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Room-temperature ferromagnetic Co-doped ZnO nanoneedle array
prepared by pulsed laser deposition
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A Co-doped ZnO nanoneedle array with room-temperature ferromagnetic properties was
successfully fabricated by pulsed laser deposition �PLD� method. Detailed nanostructures were
studied by transmission electron microscopy �TEM� and x-ray diffraction �XRD�. High resolution
TEM images and selected area electron diffraction �SAD� patterns showed nanoneedles grew along
c-axis of ZnO with a preferential growth perpendicular to Si �100� substrate, which is also confirmed
by XRD. Uneven surface and stacking faults along the nanoneedles were observed, which implies
lattice distortion due to the Co doping. Electron energy loss spectroscopy �EELS� analysis of
different positions along the growth direction of nanoneedles shows homogeneous distribution of
the Co dopant. No segregated clusters of impurity phase were detected by TEM. Superconducting
quantum interference device �SQUID� magnetometer measurements show room temperature
ferromagnetic ordering, which is attributed to the Co substitution for Zn in the ZnO nanoneedle.
© 2005 American Institute of Physics. �DOI: 10.1063/1.2119415�
In recent years, diluted magnetic semiconductors
�DMSs� have stimulated much interest because of their
promising applications in spintronic devices, such as spin-
valve transistors, spin light-emitting diodes, nonvolatile
memory, etc.1,2 Therefore, ferromagnetic DMSs with Curie
temperature �TC� higher than room temperature are crucial
for practical device applications. Dietl et al.3 theoretically
predicted that ZnO-based DMSs probably have room-
temperature ferromagnetism, initiating intensive research on
ZnO doped with different 3d transition metals �Co, Mn, Fe,
Ni, Cr, etc�. Following the original research by Ueda et al.,4

many reports5–8 have been given about Co-doped ZnO thin
films exhibiting ferromagnetism with TC above room-
temperature.

On the other hand, synthesis of one-dimensional ZnO
nanostructures doped with 3d transition metals also attracts
much attention for their potential applications in spintronic
nanodevices. ZnO nanowires and nanorods doped with 3d
transition metals were fabricated by different groups;9–14

however, few groups presented one-dimensional doped ZnO
with ferromagnetic ordering above the room temperature.
Wu et al.9 demonstrated the growth of well-aligned
Zn1−xCoxO nanorods using chemical vapor deposition
�CVD� methods and achieved room temperature ferromag-
netic ordering. Pearton et al.10 implanted Mn ions and Co
ions into the catalyst-driven ZnO nanorods, and for both
types of implanted dopants, the ferromagnetism persisted to
temperatures of 225–300 K. In this letter, synthesis of a Co-
doped ZnO nanoneedle array with room temperature ferro-
magnetic ordering using pulsed laser deposition �PLD�
method is presented.

Co-doped ZnO nanoneedles were formed on silicon
�100� substrate by PLD. A sintered Zn0.95Co0.05O target was
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prepared using the standard ceramic technique. The
neodymium-doped yttrium aluminum garnet �Nd:YAG� laser
was used to evaporate the target materials. The laser wave-
length, energy density, and pulse frequency were 266 nm,
2 J /cm2, and 2 Hz, respectively. Before the deposition, the
vacuum system was pumped to 1�10−3 Torr, and 20 mTorr
oxygen partial pressure was used. The silicon substrate was
maintained at 750 °C during the deposition, and the target-
substrate distance was 45 mm. The total deposition duration
was 180 min. The morphology of as-synthesized
Zn0.95Co0.05O nanoneedles was investigated by Carl Zeiss
1530 VP field-emission scanning electron microscope
�FESEM�. Nanostructures of the nanoneedles were deter-
mined by JEOL 2010 transmission electron microscope
�TEM� equipped with EDAX DXPrime electron energy dis-
persive x-ray analysis �EDS�. Electron energy loss spectros-
copy �EELS� and energy filter TEM �EFTEM� were obtained
using a JEOL 2010F STEM/TEM equipped with Gatan im-
aging filter �GIF�. X-ray diffraction �XRD� �-2� and � scan
were done by Philips X’Pert MPD using a Cu K� source.
The magnetic properties of the samples were measured by
Quantum Design MPMS-5S superconducting quantum inter-
ference device �SQUID� magnetometer.

