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Abstract

Ordered Tb3+-doped zinc oxide nanowire arrays embedded in anodic alumina membranes (AAMs) were fabricated by an improved

sol–gel method. They are hexagonal wurtzite structures with uniform diameter of about 30 nm. From the Raman spectra, the peak at

about 439 cm�1 (E2 (high) mode) decreases greatly, even disappears. It is seldom seen in ZnO. Compared with the undoped bulk ZnO,

intensity of the peak at about 1005 cm�1 increases greatly and shifts towards the low Raman shift with the doping of Tb being increased.

No luminescence of ZnO or Tb2O3 was found in luminescence spectra. They all indicated that Tb3+ ions did enter into the ZnO lattice.

r 2008 Elsevier B.V. All rights reserved.

Keywords: ZnO:Tb; Nanowire arrays; AMM; Raman
1. Introduction

Since the discovery of carbon nanotubes (CNTs) in 1991
[1], one-dimensional nanostructures such as wires, rods,
belts, tubes, and whiskers have become the focus of
intensive research, because of their potential applications
in physical and chemical nanodevices [2–5]. ZnO is a wide-
band-gap (3.37 eV) compound semiconductor with a large
exciton binding energy (60meV), which is considered as the
most suitable material for UV devices when compared to
the thermal energy (26meV) of room temperature [6].
Furthermore, there are a number of potential applications
of ZnO, such as transparent conducting films [7], surface
acoustic devices (SAW) [8], sensors [9,10], solar cells [11],
and so on. If rare-earth (RE) ions are incorporated into
ZnO, its optical properties expected to be modified
remarkably. For example, ZnO doped with Eu can emit
red light and ZnO doped with Er or Tb can emit green light
[12–14]. Among the RE elements, luminescence of Tb3+ is
particularly interesting because the major emission band is
near 544 nm, which is one of the three primary colors.
front matter r 2008 Elsevier B.V. All rights reserved.
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However, it is difficult to incorporate RE ions effectively
into ZnO nanocrystals using the chemical vapor deposition
(CVD) method or the electrochemical deposition method,
because of the high melting point of ZnO and RE2O3 and
high standard electrode potential of RE. In this study,
Tb3+-doped ZnO nanowire arrays were prepared success-
fully by an improved sol–gel method using porous anodic
alumina membranes (AAMs), and Raman scattering was
studied [15,16]. Wurtzite zinc oxide is a hexagonal structure
(space group C6V

4 ) with lattice parameters, a=0.3296 nm
and c=0.5207 nm. The unit cell contains two zinc cations
and two oxygen anions. The ZnO crystal thus can be
viewed as a sequence of O–Zn double layers stacked
along the c-axis or (0 0 0 1) direction (Fig. 1). The
tetrahedral coordination in ZnO results in a non-central
symmetric structure and consequently in piezoelectricity
and pyroelectricity.
2. Experimental

AAM used in this work was formed via anodization of
aluminum metal in 0.3-M oxalic acidic solution, which had
been studied in detail over the last five decades. Nitrate of
Tb was prepared by dissolving terbium oxide in nitric acid,
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Fig. 1. The wurtzite structure model of ZnO. The bigger ion is O2� and the smaller ion is Zn2+.
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Fig. 2. The XRD diffraction patterns of ZnO:Tb nanowire arrays. The

molar ratio of Tb to Zn: (a) 2.5%, (b) 5%, (c) 7.5%, (d) 10%, and

(e) 12.5%.
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and addition of several drops of H2O2 was necessary in
the dissolving process. Ethylene glycol and urea used in
this experiment were of A.R. grade. In the experiment,
0.3 g of Zn(NO3)2 � 6H2O was dissolved into 100mL
deionized water to form a 0.01-M aqueous solution.
Nitrate of Tb was added into the solution. The molar
ratio of Tb to Zn was 2.5%, 5%, 7.5%, 10%, and 12.5%
each. The pH value of the solution was adjusted to near
neutral using aqueous ammonia and dilute nitric acid.
Then 0.3 g of urea and 5mL of ethylene glycol were added
into the solution. The AAM was placed in a beaker that
contained the above-mentioned mixed solution, and then
the beaker was sealed with an adhesive tape. Subsequently,
the beaker was maintained at 60 1C for 48 h and then at
80 1C for 48 h. Finally, the AAM was taken out, washed
repeatedly, and then placed in a muffle furnace kept at
700 1C for 10 h. The morphology of the as-synthesized
sample was obtained with transmission electron micro-
scopy (TEM JEM-2021) and scanning electron microscopy
(FE-SEM Sirion 200). Raman scattering measurements
were performed using a LABRAM-HR Raman micro-
spectroscopy.

