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Comparison of the electronic structures of Zn1−xCoxO and Zn1−xMgxO
nanorods using x-ray absorption and scanning photoelectron microscopies
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X-ray absorption near-edge structure �XANES� and scanning photoelectron microscopy �SPEM�
measurements have been performed for Zn1−xCoxO and Zn1−xMgxO to elucidate the effects of the
doping of Co and Mg, which have very different electronegativities, on the electronic structures of
ZnO nanorods. The intensities of O K-edge near-edge features in the XANES spectra of Zn1−xCoxO
and Zn1−xMgxO nanorods are found to be lower than those of ZnO, which suggests that both Co and
Mg substitutions of the Zn ions enhance the effective charge on the O ion. The valence-band SPEM
measurements show that Mg doping does not increase the density of near-Fermi-level states, which
implies that Mg doping will not improve field emission of ZnO nanorods. It is surprising to find that
both Co and Mg substitutions of Zn increase the numbers of O 2p dominated valence-band states,
despite that Co and Mg have larger and smaller electronegativities than that of Zn. © 2006
American Institute of Physics. �DOI: 10.1063/1.2240108�
II-VI semiconductor zinc oxide �ZnO�, which can be
tuned by doping with suitable doping elements, has been
investigated extensively in recent years because of funda-
mental and technological importance.1–5 Diluted magnetic
semiconductors �DMSs� such as Zn1−xCoxO have attracted
much interest because it has great potential in future spin-
tronics applications.6,7 Various studies have been conducted
to resolve the controversy concerning the origin of ferromag-
netism in DMSs.8,9 Chiou et al. investigated the electronic
structure of highly oriented ZnO nanorods using x-ray ab-
sorption near-edge structure �XANES� and scanning photo-
electron microscopy �SPEM� techniques.10,11 More recently,
Chiou et al. suggested that the room-temperature ferromag-
netism in Zn1−xCoxO nanorods is strongly related to the
transfer of electrons from deep defect states to valence-band
Co 3d orbitals.12 On the other hand, the Mg doped
Zn1−xMgxO nanowires were found to show sensitivity of the
band gap with the Mg content, which indicated that this ma-
terial can be a key material for tunable electronic and optical
nanodevices.13 The microscopic chemical homogeneity of
Zn1−xMgxO nanostructures was argued to determine the use-
fulness in their applications.14 Yang et al. demonstrated the
potential of ZnO for simple, low-cost applications and
showed that the use of Zn1−xMgxO alloy reduces the residual
n-type conductivity associated with defect donor states.15

Both Co and Mg atoms have two valence s electrons; the
difference between Co and Mg dopants is the magnetic-
property-related extra valence d electrons in the Co ions.
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Since Co has a larger electronegativity �1.88�,16 while Mg
has a smaller electronegativity �1.31� than that of Zn
�1.65�,16 it is interesting to know the differences in their in-
fluence on the electronic properties of ZnO nanorods.

O K-, Zn L3-, Co L3,2- and Mg K-edges XANES and
SPEM spectra were obtained at the National Synchrotron
Radiation Research Center �NSRRC� in Hsinchu, Taiwan.
Low-temperature chemical vapor deposition was employed
to prepare well-aligned Zn1−xCoxO and Zn1−xMgxO nanorods
without a catalyst on the Si�100� substrate. Structural char-
acterization of Zn1−xCoxO and Zn1−xMgxO nanorods has
been performed using high-resolution transmission electron
microscopy �HRTEM�. The cross-sectional dark-field images
of the nanorods indicate that Zn1−xCoxO and Zn1−xMgxO na-
norods have a single-phase structure. HRTEM analyses of
the bottom, middle, and top regions of those nanorods show
the absence of segregated clusters of impurity phase through-
out the nanorods. Details of the preparation are presented
elsewhere.17,18 The size distribution of the nanorods was ex-
amined using a scanning electron microscopy �SEM�.
Zn1−xCoxO �x=0, 0.06, and 0.08� and Zn1−xMgxO �x=0.03
and 0.10� nanorods were determined to have diameters of
80±20 and 50±10 nm and lengths of 540±50 and
300±50 nm, respectively. These well-aligned nanorods have
a hexagonal �wurtzite� structure and are oriented along the c
axis, as shown by the SEM micrographs of the Zn0.92Co0.08O
and Zn0.97Mg0.03O nanorods in Figs. 1�a� and 1�b�, respec-
tively. Figure 1 displays x-ray diffraction �XRD� measure-
ments of the Zn1−xCoxO and Zn1−xMgxO nanorods and the
MgO and CoO powders and the Co- and Mg-metal refer-

ences. The Zn1−xCoxO and Zn1−xMgxO nanorods have a pre-

© 2006 American Institute of Physics1-1
 AIP license or copyright; see http://apl.aip.org/apl/copyright.jsp

http://dx.doi.org/10.1063/1.2240108
http://dx.doi.org/10.1063/1.2240108
http://dx.doi.org/10.1063/1.2240108


