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Abstract

Eu®* ions doped ZnO quantum dots (QDs) with red fluorescence are prepared successfully in the SiO, matrix and their
compositions and structures are investigated by infrared spectra, energy-dispersive X-ray spectroscopy, X-ray photoelectron spectroscopy,
transmission electron microscope and scanning electron microscope. The SiO, matrix protects the ZnO QDs from aggregation and maintains
the luminescent properties of ZnO QDs. After careful optical characterizations, a reasonable mechanism is suggested to illustrate the
fluorescence emission and the energy transfer processes within the Eu®* ions doped ZnO QDs.
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1. Introduction

In the past decade, ZnO QDs have shown potential
applications in biological fluorescent probes [1-4] and many
photo-electronic  devices [5-8] due to their special
photoluminescent properties, low cost, green production and
safety toward biological systems. However, ZnO QDs have
several limitations in their photoluminescence (PL), such as
dependence on ultraviolet excitation (300 ~ 360 nm) which is
harmful to biological tissues and emission wavelength limited
within 450~580 nm region which is not benefit for imaging
animals in vivo. In order to overcome the above shortcomings,
many rare earth elements, such as Eu [9-16], Gd [17], Er [18],
Nb [19] and La [20], have been doped into ZnO nanocrystals
to improve the optical properties. Among them, Eu®* doped
Zn0O nanoparticles were investigated most intensively because
Eu®* ions exhibit the typical red fluorescence that ZnO QDs
lack and the blue laser with wavelength of 400~450 nm is able
to excite Eu** ions fluorescence. However, due to the charge
imbalance, radius mismatch and "self-purification" process
[21-26], the rare earth dopants tend to be excluded out of the
Zn0O host thermodynamically and thus it is difficult to dope
Eu®* ions into ZnO lattice actually. Furthermore, the doping
procedure always needs high temperature treatment which
renders heavy agglomeration of ZnO QDs and quenches the
ZnO visible fluorescence [9-11, 14-16].

In the present research, Eu®* doped ZnO QDs with red
fluorescence were prepared successfully in silica matrix after
calcination at 650 °C. Due to SiO, protection, the visible
fluorescence from ZnO defects was remained. After detailed
characterizations on the product structures and properties, the
effective energy transfer between ZnO and Eu®" was verified,
which illustrated the mechanism for the improved red
fluorescence of the anneal products. Since the ZnO-Eu@SiO,
core-shell nanoparticles were stable in water, they were
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promising in labeling cells. And their red fluorescence could
avoid the overlap with the auto-fluorescence of the cells and
present more clear images under the laser confocal
microscope.

2. Experimental Details

2.1. Chemicals

Methacrylic acid (MAA), zinc oxide (Zn0O), absolute
ethanol (CMQOS grade), europium oxide (Eu,0s), ethyl acetate,
lithium hydroxide monohydrate (LiOH<H,0),
tetraethoxysilane (TEOS, A.R.), Ammonia (25 wt.% aqueous
solution) and nitric acid (65 wt.% aqueous solution) were all
purchased from Sinopharm Chemical Reagent Co., Ltd.

2.2. Synthesis

MAA was mixed with deionized water by a volume
ratio of MAA/H,O = 1/4 and then reacted with appropriate
amount of ZnO powder at 60 °C for about 1 h to get zinc
methacrylate (Zn(MAA),). The unreacted ZnO powder was
removed by filtration. Such zinc methacrylate aqueous solution
was concentrated and dried by rotary evaporation at 70 °C and
then dehydrated in a vacuum oven at 80 °C for 24 h.
Eu(MAA); was prepared in the same way. ZnO nanoparticles
were synthesized through a sol-gel reaction between
Zn(MAA), and LiOH with the molar ratio [LIOH]/[Zn] = 1.6
in absolute ethanol. For Eu-doped ZnO QDs, different molar
percentages of Eu(MAA); were added into the reaction system
(m% = [Eu]/([Eu]+[Zn]), and m= 0, 5, 10, 20, 50). The
solution was concentrated in a rotating evaporator at 40 °C
until some white gel emerged, then followed by adding excess
ethyl acetate. The precipitated ZnO-Eu(m%) QDs were
separated by centrifugation and then dissolved in 100 mL of
absolute ethanol.
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Figure 1. FTIR spectra of (a) ZnO-Eu(m%) QDs and (b) ZnO-Eu(m%)@SiO, annealed at 650 °C.