3. Results and discussions

Five XRD patterns of the as-prepared samples doped
with the molar ratio of Tb to Zn of 2.5%, 5%, 7.5%, 10%,
and 12.5%, respectively, are shown in Fig. 2. The
diffraction peaks can be indexed to a hexagonal wurtzite
structure of ZnO. Compared with JCPDS data, all the
diffraction peaks are shifted slightly towards the low
diffraction angle indicating that the lattice parameters of
Tb-doped ZnO are a little larger than those of undoped
ZnO. No XRD peaks related to Tb compounds were
found. So it is suggested that Tb3+ ions occupy Zn sites or
interstitial sites in the ZnO lattice.

The morphology of the as-synthesized sample was
obtained with FE-SEM and TEM. Fig. 3a displays the
top view SEM image of the ZnO:Tb nanowire arrays
grown within an AAM. The TEM images of the product
are shown in Fig. 3b. The inset of Fig. 3b presents the
selected area electron diffraction (SAED) pattern taken
from the single nanowire. It can be observed that large-
scale polycrystals were produced with a uniform diameter
of about 30 nm. The micrograph shows that the ZnO:Tb
nanowires are roughly parallel to each other, and vertical
to the AMM surface. It is found that almost all the pores in
AMM are filled with ZnO:Tb nanowires.
Fig. 4 shows the room-temperature Raman spectra of

the ZnO:Tb nanowires array with the molar ratio of Tb to
Zn of 2.5%, 5%, 7.5%, 10%, and 12.5%, respectively. The
curve f is the Raman spectrum for the undoped standard
bulk ZnO. Since the hexagonal wurtzite structure of ZnO
belongs to the space group C6V

4 (P63mc), one primitive cell
includes two formula units, with all of the atoms occupying
2b sites of symmetry C3V. Group theory predicts the
existence of the following optic modes: A1+2B1+E1+2E2

at the G point of the Brillouin zone; B1 (low) and B1 (high)
modes are normally silent; A1, E1, and E2 modes are
Raman-active; and A1 and E1 also are infrared-active.
Thus, A1 and E1 are split into longitudinal (LO) and
transverse (TO) optical components. In the curve f, the
peaks at 329 and 660 cm�1 are A1 symmetry modes, the
peak at 437 cm�1 is attributed to ZnO non-polar optical
phonons high E2 mode, while the peak at 378 cm�1

corresponds to A1 symmetry with the TO mode. The
peaks at 583 and 1156 cm�1 are E1 symmetry with LO and
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Fig. 3. The SEM and TEM images of ZnO:Tb nanowire arrays: (a) typical

SEM image of ZnO:Tb nanowire arrays and (b) typical TEM image of the

ZnO:Tb nanowires and its selected area electron diffraction.
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Fig. 4. The Raman spectra of ZnO:Tb nanowire arrays. The molar ratio

of Tb to Zn: (a) 2.5%, (b) 5%, (c) 7.5%, (d) 10%, and (e) 12.5%. Curve f

is undoped bulk ZnO.
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Fig. 5. XPS of the sample. (a) XPS of the sample doped with the molar

ratio of Tb to Zn ¼ 10% and (b) Tb3d5/2 core-level X-ray photoelectron

spectra of ZnO:Tb nanowires arrays.
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2LO modes, respectively. The peak at 1101 cm�1 is A1, E2

