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Well-aligned Zni_,Mn,O nanorods have been synthesized successfully on bare silicon substrates by a simple

evaporation method without using any catalyst. X-ray diffraction and electron microscopy studies demonstrate

that the as-grown nanorods are of single wurtzite phase with a preferential growth direction along their c-

axes. Quantitative energy-dispersive spectrum analysis reveals that the concentration of manganese is around 4

at.%. Magnetic measurements show the single-phase Zni_,Mn,O nanorod arrays exhibiting the paramagnetic

behaviour. Photoluminescence spectra demonstrate that the Zn;_ Mn, O nanorods preserve ultraviolet emission

at room temperature.

PACS: 81.07.BC, 68.37.Lp, 75.75. 4+a, 78.55.Et

Nano-scaled semiconductors have attracted much
attention because of their unique physical and chemi-
cal properties originating from quantum confinement
effects and their potential applications in nanode-
vices. Considerable research works have been per-
formed in fabrication and characterization of nano-
scaled diluted magnetic semiconductors (DMSs) for
spintronic devices.'=3 As an oxide DMS, ZnO based
DMS is one of the most versatile and attractive DMSs.
ZmO is widely recognized as a promising opto-material
working in the blue-ultraviolet region due to its di-
rect band gap of 3.37eV at room temperature and
a large exciton binding energy of 60 meV.[*! With a
high thermal solubility of Mn in ZnO (> 10at.%), Mn
doped ZnO is an ideal material for shot-wave magneto-
optical devices and transparent magnets.[®/ Recently,
Dietl et allfl predicted that p-type Mn doped ZnO
can be ferromagnetic with high Curie temperature
above room temperature. Most of the previous stud-
ies on Zni_;Mn,O have been focused on ceramics
and films."=% Only a few reports exist concerning
Zni_zMn,O nanowires,[w] nanobelts,[u] and tetra-
pod structures.'?l However, for practical purposes,
high-density and well-aligned nanostructures are of
importance. In this Letter, a catalyst-free method for
the growth of well-aligned Zn;_,Mn,O nanorods is
described, and their photoluminescence and magnetic
properties are also discussed in detail.

Synthesis of Zn;_,Mn,O nanorod arrays was con-
ducted via a thermal evaporation of ZnO/C (mole
ratio 1:1) and Mn powders without addition of any
catalyst. It is worth mentioning that C acts as an
effective reductive agent and assists the growth of
ZnO nanostructures.!'3] The powders were placed in

a quartz tube and near one end of the tube; and
near the other end, bare n-type (100)-oriented Si sub-
strates were placed for deposition of the nanorod array
(the silicon substrates had been ultrasonically cleaned
in acetone and ethanol for 10 min, respectively, and
rinsed in distilled water). The quartz tube was then
put into a horizontal furnace and heated to 1160°C in
an argon atmosphere. Here, the temperature was of
the mixture powders, i.e. the source materials, and
a temperature gradient between the source materi-
als and the substrates was approximately 400°C. The
evaporation lasted for 90 min. After the system cooled
down to room temperature naturally, the silicon sub-
strates were covered with a layer of weak yellow colour.

The morphology,
composition of the samples were investigated by a
scanning electron microscope (SEM) and a transmis-
sion electron microscope (TEM) equipped with an
energy-dispersive spectrum (EDS) attachment. The
phase of the samples was identified by using an x-ray
diffractometer (XRD) with Cu K, radiation and a
graphitic monochromator. Raman spectra of the sam-
ples were collected at room temperature excited by
an ArT laser with the wavelength of 514.5nm. Room-
temperature photoluminescence (PL) properties of the
samples were investigated using a 325-nm He-Cd laser.
The magnetic measurements of the samples were also
carried out by means of a superconducting quantum
interference device (SQUID) magnetometer.

The crystal structure and crystallographic orien-
tation of the samples were investigated by using XRD
measurement. As shown in Fig. 1, the positions of all
diffraction peaks from the sample coincide with those
of a hexagonal wurtzite ZnO structure (PDF 80-0075),
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while intensity of the (002) peak is quite stronger, in-
dicating that the nanorods have well-aligned on the
silicon surface and show a preferential growth direc-
tion of (002). No other peaks corresponding to man-
ganese metal or manganese oxides were detected.
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Fig. 1. XRD pattern of the Zni_,Mn,;O nanorod arrays
deposited on a bared silicon substrate.

Figure 2(a) presents an SEM image of the sam-

ples and it reveals that high-density and well-aligned
nanorods were grown directly on the bare surface of
the silicon substrate. The diameters of the nanorods
are in the range of 300-500 nm, and the nanorods
have round tips. To further study their structure
and composition, we scratched and dispersed the
nanorods onto a copper grid for TEM investigation.
The bright field TEM image (Fig.2(b)) shows an in-
dividual nanorod. Its diameter and length are 400 nm
and 4 um, respectively, and the nanorod is straight
in morphology, uniform in size. A selected area
electron diffraction (SAED) pattern of the nanorod
is also shown by the inset in Fig.2(b), demonstrat-
ing that the nanorod is of high crystalline perfec-
tion with a hexagonal structure. Figure 2(c) shows
a high-resolution TEM image taken from the edge of
ananorod. The continuous lattice fringes demonstrate
that the nanorod is almost defect-free. The measured
spacing of 0.258 nm reveals that the nanorod grows
along the c¢ axis, in accordance with the XRD re-
sults shown in Fig. 1. The composition microanalysis
by EDS for a single nanorod is shown in Fig. 2(d), and
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Fig. 2. (a) Top-view SEM image of the well-aligned Zn;_;Mn;O nanorods on a silicon substrate. (b) Bright-field TEM
image of a single Znj_;Mn;O nanorod with the diameter of 400 nm. Inset: the corresponding SAED patterns. (c) HRTEM
image of a single Znj_,;Mn;O nanorod. (d) Typical EDS pattern of an individual Zni_,Mn;O nanorod.
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it demonstrates that the nanorod is composed of Zn,
Mn and O (Cu signals are most likely ascribed to the
supporting copper grid). Quantitative EDS analysis
shows that the concentration of manganese is about 4
at.%.

