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Influence of annealing on the structural and optical properties of ZnO:Tb
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The influence of annealing on the morphological, structural, and optical properties of ZnO:Tb thin
films on Si substrate grown by magnetron cosputtering is investigated. It has been found that the
ZnO:Tb thin films with structures of tetrapod and screwlike nanorod are formed after annealing at
temperature of 950 °C. X-ray photoelectron spectroscopy, energy dispersive spectroscopy, and
Raman analyses prove that the tetrapod-aiguille zinc oxide �T-A-ZnO� and the screwlike nanorods
are composed of Zn, Tb, and O elements. The photoluminescence spectra of the ZnO:Tb thin films
with the T-A-ZnO structure and the screwlike nanorods are featured with two ultraviolet emission
peaks and one strong green emission band, and the photoluminescence intensity increases with
increasing annealing temperature. The surface defects in the T-A-ZnO structure and the screwlike
nanorods are considered to be responsible for enhanced green emission in the annealed ZnO:Tb thin
films. © 2006 American Institute of Physics. �DOI: 10.1063/1.2227268�
I. INTRODUCTION

ZnO is a wide-band-gap material �Eg�3.37 eV� with an
exciton binding energy of 60 meV that has potential techno-
logical applications in both short-wavelength light-emitting
devices and semiconductor spin electronics.1 Furthermore,
ZnO is an environmentally friendly material and is expected
to be the material of choice in future optoelectronic devices.
In recent years, much attention has been paid to the optical
properties of ZnO, because the optical properties depend
strongly on the size and shape.1–3

Rare earth �RE�-doped ZnO systems have been attract-
ing much interest for possible applications in high power
lasers, visible emitting phosphors in displays, and other op-
toelectronic devices.4–9 It has been found that the optical
properties of RE3+-doped ZnO depend on the dopant concen-
tration, host structure, and fabrication process. As is well
known, the annealing treatment not only improves the crystal
quality of thin films but also leads to the reaction between
the film and the dopant as well as the substrate,10 particularly
at high annealing temperature. Nevertheless, up to now, stud-
ies on the optical properties have been focused mainly on
pure ZnO film, and little work has been done on the
RE3+-doped ZnO three-dimensional �3D� structures.

The magnetron sputtering is one of the most useful tech-
niques for the fabrication of ZnO films doped with lumines-
cence centers.7,11 Different contents of RE ions can be easily
incorporated into ZnO film by cosputtering, and the size and
shape of ZnO films are controllable by changing sputtering
conditions.12

In this paper, we present a facile, reproducible, and ef-
fective route to obtain 3D ZnO structures, namely, by ther-
mal treatment of the sputtering deposited ZnO:Tb thin film.
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The influence of annealing temperature on the morphologi-
cal, structural, and optical properties of ZnO:Tb thin films on
Si substrate grown by magnetron cosputtering method has
been investigated. As a result, a special tetrapod-aiguille
ZnO structure together with screwlike nanorods has been
formed by annealing ZnO:Tb thin films at 950 °C, and two
ultraviolet �UV� emission peaks and a strong green emission
band have been observed.

II. EXPERIMENT

ZnO:Tb thin films with thickness about 200 nm were
grown onto n-type Si �100� at 300 °C by radio frequency �rf�
magnetron cosputtering from high purity ZnO target
�99.999%� attached with several small terbium oxide chips.
The chamber was evacuated to a base pressure better than
5�10−6 Pa before a high purity gas mixture of 60% O2

�99.999%� and 40% Ar �99.999%� was introduced until the
work pressure was maintained at 1 Pa. The Si substrates
were in situ plasma etched for 5 min. The sputtering was
carried out with a power of 80 W and a bias voltage of 50 V.
After deposition the as-grown samples were annealed at fur-
nace in air for 10 h at temperatures of 850, 900, 950, and
1050 °C, respectively.

The chemical compositions of the ZnO:Tb thin films
were determined with a x-ray photoelectron spectroscopy
�XPS, VG ESCALAB Mark II� and energy dispersive
spectrometer �EDS�. X-ray diffraction �XRD, Philips PW
1700� with Cu K� radiation�, field-emission scanning elec-
tron microscopy �FE-SEM, FEI Sirion 200�, and high-
resolution transmission electron microscopy �HRTEM,
JEOL-2010� were used to study the structural and morpho-
logical properties of the ZnO:Tb thin films. Photolumines-
cence �PL� spectra were carried out with a 325 nm cw

He–Cd laser with an excitation power of 2.5 mW at room
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temperature. Raman spectroscopy was conducted as a
supplementary tool to identify structural information
�514.5 nm, argon ion laser, Labram-HR�.

