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Eu-doped ZnO nanosheets-based microflowers have been synthesized successfully by using a hydrother-
mal method. Eu3*-related red emission results from energy transfer are observed in the microflowers
under UV laser excitation. Further systematic photoluminescence studies on the samples upon oxygen
and vacuum annealing treatments suggest that there exists a strong correlation between the intrinsic
defects and the efficiency of the Eu3*-related emission. It is demonstrated that these defects may act as
the media in the energy transfer process from the ZnO host to Eu3* ions.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Recently, rare-earth (RE) doped-VI semiconductors have
received significant attention due to their applications in opto-
electronic devices [1-3]. Trivalent RE3* ions exhibit very sharp and
temperature independent RE intra-4f shell transitions, since the 4f
shell is well shielded by the outer 5s and 5p electrons. The use of
a semiconductor host enables minority carrier injection to excite
RE 4f shell electrons, resulting in 4f shell luminescence. ZnO is a
wide bandgap II-VI semiconductor (3.37 eV) [4]. It is economical,
environmental friendly, and exhibits high thermal and chemical
stability [5-7]. Importantly, it has a large exciton binding energy of
60 meV [7,8] which is much higher than the thermal energy at room
temperature (RT). These properties make it a unique host material
for doping with luminescence centers and it can exhibit efficient
emission even at or above RT. There have been many reports on
the UV, blue and green emissions from ZnO [9-11], but the system-
atic investigation on the intense red emission of ZnO is limited.
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Among the RE3* activators, the red >Dy-’F, emission of Eu3* is
widely explored in light-emitting devices. Recently, there have
been many reports focusing on Eu-doped ZnO materials [12-14].
However, even after doping is confirmed in some previous reports,
there is still no efficient red emission reported in Eu-doped ZnO.
Because the luminescence lifetime of RE ions is in the micro and
milli-second time scale, 102 times slower than decay of excitons in
ZnO, and this mismatch makes direct energy transfer from ZnO to
RE ions very impossible [15]. Furthermore, the quenching effect on
RE emission appears due to the self-activated transitions in the ZnO
matrix [16]. Fortunately, energy transfer can be facilitated by the
presence of intrinsic or extrinsic defects as energy trapping cen-
ters in various systems, such as SiC:(N, Er), ZnO:(N, Eu) and ZnO:(F,
Eu) [17,18], which suggest that the introduction of the appropri-
ate trap centers is crucial for efficient ZnO — Eu3* energy transfer.
Park et al. reported that chlorine impurities can assist red emission
in Eu3*-doped ZnO [13,16]. In a recent work, Zeng et al. claimed
that Eu2* ions act as trapping centers in Eu-doped ZnO microflow-
ers and transfer energy to the Eu3* ions [19], consequently leading
to red emission. Wang et al. indicated that the surface defects
may dedicate the process of energy transfer from ZnO to Eu3* ions
[20]. However, there have been no systematic studies on defects
engineering upon the energy transfer efficiency in Eu-doped ZnO
system.

In present work, we fabricated Eu-doped ZnO nanosheets-based
microflowers via a hydrothermal method. We observed the effi-
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Fig. 1. (a) Low- and (b) high-magnification FESEM images of EZO-AS. (c) Transmission electron microscopy image of the nanosheets in EZO-AS. (d) High resolution TEM

image and inset of (c) shows the corresponding SAED patterns.

cient sharp red emission from Eu3* ions excited by the energy
from ZnO host. Systematic studies of photoluminescence (PL) of
the samples through different annealing treatments suggest that
the intrinsic defects can serve as media for the energy transfer from
ZnO host to Eu3* jons.