Raman scattering spectroscopy has been employed
to confirm the structures of Zn;_,;Mn,O nanorods.
Zn0O has a wurtzite structure with Cg, point group
symmetry. Group theory predicts that it has 2Aq,
2E{, 2E5 and 2B, modes14=17 and only 2B; modes
are Raman silent. Moreover, A; and E; are polar
modes and can be split into LO and TO compo-
nents. A typical Raman spectrum of Zn;_,Mn,O ar-
rays deposited on silicon substrates is shown in Fig. 3.
Within the Raman shift range 270-700 cm~!, the Ra-
man bands with principal phonon lines centred at
434.0cm™! Es(nign) and 568.0 cm™! Aj(Lo) are char-
acteristics of a hexagonal wurtzite phase, which can
be thus assigned to the nanorods. In this Raman shift
range, a strong Si peak (520.2cm~1!) originating from
the substrate can also be observed and servers as a
reference. The Raman spectrum obviously shows that
the Zn;_,Mn,O nanorods keep the crystal structure
of ZnO and the manganese ions incorporate into the
lattice positions of ZnO through substitution of Zn
atoms. In the case of highly ordered ZnO films, only
A;(LO) and E; modes are observed and the other
modes are forbidden under backscattering geometry
according to the Raman selection rules. The present
work only shows the two bands corresponding to the
A1(LO) and E2 modes, which further confirms that
these arrays are highly c-axis oriented. Therefore, all
the results of SEM, HRTEM, XRD, and Raman ex-
periments agree well with one another and demon-
strate that the deposits on silicon substrates are well-
aligned c-oriented single phase wurtzite Zn;_,Mn,O
nanorods.
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Fig. 3. Raman spectrum of the Znj_Mnz;O nanorod ar-
rays taken at room temperature.

Figure 4(a) presents the temperature dependence
of magnetization under an applied magnetic field of

500 Oe for the samples. Although un-doped ZnO ex-
hibits diamagnetic behaviour and its magnetic suscep-
tibility is —46.0 (47 x 107¢ cm3g~1), positive magneti-
zation is observed from the Mn doped ZnO nanorods
(the M-T curve was obtained after appropriate cor-
rection for the diamagnetic component arising form
the silicon substrate). In the temperature range of
50-300 K, the magnetization of the sample increases
slowly as the temperature decreases, while a steep in-
crease of the magnetization occurs as the temperature
is below 50 K. Figure 4(b) shows the M~!-T curve
fitted by the Curie-~Weiss law. They clearly demon-
strate that the single-phase sample exhibits paramag-
netic Curie—Weiss behaviour with antiferromagnetic
interactions, similar to other DMSs. The result also
indicates that no evidence of ferromagnetic behaviour
is obtained in the intrinsic and non-carrier doped
7n;,_,Mn,O nanorods. Further work is needed to
understand the effects leading to ferromagnetic be-
haviour in Zn;_,Mn,O nanostructures, so that they
may be optimized for future device applications.
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Fig.4. (a) Temperature-dependence of magnetization
(M-T) curve of the Zni_;Mn;O nanorod arrays under
a magnetic field of 500 Oe (in units of up per Mn atom).
(b) M~'-T behaviour fitted by the Curie-Weiss law.

Room-temperature photoluminescence (PL) spec-
tra of the Zn;_,Mn,O nanorods are shown in Fig.5.
Similar to the spectra of pure ZnO,['8] the ultravi-
olet emission centred at 379.1 nm is related to the
near band-edge transition, and the broad green emis-
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sion band centred at 510.5nm might be ascribed
to the defects on the nanorods surfaces.['?) The ul-
traviolet emission still preserved with the adding
of manganese demonstrates that the well-aligned
7Zni_,Mn,O nanorods are an ideal system for the ap-
plication of shot-wave magneto-optical devices.
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Fig.5. Typical room-temperature photoluminescence
spectrum of the Zn;_;Mn;O nanorod arrays.

In summary, large-scale well-aligned Zn; ,Mn,O
nanorods deposited on bare silicon substrates have
been prepared via a simple vapor phase growth with-
out using any catalyst. The highly crystallized
nanorods show single wurtzite phase with a prefer-
Direct-
current magnetization measurements show that the
single-phase Zn;_Mn,O arrays exhibit paramagnetic
Curie—Weiss behaviour. Room-temperature photolu-
minescence spectra demonstrate an ultraviolet emis-
sion peak centred at 379.1 nm and a green emission
peak broadened at 510.5nm. With the advantages
of low cost, no catalyst and scale-up production, this
preparation method is a useful way for the doped com-
pounds with well-controlled shape, which is very im-

ential growth direction along their ¢ axes.

portant to both the fundamental research and techno-
logical applications of nanodevices.
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