20 mL of ZnO-Eu(m%) ethanol colloid was diluted to
100 mL, then mixed with a solution containing 500 pL of
TEOS and 25 mL of ethanol. Afterwards, a solution containing
400 pL of ammonia (25 wt.%), 3 mL of H,O and 25 mL of
ethanol was added into the reaction system. After stirring at
room temperature for 24 h, the precipitates were centrifuged
and washed with absolute ethanol for 3 times, followed by
drying at 60 °C. The powder was introduced to the middle of a
quartz tube in a horizontal furnace and heated at 650 °C for 3
h.

2.3. Characterizations

For PL measurements, a small amount of the as-
prepared powder was redispersed in water and sonicated by a
titanium horn with a power of 1500 W for 10 min on a Sonics
VCX 1500 sonicator. PL spectra were recorded by a Horiba
Fluoromax-4 fluorescence spectrophotometer. The sample
morphologies were inspected using a JEM-2100 Transmission
Electron Microscope (TEM) operating at 200 kV and a FE-
SEM-4800-1 Scanning Electron Microscope. Element analyses
were carried out on an Energy-dispersive X-ray spectroscopy
(EDS) equipped on the TEM. To determine the actual content
of Eu in each sample, the powder was dissolved in an aqueous
solution of HNO;3; via microwave digestion and tested with a
Rayleigh WFX-110 inductively coupled plasma (ICP) mass
spectrometer. X-ray photoelectron spectroscopy (XPS)
analyses were carried out using a Perkin-Elmer PHI5000c.
Infrared measurements were conducted on a Nicolet Impact
360 FTIR spectrometer. The lifetimes of the fluorescence were
tested on a FLSP 920 combined fluorescence lifetime & steady
state spectrometer.

3. Results and Discussion

The incorporation of trivalent rare earth ions into ZnO
nanocrystal lattices is a difficult task because of the charge
imbalance and the ionic radius mismatching [27] between
Zn(11) ions and Eu(l1l) ions. Moreover, the rare earth ions tend
to aggregate on ZnO grain surfaces according to the “self-
purification theory” [21, 26, 28]. As a result, many rare earth
ions doped ZnO in literature are actually ZnO nanoparticles
with the adsorbed rare earth ions on the surfaces. In those
cases, the so-called “doped” ZnO exhibits unstable PL
features, especially in water, and low efficiencies of energy
transfer from the host to the guest. In order to dope Eu®" into
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ZnO lattice, high temperature diffusion in solid state is
necessary. A solid protection shell, which should be
transparent optically, is also required for avoiding ZnO QDs
agglomeration and growth, because ZnO visible fluorescence
is highly dependent on the nanoparticle size and crystallinity.
In the FTIR spectra of the as-prepared ZnO-Eu(m%) samples
(Figure 1a), the strong absorption bands of organic groups are
ascribed to the MAA ligands on the ZnO surface, which
stabilizes ZnO QDs for the subsequent silica coating. The SiO,
matrix protects ZnO QDs during high temperature calcination.
After the organic molecules are burnt away, only three
absorption bands are observed in Figure 1b, which are ascribed
to the Zn-O vibrations (~460 cm™), Si-O-Si symmetrical
stretching (~1100 cm™) and O-H absorption (~3400 cm™).
These IR absorption bands do not change significantly when
the Eu content varies, indicating that Eu doping does not affect
the surface states of ZnO nanoparticles.

After calcination at 650 °C, the ZnO-Eu(5%)@SiO,
kept the uniform spherical morphology but stacked with each
other (Figure 2a), while the possible impurities like the
uncoated ZnO or Eu,O3 with non-spherical shape are not seen
in the SEM image. In the HRTEM images (Figure 2b-d), the
ZnO QDs with their average diameters of 3.1 nm, 2.9 nm, 2.5
nm (m = 0, 5, 20) are homogeneously dispersed in the SiO,
matrix, and the insets confirm the narrow size distribution of
ZnO QDs. Obviously, the SiO, matrix plays a key role in
preventing the QDs from aggregation during calcination. It is
known that ZnO nanoparticles have typical interplanar
spacings of 0.245, 0.261 and 0.279 nm, corresponding to the
(101), (002) and (100) facets of the wurtzite structure. With
respect to the (002) facet, the ZnO spacing increases from
0.261 to 0.265 and 0.267 nm respectively in the Eu** doped
samples (Figure 2¢ and d). Since Eu® ion has a larger radius
(0.95 A) than Zn®* ion (0.74 A), incorporation of Eu®" ions will
expand the ZnO lattice spacing undoubtedly. The inset
selected area electron diffraction (SAED) and fast Fourier
transformation (FFT) patterns also confirm that the increase of
m value renders the ZnO lattice spacing expansion. In Figure 2
c and d, a new lattice spacing of about 0.328 nm is also
observed, which corresponds to the (222) facet of cubic Eu,0s.
The self-purification theory [21-26] points out that the
solubility of Eu®* in the ZnO lattice is limited, so that the
excess Eu®" will be excluded out of ZnO to form Eu,Os
nanoparticles. In fact, with the increment of m value, more and
more Eu,0; nanoparticles are produced in the SiO, matrix. As
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Figure 2. (a) SEM image of ZnO-Eu(5%)@SiO, annealed at 650 °C; (b-d) TEM images of the as-prepared ZnO-Eu(0%)@SiO,, ZnO-
Eu(5%)@SiO, and ZnO-Eu(20%)@SiO, samples, and the insets are the corresponding SAED pattern, FFT-HRTEM image and the size
distribution of each sample; (e) A EDX spectrum obtained from the as-prepared ZnO-Eu(5%)@SiO, sample.

