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Synthesis of 1D and heavily doped Zn;_,Co,O six-prism nanorods:
improvement of blue—green emission and room temperature ferromagnetism
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In this work, one-dimensional (1D) and heavily doped Zn;_,Co,0 (x = 0.05, 0.1, 0.15 and 0.2)
nanorods (NRs) were successfully fabricated by a new solvothermal method. Such a Zn; ,Co,O
nanorod exhibits a hexagonal prism-like microcrystal with a pyramidal top. Analyses from
transmission electron microscopy (TEM) and high-resolution transmission electron microscopy
(HRTEM) indicated that Zn;_,Co,O NRs possess perfect single crystal wurtzite structures. The
influence of Co doping on the structural, optical and magnetic properties of NRs was investigated in
detail. It was verified that Co was successfully doped into the ZnO wurtzite lattice structure by X-ray
diffraction (XRD) and energy-dispersive spectroscopy (EDS). The Zn;_,Co,O NRs show an obvious
blue—green emission except for the weak UV emission. The corresponding luminescence mechanism
was discussed, and the environment of cobalt in the ZnO wurtzite lattice was also identified through
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UV-vis spectroscopy. In addition, the magnetic hysteresis (M—H) curves demonstrated that the
Zn;_,Co,0 NRs possess obvious ferromagnetic characteristics at room temperature. These
Zn;_.Co,0 NRs are suggested to have potential applications in spintronic, field emission and

optoelectronic devices, etc.

Introduction

The use of intentional impurities or dopants to control the
behavior of materials has been at the heart of many technolo-
gies.! However, doping has proven elusive for strongly confined
colloidal semiconductor nanocrystals because of the synthetic
challenge of how to introduce single impurities, as well as a lack
of fundamental understanding of this heavily doped limit under
strong quantum confinement.? Therefore, improving synthetic
control over dopant incorporation, optimizing their concentra-
tions, and investigating the phenomena that emerge will be an
exciting and challenging task.!

ZnO-based nanomaterials have attracted considerable atten-
tion in the research community for their potential high tech-
nology applications because of their wide band gap
(Ey = 3.37 eV), excellent chemical and thermal stability, specific
electrical and optoelectronic properties, and large exciton
binding energy.> Among the reported ZnO-based nanomaterials,
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transition-metal (TM) doped ZnO are very important for their
pronounced optical and electronic properties and controllable
magnetic properties at room temperature.*® They are expected
to be significant in diluted magnetic semiconductors (DMSs) and
have potential applications in spintronics and optoelectronics. So
far considerable efforts have been made for the synthesis of 1D
and TM doped ZnO nanomaterials.”® However, because the
increasing impurities in the host lattice are blocked by a growing
surface energy and lattice distortion, the growth of the 1D
structure is usually hindered in the heavy doping system. So
synthesis of doped ZnO nanorods with narrow size distribution
and high crystallinity still remains a significant challenge."*

In this study, we report the fabrication of 1D Zn;_,Co,O
(x = 0.05, 0.1, 0.15 and 0.2) six-prism NRs by a facile sol-
vothermal method. Characterization results demonstrated that
Zn;_,Co,0 NRs exhibit an enhanced blue—green emission and
room temperature ferromagnetism. The structural, optical and
magnetic properties induced by cobalt doping of ZnO were also
studied. The HRTEM characterization confirmed that the NRs
possess a perfect single crystal wurtzite structure. Co was
successfully doped into the lattice of ZnO as revealed by XRD
and verified by the analysis of XPS and EDX. The results of
UV-vis spectroscopy further indicated that tetrahedrally coor-
dinated Co?* ions substitute for Zn** in the hexagonal ZnO
wurtzite structure. Besides, taken together with previous reports,
we consider that the surface defect plays a vital role on the visible
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emission. The results from these studies aid in the understanding
of the relationship between morphology, structure, and optical
properties, which is helpful for the application in devices.

