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Abstract Eu’" doped-CdTe (CdTe:Eu’") nanocrystals
were prepared via a facile hydrothermal method, and Eu®"
was successfully incorporated into the crystal lattice of CdTe
and measured by X-ray powder diffraction (XRD), trans-
mission electron microscopy (TEM), ultraviolet—visible
(UV-Vis) absorption spectroscopy and fluorescence emis-
sion. The CdTe:Eu®" nanocrystals still have a cubic crystal
structure, and the corresponding XRD peaks of CdTe:Eu’*
nanocrystals shift to larger angles compared with those of
pure CdTe. The CdTe:Eu®" nanocrystals are monodisperse
and the particles size is about 2—4 nm. Compared with pure
CdTe, the CdTe:Eu®" nanocrystals have larger band gap and
thus exhibit blueshift in the emission spectra, which could be
accounted for by the energy transfer between Eu’" and
CdTe. To enhance the stability and functionality of
CdTe:Eu®* nanocrystals, the CdTe:Eu®* nanocrystals were
coated with SiO, and the core—shell SiO,-coated CdTe:Eu**
nanocrystals (CdTe:Eu®" @SiO,) were prepared via micro-
emulsion method. TEM results show that CdTe:Eu’"
nanocrystals are uniformly dispersed in the shell, and
CdTe:Eu®"@Si0, nanospheres are uniformly spherical with
an average diameter of about 75 nm. The fluorescence
emission of CdTe:Eu3+@Si02 (567 nm) shows a blueshift
compared with that of CdTe:Eu’* nanocrystals (632 nm),
possibly because of altered surface properties after SiO,
coating. CdTe:Eu*" and CdTe:Eu’"@SiO, with tunable
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photoluminescence are potentially useful in fabricating
optical and bioimaging devices.
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1 Introduction

As a new class of fluorescent materials, semiconductor
nanocrystals have attracted much attention due to their potential
applications in biological labeling [1-3], electronic and opto-
electronic devices [4-6], solar cells [7-9], etc. Introducing
dopants can also broaden the range of luminescence than what
is achievable with pure materials [10]. Addition of lanthanide
ions into semiconductor nanocrystals can often induce dramatic
changes in the material’s physical and chemical properties and
is an efficient way to further enhance its applications [11, 12].
For instance, semiconductor nanocrystals doped with lan-
thanide ions are capable of efficient luminescence.

CdTe is one of the most typical II-VI semiconductor
nanocrystals and it is usually used to prepare nanocrystals that
emit red light. The CdTe quantum dots (QDs) can be synthe-
sized by colloidal method [13] or hydrothermal method [14].
The colloidal method is the most popular one to prepare high-
quality QDs, but it requires expensive reagents and harsh
reaction conditions, and the prepared QDs have a hydrophobic
surface and thus cannot be used directly in biological systems.
In contrast, hydrothermal synthesis allows the preparation of
high-quality QDs at lower temperature, and the resulting QDs
are water soluble and thus biocompatible [15].

Lanthanide ions have a unique 4f electronic structure that
can introduce novel fluorescence characteristics. The spec-
tral intensity of the trivalent lanthanide ions can be fine-tuned
by choosing a suitable medium to embed the ion [16].
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Lanthanide-doped CdTe-based nanocrystals have been
synthesized successfully. Hanifehpour et al. [17, 18] found
that doping with Yb> ™ and Nd** enhanced the photocatalytic
performance of CdTe. Franc et al. [19] characterized the
optical and electrical properties of CdTe: Yb nanocrystals co-
doped with Ge. Mathew et al. [20] prepared and explored the
optical properties of CdTe:Sm>* nanocrystals. However, the
synthesis of CdTe:Eu®" nanocrystals remains tedious. It has
been reported that the 4f and 5d energy levels of Eu*™" can
help to promote the growth and crystallization rate of
nanocrystals [21], and Eu®" is usually used as an activator of
red phosphorus [22]. It remains challenging to incorporate
Eu’" dopant into the CdTe host matrix to realize excellent
fluorescence properties. Besides, CdTe and doped-CdTe
nanocrystals are unstable under harsh environments and can
cause cytotoxicity by releasing heavy metal ions from the
nanocrystals. To overcome these problems, coating the
nanocrystals with a silica shell is a promising method
because it can improve the stability and biocompatibility of
the material, and because silica is relatively non-toxic. In
addition, various functional groups can be readily introduced
onto silica shell to enable conjugation with biomolecules
[23, 24]. Hence, encapsulating CdTe:Eu®" nanocrystals into
Si0O; shells can help to enhance stability and functionality.
In this work, a facile hydrothermal method to synthesize
Eu’" doped-CdTe (CdTe:Eu®") nanocrystals is presented.
CdTe:Eu’" nanocrystals were further coated with SiO, via the
micro-emulsion method. The microstructures and optical
properties of CdTe:Eu®™ and core-shell SiO,-coated
CdTe:Eu’" (CdTe:Eu’* @Si0,) were investigated in detail.
The resultant CdTe:Eu’ T @SiO, shows excellent stability and
low cytotoxicity and may find potential use in bioimaging.

