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Abstract

Rare-earth (Er, La and Yb) doped ZnO nanostructures have been synthesized by precipitation. The prepared samples were characterized by X-
ray diffraction (XRD), scanning electron microscopy (SEM), and energy-dispersive X-ray spectroscopy (EDS). Their optical properties were
studied by Raman spectroscopy at room temperature and UV—Visible diffuse reflectance spectroscopy techniques. The effects of rare-earth
dopant on morphology and optical properties of the prepared materials were studied and discussed. It was found that the presence of rare-earth
ion in crystal structure of ZnO can change the morphology and band gap of ZnO nanostructures.

© 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Semiconductor quantum dots (QDs) with unique optoelec-
tronic properties have potential applications in sensors, solar
cells, photocatalysis, optoelectronic devices, and biological
imaging. Zinc oxide (ZnO) is an n-type II-IV semiconductor
with high exciton binding energy (60 meV), high chemical and
physical stability and wide band gap (3.37 eV). Due to these
attractive physical properties it has found interesting applica-
tions in optics, and photoelectronic piezoelectric gas sensors.
ZnO QDs are also n-type semiconductor because of intrinsic
defects such as zinc interstitials and oxygen vacancies. Low
costly and non-toxicity properties of ZnO QDs make them
predominant for practical applications over other semiconduc-
tor quantum dots. The fabrication of semiconductor QDs nano-
devices with high efficiency requires a deep understanding of
the optoelectronic behavior of QDs, which depend on their
impurity, size and shape. Many research works have been
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shown that the optical and electrical properties of ZnO QDs
can be modified by ionic doping of suitable elements. The ZnO
QDs have been vastly doped and co-doped with metals such as
(Al, Ga, In, etc.) through different preparation techniques.
It was found that the optical and electrical properties of ZnO
QDs have increased as a result of doping [1-3]. Recently, rare-
earth ions such as Ce**, Er**, Eu®*, La*t, Tb*T, Tm?*, Yb>'
and Dy** doped ZnO QDs have attracted the attention of
scientific community [4—10]. Their unique optical properties
and their 4f intra shell transitions give very intense emission
peaks in the visible and near IR range. For example, the
emission at wavelength of 1.55 nm by Er doped ZnO QDs
make it possible to apply this component for optical commu-
nication technology [11,12]. ZnO has been selected as host for
rare-earth elements not only because of its wide band gap that
can be applicable for excitation of these elements, but also for
its electrical conductivity [13—16]. So far, many techniques
have been applied to produce rare-earth doped ZnO nanostructures
such as co-deposition following evaporation, sintering, laser
ablation and etec [17-23]. However, the mentioned methods are
expensive and not efficient for producing rare-earth doped ZnO
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nanostructures because of the dopant might precipitate from the
surface of ZnO nanocrystals due to the compact hexagonal wurtzite
structure and high surface-to-volume ratio of ZnO nanocrystals.
In this paper a template-free precipitation method was used
to prepare rare-earth doped ZnO nano powders. The aim of this
study was to investigate the effects of rare-earth dopants on
morphology and band gap of the prepared ZnO nanostructures.

2. Experimental procedure

Rare-earth doped ZnO nanocrystals were prepared by wet
chemical precipitation. Firstly, 3.352 g of ZnCl, (Aldrich,
Germany) and 2 mol% of each doping rare-earth element
precursor, (Er(NOs3); - 6H,0O, La(NO3); - 6H,O and Yb(NO3); -
6H,0) were dissolved in distilled water. Each of the as
obtained solution was dropped into 100 mL of 0.1 M NaOH
(Merk, Germany) solution. The pH value of all the samples
was around 13 and the precipitated materials were ultra-
centrifuged (10,000 rpm, 10 min) to obtain clear supernatant
liquids and washed with distilled water to remove the
unwanted ions (Na™, C1~, NO3). This procedure was repeated
several times up to getting a Na* concentration below to 0.66
ppm measured by atomic absorption spectroscopy, followed by
drying at 80 °C for 24 h. The dried powders were then heat
treated at 275 °C for 2 h. The chemical reactions that occurred
during preparation were as follows:

ZnCl,+2NaOH — Zn(OH),+2NaCl (1)
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Zn(OH), —» ZnO+H,0 )
M(NO5);+3NaOH — M(OH);+3NaNO; 3)
M(OH); —M,05+3H,0 )

M=Er, Yb and La

The experimental conditions for pure and rare-earth doped
ZnO nanostructures were always kept constant along the
present study, namely the type of solvent, precipitating agent
(OH™) and annealing temperature.

The structure and morphology of the samples were studied
by X-ray diffraction (Shimadzu XRD-6000, Tokyo, Japan) and
Scanning Electron Microscopy (SEM). The optical properties
of the samples were carried out by Raman spectrometry and
UV-vis Scanning Spectrophotometry (Perkin-Elmer, Lambda
35), which was equipped with a diffuse reflectance accessory.

3. Results and discussion

Fig. 1 shows the XRD diffraction patterns of undoped and
rare earth doped (La, Yb and Er) ZnO nano powders. Well
crystalline hexagonal structure without any diffraction peaks of
a secondary phase or any impurity phase can be seen from
spectra. All diffraction peaks are consistent with previously
reported data for ZnO with lattice constant parameter of
a=324 A and ¢=520A (JCPDS 36-1451). This suggests
that most of the rare earth ions might have been incorporated
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XRD patterns of pure and rare-earth doped ZnO nano powders.
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in the Zn>" sites of the ZnO lattice. However, in the case of
La-doped ZnO, a low intensity diffraction peak related to
La,O3 appeared. The formation of La,O3 can be explained by
the hindered incorporation of La in ZnO host due to the large
difference between the radii of La’* (1.15 A) and Zn** ion
(0.74 A). This can be also inferred from the SEM micrograph
(Fig. 2c) that shows different morphology clusters adhered to
the ZnO nanorods, probably consisting of La,O3. In addition,
although all the samples have similar diffraction patterns, it is
possible to observe in Fig. 1 that the intensity of the peaks
varied with different dopants, indicating differences in crystal-
linity. The intensity of the diffraction peaks decreased after
doping with Yb and Er, indicating that crystallinity of the

DkV 4.6mm x40.0k SE(M)

powders has also decreased. This can be understood consider-
ing the larger ionic radii of Yb** (0.86 A) and Er**(0.89 A) in
comparison to that of Zn’* (0.74 A), which makes the
replacement more and more difficult, thus distorting the ZnO
lattice [24-26].

Fig. 2 presents the SEM images of pure and rare-earth doped
ZnO nanostructures along with their corresponding EDS
analysis. Different morphologies can be observed depending
on the dopant ion incorporated. The obtained EDS results
confirmed the presence of Er, La and Yb in the final products.
The absence of extra peaks, besides the expectable ones in
nanocrystals, suggests that the obtained products are very pure.
Hedgehog's spikes like nanorods have been obtained for pure

1.00um

Fig. 2. SEM images of pure and rare-earth doped ZnO nanocrystals.
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and La-doped ZnO, but in La-doped ZnO it can be seen that
the elongated particles appear more agglomerated and inter-
crossed, while a few smaller and more isometric particles can
be seen attached to the top of the rods. This last feature might
be attributed to the precipitation of La,O5 in the final product.
The almost similar morphologies obtained for pure and
La-doped ZnO samples strongly suggest that the ZnO lattice
was not much disturbed by the La ions, because their large size
does not fit in the Zn lattice sites.

Doping of ZnO with Er and Yb remarkably changed the
morphology of the nanostructures from nanorod-like to
nanoplate-like. These morphological changes cannot be attrib-
uted to variation in the precipitating conditions, as they were
kept constant to avoid any influence on the nucleation and
crystal growth processes, and on the morphology of precipi-
tated crystals. Therefore, the observed changes can only be
attributed to the effects of dopants, which might act as

structure driving agents through selectively adsorbing onto
ZnO crystalline planes.