2. Experimental

Eu-doped ZnO nanosheets-based microflowers were synthesized by the
hydrothermal method accompanied with the different post-synthesis heat treat-
ments. Zn(NOs3),-6H,0 was dissolved in deionized water. Eu,03 powder was
dissolved in dilute nitric acid to obtain a 0.01 M europium nitrate aqueous solu-
tion. The two solutions were mixed and urea added with a molar ratio of Zn:Eu:urea
of 1:0.02:10, and the concentration of the metal ions in solution was adjusted to
0.01 M (pH~6). After stirring, the solution was transferred into a 100 ml Teflon-
lined autoclave, which was filled to nearly 80% of its capacity. The autoclave was
kept in a dry cabinet at 120°C for 6h, then the solution was cooled down to
RT. White powder collected from the bottom of the container was washed with
ethanol and distilled water, and then dried at 60°C and annealed at 400°C in air
for 2 h. Herein, we name the as-grown sample as EZO-AS. Two more kinds of sam-
ple were obtained with different post annealing treatments: (i) oxygen annealing
at 550°C for 0.5 h (sample EZO-0); (ii) vacuum (1.0 x 10~3 Pa) annealing at 550°C
for 0.5 h (sample EZO-V). For comparison, the undoped ZnO samples (UZO) were
also synthesized with the identical experimental conditions except that the Eu,03
was not used in the source. The crystal structure and morphology of the sam-
ples were studied by X-ray diffractometer (XRD), transmission electron microscopy
(TEM (JOEL 2100) and JOEL JSM-6700F field emission scanning electron micro-
scope (FESEM). A quantitative compositional analysis was conducted by using an
X-ray photoelectron spectroscopy (XPS) in an ultra-high-vacuum chamber at a pres-
sure lower than 1.0 x 10~2 Torr. RT PL was characterized by He-Cd laser with a
325nm excitation line. The excitation and emission spectra were taken at RT on a
Hitachi F-4500 spectrofluorimeter equipped with a 150-W xenon lamp as excitation
source.

3. Results and discussion

Fig. 1a and b shows the FESEM images of EZO-AS appear-
ing as uniform microflowers, and their average diameter is

about 15 pm. Each microflower is composed of many ultrafine
nanosheets. The thickness of the nanosheets is about 80nm.
Some microflowers connect with each other. TEM and selected
area electron diffraction (SAED) patterns in Fig. 1c and d indi-
cate that the nanosheet exhibits large single crystal mesoporous
sheet and grow along the [0001] direction as other ZnO
nanostructures [21], and no secondary phase or impurity was
observed.

The XRD pattern of EZO-AS shown in Fig. 2a can be indexed
consistently with crystalline wurtzite ZnO structure. No any other
phase such as europium oxide was detected within the detection
limit. To investigate the chemical composition and bonding states,
XPS experiments were performed on EZO-AS. Prior to XPS measure-
ments, samples were sputtered by Ar ions to remove any potential
surface contamination [22,23]. A typical XPS survey scan is shown
in Fig. 2b. The survey scan confirms the presence of Zn, O, Eu and
C and the absence of other impurities. Fig. 2c-e illustrate the core-
level XPS spectra of O 1s, Zn 2p and Eu 3d, respectively. Fitting of
O peaks indicates that two species of oxygen are present as shown
in Fig. 2¢. The peak at 530.2 eV is attributed to 0%~ ions on wurtzite
structure of hexagonal Zn?* ion matrix, surrounded by Zn atoms,
while the peak at 531.2 eV usually originated from chemisorbed
oxygen on the nanosheets surface [24]. In Fig. 2d, two peaks at
1044.8 and 1021.5eV were ascribed to the core levels of Zn 2pq,
and Zn 2p3), of ZnO, respectively. In Fig. 2e, the peaks at 1135.1
and 1165.5eV correspond to Eu 3ds); and Eu 3dsp,, respectively
[25]. Their positions indicate that the Eu ion has a +3 valence in
Eu-doped ZnO nanosheets-based microflowers [26]. By fitting the
integrated peak areas and using the calibrated atomic sensitivity
factors, the atomic ratio of Eu to Zn was quantitatively determined
to be ~0.009.

The systematic optical measurements were carried out on the
sample EZO-AS. In Fig. 34, it exhibits a weak UV emission attributed
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Fig. 2. (a) XRD patterns of EZO-AS and UZO. (b) XPS survey spectrum of EZO-AS. (c) O 1s, (d) Zn 2p, (e) Eu 3d detailed scan recorded for EZO-AS.