2 Experimental
2.1 Materials

Te (= 99.99%), NaBH, (= 98%), CdCl,-2.5H,0 (> 99%),
Eu(NO3)5-6H,O (= 99.99%), NaOH (> 96%) and mer-
captopropionic acid (MPA) (C3HgO,S) were used as pre-
cursor materials in this research.

2.2 Synthesis
2.2.1 Synthesis of CdTe:Eu’" nanocrystals

The NaHTe precursor was prepared as follows: Te powder
(1.5 mmol) and NaBH, (3 mmol) were dispersed in dis-
tilled water (5 ml). The mixture was degassed at room
temperature and then heated to 50 °C under nitrogen
atmosphere with stirring until the Te powder had dissolved
completely and the color of the solution turned purple.
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The CdTe:Eu*" nanocrystals were prepared by dissolving
CdCl,-2.5H,0 (3 mmol), Eu(NO3);-6H,0 (0.15 mmol) and
MPA (0.63 ml) in distilled water (300 ml) under stirring. This
solution was adjusted to pH =8 with aqueous NaOH
(1 mol-.L™") and degassed at room temperature. The NaHTe
precursor was then quickly injected under nitrogen atmo-
sphere. The mixture was stirred for several minutes, then
transferred into a Teflon reactor and heated at 160 °C. The
molar ratio of Cd/Te/MPA was 1.0:0.5:2.4. The resulting
nanocrystals were precipitated by ethanol. The crude
nanocrystals were dissolved in distilled water and precipitated
by ethanol for three cycles, and finally dried under vacuum at
40 °C.

2.2.2 Synthesis of SiO»-coated CdTe:Ew’™ nanocrystals

Cyclohexane (75 ml), n-hexyl alcohol (18 ml) and triton X-100
(17.7 ml) was added into a three-necked flask. The mixture was
stirred for 20 min to form an inverse emulsion, and the solution
of CdTe:Eu*" nanocrystals (10 mg) in distilled water (5 ml)
was then added. The mixture was stirred for 20 min before the
addition of tetraethoxysilane (TEOS) (0.8 ml), and stirred for
another 20 min before the dropwise addition of ammonium
hydroxide (0.6 ml). The mixture was finally sealed and allowed
to stir at room temperature for 24 h in dark. The resulting
nanocrystals were precipitated by acetone, centrifuged, then
washed with water and ethanol three times each, and finally
dried under vacuum at 40 °C.

2.2.3 Characterization methods

Ultraviolet—Visible (UV-Vis) absorption spectra were recor-
ded on a PE Lambda 950 spectrophotometer (America). Flu-
orescence emission spectra were obtained with a Horiba JY
FluoroLog-3 spectrophotometer using Xe lamp as the excita-
tion source. The concentration of optical analysis is 1 mol-L™".
Transmission electron microscope (TEM) and high-resolution
transmission electron microscopy (HRTEM) images were
recorded with a JEM-2100 electron microscope at an acceler-
ation voltage of 200 kV. Energy dispersive X-ray spectrometry
(EDX) patterns were measured on a PV97-61700ME instru-
ment (America). X-ray powder diffraction (XRD) patterns
were measured using a Siemens D-5005 X-ray diffractometer
with Cu Ko radiation (0.154 nm).

