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HIGHLIGHTS GRAPHICAL ABSTRACT

e Doping of (Eu, La, Sm) ions into ZnO
nanoparticles is realized by a chemi-
cal route.

e Eu>*-related red emissions from
intra-4f follow a similar trend as
broad defect emission.

 Red emissions of Eu>* enhance with
RE codoping due to oxygen vacancies
as energy storage centers.

e The bandgap can be tuned by RE
codoping, which shows a prospect
for the visible utilization.
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The (Eu, La, Sm) ions were doped into ZnO nanoparticles by a chemical route, and the substitution of (Eu,
La, Sm) for Zn>* ions was proved by analytic techniques of X-ray diffraction (XRD), X-ray photoelectron
spectroscopy (XPS), Raman, transmission electron microscope (TEM), photoluminescence (PL) and UV
—vis absorption spectroscopy. The results revealed that the codoping did not change the wurtzite
structure of ZnO nanoparticles, but the diameter of the nanoparticles decreased with increasing the rare
earth (RE) doping concentrations. The optical bandgaps calculated through UV—visible absorption
spectroscopy were found to decrease from 3.26 to 3.14 eV with increasing the RE doping concentrations,
which also proved by the slight shift of UV positions in PL spectra. The sharp red emissions located at
578.2, 590.1 and 615.7 nm were originated from the 4f-4f transitions in Eu>* ions under excitation of
325 nm. And these red emissions of Eu>* ions showed a strong correlation with the energy storage
centers of oxygen vacancies in the samples which was introduced by the other RE ions of La>* and Sm>*
codoping.

© 2017 Elsevier B.V. All rights reserved.
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In recent years, considerable interest has been focused on ZnO
nanomaterials due to its wide band gap and high exciton binding
energy, as well as excellent optical, electronic and mechanical
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properties. In most of these properties, it has been demonstrated to
be applicable in ultraviolet luminescent or lasing devices [1—4].
However, it is highly desirable to achieve sharp visible emissions
from ZnO nanomaterials for advanced display and lighting device
applications such as distinguishable emissive flat panel display and
LED backlights [5—7]. The chemical doping with suitable elements
offers an effective method to enhance and control the structural,
optical, electrical and magnetic properties of the nanomaterials. In
particular, doping various RE elements such as Eu, Er, La, Sm, Ce etc
in ZnO can modify their structural and optical properties signifi-
cantly due to the intra-4f orbital transitions, which is crucial for
their optical applications [8—11]. Various technologies such as
magnetron sputtering, chemical bath deposition, pulsed laser
deposition, hydrothermal, sol-gel, chemical vapor deposition and
mechanical ball-milling method have been developed to synthesize
the RE-doped ZnO nanomaterials. To date, the UV-excited emission
of RE* ions can be observed, but it is relatively weak compared to
the excitonic emission or defect emission from ZnO host, which
may be due to the weak energy transfer between ZnO host and RE
ions [12—14]. So, how to realize the energy transfer to enhance the
UV-excited emission of RE3* ions is an urgent issue. The codoping
may be a useful way to overcome the mentioned problem.

The codoping can not only regulate the band structure, lumi-
nescence centers, defect sites or incorporate impurities for facili-
tating mobility of charge carriers simultaneously, but also provide a
method for enhancing the optical performances in luminescent and
catalytic materials by synergy effect of doping ions [15,16]. Among
the RE ions, the Eu®* ion is a representative RE ion for doping ZnO,
and the Eu?*-ralated red emissions can be used in light-emitting
devices [8,9,14]. Sm>* ion is also one of the RE ions, which has
the ability to shift the band gap of ZnO into visible region and to
control electron-hole recombination [17]. And La®* ion with the
largest ionic radius among the RE ions perhaps has the strong po-
wer to change the structure and introduce the more defect sites in
ZnO host. So the codoping of (Eu, La, Sm) into ZnO is a meaningful
work, which may enhance the RE-related visible emissions and
expands band gap of ZnO host at the same time. According to the
recent literature, the reports about the RE doped ZnO nano-
materials mainly focus on the single RE ion doping, and about the
codoping with more than two RE ions is limited. Hence, more
attention should be paid onto the codoped ZnO systems.

In this paper, the (Eu, La, Sm) codoped ZnO nanoparticles with
various doping concentrations have been synthesized via a chem-
ical precipitation route, and the incorporation, morphologies and
optical properties of the nanoparticles are studied in detail. The
doping concentrations of RE photoluminescence have been
analyzed, which indicates that carrier-mediated acted as the energy
storage centers play an important role in the energy transfer
process.