Experimental section

All chemicals were analytical grade and purchased from Jin
Chang New Material Corp. A detailed flowchart which shows
the experimental procedure used for preparing Zn; _,Co,O NRs
is given in Fig. 1. Firstly, the precursor solution consists of
0.05 M zinc acetate dihydrate (Zn(Ac),-2H,0) and 0.035 M
sodium hydroxide (NaOH) and different contents of cobalt
nitrate hexahydrate (Co(NOs),-6H,0) dissolved in 2-methox-
yethanol. 0.05 M of monoethanolamine (MEA) was then added
to the mixture, which was stirred at 90 °C for 10 min until a milky
and saturated liquid appeared, and then cooled naturally to
room temperature. 20 mL ammonium hydroxide was added to
the mixture and stirring continued for 10 min at room temper-
ature. Finally, the mixture was added into a Teflon-lined stainless
steel autoclave, sealed and maintained at 180 °C for 10 h. After
the autoclave was cooled naturally to room temperature, the
obtained precipitate was washed with deionized water followed
by ethanol to remove ions possibly remaining in the final
product, and then dried at 80 °C in air for further
characterization.

The phase purity and crystal structure of the samples were
analyzed by XRD (MAP18AHF) by using CuKa radiation (1 =
1.54 A) at the excitation voltage of 40 kV and a tube current of
100 mA. The morphology and composition of the samples were
examined by a Sirion200 scanning electron microscope (SEM)
combined with EDS. TEM images and selected area diffraction
patterns (SAED) were obtained by TEM. Fourier transform

2-Methhoxy ethanol and

Monoethanol Amine (MEA)
MEA/Zn?*=1.0(mole ratio) N Zn(CH,C00),2H,0,
[Zn(CH,COO0),2H,0]=0.6mol/1-* §°$(I)s)z'6ﬂz0 and
a

I Stirring at 90°C for 10 min |
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room temperature

add 20mL ammenium hydroxide

go on stirring for 10 min

at room temperature

Teflon-lined stainless steel autoclave,
annealing at 180 "C for 10h

Washing, dried at 80°C

Zn, ,Co,0 nanorods

Fig.1 Schematic illustration of the procedure for preparing Zn; ,Co,O
NRs.

infrared (FTIR) spectra were measured on a NEXUS-870 FTIR
system using KBr pellets. Photoluminescence (PL) spectra were
taken at room temperature following excitation with a Xenon
lamp laser (A = 325 nm). In order to investigate the optical
absorbent properties of the samples, thin slices prepared from
Zn;_,Co,0 powder was first prepared, pure barium sulfate
(BaSO,) was used as calibrating reference, and then the UV-vis
adsorption data was obtained by using a U-4100 spectropho-
tometer. Magnetic hysteresis loops were measured by a vibrating
sample magnetometer (VSM, BHV-55) at room temperature.

Results and discussion

The main purpose of the current work is to propose a new
synthetic method to prepare heavily doped Zn;_,Co,O NRs and
investigate their morphology and structural, optical and
magnetic properties. Generally speaking, the solubility of tran-
sition metals in ZnO is limited. Among transition metals, Co and
Mn have been reported and proven to be the most soluble in
Zn0."? Under non-equilibrium conditions (such as the pulsed
laser deposition), a solubility of 33% Co in ZnO has been ach-
ieved.’* However, it is much lower in the low-temperature
synthesis procedure.* Viswanatha er al'® reported that the
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Fig.2 (a) XRD patterns taken from the Zn,_,Co,O NRs. (b) Variation
in the (101) peak position and c-axis parameter with the concentration of
Co?". Inset of (b), the XRD pattern of the three most intense peaks [(100),
(002), and (101)] for the Zn;_,Co,O NRs.
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solubility limit drastically reduced to as low as ~1% for the
Mn-doped ZnO nanocrystals. But it is noteworthy mentioning
that the solvothermal method can effectively improve the solu-
bility of Co and Mn in ZnO; Wang et al.'® reported that the
solubility of Co in ZnO nanostructures is close to 15 at.%. Here,
in our low-temperature system, the measured solubility of Co in
ZnO, ranging from 3 to 18.45%, has been reached by the scope of
heavy doping.