III. RESULTS AND DISCUSSION

The incorporation of Tb ions into the ZnO lattice and
their vibration states were characterized by XPS measure-
ment. Figure 1 shows the typical XPS spectrum of the
ZnO:Tb thin films annealed at 950 °C. The XPS spectrum
has been charge corrected to the adventitious C1s peak at
284.6 eV binding energy. The peaks located at 1022 and
1045 eV correspond to Zn2p3/2 and Zn2p1/2, respectively.
The high resolution scans of Tb3d5/2 at 1242.2 eV and O1s
at 531.1 eV are shown in the insets �1� and �2� of Fig. 1.
Compared with standard XPS peak of Tb3d5/2 at
1241.2 eV,13 the Tb3d5/2 for the annealed ZnO:Tb thin film
has a slightly blueshift, indicating that the distance between
Tb and O in Tb2O3 has changed with the doping of Tb3+

ions, which is in agreement with the XRD results discussed
below. The Gaussian fitting of O1s photoemission line gives
two peaks situated at about 530.7 and 531.2 eV, respectively,
corresponding to the binding energy of Zn–O bonds in bulk
ZnO �Ref. 14� and Tb–O bonds in bulk Tb2O3.13 The binding
energy at 531.2 eV may be also related to the O2− ions in the
oxygen-deficient regions within the ZnO matrix.15 The quan-
titative analysis indicates that Tb3+ content in ZnO:Tb thin
film is about 4.16%.

Figure 2 shows the XRD patterns of the annealed
ZnO:Tb thin films at different temperatures together with
patterns of the as-grown ZnO and ZnO:Tb thin films. Only
single ZnO wurtzite phase �JCPDS No. 36-1451� with �002�
peak around 34.4° is observed in Fig. 2�a�. This result indi-
cates that the as-grown ZnO and ZnO:Tb thin films have a
strong c-axis-orientated texture. No terbium oxide phases are
observed, suggesting that some Tb3+ ions would uniformly
substitute into the Zn2+ sites or interstitial sites in ZnO lat-
tice. Compared with the as-grown ZnO film, the �002� peak
position of the as-grown ZnO:Tb film has a slight shift to-
ward lower diffraction angle, indicating that the lattice con-
stant c of ZnO slightly increased upon the doping of Tb3+

ions. A similar phenomenon has been observed in ZnO:Tb
8

FIG. 1. XPS spectrum of the ZnO:Tb thin film annealed at 950 °C. The
insets �1� and �2� show the high resolution scans of Tb3d2/5 and O1s pho-
toemission lines, respectively.
nanowires. The slightly larger lattice constant c of ZnO:Tb
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film than pure ZnO film may be due to the fact that the radius
of Tb3+ �92 pm� is larger than that of Zn2+ �74 pm�. The
variation of the c-axis lattice spacing further suggested that
Tb3+ ions replace the Zn lattice sites or interstitial sites in the
films.

The diffraction pattern in Fig. 2�b� shows that the
ZnO:Tb thin films annealed at 850 and 900 °C still exhibit a
high c-axis orientation. When annealing at 950 °C, not only
the intensity of the �002� peak increased obviously but also
other weak peaks indexed to wurtzite ZnO appeared, as
shown in Fig. 2�c�. Further annealing at about 1050 °C �Fig.
2�d��, the diffraction pattern is dominated by diffraction
peaks from Zn2SiO4 phase �JCPDS No.37-1485�, indicating
that the solid phase reaction between ZnO film and Si sub-
strate took place. It is well known that high annealing tem-
perature could lead to the huge atomic interdiffusion between
thin film and substrate. Note that a small peak attributed to
�222� diffraction of Tb2O3 �JCPDS No. 23-1418� also ap-
pears in Fig. 2�d�, indicating the formation of Tb2O3 particles
at 1050 °C. Exarhos and Sharma have shown that the wurtz-
ite phase of the ZnO thin film is stable at temperature less
than 800 °C.16 On the other hand, it seems that the doping of
Tb3+ ions can inhibit the reaction between ZnO film and Si
substrate because no diffraction peaks from Zn2SiO4 phase
appeared in Figs. 2�a�–2�c� �850–950 °C�.