3 Results and discussion

3.1 Structure and characterization of CdTe:Eu’*
nanocrystals

According to XRD patterns in Fig. 1, CdTe and
CdTe:Eu®" nanocrystals have the same crystal structure.
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CdTe nanocrystals show diffraction peaks at about 24.58°,
40.6° and 47.99°, which very well correspond to (111),
(220) and (311) planes of the standard cubic crystal
structure of CdTe, respectively. The corresponding peaks
of CdTe:Eu’" nanocrystals shift to larger angles. The
calculated lattice constants are 0.628 and 0.601 nm for
CdTe and CdTe:Eu®' nanocrystals, respectively. These
data suggest that Eu>" possibly substitutes Cd*" in CdTe
crystal lattice, resulting in the local distortion and shrink-
age of the crystal lattice, since Eu>" has a smaller ionic
radius (0.095 nm) than Cd** (0.097 nm) [25]. Eu’" doping
into CdTe decreases the lattice constant of CdTe:Eu’"
nanocrystals and generates compression stress, which shifts
XRD peaks to larger angles [26]. In addition, extra peaks
related to any impurity are not observed in CdTe:Eu’™,
indicating that phase change does not occur in the
CdTe:Eu®" nanocrystals and Eu’" is homogenously dis-
tributed within CdTe crystal lattice, as previously demon-
strated by Raola and Strouse [27]. The peaks of CdTe:Eut
nanocrystals are broadened because of the nanosized
crystalline domains. The particle size could be calculated
by the Scherrer formula:

D = K/ fcosf (1)

where K = 0.89 is the Scherrer constant, D (nm) is the
diameter of nanocrystals, f§ is the full width at half maxi-
mum (FWHM) of the diffraction peak, 0 is the maximum
of the diffraction peak and A = 0.154 nm is the wavelength
of the incident X-ray. The calculated average diameters of
the CdTe and CdTe:Eu®" nanocrystals are about 3.4 and
3.1 nm, respectively.

Figure 2 shows TEM and HRTEM images of CdTe:Eu’*
nanocrystals harvested after reaction for 10 h. The
CdTe:Eu®" nanocrystals appear approximately spherical
and dispersed uniformly. The particle diameter is about

CdTe:Eu*

Intensity (a.u.)

‘ (220)| (311)

40 60 80
20/ (°)

Fig. 1 XRD patterns of CdTe and CdTe:Eu®" nanocrystals

Rare Met. (2019) 38(10):989-995

2—4 nm, which is in good agreement with XRD analysis. The
lattice distance of CdTe:Eu®" nanocrystals is about 0.33 nm,
which is less than the interplanar distance (0.362 nm) of
cubic phase CdTe (111). EDX spectrum of CdTe:Eu’"
nanocrystals (Fig. 3) shows that Cd, Te and Eu are the ele-
mentary components. The atomic ratios of Cd/Te/Eu are
found to be 0.689:0.282:0.029. This shows that the elements
are basically in their stoichiometry, which proves that the
CdTe:Eu’" nanocrystals are successfully prepared.

Figure 4 shows UV-Vis absorption spectra of CdTe and
CdTe:Eu’" nanocrystals. The reaction time varies from 6
to 14 h. Compared with pure CdTe nanocrystals at the
same reaction time, CdTe:Eu*™ nanocrystals show
notable blueshift in the absorption spectra. The absorption
of the CdTe nanocrystals spans from 492 to 565 nm, and
the band gap energy could be calculated as follows:

E, = he/) 2)

where E, is the photon energy, & is the Planck’s constant, ¢
is the speed of light and 4 is the edge of absorption. The
calculated band gap of CdTe is 2.53-2.20 eV. The
absorption of CdTe:Eu®" nanocrystals spans from 477 to
531 nm, and the band gap energy is 2.61-2.34 eV. Note
that the CdTe:Eu®" nanocrystals have higher E, value than
the pure CdTe nanocrystals, which shows that doping with
Eu’" narrows the band gap of CdTe. Besides, as the
reaction time increases, the prepared CdTe:Eu’"
nanocrystals gradually show a redshift in the spectra. The
relationship between the main absorbance and the size of
the nanocrystals is known as follows [28]:

D= 9.8127 x 10773 — 1.7147 x 107322 + 1.0064/
—194.84 (3)

where D (nm) is the diameter of the nanocrystals, and 1
(nm) represents the wavelength of the UV absorption peak.
Accordingly, the average sizes of the CdTe:Eu’"
nanocrystals prepared at different reaction time are calcu-
lated to be 1.6, 2.2, 2.7, 2.8 and 3.0 nm, respectively. That
is, the particle size of the CdTe:Eu®" nanocrystals increa-
ses with reaction time, hence resulting in the redshift in the
absorption spectra.

