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Depending on the ZnO seed-layers, a new kind of cobalt doped zinc oxide (Zn;_xCoxO) thin films with
controllable morphology were prepared by a facile solvothermal method. A series of ZnO thin films
with different Co contents were applied to study the effect of doped Co on morphology, structural and
optical properties. It is found that the doped content plays an important role on morphology evolution of
Zn;_xCoO films. The results of scanning electron microscope (SEM) indicate that the Zn; _,Co,O films are
highly uniform and porous. Co has been successfully doped into the ZnO lattice structure and revealed by

Iéz}émirgziaed 710 X-ray diffraction (XRD) and energy dispersive spectrum (EDS). It can be found that Zn;_,Co,O thin films
Solvothermal possess good crystalline quality through the characterization of transmission electron microscope (TEM)
Morphology and high-resolution transmission electron microscopy (HRTEM). All of the samples show a stronger violet
Porous emission and ultraviolet absorption, and the violet emission peaks shift towards red with increasing of
Red-shift Co content. In addition, the magnetic result demonstrates that the prepared Co-doped ZnO thin films are

Room-temperature ferromagnetic

room-temperature ferromagnetic materials.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Morphology design and doping have been the main means to
improve the performance of materials. Over the past few years,
extended and oriented nanostructures are desirable for many appli-
cations, but direct fabrication of complex nanostructures with
controlled crystalline morphology, orientation and surface archi-
tectures remains a great challenge [1]. With the discovery of carbon
nanotubes, one-dimensional (1D) nanomaterials have attracted a
great deal of interest. However, two-dimensional nanosheets are
regarded as a new class of nanostructured materials in recent years
due to their high anisotropy, nanometer-scale thickness and pos-
sessing interesting properties [2,3], and have wide applications in
many fields. In this case, many chemists and material scientists
have been exploiting their synthetic routes [4].

Doping of semiconductors by impurity atoms achieved their
widespread technological applications in microelectronics and
optoelectronics [5], and nanocrystals doped with magnetic impu-
rities are of interest for their potential use in spin-based electronic
devices [6]. On this account, diluted magnetic semiconductors
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(DMSs) have caused extensive scientific concerns because of their
potential applications in spintronics and optoelectronics [7-9].
Most of these materials are obtained from various wide-band-gap
semiconductors doped with transition-metal (TM) ions. Initiated by
theoretical predictions [10,11], 3d-transition-metals (TM)-doped
ZnO would be a good candidate to achieve Curie temperature
above room temperature. Therefore, cobalt and other transition
metal (TM) elements doped ZnO nanomaterials have become a
focus for many researchers. However, among numerous reports on
Znq_xCoxO0 thin films, very few have been published on morphology
design of thin films, which is of special interest as building blocks for
the applications of DMSs, such as spintronic, electro-optical devices
and microwave absorbing materials.

How to design the morphology of doped nanocrystal to bet-
ter control performance of materials is always an important task.
Here, we report on the synthesis of cobalt doped zinc oxide
(Zn1_xCox0) textured thin films on glass substrate by solvother-
mal method. Homogeneous nucleation processes can be obtained
by this method, and it also can reduce stoichiometry problems
associated with the volatilization of high-vapor pressure com-
ponents [12]. We found that the doped content has significant
impact on the morphology of Zn;_,Co,O thin films. When the doped
content is lower than 20%, the prepared Zn;_,CoxO thin films dis-
play highly uniform and porous morphology. Co is successfully
doped into the ZnO wurtzite lattice structure as revealed by X-ray
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Fig. 1. Schematic illustration of the procedure for preparing Zn;_,Co,O textured thin films.

diffraction (XRD) and verified by the energy dispersive spectrum
(EDS). The doping effect of ZnO on structural and optical properties
is investigated. The vibrating sample magnetometer (VSM) shows
that Zn;_,CoxO textured films have distinct room-temperature fer-
romagnetic behavior. This novel nanostructure is suggested to have
important applications in microwave absorbing and spintronic
devices.