2. Experimental

In the experiment, the codoped samples were synthesized by
the chemical precipitation method. The zinc nitrate hexahydrate
(Zn(NO3);-6H30), europium oxide (EuyOs), lanthanum oxide
(Laz03), samarium oxide (Sm03) and ammonium bicarbonate
(NH4HCO3) were used as the starting materials without further
purification. First, the appropriated amounts of Zn(NO3), - 6H,0 was
dissolved in deionized water, and the rare earth nitrates of
Eu(NO3)3, La(NO3)3 and Sm(NO3)3; were prepared by dissolving the
REO of Euy03, La;O3 and Smy0Os in concentrated nitric acid,
respectively. Second, the two solutions were mixed with different
molar ratio of Zn®>*/RE3*(Eu’*, La®*, Sm>"), and the appropriated
amounts of NH4HCO3 was slowly dropped into the above solutions.
The mixed solutions were stirred for 2 h at room temperature (RT).

Subsequently, the white precipitates were formed and collected.
Then, the white precipitates washed with alcohol for several times
were dried at 60 °C for 4 h. Finally, the products were calcined at
400 °C for 2 h in air atmosphere [18,19].

The structural characterization of the codoped samples was
performed on a D/max-RA XRD spectrometer with a Cu Ka line
operated at 40 kV (A = 0.15406 nm MAC Science, MXP18, Japan).
The morphologies and compositional analysis of the samples were
examined by transition electron microscopy at the accelerating
voltage of 200 kV (TEM, JEM-2010HR, Japan) and X-ray photo-
electron spectroscopy via Al Ka line with a photon-energy of
1486.6 eV (XPS, VG-ESCALAB Mark II UK, resolution: 0.5 eV). The
optical properties were obtained by RT photoluminescence spectra
using a continuous He—Cd laser with a wavelength of 325 nm at
50 mW (PL, Renishaw-inVia) and UV—vis absorption spectra using
UV—Vis spectrophotometer of UV-5800PC in the wavelength range
of 190—1100 nm (Shanghai Metash Instruments Co., Ltd). Raman
spectra were obtained using the 514 nm line of an argon ion laser at
an incident power of 20 mW (Renishaw-inVia, resolution:
1-2cm™ ).

3. Results and discussion

Fig. 1 shows the XRD patterns of pure ZnO, ZnggsEuggs0,
Zn0,97Sm0.030, Zn0,97Lao,03O and Zno.gz_xEuO.()sSmo.mLaxo samples
(x=0,0.01,0.02 and 0.03). These samples are named as sample A to
sample H, respectively. All the diffraction peaks can be indexed to a
hexagonal wurtzite structured ZnO, which coincides with the
standard JCPDS cards (No. 36-1451) [20]. The lattice parameters of
these samples are obtained by fitting the XRD data with the least
square method (LSM), and the results can be seen in Table 1. It is
found that the lattice parameters of doped ZnO are a little larger
than that of pure one. The increased lattice parameters indicate that
the RE ions of Eu*, Sm®* and La®** may be doped into the ZnO
crystal lattice via the substitution of the Zn?" sites because of the
large difference in ionic radius between the Zn>* and RE3* [21,22].
The average size D is calculated using Scherrer formula, which can
be described as follows:
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Fig. 1. XRD patterns of pure ZnO (a), ZnggsEup 050 (b), Zng.97Smg 030 (C), Zngg97Lag030
(d) and Zngg,_xEugesSmgosLaxO samples (e) x = 0, (f) x = 0.01, (g) x = 0.02, (h)
x = 0.03.
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Table 1
The calculated results from XRD data. D =0.894/B cos (1)

Sample a(A)? c(A)? Average size (nm)
A a1 52000 20 where A is the X-ray wavelength, § is the full width at half
3.2431 52074 25.7 maximum (FWHM) and ¢ is the maximum of the Bragg diffraction
3.2432 5.2080 25.4 peak. From Table 1, the average size of sample A to sample H,
3.2483 5.2083 246 calculated for the peak (101), is about 32.0, 25.7, 25.4, 24.6, 23.8,
g'iggi g'igg ;32 21.5, 14.2 and 9.0 nm, respectively. The decreased size of these
32553 52159 142 samples can be further proved by TEM images. Fig. 2 shows the TEM
3.2554 52211 9.0 images of pure ZnO, ZnggsEupos0, Zngg2EugesSmoee30 and
Zng goEug 05Smgg3Lag 30 samples. The TEM image of pure ZnO
exhibits the rounded particles with average size of 25 nm (Fig. 2

T OmMmgoNw>

¢ Corresponding errors of lattice parameters <0.001.

