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Abstract. Cathodoluminescence (CL) quenching was observed in ZnO nanostructures when doped
with Yb by both chemical and physical methods. CL spectra of the samples revealed a defect
emission at 2.25 eV in samples prepared by the chemical method, and an emission at 2.5 eV in
samples prepared by the physical method. From the thermal treatment studies, it was found that
oxygen vacancies are responsible for the 2.5 eV emission. Observed CL quenching in ZnO is

explained through the participation of point defects in the energy transfer process from ZnO to
Yb'".

Introduction

Recently, semiconductor nanostructures have generated a great interest because they afford an
ability to control defect states by changing the particle shapes and sizes. Luminescence properties of
ZnO nanostructures have been extensively studied in the last several years keeping in mind their
applications as field emitters and light emitting devices [1,2]. While the large exciton binding
energy (60 meV) of ZnO facilitates the gain mechanism of such devices, the relatively easy
synthesis of ZnO in nanostructure forms is the other reason for the enhanced interest in the study of
its optical properties. Studies of the incorporation of rare earth (RE) ions in ZnO nanostructures
have been reported recently [3-6]. The RE ions produce sharp and intense emission lines due their
4f intrashell electronic transitions. The luminescence properties of the RE ions depends on the band
gap energy of the host semiconductor [7], and on the symmetry center occupied by the RE ion in
the host [8,9]. Although, Yb*" ions have been successfully incorporated in other semiconductors
such as GaN [10,11], which possess similar crystallographic and optical properties to ZnO, there are
very few reports related to incorporation of Yb*" in ZnO. Recently U. Pal et al. [6] have reported a
thermoluminescence study of ZnO:Yb nanophosphors exposed to beta radiation. They have shown
that these materials exhibit low thermoluminescence fading due to the presence of electronic trap
states. Defects in semiconductors introduce trap states, which can affect the optical activation of the
RE by energy absorption [12,13]. However, in a slow energy transfer process such as from ZnO
host to Eu®", some defects apparently participate as storage centers to transfer the energy at long
time periods [5].

In the present work, cathodoluminescence (CL) microscopy and spectroscopy are used to
investigate the effect of Yb doping on the defect structures in ZnO nanostructures. Effect of Yb
doping through chemical and physical processes in ZnO nanostructures on their CL emissions are
studied. Participation of defects in the energy transfer process from the ZnO host to Yb is discussed.
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Experimental

For the chemical doping, ZnO nanostructures were grown by a glycol mediated chemical synthesis.
In a typical synthesis process, 0.025M of anhydrous zinc acetate [(C;H30,),Zn, Aldrich, 99.99%]
was added to 1M of ethyleneglycol (Baker) in a round bottom flux and heated at 440 K temperature
for 2 h. After cooling to room temperature (RT), the white mixture was filtered and washed by
ethanol and water repeatedly and dried at RT. For Yb doping, YbCl;-6H,O (Alfa Aesar, 99.9%) of
1 and 5 mol % (nominal) was added to the reaction mixture before heating.

For physical doping, ZnO powder (Alfa-Aeser 99.9%) was mixed with nominal 2 and 10
mol % of YbCl;-6H,O (Alfa Aesar, 99.9 %) and ground in an agate mortar; followed by thermal
annealing at 150 °C in Ar atmosphere for 5 h. Finally, the samples were washed with distillated
water.

All the samples were analyzed by energy dispersive spectroscopy (EDS), secondary electron
and CL modes of SEM, and CL spectroscopy, using a Jeol JSM 5300 scanning electron microscope
(SEM). For CL-SEM analysis of the samples, electron beam energy of 15 keV and beam current of
27 nA were used. CL measurements were performed at sample temperature of 100 K in the UV-
visible spectral range, using a Hamamatsu R928P photomultiplier. A SPEX 340-E computer-
controlled monochromator was used for spectral analysis.

Composition of the samples was studied by x-ray photoelectron spectroscopy (XPS), using a
non-monochromatic Al K, x-ray line (1486.6 eV) of SAM-PHI 548 system. The energy scale was
pre-calibrated using the reference binding energies of Cu 2ps;, (932.67 eV), and Ag 3ds, (368.26
eV) lines.

Results

Secondary electron images of the chemically prepared samples reveal the formation of spherical
particles of diameters between 200 and 1000 nm [Fig. 1(a)]. Incorporation of Yb affected negatively
the size and shape control of the particles. Formation of some bigger clusters in Yb doped samples,
apparently by the agglomeration of smaller nanoparticles can be seen in the inset of Fig 1(b). In
general, the average particle size of the glycol-mediated ZnO nanoparticles decreased a bit on Yb
doping. The Yb contents in doped samples estimated by EDS (not presented) were about 0.5 and
0.8 atom %, respectively.
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Figure 1. SEM images of ZnO nanoparticles synthesized by the chemical method: (a) undoped, (b)
2% Yb doped, and (c) 5% Yb doped.