043121-2 Chiou et al. Appl. Phys. Lett. 89, 043121 �2006�
dominant reflection of �002� at �34°, revealing that Co
and/or Mg doping does not change the hexagonal �wurtzite�
structure of the ZnO host. The XRD spectra of Zn1−xCoxO
�Zn1−xMgxO� nanorods did not exhibit any significant char-
acteristic Bragg peak of CoO or Co metal �MgO or Mg
metal�, which excludes significant CoO �MgO� phase segre-
gation and formation of Co-metal �Mg-metal� clusters/
precipitates in the Zn1−xCoxO �Zn1−xMgxO� nanorods.

Figure 2 presents normalized O K-edge XANES spectra
of Zn1−xCoxO and Zn1−xMgxO nanorods. Features A1–E1 of
Zn1−xCoxO and Zn1−xMgxO are attributable to electron tran-
sition from O 1s to 2p� �along the bilayer� and O 2p� �along
the c axis� states.10,11 The fact that the intensities of these
features are lower than those of ZnO �clearly seen in the
upper inset� shows that the number of unoccupied O
2p-derived states is reduced, which can be interpreted as
transfer of electrons from Co and Mg dopants to O 2p states
due to O 2p–Co 3d and O 2p–Mg 3sp hybridizations in
Zn1−xCoxO and Zn1−xMgxO nanorods, respectively. The as-

FIG. 1. XRD measurements of the well-aligned Zn1−xCoxO and Zn1−xMgxO
nanorods and references MgO, CoO, Co, and Mg metals �on the logarithmic
scale�. Insets ��a� and �b�� display SEM images of Zn1−xCoxO �x=0.08� and
Zn1−xMgxO �x=0.03� nanorods.

FIG. 2. Normalized O K-edge XANES spectra of Zn1−xCoxO and
Zn1−xMgxO nanorods. The upper inset shows magnified view of A1 and B1

features of the Zn1−xCoxO and Zn1−xMgxO nanorods. The lower inset pre-
sents normalized Zn L3-edge spectra of Zn1−xCoxO and Zn1−xMgxO

nanorods.
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signment of hybridization between O and Mg atoms in
Zn1−xMgxO nanorods is inferred from first-principles pseudo-
potential calculations for bulk Zn1−xMgxO with the local-
density approximation; details of the computation are pre-
sented elsewhere.19 The upper inset clearly shows that the
decrease of the intensities of features A1 and B1 in
Zn1−xCoxO exceeds those of Zn1−xMgxO. The inset also
shows that the intensities of these features decrease roughly
linear with the increase of the Co concentration for
Zn1−xCoxO nanorods. As for Zn1−xMgxO nanorods, the de-
crease of the intensities of features A1 and B1 tends to satu-
rate especially for feature A1. The decrease of the O K-edge
XANES intensity implies an increase of the O 2p-orbital
occupation or the negative effective charge on the O ions.
The increase of the effective charge of the O ion by Mg
doping is understandable because Mg has a much lower elec-
tronegativity than that of Zn �1.31 vs 1.65�,16 which de-
creases the average electronegativity of cations. However,
Co has a larger electronegativity than that of Zn �1.88 vs
1.65�;16 the increase of the effective charge of the O ions
may be due to that the O 2p and Co 3d hybridizations lowers
the energies of O 2p orbitals. The lower inset in Fig. 2 dis-
plays the normalized Zn L3-edge XANES spectra of
Zn1−xCoxO and Zn1−xMgxO nanorods. The intensity of the
Zn L3-edge near-edge features in Zn1−xCoxO and Zn1−xMgxO
nanorods, which are associated with transition of electrons
from Zn 2p states to unoccupied Zn 4s3d states,10,11 in-
creases noticeably relative to that of the ZnO host for
Zn1−xCoxO, which indicates a slight decrease of the electron
charge on Zn ions and may be due to the loss of a small
fraction of its electrons to Co ions because Co has a larger
electronegativity. However, it is not clear why the intensities
are insensitive to Mg doping, despite a much smaller elec-
tronegativity of Mg.