FE-SEM images of the ZnO:Tb thin films annealed at
different temperatures are shown in Fig. 3. Similar to the
as-grown pure ZnO film composed of small particles �Fig.
3�a��, the as-grown ZnO:Tb film also contains regular ar-
rangement of crystallites �Fig. 3�b��. The surface of the
ZnO:Tb thin film annealed at 850 °C is uneven, and the
ablation in some areas is visible in Fig. 3�c�. The grain size
increases as annealing temperature increased to 900 °C �Fig.
3�d��. With further increasing the annealing temperature, the
surface morphologies of ZnO:Tb thin films change dramati-
cally besides the increase of the grain size. When annealing
at 950 °C �Fig. 3�e��, a unique morphology, tetrapod-aiguille
ZnO structure �so-called T-A-ZnO, is formed together with a
large number of screwlike nanorods with different diameters
and lengths. The T-A-ZnO structure consists of four aiguille-
shaped tetrahedrally arranged legs connected at the center,
forming a tetrapod structure. The length of the legs is about

FIG. 2. XRD patterns of �a� the as-grown ZnO and ZnO:Tb thin films,
�b�–�d� the ZnO:Tb thin films annealed at temperatures of �b� 850 and
900 °C, �c� 950 °C, and �d� 1050 °C.
5 �m, and the hexagon end planes of a single leg can be
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clearly seen in the inset of Fig. 3�e�. The HRTEM image and
corresponding selective area electron diffraction �SAED�
analyses taken from different parts of a single leg of the
tetrapod have proven that the legs are single crystalline �not
shown here�. However, at even higher annealing temperature
of 1050 °C �the temperature was enhanced quickly and then
kept it�, the image shows large grains with small nanorods at
grain boundaries, while the T-A-ZnO structure disappears
�Fig. 3�f��. The appearance of the different morphologies of
ZnO:Tb thin films at different annealing temperatures can be
explained by considering the different interactions between
the ZnO:Tb film and substrate interface due to the different
thermal energies. The synthesis of unique T-A-ZnO structure
is demonstrated in this paper, which is different from the
tetrahedral-ZnO �T-ZnO� whiskers reported previously.17,18

The corresponding EDS analysis indicates that the T-A
-ZnO structure and the screwlike nanorods are composed of
Zn, O, and Tb atoms �not shown here�. It is obvious that
Tb3+ ion is a key factor in the formation of the T-A-ZnO
structure and the screwlike nanorods. Further research will
be performed to clarify the exact formation mechanism of
the T-A-ZnO structure, which might be similar to that of the
T-ZnO structure,19–21 but the nucleation stage and growth
process are somehow easy because of the existence of ZnO
crystallite and Tb3+ ions.

Raman scattering is very sensitive to the microstructure
and can be used to obtain the additional information for the
T-A-ZnO structure and the screwlike nanorods. Figure 4
shows the Raman spectra of the ZnO:Tb thin films annealed
at different temperatures. It is well known that single-
crystalline ZnO has eight sets of optical phonon modes at �
point of the Brillouin zone, in which the A1+E1+2E2 modes
are Raman active. Moreover, the A1 and E1 modes split into
LO and TO components. For the annealed ZnO:Tb thin films,
the peaks at 330, 378, 409, 435, 580, and 656 cm−1 can be
clearly seen and assigned, respectively, to E2H-E2L, A1T, E1T,
E2H, E1L, and 3E2H-E2L of bulk ZnO,22 and these peaks are

