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The introduction of impurity atoms into semiconducting
materials is the primary method for controlling the properties
of the semiconductor, such as band gap or electrical
conductivity. This practice is routinely performed with bulk
semiconductors and, more recently, has been extended to
nanoscale semiconductors as well. In particular, II–VI and
III–V semiconductors that have been doped with transition
metals are currently generating much research interest,
principally for their novel magnetic properties. These semi-
conductors are commonly called dilute magnetic semicon-
ductors and are envisioned to be potential building blocks for
spintronic devices.

One such material is transition-metal doped zinc oxide
(Zn1�xMxO), which has been theoretically predicted to be
ferromagnetic at room temperature.[1, 2] Although this system
has been under experimental study for some time, the vast
majority of research conducted on this material has been done
on bulk crystals or thin films.[3–8] There are very few reports on
the fabrication of one-dimensional nanostructures of
Zn1�xMxO, and high-temperature, vapor-phase methods are
employed in the syntheses.[9,10] Although this approach has
proven quite effective for the production of a multitude of
nanoscale semiconductors, gas-phase syntheses are consider-
ably limited in regards to homogeneous doping and alloying
because of high-growth temperatures.

Solution-based synthetic schemes possess inherent advan-
tages in the above areas over vapor-phase routes, in addition
to ecological benefits. Whereas there have been several
reports on the synthesis of pure ZnO nanowires from the
solution phase,[11–13] the only solution-based methods for the

production of Zn1�xMxO yield isotropic quantum dots, such as
those reported by Gamelin et al.[14,15] To date, no reports of
anisotropic, transition-metal doped ZnO nanowires grown
from the solution phase exist. We present herein the synthesis
and characterization of cobalt-doped zinc oxide (Zn1�xCoxO)
nanowires grown by a solution-phase synthesis. The synthetic
process presented herein also allows for the doping of
different transition metals (e.g., Mn, Fe, Cu); however, this
report is limited to the cobalt-doped system.

The nanowires were synthesized by the thermal decom-
position of zinc acetate and cobalt(ii) acetate in refluxing
trioctylamine (see the Experimental Section). Figure 1 shows

scanning electron microscopy (SEM) and transmission elec-
tron microscopy (TEM) images of both pure and Co-doped
ZnO nanowires. The nanowires grow in bundles that are
tethered to a common hexagonal base. The diameter of the
nanowires is statistically invariant regardless of the cobalt
concentration. The average nanowire diameter is approx-
imately 35 nm; the wires, thus, have aspect ratios that range
from 80–160.

From the TEM images and selected-area electron-dif-
fraction patterns (inset, Figure 1b,d), it is seen that the wires
are single-crystalline, with a growth direction along the [0001]
axis. This one-dimensional growth of pure ZnO nanowires has
been reported previously in aqueous solutions.[11, 12] In those
examples, the one-dimensional growth was enabled by the
presence of an amine moiety; we believe that the trioctyl-
amine solvent plays a similar role in our system. It should also
be noted that we observed similar single-crystalline diffrac-
tion patterns whether we examined a single wire or its base,
thus indicating that the base likely nucleates first, followed by
individual nanowire growth in the [0001] direction.

Figure 1. a) SEM image of undoped ZnO nanowires. b) High-resolu-
tion TEM image of a single ZnO nanowire, with an accompanying
electron-diffraction pattern in the inset; similar images for Co-doped
ZnO nanowires are shown in (c and d), in which Co content=11.34%.
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The cobalt concentration in the nanowires was deter-
mined by energy-dispersive X-ray (EDX) spectroscopy. The
cobalt concentration (in atom%) can be varied from less than
1% to greater than 15% depending on the amount of cobalt
precursor used; the most heavily doped sample in this
investigation had a cobalt concentration of 11.34%. The
cobalt amounts between different bundles of wires, as well as
along individual wires, are very consistent; we saw a
homogeneous concentration of cobalt in our samples and no
evidence of a lateral or longitudinal concentration gradient in
individual wires. Also, no indication of cobalt metal or cobalt
oxide impurities in our final product was observed. Powder X-
ray diffraction patterns of nanowires with various levels of
cobalt doping are presented in Figure 2. In all cases, wurtzite