Figure 5 shows the luminescence emission spectra of
CdTe and CdTe:Eu®" nanocrystals recorded at an excita-
tion wavelength of 376 nm. The emission peaks of
CdTe:Eu’" and CdTe nanocrystals are symmetric and
show redshift as the reaction proceeds, indicating that the
particle size increases with prolonged reaction time. The
fluorescent intensity of CdTe nanocrystals increases first
and then decreases. However, the fluorescent intensity of
CdTe:Eu’" increases after doping with Eu*™, which could
be explained as follows. As the reaction proceeds, Cd*" or
Eu’" combines with MPA to form Cd-MPA or Eu-MPA
complexes, which is adsorbed on the surface of the
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Fig. 2 a TEM and b HRTEM images of CdTe:Eu®" nanocrystals
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Fig. 3 EDX analysis of CdTe:Eu®" nanocrystals

nanocrystals and prevents the aggregation of nanocrystals.
When the reaction time exceeds 10 h, the fluorescence
intensity of CdTe decreases, because the particle size
increases further whereas the amount of Cd-MPA com-
plexes decreases. Consequently, the CdTe nanocrystals are
aggregated, which decreases the fluorescence intensity.
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However, the intensity of CdTe:Eu™ still increases, which
could be attributed to the effect of doping. When Eu*" are
doped into CdTe, defect states are introduced near the
surface regions and hence they give better emission effi-
ciencies [29]. Besides, the FWHM of the fluorescence
spectrum increases with reaction time, indicating that the
size distribution of the nanocrystals broadens, possibly due
to Ostwald ripening.

The emission peaks of CdTe nanocrystals range in
541-628 nm, whereas those of CdTe:Eu’" nanocrystals
range in 532-602 nm. The emission peaks of CdTe:Eu’"
exhibit a blueshift compared with undoped CdTe
nanocrystals prepared at the same reaction time. That is, a
maximum blueshift of about 39 nm is observed between
emission peaks of CdTe nanocrystals (599 nm) and that of
CdTe:Eu®" nanocrystals (560 nm) both prepared at a
reaction time 10 h. It could be inferred that Eu*" are doped
into the lattice of the CdTe nanocrystals and the energy
may be transferred from host CdTe to Eu>" [30]. This may
be explained by the energy level diagram (Fig. 6). Upon
excitation of CdTe:Eu’' nanocrystals by 376 nm, after
absorbing an excitation photon, the electron in the valence
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Fig. 4 UV-Vis absorption spectra of a CdTe and b CdTe:Eu** nanocrystals at different reaction time
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Fig. 5 Fluorescence emission spectra of a CdTe and b CdTe:Eu" nanocrystals at excitation wavelength of 376 nm

band of CdTe nanocrystals is excited into the conduction
band. An exciton pair consisting of the electron and the
positively charged hole is formed and traveled through the
CdTe nanocrystal lattice. The exciton pair could be trapped
at defect sites in the lattice, such as Eu’t substitution,
transfer non-radiatively to 5D4 and further to 5DO, then
radiative transitions from SDO of Eu®" to various 'F I
(J = 0-6) levels. The energy could be transferred from
CdTe host to Eu** [31].

3.2 Structure and fluorescence of core—shell SiO,-
coated CdTe:Eu®" nanocrystals

To enhance the functionality and optical stability of
CdTe:Eu’™  nanocrystals,  core—shell ~ SiO,-coated
CdTe:Eu**" nanospheres (CdTe:Eu3+@Si02) were synthe-
sized via micro-emulsion method. The surface defects of
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Fig. 6 Schematic of energy transfer process from CdTe to Eu **
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CdTe:Eu®" nanocrystals could be reduced after SiO, coat-
ing. Consequently, the emission spectra of CdTe:Eu’t@-
SiO, nanospheres show further blueshift and stronger
fluorescence intensity.