CL spectra of the chemically synthesized nanostructures revealed 3.21 and 2.25 eV emission
bands, which correspond to the near band edge emission and defect related yellow emission in ZnO
(Fig. 2). The relative intensities of the emission bands, Iyv/Iyeiow, were about 11.7, 5.8, and 0.9 for
the undoped, 1% Yb doped and 5% Yb doped samples, respectively. A quenching of the near band
edge emission on incorporation of Yb can be noticed, which is more evident 5% Yb doped sample.
A slight increase of the yellow emission intensity was observed for the 5% Yb doped sample. CL
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images show an inhomogeneous luminescence distribution for all the samples (Fig. 3). While the
undoped ZnO exhibits intense CL emission from the nanoparticles [Fig. 3(a) and (b)], Yb doped
samples exhibit low emissions from smaller nanoparticles and high emission from bigger ones [Fig

3(e) and (f)].

Intensity (a.u.)

Figure 2. CL spectra of ZnO
nanoparticles doped with different Yb
contents: (a) undoped, (b) 2% Yb doped,
and (c) 5% Yb doped.

During physical preparation, XRD spectra were acquired at different steps to monitor the
formation of other compounds beside ZnO. After grinding pure ZnO with YbCl;-6H,0 and before
thermal treatment, there appeared no XRD peak related to YbCls (spectrum c, Fig. 4). However,
there appeared several weak peaks superimposed on the ZnO spectrum (indicated by arrows in the
spectrum c), which were not identified. Presence of chlorate compounds in the annealed samples
was revealed by XPS measurements (discussed below). After thermal treatment of the doped
samples, their XRD spectra revealed only peaks related to ZnO (spectra d and e, Fig. 4).

Figure 3. SEM and
corresponding  panchromatic
CL 1images of chemically
prepared ZnO nanoparticles:
(a-b) undoped, (c-d) 1% Yb
doped, and (e-f) 5% Yb
doped.

CL spectrum of pure ZnO show emission bands at around 3.16 and 2.5 eV, which
correspond to the band edge emission and the well know defect related green emission [curve 1 in
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Fig. 5(a)] of ZnO, respectively. On grinding the pure ZnO, the CL spectrum revealed a red-shift of
band edge emission along with a drastic reduction of defect emission intensity [curve 2 in Fig. 5(a)].
This last effect was also observed for the pure ZnO sample after annealing at 700 °C for 5 h,
although with a small blue-shift of band edge emission as shown as the curve 3 in Fig. 5(a).
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gp 598 g £ s (b) undoped ZnO, (c) 10% Yb doped ZnO
T e before thermal annealing; (d) 2% Yb doped
and (e) 10% Yb doped ZnO annealed in Ar at
150 °C by 5 h.
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Figure 5. (a) Normalized CL spectra of undoped ZnO (curve 1), undoped ZnO grinded (curve 2)
and ZnO annealed in O, atmosphere at 700 °C (curve 3). (b) CL spectra of undoped, 2% Yb doped,
and 10% Yb doped ZnO, after annealing at 150 °C in Ar.

CL spectra of the Yb doped and annealed ZnO samples revealed the quenching of the green
emission along with the reduction of band edge emission intensity [Fig. 5(b)], in analogy with the
samples prepared chemically. In physically prepared samples, however, a blue-shift of band edge
emission from 3.16 to 3.19 eV occurs during the Yb incorporation process. The CL images
revealed a similar CL contrast (distribution of bright and dark particles) for the pure and Yb doped
Zn0O samples (Fig. 6).
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Figure 6. Typical (a) SEM
and (b) panchromatic CL
image of ZnO nanostructures
doped with 10% Yb through
physical method.

Figure 7. Deconvoluted oxygen peak
in the XPS spectrum of physically
prepared and annealed 10% Yb doped
Zn0, showing three components at
5299, 532.3, and 534 eV, which
correspond to ZnO, (ClO3)" ions and
CO,, respectively.

Intensity (a.u.)

538 536 534 532 530 528 526
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XPS measurements on the sample doped with 10% Yb revealed about 4.0, 43.0, 45.1, and
7.8 at % of Yb, Zn, O and Cl, respectively. High resolution XPS measurements on the oxygen
signal recorded a component centered around 532.3 eV (Fig. 7), which suggest the presence of
chlorate ions [(ClO;) ] in the doped samples after thermal treatment.