is the only phase in existence, which indicates that doping is
uniform throughout the nanowires. No significant shift in the
lattice constants of the nanowires was seen either, although
the cobalt and zinc ionic radii are so similar (Zn2+� 0.60 ?,
Co2+� 0.56 ?) that any expected shift in lattice constant
would be beyond the resolution of our diffractometer.

Electron energy-loss spectroscopy (EELS) was employed
to determine the oxidation state of the cobalt in the wurtzite
lattice. Figure 3 shows the EELS spectra obtained from the
doped nanowires and three cobalt-containing standards. It is

known that the L3 and L2 EELS peaks of the first-transition-
series elements are sensitive to the oxidation state of the
metal.[16,17] By comparing the areas of the L3 and L2 peaks in
the EELS spectra, the oxidation state of the cobalt in the
nanowires can be determined. The table in Figure 3 lists the
resulting area ratios, and it can be seen that the nanowires
correlate very well with the ratio obtained from CoO, a
divalent cobalt compound, thus indicating that cobalt exists in
a divalent state (Co2+) in the ZnO host semiconductor.

The nanowires are of excellent optical quality, as shown by
a series of photoluminescence (PL) measurements (Figure 4).
When excited with ultraviolet light, the pure ZnO nanowires
exhibit band-edge luminescence near 380 nm, accompanied
by a broad defect band centered at approximately 550 nm.
Both of the above peaks diminish in intensity upon cobalt
inclusion, and a new peak centered at 680 nm appears. This
wavelength corresponds well with the 4T1(P)!4A2(F) tran-
sition that is indicative of a Co2+ ion in a tetrahedral crystal
field,[18–21] and this transition is visible in all of our doped-
nanowire samples.

The single peak at 680 nm splits into several separate
components at low temperature, and this splitting is reprodu-
cible from sample to sample. It is known from previous
electronic absorption studies[18–21] of transition-metal ions in
various host semiconductor thin films and from crystal-field
theory that the 4T1(P) energy level splits into four levels
because of spin–orbit coupling. However, it is also known that
Co2+ ions doped into ZnO can exhibit appreciable mixing
between the 4T1(P) level and the higher-energy 2G orbitals.

Figure 2. Powder X-ray diffraction patterns of pure and Co-doped ZnO
nanowires.

Figure 3. EELS spectra of 6.06% Co-doped ZnO Nanowires and
cobalt-containing standards.

Figure 4. a) Room-temperature PL spectra of doped and undoped ZnO nanowires. The cobalt concentrations, as determined by EDX
spectroscopy, are given above each spectrum. b) Low-temperature PL series of doped nanowires, which focus on the Co2+ ion transition (4T1(P)!
4A2(F)). c) Variable-temperature series of a sample of 2.15% Co-doped nanowires. All spectra have been vertically offset for clarity.
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This orbital mixing complicates assignment of the PL peaks.
In addition, other factors that must be considered are the
surrounding Zn2+ ions, which can exert an additional aniso-
tropic C3v crystal-field potential on the dopant Co2+ ions, as
well as the zero-field splitting parameter of the cobalt dopant.
We consistently observed at least five peaks below 40 K in our
low-temperature PL spectra. Their centers, from highest
energy, are located at 15190, 15150, 15015, 14887, and
14700 m�1. The fine structure is lost due to increased thermal
energy above this temperature. We can relate these peaks to
4T1(P),

2T1(G), 2E(G)!ground-state 4A2(F) internal Co2+

transitions based on previous reports.[20, 21]

Finally, we examined the interaction of the cobalt dopant
with the host ZnO semiconductor by electron paramagnetic
resonance (EPR) spectroscopy. This technique has been used
previously to characterize the environment of paramagnetic
species in host lattices, such as BaTiO3,

[22,23] TiO2,
[24] and

ZnO.[25,26] A series of EPR spectra at various temperatures is
plotted in Figure 5a. A large resonance with a peak-to-peak

bandwidth of nearly 180 Gauss dominates the spectrum, with
an additional smaller resonance that appears at higher field.
The LandF g factors can be calculated as 4.43 and 2.23, which
are assigned to g? and gk, respectively.