Typical XRD patterns of Zn;_,Co,O (x = 0.05, 0.1, 0.15 and
0.2) NRs are presented in Fig. 2a. All the diffraction peaks can be
indexed to the ZnO wurtzite structure (space group P6smic). No
additional reflections are observed even for the samples with the
largest amount of dopant, indicating that there are no additional
crystalline structures present in the samples. Besides, it should be
noted that the three most intense peaks of the XRD pattern of
Zn;_.Co,0 nanostructures appear distinctly deteriorated when
x = 0.1, which may suggest that heavy doping has a serious
influence on the crystallization of ZnO. Fig. 2b clearly shows that
the (101) peaks of all samples shift towards higher angles and the
c-axis parameter decreases obviously with the increase in Co**
content. The results may be induced by Co?* substitution in ZnO
lattices, causing a reduction of the unit cell. This is consistent
with the fact that the ionic radius of Co?* is 0.72 A, whereas that
of Zn** is 0.74 AV

Fig. 3a shows a representative SEM image of as-synthesized
Zng95C000sO NRs. It can be seen that the sample exhibits
a hexagonal prism-like microcrystal with a pyramidal top, the
length of which is about 3-4 um and the diameter is ~200 nm.
Inset of Fig. 3a is the high magnification view of the nanorod,
and the detailed morphology is visible. This moderately long and
perfectly straight nanorod is ideal for applications in field emis-
sion and electron spin. We also performed a detailed TEM study

on the Zn;_,Co,O nanostructures with a JEM-2100 TEM
operated at 200 kV. TEM images of Zn,_,Co,O NRs are shown
in Fig. 3b-3g, which verify the observed morphology of
Zn;_,Co,0 samples by SEM.

In order to further determine the structure and composition of
doped ZnO samples, HRTEM and SAED techniques were per-
formed as well (Fig. 3h and 3j). The HRTEM image of a Co
doped ZnO nanorod (Fig. 3h) exhibits clear lattice fringes,
indicating a high crystallinity of the nanorod. The recognized
lattice spacing of 0.26 nm may suggest that the growth direction
of the hexagonal wurtzite ZnO is along [0001]. The SAED
pattern obtained from a nanorod (Fig. 3j) displays well defined
spots with the zone axis of [0001] parallel to the basal plane. It
provides further confirmation that the rods grow along the [0001]
direction.

To investigate the bonding characteristics and the chemical
state of the Co dopants in the ZnggCog,0O sample, the Co 2p
core-level XPS has been performed, as shown in Fig. 4a. There
are four peaks in Fig. 4a: a Co 2p3/» peak at 780.8 eV, a Co 2py,»
peak at 796.7 eV and their corresponding shake-up satellites at
slightly higher energies. The existence of shake-up satellites
located at the higher binding energy position suggests that Co
exists in the form of a +2 state within Co-doped ZnO nanorods,
because it is well-known that divalent cobalt (CoO) normally
exhibits a stronger satellite shake-up structure.’®'® The high-spin
divalent state of Co (3d’; S = 3/2) in the sample is expected for
substituted Co ions at the Zn sites.?

The compositional analyses by EDS were also carried out, and
the existence of Co, Zn, O and C in the Zng gCog,0 sample has
been confirmed (Fig. 4b). The element C is ascribed to the
conductive adhesives on the stage. According to the observation
from EDS, it can be concluded that Co has entered the ZnO

Fig. 3 (a): Representative SEM image of Zng 95Co0 ¢sO nanorods; (b)-(g): Typical TEM images of Zn; _,Co,0 nanorods: (b) Zng 95C00.050; (c)—(d):
Zn9Coy 10; (€): Zng g5Cog.150; (f)—(g) Zny gCo¢ 0. (h) HRTEM image of Zng gsCog 150 nanorods. (j) SAED pattern of Zng gsCog 150 nanorods.
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Fig. 4 (a): Co 2p XPS spectrum of ZnygCoy,0 NRs; (b): the energy
dispersive spectrum (EDS) of Zn( gCog,0 NRs; inset of (b): the plot of
measured concentration of Co against design concentration.

nanorod, and the estimated Co concentration in ZnO rods is
18.45 at.%, which is consistent with the 20 at.% initial concen-
tration. The composition characterization of the other samples
was also performed by EDS, and the inset of Fig. 4 offers the
measured results, they are: 3 at.%, 7.31 at.%, 11.21 at.% and
18.45 at.% for ZHOA95C00.05O, ZHO.9C00'10, Zl’l()'g5C00'150 and
Zny 3Cog »0, respectively.