Structurally, ZnO has three types of crystalline planes, two
non-polar (2110) and (0110) planes and a polar (0001) basal
plane with Cgy symmetry. The (0001) plane has higher surface
energy and therefore the growth of crystal in c-axis direction is
faster which leads to the formation of nanorod shape crystals
as it is indicated in Fig. 3a. No change in morphology was
observed in the case of La-doped sample. However, a drastic
change from nanorod-like to nanoplate-like occurred upon
doping ZnO with Er and Yb (Fig. 3b). According to several
literature reports, the (0001) surfaces of ZnO with tetrahedral
structure usually expose terminal OH™ ligands to the solution
[27,28]. The presence of the three valence ions instead of Zn**
ions in the ZnO crystal is likely to enhance the adsorption of OH™
ligands onto these basal surfaces. These ligands will prevent
further extensive deposition of Zn species at that surfaces leading

® Dopant

Fig.3. SEM images along with schematic crystal growth of (a) pure and (b) and Yb doped ZnO nanostructures. (c) Schematic crystal disturbance and growth in

lateral directions after doping.
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Fig. 4. Raman spectra of pure and rare-earth doped ZnO nanostructure powders.

Table 1
Phonon modes of all the prepared samples and of typical wurtzite single-
crystal ZnO.

Sample Single ZnO crystal ZnO ZnO-La ZnO-Yb ZnO-Er
E2 (low) 101, 102, 98 98 98 98 97
E2 (high) 437, 437.5, 441 436 437 437 437
Al (TO) 378, 779, 380, 381 377 377 371 371
2-TA (M) 208 200 200 200 199
Al (LO) 574, 576 580 580 580 580
2-E2 (MO) 332 331 331 331 331

to a decreased growth rate of ZnO nanocrystallites along the
c-axis direction. This means that the crystal growth along the
(0001) direction is significantly suppressed under this condition,
whereas the nanocrystallites can still grow sideways along the
(2110) directions. Schematic of crystal structure disturbance of
ZnO lattice with doping has been shown in Fig. 3¢ which shows
crystal growth oriented along lateral directions.

The drastic morphological changes observed for the Er-
doped and Yb-doped ZnO samples can therefore be regarded

a 50

40 4

ZnoO
~---ZnO-Er

30 +

R%

20+

10-

v
300 350 400 450

dR/dr

300 350 ) 400 ) 450
Wavelength / nm
Fig. 5. (a) Diffuse reflectance spectrum of pure and rare-earth doped ZnO nano

powders, and (b) the first derivative of diffuse reflectance as a function of
wavelength.

Table 2
The calculated band gap values for pure and rare-earth doped ZnO nano
powders.

Sample Band gap Shape
ZnO 3.26 Nanorod
ZnO-La 3.22 Nanorod
ZnO-Yb 3.21 Nanoplate
ZnO-Er 3.21 Nanoplate

as a proof of the incorporation of these elements in the ZnO
lattice.

Fig. 4 presents the Raman scattering signals for pure and
doped ZnO powders excited by 532 nm laser. The Raman
spectra of all samples are almost similar and the observed
peaks can be assigned to the optical phonon modes of ZnO
wurtzite crystal structure [29]. The ZnO with wurtzite crystal
structure belongs to the space group of 4C6V (P63mc). There
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are 4 atoms for each unit cell which lead to 12 phonon
branches (9 optical and 3 acoustic), and according to group
theory, the following modes can be predicted for optical modes
[30-32]:

T=A14+2B1+E1+2E2.