Fig. 2. TEM images of pure ZnO (a), Zng gsEug 050 (b), Zng.g2Eup,05Smg 030 (c) and ZngggEug05Smo g3Lago30 (d) samples.
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(a)). Compared to the pure ZnO, the increase in RE (Eu?*, La3™,
Sm>*) doping concentrations does not induce obvious change in
morphology of nanoparticle. But the average particle size of ZnO
samples decreases from 25 to 7 nm as increasing the doping con-
centrations of RE (Eu®*, La®*, Sm>*), which exhibits a good agree-
ment with the XRD results. The average particle size of these
samples decreases as increasing the RE doping concentrations,
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which could be attributed to the interference of the RE ions to the
ZnO crystal growth. It can be explained as follows. The chemical
precipitation method we used contains two growth processes
including the precipitation formation and the calcination treat-
ment. In the process of precipitation formation, the Zn-O-RE nuclei
will be formed when the RE ions are doped into the ZnO host.
However, the nucleation rate will be restrained at the nucleation
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Fig. 3. XPS spectra of Zng goEug,05Smg03La0.020 (A) and Zngg2Eug,05Smg 030 (B) samples.
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process due to the large differences in ionic radius and valence state
between RE3* and Zn?* ions. And then in the calcination treatment,
some RE ions locating in the interfaces or grain boundaries between
nanoparticles might substitute into the Zn?* sites to lower the
interfacial energy of the nanoparticles, which are combined one
single nanocrystal with two or more ZnO nanoparticles in the
crystallization process. That is to say, the obstructions for the
movement of grain boundary and restriction of the subsequent
grain growth will be appeared by the interference of RE ions. So, it
is believed that the formation of Zn-O-RE in the crystal lattice and
the large difference between RE3* and Zn?* ions are the main
reasons for the decreased size with RE codoping in our case. The
above result has a good agreement with our previous reports
[23,24], wherein we testified that the size could decrease with
doping of Y>* and La®* in ZnO nanomaterials respectively.

Fig. 3A shows the XPS spectrum of ZngggEug 05Smgg3Lag020
sample. The binding energies are calibrated using the carbon peak
(C1s) at 285.0 eV as reference. As shown in the survey XPS spec-
trum, all of the peaks can be ascribed to Zn, Eu, La, Sm, O and C
elements as labeled in Fig. 3A(a). It indicates that there are no other
impurities in Zng ggEug 05Smg g3Lag 020 sample, which shows a good
agreement with the above XRD results. The binding energies of
Zn2p3/2 and Zn2p1/2 in Fig. 3A(e) are located at 1021.0 and
1045.2 eV, which agrees well with the standard value of Zn%* ions
in the oxide [25,26]. The O1s signal in Fig. 3A(f) can be fitted into
two peaks, indicating that at least two different kinds of O species
in the surface of ZnggoEug,05Smo3Lag,020 sample. As reported in
the literature, the two peaks located at 531.3 and 532.5 eV can be
attributed to the lattice oxygen in a metallic oxides, oxygen of
surface hydroxyl or chemisorbed oxygen, respectively [19,27,28].
Besides the strong signals of Zn and O, the peaks corresponding to
Eu3d, Sm3d and La3d core levels are observed as well. The two
peaks located at 1135.2 and 1164.6 eV can be assigned to Eu3d5/2
and Eu3d3/2 core levels (Fig. 3A(b)), which indicate that the Eu ion
has the trivalent valance state in codoped sample [29,30]. The
peaks located at 1084.6 and 1112.8 eV are corresponding to Sm3d5/
2 and Sm3d3/2 core levels (Fig. 3A(c)), and the peak positions
confirm the existence of Sm ions in trivalent valence state [31]. The
La3d5/2 and La3d3/2 core levels shown in Fig. 3A(d) also reveal that
the La ions exist in the form of trivalent valence in the codoped
sample [32,33]. For comparison, the XPS spectrum of
Zngp 92Eup,05Smg 030 sample is also given in Fig. 3B. The appearance
of (Eu, Sm) peaks and their positions illustrate that the Eu and Sm
ions are both trivalent valance state in this sample. According to the
two XPS results and above analysis, the valence states of RE ions do
not changed with La doping in our case. Moreover, the Eu: Sm: Zn
ratio of Zng g;Eug 955Smg 030 sample is determined from XPS data to
be 0.044: 0.026: 0930 and the Eu: Sm: La: Zn ratio of
Zng.90Eup,05Smg g3Lag 020 sample is determined to be 0.044: 0.025:
0.015: 0.916, which are close to the proposed doping concentra-
tions. Combined with the XRD results, the above analysis testifies
that the RE dopants are incorporated into ZnO lattice.