Discussion

The ZnO samples studied here contain different structural defects, as revealed from their CL
spectra. The chemically prepared samples show a weak yellow emission, which increases with the
increase of Yb content (Fig. 2). This emission has been related to the oxygen interstitial type point
defects in ZnO [14]. CL spectra of physically Yb doped ZnO revealed the presence of the well
known green emission (2.5 eV), which has been assigned to the point defects originating mainly
from oxygen vacancies (Vo) [15]. Quenching of the green emission in undoped ZnO either by
thermal annealing in oxygen or by mechanically grinding in air is due to incorporation of oxygen
and reduction of Vg [Fig. 5(a)]. Analogously, suppression of Vg in ZnO is expected by the milling
with YbCls, although incorporation of oxygen in the mixture apparently produce chlorates
compounds such revealed the XPS measurements (Fig. 7).

Our results show that the CL emissions of ZnO nanostructures quench on Yb incorporation,
either by physical or by chemical method. Similar effect has been observed in Yb doped GaAs [16]
and GaSb [17], where, apparently the deep electron traps affect the energy transfer process from the
host to Yb*". However, in ZnO, it has been observed that the quenching of their luminescence by
the incorporation of Eu’" is due to activation of RE ions through an energy transfer process from
ZnO host [18]. In general, the energy transfer from ZnO to the rare earth ions is small. As has been
explained by Jia et al. [5], since the lifetime of excitons is very short (~ several hundred
picoseconds), and the energy transfer rate to the rare earth is of 10’ per second, not much energy
can be absorbed by the rare earth ions during exciton recombinations. They have proposed that the
energy transfer from ZnO to Eu’" increases by the participation of defects, which apparently act as
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energy storage centers, permitting the energy to be transferred to the RE ions in a reasonably long
time period. The possible participation of the defects in the energy transfer to the Yb*" in the
samples prepared chemically is not very clear. An integral CL quenching of the ZnO is expected in
the energy transfer process, as occurred in the Yb doped samples prepared physically. While the
green emission originating principally from oxygen vacancies, has a short lifetime of about 200 ps
[19], the yellow emission present a long lifetime [20]. As reported by Kahn et al. [21], in ZnO
nanoparticles of 4 nm, the yellow emission life time is about 1850 ns. While the defects related with
the yellow emission present longer lifetime, and could participate as energy storage centers and
transfer energy to the Yb>* slowly; instead of quenching, the intensity of this emission increased on
Yb doping for the chemically prepared sample (Fig. 2). On the other hand, although the defects
related to the green emission (in mechanically prepared samples) could participate in the energy
transfer process, a low efficiency process is expected since their lifetime is similar to the lifetime of
excitons in ZnO. In general, weak energy transfer implies weak interaction between the conduction
electrons and doping ions. As the lifetime of excitons in ZnO is very short (~ hundreds of
picoseconds), and the energy transfer rate for rare earths is ~ 10’ per second [5], most of the energy
will be released through other channels before the excitation energy transfer from the host to the
doping ions. Moreover, we could not detect the emission related to Yb>" interband transition *F;,
— 2Fsj, (at about 1000 nm) [11] in our samples using a Si photodiode as detector. While some
energy storage centers can be created in ZnO by Yb doping, Yb*" possibly will bring more anions
into the host lattice, reducing the concentration of oxygen vacancies, and hence reducing the green
emission. Therefore, the Yb doping in ZnO forms deep electron traps in the band gap, which do not
favor the transfer of energy to excite Yb*" ions, but capture electrons from the shallow donor levels
close to the conduction band.

Conclusions

Quenching of integrated CL intensity occurred in ZnO nanostructures upon doping with Yb either
by physical or by chemical methods. While the yellow emission at about 2.25 eV related to oxygen
interstitial type point defects was the dominant defect band in the chemically prepared ZnO
nanostructures, oxygen vacancy-related green emission at about 2.5 eV was the main defect band in
physically prepared ZnO nanostructures. Participation of the point defects in the energy transfer
process from ZnO to RE ions apparently can not explain the observed quenching of CL emissions in
ZnO nanostructures. Incorporation of Yb** into the ZnO lattice possibly reduces the concentration
of oxygen vacancies, causing a reduction of the green emission. Quenching of integrated CL
intensity in Yb doped ZnO nanostructures is due to the formation of deep electron traps in the band
gap which capture electrons from the shallow donor levels close to the conduction band.
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