2. Experimental methods

All chemicals are analytical grade and purchased from Jin Chang New Material
Company. The detailed flowchart which shows the procedure used for preparing
Zn;_4Co,O textured thin films is shown in Fig. 1. Pure ZnO thin films were pre-
pared by sol-gel technology on glass substrates and employed as seed layers to
further develop into Zn;_,CoxO films. The thickness of seed layers was approxi-
mately 250 nm. After spin-coating, the seed layers were placed in muffle furnace
and annealed at 450°C for 2 h.

In the hydrothermal process, the precursor solution consists of 0.05M zinc
acetate dihydrate (Zn(AC),-2H,0), 0.035 M sodium hydroxide (NaOH) and different
contents of cobalt nitrate hexahydrate (Co(NOs),-6H,0) dissolved in 2-methhoxy
ethanol. 0.05 M monoethanol amine (MEA) was then added to the mixture, the mix-
ture was stirred at 90°C for 10 min until milky and saturated liquid appeared, and
then cooled naturally to room temperature. 20 mL ammonium hydroxide (NHs-H,0)
was added to the mixture and continued to be stirred for 10 min at room temper-
ature. Finally, the mixture was added into a Teflon-lined stainless steel autoclave,
and then the spin coating films placed and facing downward in the growth solution,
sealed and maintained at 180°C for 10 h. After the autoclave was cooled naturally to
room temperature, the resulting films were taken out and 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 surface morphology of Zn;_,Co,O thin films was examined by using a scan-
ning electron microscope (SEM Sirion200). Structural analysis of the thin films was

carried out with X-ray diffraction (XRD MAP18AHF) via Cu Ka line at the excitation
voltage of 40 kV and tube current of 100 mA. The composition of films was obtained
via energy-dispersive X-ray (EDX) spectrum analysis. High-resolution transmission
electron microscopy (HRTEM, JEOL-2010) was used to investigate the morphology,
composition, and microstructure of Zn;_,Co,O. The photoluminescence (PL LABRA-
HR) were measured under the excitation of xenon lamp laser (325nm) at room
temperature. The optical transmittance of the films was measured by a U-4100
Spectrophotometer (Liquid) in the wavelength range from 240 to 800 nm. Mag-
netic hysteresis loops were measured by a vibrating sample magnetometer (VSM,
BHV-55) at room temperature.

3. Results and discussion

This study focuses on the influence of different Co doping on
morphology evolution, structural, and optical properties of the
obtained thin films. The textured thin films were synthesized by
reacting Zn(AC),-2H,0 and different contents of dopant precursor
(Co (NO3),-6H,0) depending on the ZnO seed layers. The surface
color of synthesized thin films is green.

The SEM images of Zn;_,CoxO textured thin films are shown
in Fig. 2. It can be obviously found that the surface morphology
of films is affected vitally by doped Co content. When the doped
content of Co is 5%, a large area of flowerlike structures can be
observed. These connected flowerlike structures are composed of
nanosheets. The major part of these nanosheets stands on the sub-
strate, whose edges pointing each other with a little angle. The
thickness of nanosheets is about 10-20 nm. Such special morphol-
ogy provides necessary surface roughness as well as a highly porous
two-dimensional structure to our later film functionalization. With
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Fig. 2. SEM images of fabricated Zn;_,Co,O textured thin films: (a) Zng.95C00.050; (b) Zng9Cog.10; (¢) Zng g5C00.150; (d) ZnggCop2 0.

