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a b s t r a c t

The yellow emission of thermally treated undoped and In doped
ZnO nanostructures was studied by the cathodoluminescence (CL)
technique. CL spectra acquired at room temperature of the as-
grown samples revealed two emissions at about 3.2 eV and 2.13 eV,
corresponding to the near band edge and defect related emissions,
respectively. On annealing the samples at 600 ◦C in Ar and O2
atmospheres, the defect emission suffers a red shift, irrespective
of the annealing atmosphere. This red shift is explained in terms of
variations in the relative intensities of the two component bands
centered at about 2.24 eV and 1.77 eV, which were clearly resolved
in the CL spectra acquired at low temperature of the annealed
samples. A decrease of the relative intensity of the yellow emission
(2.24 eV) was observed for all thermally annealed samples. The
annealing of zinc interstitial point defects is proposed as a possible
mechanism to explain this intensity decrease.

© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

Luminescence properties of ZnOnanostructures have been extensively studied in the last few years
due to their potential applications in the fabrication of highly efficient blue lasers and light-emitting
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diodes [1,2], gas sensors [3,4] and photocatalysts [5]. While the large exciton binding energy of ZnO
(60 meV) facilitates the gain mechanism in such devices, an increase in the number of shallow states
by adequate doping can decrease its excitation energy with better electronic transport. Therefore, a
great effort is being devoted in doping ZnO nanostructures by several impurities like In, Ga, and Sb [6–
9]. Incorporation of impurities in semiconductors, however, regularly produces crystalline defects that
generate undesired luminescence in their radiative spectra.
Different luminescent techniques have been used to characterize the optical properties of defects

in semiconductors, with enough sensitivity even for low concentrations of such defects [10–12]. In
particular, cathodoluminescence (CL) in the scanning electron microscope (SEM) has been applied to
study the spectral and spatial distribution of defect emissions in ZnO nanostructures [13,14]. These
reports indicate that in addition to their morphology, growth orientation and preparation methods,
the defects strongly influence the luminescent behaviour of ZnO nanostructures. The most common
defect related emission in ZnO is the broad green–yellow luminescence centered about of 2.2 eV,
which has been widely attributed to native point defects like oxygen vacancies [15] and intrinsic or
complex defects [16]. Recently we reported the presence of defect states at 2.2 eV above the valence
band in ZnO nanorods grown by the hydrothermal method, and attributed them to point defects
formed by a surface strain relaxation process [17].
Understanding the nature of crystal defects together with their spatial distribution and their

effects on the luminescent properties of the ZnO would enable us to get insight onto the emission
mechanisms in nanostructures. In order to investigate the effects of crystal defects on the luminescent
properties of undoped and In doped ZnO nanostructures, CL microscopy and spectroscopy were used
in this work.

2. Experimental

Undoped and In doped ZnO nanostructured samples were grown by a low-temperature
hydrothermal process following the procedure reported earlier [18]. Briefly, ethylenediamine, zinc
acetate, and sodium hydroxide were used as reactives in the synthesis process at 90 ◦C. For doping,
the desired amount of indium chloride (nominally 0.5, 1.0 and 2.0 mol%) was added to the reaction
mixture. Under our experimental conditions, indiumdoping of ZnO through the hydrothermal process
resulted in the formation of an indium hydroxide phase, which could be dissociated and partially
incorporated into the ZnO nanostructures in elemental form through subsequent annealing at 300 ◦C
in an argon atmosphere for 2 h.
The obtained powder samples were attached to a copper sample holder for EDS and CL analysis in

a Jeol JSM 5300 SEM microscope, with a typical electron beam energy of 15 KeV. CL measurements
were performed at sample temperatures between 100 K and 300 K in the UV–visible spectral range
using a monochromator and a photomultiplier detector for spectral analysis. Samples were given
accumulative thermal treatments in Ar and O2 atmospheres separately. The first treatment was
performed at 400 ◦C for 1 h, followed by a second treatment at 600 ◦C for 1 h in the same atmosphere.

