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Observation of the defect states in individual Co-doped ZnO dilute
magnetic semiconducting nanostructures by electron
energy-loss spectroscopy
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Defects play a crucial role in room temperature ferromagnetism of dilute magnetic semiconductors. Using valence electron
energy-loss spectroscopy (EELS), it was found that the band gap of Co-doped ZnO was smaller than undoped ZnO and some mid-
gap states appeared. Using core-loss EELS, the fine structures of the O K-edge exhibit material-specific defect features in the oxygen
spectra. The EELS measurements with super high spatial resolution provide unambiguous indications that defects are presented in

Co-doped ZnO nanostructures.
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The zinc oxide (ZnO) based dilute magnetic semi-
conductor (DMS) has attracted intense research interest
as a promising candidate for spintronic materials. Exten-
sive studies on the magnetic properties of ZnO-based
semiconductors have been reported [1-6]. However, the
nature of the magnetic interactions of ZnO-based semi-
conductors is very controversial and has attracted global
interest as a critical point in the current DMS field. Dif-
ferent mechanisms have been proposed to explain the
origin of ferromagnetism in transition-metal-doped
ZnO [7-9]. Among them, the bound magnetic polaron
theory plays a key role in understanding the ferromagne-
tism observed in ZnO-based semiconductors. Defects
introduced into ZnO-based DMS system during sample
preparation, including O vacancies [10-12], Zn vacancies
[13] and Zn interstitials [14,15], might be responsible
for the promotion of ferromagnetism. However, it is
very difficult to observe such defects experimentally.
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Although dozens of articles have mentioned such defects,
hardly any of them have provided any direct evidence for
the presence of defects in DMS. This is particularly
difficult to do in the nanostructured ZnO systems due
to the non-uniform characteristic of the nanosamples.
Macroscopic measurements must be performed on a
large quantity of nanostructures. Also, the observation
of a defect at the macroscopic scale does not mean
the presence of such a defect in the individual
nanostructures.

Defects can impart defects states to the electronic
structures of host semiconductors and drive the func-
tionality of the materials. Identifying and positioning
these defect states provides an alternative way to show
the defect in an ZnO-based DMS system. However, it
is apparently not easy to unambiguously depict the de-
fect states experimentally, and particularly positioning
them in the electronic structures of individual DMS
nanostructures, due to the lack of a spectroscopic probe
that possesses both nanometer spatial resolution and
chemical resolution. Electron energy-loss spectroscopy
(EELS), combined with transmission electron micros-
copy (TEM), has super high spatial resolution and can
be used to study individual nanostructures. However,
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in general, the energy resolution of EELS is limited to
~0.8 eV, which is too low to detect the presence of a de-
fect state in an individual nanostructure. Remarkably, in
the past two years, the energy resolution of EELS has
improved greatly (about 0.2-0.3 eV) as a result of the
application of a monochromator. Valence EELS pos-
sesses near-optical energy resolution and can be used
to reproduce the bandgap of semiconductors reliably.
The fine structures of core-loss EELS provide detailed
environmental information about localized atoms. Here,
we employed an EELS-related technique to investigate
the defect states in individual Co-doped ZnO nanostruc-
tures. The measured valence EELS and the O K near-
edge fine structure are found to exhibit different spectral
features between Co-doped ZnO and undoped ZnO.
The presence of defect states in individual Co-doped
ZnO DMS nanostructures is identified experimentally,
providing evidence that defects play a crucial role in
the room-temperature ferromagnetism of nanostruc-
tured DMS systems.

The studied Co-doped ZnO nanoparticles were syn-
thesized by a simple solvothermal technique [16,17].
The samples demonstrated robust high-temperature
(300 K) ferromagnetic behavior, which has been proved
to be an intrinsic property of the individual nanostruc-
tures using an atom location by channeling enhanced
microanalysis, EELS and electron magnetic chiral
dichroism method [16]. The sample with a Co concentra-
tion of ~5.6% was chosen for the EELS measurement as
it provided the best signal-to-noise ratio. The micro-
structures of the samples were examined using various
TEM-related techniques. Spherical aberration-corrected
scanning transmission electron microscopy (STEM) was
performed using a JEOL 2100F transmission electron
microscope equipped with a CEOS (Heidelberg, Ger-
many) probe aberration corrector. The EELS experi-
ments were performed using a post-column Gatan
Imaging Filter system attached to a Titan microscope
(Titan G2 60-300) with energy resolutions of ~0.3 and
1.0 eV for valence and core-loss EELS, respectively.

The typical morphologies of the Co-doped ZnO
nanostructures are shown in Figure la. Selected area
electron diffraction (SAED) patterns taken from individ-
ual nanostructures reveal their single crystalline hexago-
nal structure, which is further confirmed by the
corresponding high-resolution images (not shown here).
Some streak-like lines are observed in the SAED pat-
terns, indicating the possible presence of defects in the
studied specimen. The local chemical compositions of
the samples are characterized by energy-dispersive
X-ray spectroscopy (EDS) using a ~1nm electron
probe. In each of the samples, EDS was performed at
several different locations with similar chemical compo-
sitions (Zn, O, Co) identified, suggesting that the dopant
ions were distributed uniformly. No clustering of the Co
is observed in the samples and the Co concentration is
estimated as ~5.6%. Spherical aberration-corrected
STEM has showed its potential for mapping point de-
fects, which is capable of spatial sub-angstrom resolu-
tion [18]. Therefore, to visualize the defect in the
system, the aberration-corrected STEM technique was
employed. Figure 1c shows the high-angle annular
dark-field (HAADF) image and Figure 1d shows the
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Figure 1. (a) Low-magnification TEM images of the Co-doped ZnO
sample; (b) the corresponding selected area electron diffraction pattern;
(c, d) HAADF and ABF images taken from the Co-doped ZnO
nanostructure. The insets in (c) and (d) are the atom arrangements of
Co-doped ZnO along the [2-1-10] direction.

annular bright-field (ABF) image along the [2-1-10]
direction recorded from the nanostructures. Note that
the contrast of the HAADF i 1mage exhibits a Z'7 depen-
dence, as compared with a Z'> for the ABF image with
respect to the atomic number Z [19,20]. The atomic col-
umns shown in Figure Ic and d have direct correspon-
dence with the atoms in the perfect lattice structure of
Co-doped ZnO (shown as insets in Fig. 1c and d). The
Zn and O columns can be identified clearly based on
the contrast, while Zn (Z = 30) and Co (Z = 27) atoms
cannot be identified because of their similar atomic
numbers and the low doping concentration of Co. No
second phases or defect structures, such as O vacancies
or Zn interstitials, were observed in the HAADF and
ABF images, suggesting that the concentration of the
defects may be below the lowest detection limit of the
techniques.

The raw valence EELS spectrum recorded from the
individual Co-doped ZnO nanostructures is shown as
an inset in Figure 2a and the loss function obtained from
the raw spectrum by removing the plural scattering
using a direct deconvolution method [21] is shown in
Figure 2a. For comparison, the raw valence EELS spec-
trum acquired from the undoped ZnO is shown as an in-
set in Figure 2b and the corresponding loss function is
shown in Figure 2b. The three Co dopant characteristic
states (marked by “x”) identified by Wang et al. [17] are
clearly seen in the present spectrum (Fig. 2a). (Note that
Wang et al. cut their EELS spectra before 5 eV, so the
spectra in this range are our focus on in the discussion
below.)

There are two obvious differences when comparing
the loss functions of Co-doped ZnO with those of un-
doped ZnO. First, the band gap of the Co-doped ZnO
is slightly smaller than that of undoped ZnO, as shown
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