the increasing of Co content, nanosheets turn to be smaller and the
texture structure is denser (Fig. 2b and c¢). When the Co content
reaches 20%, the texture structure has disappeared and replaced
by a layer of small and compact nanorods on the surface of the film
(Fig. 2d). The length of nanorods is about tens of nanometer.
Further morphology characterization and structural analysis of
Zn,_xCoyxO films were performed by TEM. Fig. 3 shows typical TEM
images of Zn;_,CoxO textured thin films. Detailed observation from
the TEM images (Fig. 3a and b) clearly confirms the rough surface
and high porosity of Zn;_,CoxO thin film. Fig. 3c and d are HRTEM
images of Zn,_,CoxO thin film, and the inset of Fig. 3d is the cor-
responding SAED pattern. These results indicate that the sample is
highly crystalline without any impurity phases, and has a wurtzite
structure. Besides, from the magnified HRTEM images, the lattice
spacing is measured around 0.24 nm, which corresponds to the
[101 1] direction of hexagonal ZnO, this suggests that one of the
growth directions of the ZnO nanoentities is along the [101 1].
X-ray diffraction (XRD) patterns shown in Fig. 4 are recorded
for the analysis on the crystal phase of ZnO textured thin films
with different doped contents. The XRD results reveal that all the
diffraction peaks can be indexed to the wurtzite structure of ZnO
(space group P63mc) and no characteristic peaks from impurities
are detected within experimental error, which indicates possible
doping throughout the nanostructure. The three mostintense peaks
of the XRD pattern of Zn;_xCoxO samples are clearly shown in
Fig. 4a, from left of which are (100), (002), and (101) diffrac-
tion peaks of ZnO, respectively. It is worth mentioning that (101)
peaks of all samples show shifting slightly towards higher angle by

increasing the contents of Co%* (as shown in Fig. 4b), which indi-
cates a reduction of the unit cell due to Co?* substitution in ZnO
lattices. This is supported by the fact that the ionic radius of Co2* is
0.72 A whereas that of Zn?* is 0.74 A [13]. The shifting of XRD lines
strongly suggests that Co?* is successfully substituted into the ZnO
structure at the Zn?* site.

To precisely examine the chemical composition of Zn;_,CoxO
thin films, energy dispersive spectrum (EDS) was performed with-
out the interference from the substrate. Fig. 5 shows the EDS spectra
of ZnggCog 20, and the Co peak is clearly shown in the EDS spectra,
which suggests that Co* has successfully doped in the lattice of
ZnO. The Co content in the ZnO film is determined 18.0 at.%. Obvi-
ously, the amount of Co incorporated into the ZnO matrix is less
than that provided in the reaction solution. This may be because
the bond energy of Co-0O is higher than that of Zn-0, and more
energy is required to enable Co?* to enter the lattice and form the
Co-0 bond. Therefore, Co?* substituting for Zn%* qualifies a higher
stability than the Zn-0 structure, and more energy is required in
the substituted samples to form the Zn-0-Co structure.

Fig. 6 depicts the room-temperature photoluminescence (PL)
spectrum of Zn;_,Co,O textured thin films with different Co con-
tents, which is an effective method for the investigation of intrinsic
point defects in ZnO, such as zinc vacancies, interstitial oxygen,
interstitial zinc, and oxygen vacancies [14]. As shown in Fig. 6, all
samples exhibit a strong UV emission at near 400 nm and two rel-
atively weak emission bands center at 470 and 530 nm. The UV
luminescence band belongs to the exciton recombination corre-
sponding to near-band-edge emission of the Zn;_,CoxO films [15].
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Fig. 3. (a) and (b) TEM images of Zn;_xCoxO thin film; (c) and (d) HRTEM images of Zn;_4Co,O thin film, and the inset of (d) is the corresponding SAED pattern.

The position of each sample’s UV-emission peak is marked in the
spectra, and it can be clearly observed that the UV-emission peaks
generate red-shift phenomenon. This could mainly due to the sp-d
exchange interactions between the band electrons and the local-
ized d electrons of the Co%* ions substituting Zn ions [16-18]. This
sp-d exchange interaction is verified by the observation of a strong
magneto-optical effect near the band gap region of Zn;_4CoxO
alloys [19]. The s-d and p-d exchange interactions cause a neg-
ative and a positive correction to the conduction and valence band
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edges, respectively, which therefore leads to band gap narrowing
[20]. Besides, the intensity of UV emission decreases successively
with the concentration of Co?* increasing from 5% to 15%. This may
be because more defect states below the conduction band occurs
via Co doping, so that some of the exited electrons in the conduc-
tion band relax to the defect states which leads to decreasing in UV
emission intensity [21]. The weak peak at 470 nm is blue emission,
Zeng et al. [22] reported that it can be attributed to the transition
from extended Zn; states. The extended Zn; states are slightly below
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Fig. 4. (a) XRD patterns taken from the Zn;_,Co,O textured thin films with different doping content; (b) the position of (00 2) diffraction peak of different films; inset of (b)

shows shift of the center of (00 2) diffraction peak.
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Fig. 5. EDS of a Co:ZnO textured thin film (Zng 3Cog,0).