a result, the excess Eu species hider the growth of ZnO QDs,
so as to decrease ZnO-Eu(m%) particle sizes [29]. The final
Eu content in the SiO, matrix is generally lower than the added
amount of Eu element in each reaction. The actual Eu/Zn
ratios obtained from the ICP analyses are 0.0% (m = 0), 4.1%
(m =5), 7.4% (m = 10), 12.0% (m = 20) and 32.4% (m = 50),
respectively. Besides the ICP results, the EDX spectrum also
demonstrates the presence of Zn, Eu, O and Si elements in the
final ZnO-Eu(m%)@SiO, (Figure 2e).

To investigate the chemical compositions and the
binding states in ZnO-Eu(m%)@SiO,, XPS measurements
were performed and the results are analyzed in Figure 3. At
first, the survey scan confirms the presence of Zn, O, Eu, Si
and C elements. In the high-resolution scan of Zn 2ps, the
double peaks at 1052.0 eV and 1028.8 eV are ascribed to the
core levels of Zn 2py, and Zn 2psy,, respectively. When more
and more Eu®" ions are incorporated, the binding energy of the
double peaks shift to the higher region gradually, which
reconfirmed the Eu* ions have been doped in the ZnO lattice.
In the asymmetric band of Eu 4d, two peaks at 148.0 eV and
144.6 eV are attributed to the core levels of Eu 4d3, and Eu
4ds;,, indicating the oxidation state of europium ions is
trivalent for the doped ZnO QDs. The O1s band is asymmetric
due to the existence of the crystal lattice oxygen and the
chemisorbed oxygen. This band also shifts to high energy
when Eu®" ions are doped, which indicates that Eu(lll) has
formed chemical bonds with oxygen in the products.
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The PL spectra of ZnO-Eu(m%)@SiO, samples
before and after calcination are compared in Figure 4 a and c.
When excited by UV light, all of the samples exhibit a broad
green emission band of ZnO and a typical red emission peak of
Eu®* at 610 nm. It is interesting that the influences of Eu
incorporation in ZnO QDs before and after calcination are just
converse. Figure 4a shows the more Eu incorporation the
higher the PL intensity of ZnO. In the meantime, both
excitation curves and emission maxima of ZnO QDs blue-shift
as more and more Eu®* ions incorporate. Such phenomena are
ascribed to the complex influences of Eu(ll1) species. On one
hand, Eu(lll) species inhibit ZnO QDs growth and render
smaller ZnO QDs, in accord with the TEM results, so both
excitation and emission spectra blue-shift obeying the quantum
size effects. On the other, Eu(l1) species produce more defects
in ZnO QDs and thus enhance ZnO green emission which
mainly arises from the oxygen defects on ZnO surfaces. This
phenomenon also indicates that before calcination, Eu(lll)
species mainly locate on ZnO nanoparticle surfaces. On the
contrary, Figure 4c shows the more Eu incorporation the lower
the PL intensity of ZnO. In the meantime, both excitation
curves and emission maxima of ZnO QDs do not shift but the
PL intensity of Eu®" ions increases gradually. Obviously, there
is energy transfer from ZnO QDs to Eu** ions in the annealed
ZnO-Eu(m%)@SiO, samples.