[26] The reciprocal EPR
intensity versus temperature for the sample of 2.15% Co is
plotted in Figure 5b. The Curie Law predicts that this would
be a straight line for isolated, paramagnetic Co2+ ions;[27]

however, we observe a deviation from Curie behavior in the
temperature region 25–30 K. The behavior is found in other
nanowire samples with different cobalt concentrations as
well. However, we are limited to measuring lightly doped
nanowires by this method; nanowires with a cobalt concen-
tration greater than 3% give very weak signals because of
increased dipolar coupling between the cobalt centers.

This apparent deviation from normal paramagnetic
behavior is interesting, particularly in light of various reports
on the magnetic properties of this system. Indeed, many of
those data, including our own and the studies cited herein,
show magnetic behavior that cannot be modeled by a simple
paramagnetic or ferromagnetic mechanism. It is a rather
complex phenomenon, particularly considering the fact that
detailed structural characterization indicates that transition-

metal doping is homogenous and that there are no secondary
phases present.

In summary, we have presented the synthesis of
Zn1�xCoxO nanowires from a solution-based synthetic route.
Structural, optical, and spectroscopic characterizations indi-
cate that the cobalt doping is substitutional for zinc cations in
the host lattice. Although all signs suggest a completely
uniform doping process, we note the existence of complex
magnetic behavior that raises the possibility of multiple
magnetic phases. Investigations are ongoing by us to elucidate
the true nature of the observed magnetic behavior further.

Experimental Section
In a typical synthesis, zinc acetate (2.66 mmol) and cobalt(ii) acetate
(0.13 mmol, 0.05 equiv; a dopant concentration of 1.38 atom%) were
mixed in a round-bottomed flask with trioctylamine (25 mL). The
flask was fitted with a condenser and rapidly heated to 310 8C. The
solids dissolved as the temperature increased, and the solution
changed from clear to royal blue. The solution turned green after
approximately 15–20 min, thus indicating the start of nanowire
formation. The reaction was continued for 45–180 min depending
on the length of wires desired and cooled to room temperature. The
green precipitate was washed several times with ethanol to remove
any cobalt precursor, as well as any cobalt metal particles. The green
suspensions are stored in ethanol, and dilute solutions are stable for
months. A typical synthesis yields approximately 60 mg of nanowires.
The average cobalt concentration in the nanowires is typically 2–3%
less than the amount added at the start of the reaction.

SEM images were taken on a JEOL-6340F field-emission
scanning electron microscope operated at 5.0 kV. TEM images and
EDX and EELS spectra were acquired on a Phillips CM200-FEG
transmission electron microscope operated at 200 kV. Powder X-ray
diffraction measurements were taken on a Bruker D-8 general area
diffraction detection system. The X-ray source was CoKa (l= 1.79 ?).

PL measurements were performed on a single bundle of nano-
wires at each Co concentration by excitation with a He–Cd
continuous wave laser emitted at 325 nm.A liquid-He-cooled cryostat
was used for low-temperature PL measurements. EPR spectra were
acquired on a Bruker EMX spectrometer operating at X-band
(9.25 GHz) microwave frequency. The spectra were taken at a
modulation amplitude of 2.5 Gauss and a microwave power of
10 mW. The g values were calculated from the resonance equation
hn= gbHr (h is the Planck constant, n is the microwave frequency, b is
the Bohr magneton, and Hr is the resonant magnetic field).
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