Raman scattering is a useful technique to investigate the
microstructure of nanomaterials. Fig. 4 shows the RT Raman
spectra of sample A to sample H with the 514 nm line of an argon
laser. The peaks located at 330, 377, 438 and 580 cm~! can be
assigned to Exp-Epy, Ay(to), E2n and Aq g vibration modes of ZnO
with P63mc symmetry [34—37]. The strongest peak centered at
about 438 cm™~! can be observed in all the Raman spectra, and the
intensity of this peak decreases with increasing the RE doping
concentrations. It may be mainly related with the worse crystalli-
zation of the codoped samples due to the distortion of the crystal
lattice in ZnO by RE codoping [33,38—40]. Moreover, the sample
absorption may be another reason for the decrease of the Raman
peaks. The broadened and weak peak at 580 cm™! appeared in the
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Fig. 4. Raman spectra of pure ZnO (a), Zng.g5Eug,050 (b), Zng 97Smg 030 (), Zng g7Lag030
(d) and Znggy_xEugosSmgo3LaxO samples (e) x = 0, (f) x = 0.01, (g) x = 0.02, (h)
x = 0.03.

spectra is usually related with the defects of O-vacancy, Zn-
interstitial or their complexes, indicating some defects exist in
our samples [41,42]. And the appearance of the other modes
Epy-Epp and Aqqo) further proves the dominant characters of the
wurtzite phase in the samples. The above analysis implies the
synthesis of (Eu3*, La®*, Sm3*) codoped ZnO samples with wurtzite
phase by a chemical route.

Fig. 5 shows the RT PL spectra of sample A to sample H. Under
UV light of 325 nm, the sample A (pure ZnO) in Fig. 5 (a) shows a
weak UV emission due to the recombination of the free excitons in
ZnO and a strong broad visible emission originated from the deep
level defect state of ZnO. As seen in Fig. 5, it can be seen that the
positions of UV emission from sample A to sample H are located at
386.4, 388.9, 389.7, 390.4, 391.3, 393.3, 393.5 and 394.5 nm,
respectively. Obviously, a red shift of UV emission appears in our
codoped samples, illustrating the bandgap of these samples
become narrowed with increasing the doping concentrations of
Eu®*, La®* and Sm>*. We present the UV—vis absorption spectra in
Fig. 6 and calculate the optical bandgap Eg of these samples using

(@) s s

D—F,

5. 7
D‘J_> Fl

400 500 600 700

PL Intensity(arb.units)

| s | 1 L
350 400 450 500 550 600 650 700 750
Wavelength(nm)

Fig. 5. PL spectra of pure ZnO (a), Zng g5Eug 050 (b), Zng.97Smg 030 (c), Zngg7Lage30 (d)
and Zng g, xEug 0sSmg 3Lax0 samples (e) x = 0, (f) x = 0.01, (g) x = 0.02, (h) x = 0.03.
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Fig. 6. UV—Vis absorption spectra of pure ZnO (a), ZnggsEug 050 (b), Zng97Smg 030 (c),
Zngg7Lap030 (d) and Zngg, xEugesSmoo3laxO samples (e) x = 0, (f) x = 0.01, (g)
x = 0.02, (h) x = 0.03.