3. Results and discussion

Secondary electron images of doped and undoped samples show a radial growth of tapered needle-
shaped ZnO structures with diameter between 240 and 580 nm, and average length of 6µm grouped
in spherical clusters [Fig. 1(a) and (b)]. Particles of about 400 nm in diameter were also present in the
In-doped samples as a by-product of the synthesis process, which could be easily separated from the
needle-shaped ZnO crystals after a brief sonication in water [Fig. 1(c)]. Such nanoparticles are indium
rich as has been previously reported [18].
CL images of the undoped sample revealed inhomogeneous CL intensity distribution along the

length of the rod-like nanostructures [Fig. 2(a) and (b)] with brighter regions corresponding to a
higher density of point defects, that act as radiative centers analogously to the observations made for
CdSe needles [19]. On the other hand, CL images of In-doped samples showed a more homogeneous
intensity distribution along the ZnO nanorods [Fig. 2(c)–(h)]. To correlate indium content with the
luminescent properties we performed EDS mapping on the samples. Fig. 3 shows a CL image together
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Fig. 1. Typical SEM images of ZnO nanostructures: (a) undoped, (b) 1.0%, and (c) 2.0% nominal indium doping (after a brief
sonication in water).

with EDS maps of Zn, O and In for the 2% In doped sample. Similar images where recorded from the
1% doped sample. As expected, a homogeneous distribution of Zn and O in the sample was observed.
However, very low luminescent emission was observed for the nanostructures with high In content
[arrow in Fig. 3(e)], which is probably due to the formation of non-radiative centers produced by
In incorporation into the ZnO nanostructures. Fig. 3 also shows a particle (labeled A) with almost
no Zn or O content, but with a high concentration of indium and a faint CL emission. Formation of
elemental indium has been reported in heavily In-doped ZnO films grown by spray pyrolysis using
indium chloride as impurity source [20].
In Fig. 4(a) we present the CL spectra of the as-grown samples doped with different nominal

percent of In, showing luminescence quenching that becomes more pronounced with increasing
indium content. There appeared two emission bands centered at about 3.12 and 2.13 eV, which
correspond to the near band edge emission and thewell-knowndefect related yellow emission in ZnO,
respectively. In this study, the CL spectrawere acquiredmaintaining a constant electron-beam current
density of about 1.8 × 10−3 nA/µm2, which permits us to assign any change in the intensity ratio
IUV/Iyell to the variations due only to the electronic transitions in ZnO. Fig. 4(b)–(d) show CL spectra
acquired at room temperature from the samples annealed in Ar atmosphere at 400 ◦C and 600 ◦C,
and in oxygen atmosphere at 600 ◦C, respectively. The increase of IUV/Iyell ratio in these samples with
respect to the un-annealed samples [Fig. 4(a)] is due to a decrease in the density of point defects
responsible for the yellow emission. Independent of the atmosphere used, a red shift of 180 meV at
400 ◦C [Fig. 4(b)] and 230 meV at 600 ◦C [Fig. 4(c) and (d)] for the defect-related emission band were
observed for the annealed samples. On the other hand, the near band edge emission band shifts with
the variation of In concentration. The observed variations in the position of the near band edge band
[Fig. 4(b) and (c)] in indium incorporated annealed samples are possibly due to the variations in the
density of shallow levels after annealing. The red shift of the near band edge emission band in the



424 A. González et al. / Superlattices and Microstructures 45 (2009) 421–428

Fig. 2. SEM images and corresponding panchromatic CL images of undoped (a and b), nominal 0.5% (c and d), 1.0% (e and f),
and 2.0% (g and h) indium doped samples.
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Fig. 3. (a) SEM image of the 2% nominal indium doped sample and (b) corresponding panchromatic CL image. EDS elemental
mapping image of (c) zinc (K and L series), (d) oxygen (K series) and (e) indium (L series).

samples annealed in oxygen [Fig. 4(c)] atmosphere has been attributed previously to indium doping
only [21,22].
Normalized CL spectra acquired at 100 K from the samples annealed in Ar and O2 atmospheres are

presented in Fig. 5. The defect-related band in these samples appeared at about 1.77 eV, with a clear
shoulder at about 2.24 eV for the undoped and 1.0% In doped ones [Fig. 5(a) and (b)].While the 2.24 eV
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Fig. 4. (Color online) CL spectra acquired at room temperature for the ZnO nanostructures: (1) undoped, (2) 0.5%, (3) 1.0% and
(4) 2.0% indium doped. (a) As-grown, (b) annealed at 400 ◦C in Ar atmosphere, (c) annealed at 600 ◦C in Ar atmosphere, and (d)
annealed at 600 ◦C in O2 atmosphere.

