2015, 119, 2142−2147

2147

http://dx.doi.org/10.1021/jp5090795