the Tauc relation of « = A(hv — Eg)" /hv, where A is a constant, « is
the absorption coefficient that calculated by Lambert-Beer Law and
n is a constant of 1/2 for the direct bandgap semiconductor [43].
The values of Eg are calculated by plotting Tauc’s graphs between
(ahv)? versus hv and the intercept of this linear region on the en-
ergy axis at (ahv)2 equal to zero gives the bandgap. The estimated
bandgaps of sample A to sample H are presented in Fig. 7. We can

see that the value of Egdecreases from 3.26 eV (sample A) to a
minimum value of 3.14 eV (sample H). The narrowing of the
bandgaps with RE (Eu?*, La*, Sm>*) codoping is mainly due to two
effects of the new impurity bands introducing by RE ions and the
strong orbital coupling between RE and O [23,38,44,45]. First, the
codoping of RE ions (Eu?*, La®*, Sm®*) will introduce the additional
electron states of impurity bands and they will locate closer to the
lower edge of the conduction band to form the new lowest unoc-
cupied molecular orbital. This phenomenon is the main reason for
the reduction of the band gap and eventually makes the red shift of
UV emission. Second, the RE substitution also lead the strong sp-
d exchange interactions between the band electrons and the
localized d electrons of the RE ions which substitute Zn®* ions. The
s-d and p-d exchange interactions lead to a negative and a positive
correction to the conduction band and the valence band edges
separately, resulting in the bandgap narrowing and red shift of UV
emission. Similar results have been obtained in our previous
studies [23,38].

In addition, a strong broad visible emission appeared in all the
spectra is also analyzed. It is important to note that the sharp red
emissions superimposed on the broad defect-related PL are
observed in the doped samples except sample B and C, and the
intensity of these red emissions gradually enhances with increasing
the RE doping concentrations. The red emissions centered at 578.2,
590.1 and 615.7 nm can be attributed to the °Dg— "Fo, °Dg— 'F; and
5Do—F, transitions of the Eu®* jons in our case, respectively
[46—48]. As we known, the Eu>* ions are usually incorporated in
ZnO by substitution on the metal sublattice with Cs, site symmetry
which splits ground “F,_s levels. And the intensity ratio of °Dg— ’F
transition to °Dg—’F; transition might provide structural
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information such as distortion of the ligand environment and site
symmetry. Based on the above analysis, the stronger ratio of
Dy—’F, to ®Dy— ’F; appeared in our spectra illustrates that the
Eu®* ions are incorporated into ZnO lattice by substitution on the
Zn sublattice and located at a low-symmetry site (C3,) without
inversion center. Compared with the doped and codoped samples,
it is found that the red emissions of Eu>* enhance with increasing
the other RE doping concentrations of La>* and Sm>*. The above
results reveal that the Eu>* ions can act as luminescent centers in
ZnO nanoparticles and also provides an efficient pathway for
carrier-mediated excitation of Eu>* ions. According to our previous
work, the defect of singly ionized oxygen vacancies can act as the
energy storage centers that mediate the energy transfer from the
ZnO host to the Eu* ions [14,18,49]. That is to say, there is a strong
correlation between the red emissions of Eu®* and the defect of
singly ionized oxygen vacancies. Based on our PL spectra, the broad
visible emission centered at about 570 nm are mainly attributed to
oxygen vacancies and this emission gradually enhances as
increasing the RE doping concentrations. It indicates that the
numbers of the oxygen vacancies including singly ionized oxygen
vacancies are increased with further increasing the other RE doping
concentrations of La®* and Sm>*, which eventually makes the
enhancement of the red emissions of Eu>*. In addition, no obvious
characteristic emissions of the La>* and Sm>* appears in the
spectra due to the weak energy transfer between the two ions and
ZnO, but the codoping can introduce more oxygen vacancies as the
energy storage centers, which can assist the energy transfer process
from ZnO host to Eu>* ions.

4. Conclusion

The present work studies the structural and optical properties of
(Eu, La, Sm) codoped ZnO nanoparticles prepared via a chemical
route. Structural analysis of the nanocrystals shows the formation
of nanosized (Eu, La, Sm) codoped ZnO particles with uniform size,
and the size of these samples changes from 25 nm to 7 nm as
increasing the RE doping concentrations. From the optical analysis,
a mechanism has been proposed, which involve energy transfer
occur from ZnO host to Eu®* ions by defect-mediated as the energy
storage centers. The codoping of the other RE ions can further raise
the defect-mediated in this energy transfer, so that the red char-
acteristic emissions are eventually enhanced in the codoped ZnO
nanoparticles. Moreover, the interesting optical analysis show that
the bandgap of these samples decreases due to the RE codoping. All
above obtained results encourage people to further design ZnO
nanostructures with codoping the other elements, which is bene-
ficial for extending their promising application in optical fields.
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