Figure 1 shows a typical FESEM image of the Co-doped
ZnO nanoneedles. The nanoneedles had a growth direction
preferentially perpendicular to Si substrate and formed over
the whole substrate. Figure 2�a� is a high-resolution electron
microscopy �HREM� image of the ZnO nanoneedle along the

�21̄1̄0� zone axis. No catalyst particles were found at the tip
of nanoneedles, suggesting catalyst-free growth mechanism.
The enlarged image, highlighted by the upper rectangular
area of Fig. 2�a�, shows that the nanoneedle grew along the
c-axis of the wurtzite ZnO structure �Fig. 2�b��. The inset of
Fig. 2�b� is the corresponding selected area electron diffrac-
tion �SAD� pattern, which confirms c-axis growth of the

nanoneedle. However, an uneven surface and a number of
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stacking faults were seen along the nanoneedles. A represen-
tative surface structure with stacking faults �the lower rect-
angular area of Fig. 2�a�� is shown in Fig. 2�c�, and its back
and forth fast Fourier transformation �FFT� image using the
000±1 diffraction spots is displayed in Fig. 2�d�.13 Two edge
dislocations �denoted by arrows� associated with the stacking
faults were clearly observed. These lattice defects might be
attributed to the stress introduced by substitution of Co ions
for the Zn sites in the ZnO lattice. It might also cause the
uneven surface of the nanoneedle. Furthermore, no segre-

FIG. 1. FESEM image of Co-doped ZnO nanoneedle array. The average
diameter of the bottom of the nanoneedles is about 60 nm and the average
length is about 300 nm.

FIG. 2. �a� TEM image of a Co-doped ZnO nanoneedle. �b� HREM image
of upper rectangular area and corresponding SAD pattern �inset�, showing
c-axis growth. �c� HREM image of lower rectangular area, showing typical
stacking faults near the nanoneedle surface. �d� The back and forth fast
Fourier transformation �FFT� image of �c� by using the 000±1 spots. Two

edge dislocations associated with the stacking faults is denoted by arrows.
gated clusters of impurity phase were detected.
In the XRD �-2� scan, as illustrated in Fig. 3, only ZnO

�002� and Si �400� reflections were detected, which con-
firmed c-axis dominated nanoneedle growth. The inset is
XRD rocking curve ��-scan� on the ZnO �002� reflection.
The full-width-half-maximum �FWHM� of this peak is about
0.17°, which demonstrates c-axis preferential growth of the
nanoneedles.

In order to confirm substitution of Co ions for Zn in the
lattice, electron energy loss spectroscopy �EELS� was em-
ployed. By positioning the nanoprobe along c-axis of a
nanoneedle �Fig. 4�a��, Co L2,3 peaks with similar intensity
were obtained as shown in Fig. 4�b�. EELS mapping obser-
vation also shows that cobalt homogeneously distributes
along the nanoneedles. EDS collected on various points
shows the average concentration of Co is about 4.6 at %, in
good agreement with the target composition of 5 at %.

Figure 5 is the hysteresis loop of the nanoneedle array at
300 K. The sample exhibits room temperature ferromag-
netism with coercivity of about 90 Oe and the saturation
magnetization of about 0.08 �B /Co. For the low temperature

FIG. 3. XRD �-2� pattern of Co-doped ZnO nanoneedles on Si �100� sub-
strate. The rocking curve ��-scan� on ZnO �002� reflection is also shown
�inset�, which confirms the c-axis dominated growth.

FIG. 4. �a� TEM image showing the probe positions along the growth di-
rection of the nanoneedle for EELS measurement and �b� corresponding

EELS spectra. The Co-L2,3 edge is shown by the dashed line.
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SQUID measurement, the coercivity and the saturation mag-
netization increased to 120 Oe and 0.34 �B /Co at 5 K. This
room temperature ferromagnetism is attributed to success-
fully doping Co in the ZnO nanoneedles.

In summary, a Co-doped ZnO nanoneedle array was fab-
ricated on a silicon substrate by PLD method. HREM and
XRD results showed that the nanoneedles grew along the
c-axis with a preferential alignment perpendicular to the sub-
strate. EELS analysis clearly demonstrated the homogeneous
distribution of Co along ZnO nanoneedles. Room tempera-

FIG. 5. Hysteresis loop of Zn0.95Co0.05O nanoneedles at room temperature,
and inset image show the enlargement of the hysteresis loop. The coercivity
is about 90 Oe and the saturation magnetization is 0.08 �B /Co. Data are
corrected for the diamagnetism of the Si substrate.
ture ferromagnetism was achieved, which is attributed to the
successfully doping of Co into the ZnO nanoneedles.
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