(Acoust. comb) symmetry mode.
In Fig. 4, Raman curve of ZnO:Tb is almost the same as

the bulk ZnO materials. So the main structure of ZnO is
not changed after being doped with Tb. When the size of
the particles reduces to nanoscale, the k ¼ 0 selection rule
for the first-order Raman scattering is relaxed, and the
phonon scattering will not be limited to the center of the
Brillouin zone; hence, the phonon dispersion near the
center of the Brillouin zone should be considered as well.
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As a result, the shift and broadening of the first-order
optical phonon scattering modes will be observed [17,18].
In Fig. 3, the intensity of E1 (2LO) mode of the ZnO:Tb
nanowire arrays was increased greatly and shifted towards
the low Raman shift compared with the bulk sample. It
indicates that the size of the ZnO:Tb nanowire is at
nanograde. It is also confirmed by TEM images. Compared
with the undoped bulk ZnO material, when ZnO is doped
with Tb3+the Raman peak at about 439 cm�1 (E2 (high)
mode) decreases greatly, even disappears. The same
phenomenon occurred in the system of ZnO doped with
another RE element: Ce [19]. It indicates that after being
doped with Tb3+, the ZnO lattice is malformed with the
result that the E2 (high) mode decreases greatly.

Further evidence for the composition was obtained by
the XPS. Fig. 5a is a survey spectrum and Fig. 5b shows
XPS spectrum taken from the Tb3d5/2 regions of the
ZnO:Tb nanowires array. In Fig. 5a, there are two peaks at
about 1242 and 1277 eV, which are attributed to photo-
emission peaks from Tb3d5/2 and Tb3d3/2. Zn2p3/2, Zn2p1/2
and O1s are also found. The atomic composition of Tb,
Zn, and O was calculated by using the integrated peak area
and sensitivity factors, and the atomic ratio of Tb:Zn:O is
about 0.1:1:1. In Fig. 5b there are two peaks at 1242.6 and
1254.3 eV, which are attributed to photoemission peaks
from Tb3d5/2 and energy loss structure, respectively.
Compared with the standard peak of Tb3d5/2 (1241.2 eV)
in Tb2O3, there is a blue-shift in the spectrum indicating
that the distance of Tb to O in the ZnO:Tb crystal is
different from the distance of Tb to O in the Tb2O3 oxide.
It indicates that Tb3+ ions occupy the Zn sites or
interstitial sites in the ZnO lattice.

The luminescence spectra of five samples at room
temperature are shown in Fig. 6. The emission spectra
for ZnO:Tb consist of four main lines at 488 nm
(5D4-

7F6), 543 nm (5D4-
7F5), 586 nm (5D4-

7F4), and
622 nm (5D4-

7F3) under 377 nm excitation, which corre-
spond to electric dipole transitions of the Tb3+ ions, and
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Fig. 6. The emission spectra of ZnO:Tb nanowire arrays. The molar ratio

of Tb to Zn: (a) 2.5%, (b) 5%, (c) 7.5%, (d) 10%, and (e) 12.5%.
the electronic transition, 5D4-
7F5, is the strongest [20,21].

No luminescence of ZnO or Tb2O3 was found. It indicates
that Tb3+ ions enter into the ZnO lattice; they may occupy
the Zn sites or interstitial sites in the ZnO lattice. The ionic
radius of Tb3+ is 0.092 nm and the ionic radius of Zn2+ is
0.074 nm. So Tb3+ may occupy the Zn sites, because the
ionic radius of Tb3+ is little bigger than that of Zn2+.
Zn2+ is bivalent and Tb3+ is trivalent. So it is believed that
when Tb3+ occupied the Zn sites, the probability of the
neighboring Zn2+ being vacant is a half. From Fig. 6, it
can be seen that the peak of ZnO doped with 10% of Tb3+

is highest and ZnO doped with 12.5% of Tb is weak,
because of the quench effect.
4. Conclusions

Ordered Tb3+-doped zinc oxide nanowire arrays em-
bedded in AAMs were fabricated by an improved sol–gel
method. The nanowires with the uniform diameter of
about 30 nm are hexagonal wurtzite structures. From the
Raman spectrum, compared with undoped bulk ZnO, the
peak at about 439 cm�1 (E2 (high) mode) decreases greatly
and even disappears, and the intensity of the peak at
about 1005 cm�1 increases greatly and shifts towards the
low Raman shift with the doping of Tb being increased.
No luminescence of ZnO or Tb2O3 was found in
luminescence spectra. They all indicated that Tb3+ ions
did enter into the ZnO lattice, and Tb3+ may occupy the
Zn sites in all probability.
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