The formation of the ZnO wurtzite structure was further
supported by FTIR spectra (as shown in Fig. 5). All of the
samples show similar spectra: absorption bands at ~470 cm™' are
assigned to the stretching vibrations of Zn-O; those at ~1380
and 1580 cm ™! are attributed to be the symmetric and asymmetric
stretching vibrations of the carboxyl group (-COO™), respec-
tively; 223 those at ~3400 cm ™' represent the O—H mode, which
may be due to the vibration of adsorbed water. These observa-
tions are in agreement with the earlier reports.?*

Photoluminescence (PL) measurement is a sensitive non-
destructive technique to investigate the intrinsic and extrinsic
defects in a semiconductor. It provides abundant information on
the energy states of impurities and defects, even at very low
densities, which is helpful for understanding structural defects in
semiconductors. 2* The room temperature photoluminescence of
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Fig. 5 FTIR spectra of Zn;_,Co,O nanorods prepared by the sol-
vothermal method.

Zn;_,Co,0 NRs is exhibited in Fig. 6, all samples exhibit a weak
UV emission centered at near 402 nm, and a strong blue—green
emission band (472-524 nm) (black lines). Meanwhile, the shift
of the UV emission peaks to the longer wavelength side can be
observed, which may be attributed to the strong exchange
interactions between the “d” electrons of the doping ion and the
“s” and “p” electrons of the host band. The existence of strong
sp—d exchange interactions was confirmed by the observation of
a strong magneto-optical effect near the band gap region of
Zn;_,Co,0 alloys.?®

In addition, there are three distinct emission peaks in the
emission bands (black lines), the Gaussian model fitting results
are also shown in Fig. 6 (color curves). The peaks at 472 nm and
495 nm belong to the blue emission, and that at 523 nm is green
emission. Generally speaking, the blue and green emissions of
ZnO are usually very weak and broad, particularly for the
enhanced blue emission, which was infrequent in the previous
reports. -2 However, in current work, an obvious blue-green
enhanced emission in Zn;_,Co,O NRs has been observed.
Recent research has shown that surface defects are primarily
responsible for the visible emission, 333 and the contribution of
surface defects to visible emission can be reflected by the value of
Ip/Ig (the ratio of defect- to near-bandgap emission). ** Here, the
calculated values of Ip/lg are 2.96, 2.68, 2.03 and 1.53 for
Zn 95C00.050, Zn9Co¢ 10, ZnggsCo 150 and ZnggCoy -0,
respectively. These results indicate that Co** replacing Zn** leads
to the quenching of visible light. The above results are further
supported by the observed phenomenon that the intensity of
blue—green emission bands decrease with the increase in Co>*.

The UV emission is attributed to the radiative recombination
of a hole in the valence band and an electron in the conduction
band.3*** However, the origins of the visible luminescence from
ZnO have been greatly controversial, especially for the blue
emissions. It is generally accepted that the emissions in the visible
regions are associated with the intrinsic or extrinsic defects in
ZnO. Recently, Zeng et al.*® reported that blue emission can be
interpreted by the transition of extended Zn; states. Here, as for
the improvement of the blue-green emission band, we tend to
the explanation that improvement in utilizing the efficiency of the
exciting photons in the radiative recombination leads to the
strong blue emission.?” About the green emission, which can be

This journal is © The Royal Society of Chemistry 2011
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Fig. 6 Room-temperature PL spectra of Zn, ,Co,O NRs (excitation light: xenon lamp; excitation wavelength: 325 nm).

ascribed to singly ionized oxygen vacancies in ZnO, it arises from
the radiative recombination of a photogenerated hole with an
electron occupying the oxygen vacancy.*®

Optical absorption spectra of Co doped ZnO nanocrystals
with varying dopant ion concentrations are presented in Fig. 7.
Here, a distinct red shift is observed for the Zn;_,Co,O nano-
crystals, indicating that Co** in ZnO nanocrystals is able to tune
the energy gap toward a low energy. The reduction of the energy
gap caused by Co** doping in ZnO is a manifestation of the sp—
d exchange interactions between the band electrons and the
localized d electrons of the Co*' ions substituting for Zn*
ions. 32