the simple Zn; state, to the valance band. These extended states can
be formed during the annealing process according to the defect ion-
ization reaction, and can result in defect localization coupled with
a disordered lattice. The electrons can first transit to the conduc-
tion band or Zn; state, then relax to extended Zn; states, and finally
transit to the valance band with blue emission. The green emission
at 530 nm is usually caused by the transition of a photogenerated
electron [23].
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Fig. 7. Absorbance spectra of different Zn;_,Co,O thin films.

Fig. 7 shows the UV-vis absorption spectra collected from dif-
ferent Zn,_,CoxO thin films. The strong absorption band between
375 and 385 nm (characteristic of the wide-band semiconductor
material) originates from ZnO. From the inset of Fig. 7, we can find
that the absorption edges shift to long wavelength (red-shift). The
red shift phenomenon can be explained by the Burstein-Moss band
gap widening and band gap narrowing due to the electron-electron
and electron-impurity scattering [24].
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In order to determine the optical band gap energy Eg from
the absorption spectra, we used the variation of the absorp-
tion coefficient (o) with photon energy, the equation is as
follows [25]:

(ahv) = A(hv — Eg)'/? (1)

where Eg is the optical band gap of the films and A is con-
stant. Fig. 8 shows the plots of (ahv)? versus (hv) for the various
Znq_xCoxO0 thin films. The calculated band gap value of Co doped
ZnO thin films are found to be from 3.26 to 3.20eV. The varia-
tion of band gap with the concentration of Co is shown in the
inset of Fig. 8, in which it can be found that the Eg; decreases
with increasing of Co content except for the sample of Zny gCog > 0.
This is because the band filling effect (Burstein—-Moss effect), over-
compensates the band-gap renormalization effect due to heavy
doping [26].

The magnetic property of ZnggsCog 150 is shown in Fig. 9. The
applied field range is —2500 to 2500 Oe. The sample exhibits well-
defined hysteresis loops at 300K. Fig. 9 reveals that the coercive
field is 230 Oe. The origin of ferromagnetism in doped semiconduc-
tor oxide materials has been controversial, while structural defects
and magnetic impurities have often been invoked to explain mag-
netic ordering [27-29]. Here, the cause of ferromagnetic behavior
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Fig. 9. Room temperature magnetic hysteresis loops (M-H curve) for the
Zng.g5C00,150 sample.

in the system should be the substitution of Co?* ions in ZnO lattice.
A weak ferromagnetic behavior suggests that the content of cobalt
ions in the ZnO lattice is not enough.

4. Conclusions

In summary, a new and large-scale two-dimensional Zn;_xCoxO
flowerlike thin film has been prepared by a facile solvothermal
method. It has been found that the doped contents of Co have
great influence on the morphology, structural and optical prop-
erties of Zn;_yCoxO films. The Zn;_,CoxO thin films show stronger
UV emission and the position of each sample’s UV-emission peak
shift towards long wave (red-shift). The absorption edges of all sam-
ples generate red-shift phenomenon. The result of X-ray diffraction
(XRD) and energy dispersive spectrum (EDS) indicate that cobalt is
successfully doped into the ZnO wurtzite lattice structure, and no
secondary magnetic phases are found. A typical room-temperature
ferromagnetic behavior has been found in Zn;_,CoxO flower-
like films, it suggests that the solid solution of Co ions in ZnO
thin films plays a major role in production of observed ferro-
magnetic properties. Prospectively speaking, this work not only
obtains the morphology-controllable Zn;_,CoxO films, but also
proposes an effective and simple way to tailor morphologies of
inorganic materials for the potential applications. Further investi-
gation on the Co doped ZnO textured thin films will be published in
future articles.
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