shoulder band is prominent for the 1% In doped sample, for 0.5% and 2% doped samples is practically
non-existent. Fig. 5(c) shows a deconvoluted CL spectrum of the defect-related emission for the 1%
In-doped sample, revealing two components centered at about 2.24 and 1.77 eV. The intensity ratio
value of these two components I2.24/I1.77 varied with temperature, reaching a maximum value of 0.9
at 190 K [Fig. 5(d)].
Although the red shift of the defect-related emission after thermal annealing [Fig. 4(b)–(d)] is

attributed to a reduction of radiative point defects in the samples, Fig. 5(a) and (b) reveal beside that
this red shift is produced along with a decrease in the relative intensity of the 2.24 eV band. This last
effect indicates that the defects responsible of this yellow band are reduced considerably after the
thermal treatments, independent of atmosphere used. The formation of this 2.24 eV emission band
has been attributed to electronic transitions between deep levels introduced by interstitial oxygen
point defects [23]. Wu et al. have suggested that this emission is produced by the recombination
of delocalized electrons close to the conduction band with deeply trapped holes in the Oi− point
defect levels [24]. Since a thermal treatment at 600 ◦C in oxygen atmosphere can result in oxygen
incorporation into the ZnO lattice, an increase of Oi concentration is expected. We believe some other
types of point defects are also responsible for the yellow emission. Radoi et al. [25] have reported a
decrease of yellow emission intensity by aging ZnO sample and associated it to the annealing out or
rearrangement of the defects responsible for this band by relaxation of stress. Thermal treatment in
our samples, either in inert or in oxidative atmosphere results in the decrease of the yellow emission
intensity, apparently with similar efficiency since in both the cases the I2.24/I1.77 ratio is similar
[Fig. 5(a) and (b)]. Since the decrease of yellowband intensity occurs even for annealing at temperature
as low as 400 ◦C [Fig. 4(b)], it is clear that the thermal treatments in Ar and O2 produce efficient
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Fig. 5. (Color online) Low temperature (100 K) CL spectra of the samples with different % of In and annealed at 600 ◦C in (a)
Ar and (b) O2 atmospheres. (c) Deconvoluted defect-band showing two components centered at about 2.24 and 1.77 eV. (d) CL
spectra acquired at different temperatures for the 1% In doped sample after annealing at 600 ◦C in Ar atmosphere.

annealing of yellow-related point defects in ZnO. Recently Erhart and Albe [26] have reported that Zni
are the most mobile defects in ZnO and could be annealed out at temperatures as low as 90–130 K, in
agreement with previous reports that reveal high diffusivity of this native defect [27,28]. We propose
that the quenching of yellow emission in our annealed samples is due to the annealing of Zni defects.
Finally, the red emission centered at 1.77 eV also revealed a decrease in their relative intensity after
the thermal treatments [Fig. 4(b)–(d)]. Although this emission has been related to the presence of
interstitial zinc [29,30], it has also been assigned to interstitial oxygen [31]. As can be seen from the
Fig. 5(a) and (b), the annealing treatments eliminate the yellow emission related point defects more
efficiently than the red emission related point defects, which apparently suggests that the interstitial
oxygen atoms do not participate in the generation of the red-emission. Further studies are required
to determinate the defects responsible for this emission.

4. Conclusions

Doped and undoped ZnO nanostructures with nominal 0.5, 1.0, and 2.0 mol% indium doping were
grown by a low temperature hydrothermal technique. Quenching of CL emission occurs in the doped
samples either due to the reduction of radiative point defects or by the formation of non-radiative
defects. CL spectra of the as-grown samples reveal a broad defect emission band at about 2.12 eV
apart from the near band edge emission at 3.2 eV. On annealing the samples at 400 ◦C and 600 ◦C
either in Ar and O2 atmospheres, the defect band shifts towards longer wavelength along with a
reduction of intensity. The red shift of the broad defect-related band could be explained in terms of
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the variation of relative intensities of its two component bands (at about 2.24 and 1.77 eV) that make
up the broad band. On thermal annealing, the relative intensity of the yellow band centered at about
2.24 eV decreases due to the reduction of interstitial zinc in the samples.
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