Co** ligand field absorption features *° are clearly visible in
Fig. 7, and the three characteristic absorption peaks are at 567,
611, and 652 nm, respectively. The phenomenon can be explained
by cobalt-related *A? (F)—2A; (G), *A, (F)—*T; (P), and *A,
(F)—E (G) ligand field transitions for the tetrahedral symmetry
of transition metal ions.*® Absorption edges at around 620 nm
are attributed to d-d transitions of Co?* (d”) in a tetrahedral
coordination, as assigned to ‘A, (F)—*T; (P), and *“A,
(F)—2E (G) ligand field transitions*® suggesting that most Co
ions are substituted for Zn sites in the host ZnO lattice. In brief,
according to Hund’s rule and Pauli’s exclusion principle, the
electronic ground-state configuration of a Co** (3d” configura-
tion) has L = 3 and S = 3/2. So, the ground-state spectral term is
“F and the excited state terms are *P, °G, ?F, 2D, and *P. However,
when Co?* exists in the tetrahedral field, the *F term splits into
‘A, (F), *T, (F), and *T; (F), with *A, (F) being lowest in energy
and the remaining two having higher energies. The ‘P term

corresponding to the first excited state does not split but is
transformed into *T; (P). Similarly, °G splits into ?A; (G), ’E (G),
Ty (G), and *T, (G). In the ground state, the atom is in the
‘A, state. When the electron has sufficient energy, it can be
excited to higher energy states.** The optical absorption study
confirms the presence of high spin Co** (d’) states in the ZnO
lattice. Furthermore, the intensity of d—d transitions increases
with the increase in number of Co** ions in ZnO nanocrystals.*
The optical absorption measurements further verified that
incorporation of Co?* substitutes Zn** in ZnO nanocrystals.
Finally, the magnetic properties of Zn;_,Co,O NRs with
different Co doping contents from VSM measurements are

Abs

350 400 450 SO0 S50 GO0 G50 700 750 @00

wavelength {(nm)

Fig. 7 Optical absorption spectra for Zn;_,Co,O NRs.
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Fig. 8 Magnetization versus magnetic field (M—H) curves at room
temperature (300 K) for Zn; ,Co,O NRs; the inset shows the enlarge-
ment of the hysteresis loops near the origin.

shown in Fig. 8. All samples exhibit well-defined hysteresis loops
at room temperature, indicating an obvious room-temperature
ferromagnetic behavior. As shown in Fig. 8, the saturation
magnetization (M;) values of the four samples increase with
cobalt doping content. However, M per cobalt decreases with
increasing content of Co. Previously, similar results in diluted
magnetic semiconductors (DMSs) have been reported.3®4546
Indirect interaction of Co?** leads to ferromagnetism, whereas
direct interaction of Co** can result in antiferromagnetism. With
an increase in Co doping, the average distance between Co*
decreases, leading to enhancement of the antiferromagnetic
contribution.*®

The origin of ferromagnetism in DMS materials has been
controversial, while structural defects and magnetic impurities
have often been used to explain magnetic ordering.*”~** Besides,
the magnetic behavior is highly dependent on the synthesis
conditions.’® Here, the room-temperature ferromagnetism of
Zn;_,Co, 0 NRs could originate from long range Co**—Co*
ferromagnetic coupling mediated by itinerant electrons. There-
fore, it can be concluded that the detected ferromagnetism arises
from the homogeneous doping of Co** into the ZnO crystal
lattice. However, the origin of the observed ferromagnetic
behavior at room temperature needs to be further investigated.

Conclusion

In summary, 1D and high-quality single crystals of Co doped
ZnO nanorods have been synthesized by a facile and low cost
solvothermal approach. The nanorods are single crystals and the
growth direction is the c-axis [0001] direction. It is found that the
structural, optical and magnetic properties are sensitively
dependent on the incorporation of Co** ions in the Zn** lattice
site. The subsequent XRD, XPS, EDS, HRTEM and UV-vis
spectroscopic characterization confirm that Co has successfully
been doped into the lattice of ZnO. The doping of Co** ions can
improve the blue-green emission, and we believe that the
enhanced blue-green emission may be due to improvement in
utilizing the efficiency of the exciting photons in radiative
recombination. The UV emission shows a red shift with
increasing Co**, which indicates a shift in the band gap to the
lower-energy side. In addition, the magnetic measurement

indicates that the Zn;_,Co,O NRs have obvious ferromagnetic
characteristics at room temperature, and the detected ferro-
magnetism could arise from the homogeneous doping of Co**
into the ZnO crystal lattice. With this study we move one step
closer toward controlling the properties of ZnO NRs, which
would be very significant for applications in devices.
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