to near-band-edge (NBE) exciton recombination [27], and a broad
deep level emission (DLE) from 450 to 700 nm ascribed to defects
level related transition [28-30]. In addition, a sharp red emis-
sion peak appears riding on DLE band. Due to the asymmetry
of the broad DLE band, we fitted it into two emission bands:
weak green band (centered on ~520 nm) and strong yellow-orange
band (centered on ~610nm). The DLE band has previously been
attributed to different defects in ZnO such as O-vacancy (Vg)
[31-33], Zn-vacancy (Vzn) [34-36], O-interstitial (0O;) [37], Zn-
interstitial (Zn;) [38], and extrinsic impurities such as substitutional
Cu [39]. For the green emission, though a number of hypotheses
have been proposed, some assignments are highly controversial.
Typical works reported that the transitions may occur between
singly ionized oxygen vacancies and photoexcited holes, or elec-
trons close to the conductive band and deeply trapped holes at
Vp2*, anitiste oxygen, zinc interstitials, zinc vacancies, etc. [40]. The

yellow-orange band emission is attributed to the oxygen inter-
stitial defects located in the bulk [41]. The sharp red emission
results from the intra-4f transition of Eu3* ions [42]. The inten-
sity of red emission is comparable to intrinsic defect emission.
This indicates that there is efficient energy transfer from ZnO host
to Eu3* ions [19]. Moreover, in the excitation spectra (Fig. 3b), a
strong excitation peak appears at UV range that corresponds to
the transition from valence band (VB) to conduction band (CB) of
ZnO, which confirms the energy transfer from UV-generated delo-
calized electron and hole pairs in ZnO host to Eu3* ions. Other
excitation peaks at 393, 413, 465 and 538 nm are likely origi-
nated from the 7Fo—5Lg, and 7Fp—°Dj (J=3, 2, 1) transition of Eu3*
ions [43]. In addition, the PL properties under resonant (465 nm)
excitations were also investigated and shown in Fig. 3c. Emis-
sion peaks are attributed to the >Do-7Fj (J=1, 2, 3, 4) transitions
[44].

Fig. 3. (a) Emission spectrum of EZO-AS under 325 nm excitation wavelength. (b) Excitation spectrum of EZO-AS, monitored at 615 nm. (c) Emission spectrum of EZO-AS

under 465 nm excitation wavelength.
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Fig. 4. Emission spectra of EZO-AS with different annealing treatments under
325 nm excitation wavelength. Inset shows the full spectra of samples.

The PL properties of Eu-doped ZnO nanosheets-based
microflowers subjected to annealing in different atmospheres
were investigated and shown in Fig. 4. The inset is the full PL
spectra of samples. All PL spectra were normalized by intensity of
UV emission. Each broad defect emission was fitted with Gaussian
functions to identify two main emissions. The intensities of defect
emissions are all reduced due to enhancement of crystal quality
after annealing. However, the different post annealing methods
have distinct effects on the defect emission. Compared with the
results of sample annealed under vacuum atmosphere (EZO-V),
the green emission weakened considerably in sample EZO-0O. And
in EZO-V the green emission dominates the broad defect emissions
due to the yellow emission center (oxygen interstitial) outdiffuse
from interstitial site of Eu-doped ZnO after vacuum annealing.
Interestingly, the sharp red emission disappears when green
emission becomes very weak in EZO-O, whereas still present in
EZO-V. The red emission has the same trend with the green emis-
sion under different post annealing: when the intensity of green
emission becomes the strongest one, the red emission intensity is
also highest one. In general, transfer of the excitation energy from
the host to the doping ions is inefficient, and most of the energy
is released through these channels, such as multiple phonon
non-radiative transitions, bound excitons and self-activated cen-
ters [18]. However, if one produces certain defects as trapping
and energy storage centers, energy transfer can substantially
enhanced [18,45]. In ZnO, the energy level of defects related to
green emission is 2.3-2.45eV [46], which is close to the excited
state energy of Eu3*, thus non-radiative energy transfer from these
defects to Eu3* ions is favorable. Defects related to green emission
act as the energy storage centers in the energy transfer process.
We are currently conducting the temperature-dependent and
excitation-dependent PL to further investigate the type of defects
which may act as the media during the energy transfer process in
Eu-doped ZnO samples.

4. Conclusions

In summary, Eu-doped ZnO microflowers were synthesized by
using a facile hydrothermal method. We observed the intra 4f emis-
sion of Eu3* due to the energy transfer from ZnO host to Eu3*
ions. After the oxygen and vacuum annealing, it is found that the
red and green emissions behave the same trend subjected to dif-
ferent atmosphere treatments. It indicates that there is a strong
correlation between the defects related green emission and the
characteristics of the Eu3*-related red emission, which suggests
that the intrinsic defects can assist efficient energy transfer from

the ZnO host to the Eu3* ions. This study suggests that defect engi-
neering is a viable approach to exploit ZnO-based nanomaterials in
optoelectronic and display applications.
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