The efficiency of the fluorescence resonance energy
transfer (FRET) can be calculated by a formula E = 1 - Fpa/
Fo, where E is the efficiency, Fp is the original fluorescent
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Figure 3. XPS spectra of ZnO-Eu(m%)@SiO, samples: survey scan, Zn 2p, Eu 4d and O1s signals.
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Figure 4. (a, ¢) PL spectra of ZnO-Eu(m%)@SiO, samples before and after calcination, respectively. (b, d) FRET efficiencies calculated
according to the data in (a) and (c), respectively. The negative numbers of the calculated Efficiency in (b) confirms that there is no FRET in

(a) actually.

intensity of the donor and Fp, is the fluorescent intensity of the
donor after quenched by the acceptor. In Figure 4b, the
efficiency value decreases gradually even below zero, hence
actually there is no FRET in the ZnO-Eu(m%)@SiO, samples
before calcination. But in Figure 4d, the efficiency value
increases gradually from zero to about one, confirming that the
FRET in the annealed ZnO-Eu(m%)@SiO, samples dominates
the Eu(lll) fluorescence. Although the ZnO-Eu(50%)@SiO,
sample exhibits the highest FRET efficiency, the highest
Eu(lll) emission at 610 nm is observed in the ZnO-
Eu(10%)@SiO, sample due to the concentration quenching
4
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effects, i. e., excess Eu** ions produce plenty of nonradiative
defects and energy pathways so as to quench the energy from
ZnO QDs. It should be mentioned that the enhanced Eu(lIl)
fluorescence cannot be ascribed to the Eu,O3 nanoparticles in
the SiO, matrix, because the ZnO-Eu(50%)@SiO, sample with
the highest concentration of Eu,O3; nanoparticles exhibits the
weakest fluorescence in Figure 4c.

In order to understand the FRET process in ZnO-
Eu(m%)@SiO, samples deeply, the time-resolved transient
fluorescent spectra were measured for three typical samples: m
=0, 5 and 20. The emission decay curves were fitted into a
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Scheme 1. The mechanisms for the luminescence and energy transfer in Eu®**-doped ZnO QDs.

biexponential function T = A; exp(-t/ty) + A, exp(-t/tp) and the
average lifetime 1 for these three samples are 3.94, 3.58 and
3.16 ns respectively. The excitation wavelength was 310 nm
and the emission wavelength was detected at 540 nm, which
were the features of ZnO visible fluorescence (Figure 5). Since
the lifetime for ZnO visible emission is mainly controlled by
the radiative recombination processes in the deeply trapped
electrons and holes, more defect levels or deeper traps will
delay the recombination time so as to extend the fluorescent
lifetime. However, the decay curves show the more Eu®*
doping, the shorter the fluorescent lifetime, in accord with the
decrease of ZnO visible emission. Therefore, when more and
more Eu®" ions are doped, more and more radiative
recombination take place inside the Eu** dopants which have
shorter lifetime of fluorescence. In the meantime, more defects
are produced in the ZnO QDs, rending more nonradiative
recombination and weaker PL emission overall. This
speculation fits well with the results in our lifetime
measurements.

On the basis of the above discussion, the luminescent
mechanism of our ZnO-Eu(m%)@SiO, is illustrated in
Scheme 1. Under UV light irradiation, photoelectrons are
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excited from the valence band (VB) to the conduction band
(CB) (Process 1) of ZnO QDs, then relaxed to the donor levels
(shallow traps) below CB, while the photo-generated holes are
tunneled into accepter levels (deep traps) above VB. The
recombination of shallowly trapped electrons and the deeply
trapped holes (Process 2) is regard as the main mechanism for
ZnO visible emission [30]. The shallowly trapped electrons
can also jump down to VB and emit UV light of about 370 nm
(Process 3), which is called exciton emission. This process has
similar energy with the excitation transition (Process 5) of
Eu**, and thus its energy can be transferred resonantly (Process
4) to the doped Eu®* ions and finally render the typical °D,-'F,
(J = 0~4) red emission (Process 6).

4. Conclusions

In summary, the Eu-doped ZnO QDs with effective
energy transfer and red emission were successfully prepared
via a sol-gel route and a calcination treatment. The SiO, matrix
inhibited the aggregation and growth of ZnO QDs effectively,
and in the meantime, the Eu®* ions adsorbed on the ZnO grain
surface diffused into the ZnO lattice during calcination. The

5
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final ZnO-Eu(m%)@SiO, were dispersed in water and
exhibited complex fluorescence which depends on m value
critically. The highest red emission was observed when m =
10, while more Eu®*" incorporation quenched the visible
emission of the whole sample. Based on the detailed optical
measurements, a reasonable mechanism was put forward to
illustrate the fluorescence emission and the fluorescence
resonance energy transfer from ZnO to Eu** ions. The optimal
sample exhibited stable red fluorescence in aqueous solution,
which may find biological applications in the future.
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