Figure 3�a� presents normalized Mg K-edge XANES
spectra of Zn1−xMgxO nanorods, MgO, and Mg metal. Spec-
tral line shapes of the Mg metal clearly differ from those of
the Zn1−xMgxO and MgO samples. According to the dipole
transition selection rule, the main near-edge features of
Zn1−xMgxO are associated primarily with transition of elec-
trons from Mg 1s to 3p unoccupied states. The intensities of
these features clearly increase with x for Zn1−xMgxO nano-
rods. Since the shapes of these features are similar to those of
MgO, the dependence of the intensities on x suggests that the
increase of the number of unoccupied Mg 3p-derived states
with x is due to increased Mg 3p–O 2p hybridization. Figure
3�b� presents normalized Co L3,2-edge XANES spectra of
Zn1−xCoxO nanorods, CoO, and Co metal, for transition of
electrons from Co 2p3/2 �L3� and 2p1/2 �L2� states to unoccu-
pied Co 3d and 4s states. The general line shapes of the Co
L3,2-edge XANES spectra of the Zn1−xCoxO nanorods are

20,21

FIG. 3. �a� Normalized Mg K-edge XANES spectra of Zn1−xMgxO nano-
rods, MgO, and Mg metal. �b� shows Co L3,2-edge spectra of Zn1−xCoxO
nanorods, CoO, and Co metal.
similar to those of polycrystalline Zn1−xCoxO bulk/film,
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but differ clearly from those of CoO and the Co metal.
Figure 4 displays spatially resolved valence-band photo-

emission spectra of Zn1−xCoxO and Zn1−xMgxO nanorods.
The upper inset in the figure shows the Zn 3d SPEM cross-
sectional images of the selected nanorods for x=0.03
Zn1−xMgxO, x=0.08 Zn1−xCoxO, and pure ZnO, respectively.
The bright areas in the SPEM images correspond to the na-
norods with the maximum Zn 3d intensity. The valence-band
photoemission spectra presented in Fig. 4 shows the photo-
electron yields from sidewall regions p, q, and r in respective
nanorods. The zero energy refers to the valence-band maxi-
mum �VBM�, which is the threshold of the emission spec-
trum and is also the Fermi level �Ef�. The prominent feature
at �4.5 eV �feature B2� in the spectra is dominated by the
occupied O 2p states and that at �7.3 eV �feature C2� is
associated with the O 2p and Zn 3d /4sp hybridized states of
the ZnO nanorods.10,11 The figure shows that the intensities
of these two features for Zn1−xCoxO and Zn1−xMgxO increase
with x. A shoulder �feature A2� centered at �2.2 eV below
VBM exists for Zn1−xCoxO �x�0� nanorods, but is absent
for Zn1−xMgxO, which indicates that it is associated with the
Co 3d partial density of states �DOS�.20,21 Near the bottom of
Fig. 4 shows the difference valence-band spectra of
Zn1−xCoxO and Zn1−xMgxO relative to that of ZnO nanorods,
which are attributable to Co 3d and 4sp and Mg 3sp DOSs
for Zn1−xCoxO and Zn1−xMgxO �Ref. 19� nanorods, respec-
tively. The intensity of feature A2 increases with the Co con-
centration, which provides an evidence of the presence of Co
3d states near/below the VBM for Zn1−xCoxO. The theoreti-
cal calculations of Sato and Katayama-Yoshida correlated the
ferromagnetism in Zn1−xCoxO nanorods with a high DOS of
Co 3d minority-spin states at/near Ef.

22 Chiou et al.12 sug-
gested that ferromagnetism in Zn1−xCoxO nanorods is related
to the coupling between Co 3d moments and deep defect
states near/below VBM or Ef, which induces ferromagnetic
spin-spin interactions between Co atoms. Note that the
n-type deep defect states, such as oxygen vacancies, are
readily present in naturally grown ZnO.23 Defects have been
argued to tend to form bound magnetic polarons that coupled
with the Co 3d spin moments within its orbits, and the over-

FIG. 4. Valence-band photoemission spectra obtained from selected posi-
tions p, q, and r shown in the upper inset, which present the Zn 3d SPEM
cross-sectional images of the well-aligned Zn1−xMgxO �x=0.03�, Zn1−xCoxO
�x=0.08�, and ZnO nanorods. The lower inset shows the difference valence-
band spectra of Zn1−xCoxO and Zn1−xMgxO with respect to ZnO nanorods.
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lap of two similar magnetic polarons has been argued to
cause spin-spin interactions between Co ions,24 which stabi-
lize ferromagnetic ordering in Zn1−xCoxO nanorods. The
present SPEM result shows that both Co and Mg dopings
enhance the numbers of occupied states, despite that one has
a larger and another has a smaller electronegativity than the
substituted Zn. However, the Mg doping does not increase
the density of near-VBM �or Ef� states, which contributes to
the field emission of the highly aligned ZnO nanorods. Thus,
as the field-emission application is concerned, Mg doping
does not offer any merit to enhance the relevant density of
near-VBM �or EF� states in agreement with the results of
direct measurements of field emissions for ZnMgO and ZnO
nanowires by Lee et al.25
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