There are two silent B1 modes, one E1 branch, one Al
branch and two E2 branches. The E1 and A1 are both infrared-
active and Raman-active, while E2 is only Raman-active.
Among these phonons, E1 and Al have polar symmetry, and
therefore Al and E1 branches split into transverse optical (TO)
and longitudinal optical (LO) components. As it was discussed
earlier, the XRD analysis of the prepared nanostructures
confirmed that all the samples possess hexagonal wurtzite
structure. Therefore, as it is expected and confirmed by Raman
scattering measurements, that all the samples present similar
phonon responses. According to the literature [33], the peaks at
98, 377, 437 and 580 cm™! can be assigned to E2 (low), Al
(TO), E2 (high) and A1 (LO), respectively. On the other hand,
the peaks at 200 and 331 cm™' are second-order phonons
associated with the second-order Raman spectrum due to the
M point phonons 2-TA (M), and 2-E2 (M), respectively.
In comparison with pure ZnO nanorods, the Er-doped ZnO
nanoplates exhibit an extra peak at 160 cm™". It is possible that
the incorporation of Er** into the ZnO lattice produced internal
strain and defects that activated this mode. In addition, the very
sharp E2 (low) and E2 (high) peaks observed for all the
samples (Fig. 4) further confirm that they have good crystal
quality in agreement with XRD results. The nonpolar phonon
modes with E2 symmetry have two frequencies, E2 (high) and
E2 (low) related to Zn sublattice and oxygen atoms [33]. The
phonon modes of all samples and of typical ZnO wurtzite
single-crystal are listed in Table 1. Optical properties of
nanomaterials are totally different from their bulk counterparts
mainly due to the increase of surface-to-volume ratio, special
spatial structures and drastic changes in electronic structure.
However, as it can be seen from Table 1, the prepared
nanostructures have almost the same phonon resonance in
comparison with ZnO bulk single-crystal. This might be due to
the much larger dimensions of the prepared nano particles
when compared with ZnO Bohr radius (2 nm).

The UV-vis reflectance spectrums of samples are presented
in Fig. 5a. A sudden decrease of reflectance intensity at a
wavelength around 380 nm can be observed in all the samples
and a red shift at the same wavelength can be observed in the
rare earth doped ZnO powders. Band gap of semiconductor
material can be estimated through the maximum value of the
plot of the differential reflectance dR/dA versus A (Fig. 5b)
[34]. The obtained values of band gap are listed in Table 2. It
was found that the Eg value for all the samples is smaller than
that of the Eg value for pure ZnO (3.26 eV). This might be due
to lower defect concentration in the crystals of pure ZnO.
Interestingly, it can be seen that the Eg values are also
dependent on the shape of structure. When La was used as a
dopant the rod structure shape with the Eg value of 3.22 eV
was obtained but in the case of Yb and Er dopants the structure

shape is plate-like with Eg value of 3.21 eV. According to
literature [35], ZnO particles with different shapes have
different crystalline defect contents, which have impact on
Eg values. This might be due to the electronic transition from
the filled valence band to energy levels of defects instead of
the electronic transition from the filled valence band to the
empty conduction band which usually happens. In this sense, it
is reasonable to conclude that the substitution of Zn site by
rare-earth ions in ZnO crystal structure (as for Er and Yb) lead
to a plate-like structure with higher amount of defects and
smaller Eg values.

4. Conclusions

Pure and rare earth (La-, Er- and Yb-) doped ZnO nano
powders were successfully prepared by wet precipitation. XRD
analysis showed that La’ion cannot be easily incorporated
into the ZnO crystal structure due to its large ionic size while
Er*and Yb*" enter well in the lattice to replace Zn**. SEM
images showed that the incorporation of rare-earth ions in
crystal structure of ZnO can drastically change the morphology
of ZnO nano particles from nanorod-like to nanoplate-like.
This morphological change could be explained by a decrease
of ZnO crystal growth rate along vertical direction due to
incorporation of Er'™ and Yb*'ions in its crystal structure.
Band gap value of pure ZnO has also changed due to defects
produced with rare-earth doping.
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