Figure 7 shows XRD patterns of CdTe and
CdTe:Eu’" @Si0, nanospheres. The peak at 22.8° could be
attributed to amorphous SiO,. The peak at 40.6° corresponds
to the characteristic CdTe:Eu’" (220) crystal planes, which
proves that CdTe:Eu’" enters SiO, shell successfully.

Figure 8 shows TEM image of CdTe:Eu®* and
CdTe:Eu’*T@Si0,, in which the core—shell structure can be
clearly distinguished. Note that CdTe:Eu’"@SiO,
(~ 75 nm in size) appears spherical, monodisperse and
without aggregation. HRTEM images of CdTe:Eu’" @SiO,
nucleus are shown in the upper right corner (Fig. 8b). The
particle size of the nucleus is about 3.6 nm, and the lattice
distance is 0.33 nm, which is consistent with the CdTe:Eu>*
nanocrystals (Fig. 2). This indicates that CdTe:Eu’" is
successfully embedded into SiO, shell.

(220)

Intensity (a.u.)

CdTe:Eu*@Sio,

1 1

40 60 80
20/ (°)

Fig. 7 XRD patterns of CdTe:Eu®" nanocrystals and CdTe:Eu*t @SiO,
nanospheres
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Fig. 8 TEM images of a CdTe:Eu®" nanocrystals and b CdTe:Eu®* @SiO, nanospheres

Figure 9 shows the emission spectra of both CdTe:Eu’*
nanocrystals and core-shell SiO,-coated CdTe:Eu’"
nanocrystals at an excitation wavelength of 376 nm. The
fluorescent emission of CdTe:Eu®t centers at 632 nm,
whereas the emission of CdTe:Eu’"@SiO, nanospheres
centers at 567 nm. This blueshift of 65 nm from
CdTe:Eu’" to CdTe:Eu’t@SiO, indicates that coating
with SiO, changes the surface structure and fluorescence
properties of CdTe:Eu®" nanocrystals. Specifically, a large
number of MPA fall off from the surface of CdTe:Eu’"
nanocrystals during cladding, leading to the oxidation of
CdTe:Eu’" nanocrystals and consequently the blueshift of
the emission peaks of CdTe:Eu®" @SiO, [32]. The stronger
fluorescence intensity of CdTe:Eu’T@SiO, nanospheres
could be rationalized as follows. In the core—shell SiO,-
coated CdTe:Eu’™, the hole is confined within CdTe:Eu’*
core, whereas the electron is delocalized over the entire
sphere, and SiO, could stop the electron—hole recombina-
tion on the CdTe:Eu’" surface. These altogether reduce
non-radiative transition and permitted electrical access to
the sphere, thus improving the emission intensity [33].

300

CdTe:Eu@SiO,

CdTe:Eu®*

Intensity (a.u.)
I
[}

1 1

450 500 550 600 650 700
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Fig. 9 Emission spectra of CdTe:Eu’t@SiO, and CdTe:Eu®"
nanocrystals
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4 Conclusion

Highly fluorescent CdTe:Eu®" nanocrystals were synthe-
sized via a hydrothermal method, and their structure, shape,
elemental composition and fluorescence properties were
investigated. Results indicate that Eu’" is successfully
doped into the lattice of CdTe nanocrystals. Compared with
CdTe, CdTe:Eu>" nanocrystals show blue shift in both
absorption spectra and emission spectra, which possibly
results from the energy transfer between Eu’" and CdTe.
The possible energy transfer mechanism between Eu and
CdTe nanocrystals is also studied. In addition, the obtained
CdTe:Eu®" nanocrystals were coated with SiO, to fabricate
core—shell SiO,-coated CdTe:Eu®" (CdTe:Eu**@Si0,)
nanospheres via the micro-emulsion method. Compared
with CdTe:Eu’" nanocrystals, CdTe:Eu*T@SiO, nano-
spheres exhibit further blueshift and stronger fluorescence
intensity. Our strategy provides a facile process for the
preparation of lanthanide ion doped nanocrystals and their
SiO,-coated core—shell. The obtained lanthanide ion doped
nanocrystals and fluorescent core—shell nanospheres are
potentially useful in fabricating multifunctional optoelec-
tronic devices and bioimaging.
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