FIG. 3. FE-SEM images of �a� the as-grown ZnO thin film, �b� the as-grown
ZnO:Tb thin film, �c�–�f� the ZnO:Tb thin films annealed at temperatures of
�c� 850 °C, �d� 900 °C, �e� 950 °C, and �f� 1050 °C. The inset in �e� shows
the enlarged T-A-ZnO structure.
further sharpened and their intensities increase when the an-
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nealing temperature increases from 900 to 950 °C. But with
further increasing annealing temperature to 1050 °C, the in-
tensities of these peaks are weakened, which might be attrib-
utable to the formation of a dominant ZnSiO4 phase �just
shown in Fig. 2�d��; moreover, a small additional peak ap-
pears near 618 cm−1, which might originate from the Raman
inactive mode induced by the lattice asymmetry.23 The E1L

peak centered at 580 cm−1 is considered due to the formation
of the defects such as oxygen vacancy and Zn interstitial,24

and this vibration peak is almost invisible in ZnO:Tb thin
films annealed at temperature either higher or lower than
950 °C. In addition, it is noticed that the vibration peak from
Si �520 cm−1� is very weak for the ZnO:Tb thin film an-
nealed at 950 °C due to the formation of the T-A-ZnO struc-
ture and screwlike nanorods, and this trend is consistent with
the XRD result �Fig. 2�c��.

Figure 5 shows the PL spectra of the ZnO:Tb thin films
annealed at different temperatures together with that from
pure ZnO thin film annealed at 700 °C �the lowest curve in
Fig. 5�. The spectra of ZnO:Tb thin films annealed at 850
and 900 °C consist of a strong UV emission �378 nm� and a
weak broad green emission �530 nm�. While for the films
annealed at 950 and 1050 °C, the spectra consist of two UV
emission peaks and a strong broad emission band centered at
515 nm �2.40 eV, green emission�, and the green emission of
the film annealed at 950 °C is very strong. The existence of

FIG. 4. Raman spectra of the ZnO:Tb thin films annealed at different
temperatures.

FIG. 5. �Color online� PL spectra of the ZnO:Tb thin films annealed at
different temperatures excited at 325 nm together with that of the ZnO thin
film annealed at 700 °C. The inset shows the PL spectrum of the ZnO:Tb
thin film annealed at 950 °C excited at 377 nm. The PL intensity of the

ZnO:Tb thin film annealed at 950 °C has been depressed six times.
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two peaks at UV region is somewhat surprising. Bagnall et
al. observed two emission peaks centered at 3.18 and
3.14 eV in ZnO epitaxial layers, which was thought to origi-
nate from different regions of the excitation area, or at dif-
ferent intervals during excitation.25 In our case, two UV
peaks are located at 378 nm �3.26 eV� and 387 nm
�3.19 eV�, respectively. It is considered that the former origi-
nates from the recombination of free excitons of granule-
ZnO through an exciton-exciton collision process corre-
sponding to near band edge �NBE� emission of ZnO.26 The
latter might be related to the excitonic recombination of the
T-A-ZnO structure and screwlike nanorods, which is close to
the reported value for the tetrahedral-ZnO whiskers27 �at
390 nm� and ZnO nanobelts28�at 388 nm�. In fact, we have
found that the peak intensity at 387 nm gradually decreases
with the decrease in the content of T-A-ZnO structure and
screwlike nanorods. Whereas very weak PL is observed for
the as-grown ZnO:Tb thin film at the same measure condi-
tions. Enhanced UV emission is considered due to the de-
crease of the nonradiative defects and the increase of ZnO
grain size.23

Though there is no consensus in the literature on the
origin of green emission in ZnO films, its intensity is com-
monly related to the density of intrinsic defects �such as oxy-
gen vacancy or Zn interstitial related defects�29 and the spe-
cial surface structure.30,31 Since these intrinsic defects
involved in green emission would be affected by annealing
treatment, the fact that green emission intensity decreases at
annealing temperature either higher or lower than 950 °C
indicates that enhanced green emission might be correlated
with the formation the T-A-ZnO structure and the screwlike
nanorods. Moreover, the XPS �531.2 eV� and the Raman �
580 cm−1 vibration peak� results both show the existence of
oxygen vacancy or Zn interstitial in the annealed ZnO:Tb
film with the T-A-ZnO structure and screwlike nanorods,
thus enhanced green emission might also come from the in-
creased defect centers in the T-A-ZnO structure and screw-
like nanorods.

Compared with the almost suppressed green emission of
the annealed ZnO thin film �the lowest curve in Fig. 5�, it is
obvious that Tb3+ ions have a great influence on the PL of
the annealed ZnO:Tb thin films. Tb3+ luminescence based on
radiative transitions within the 4f shell is well known in
many host materials, showing typically two emission multi-
plets related to the radiative transitions from the excited state
5D4 level �dominating lines at 486, 542, 580, and 620 nm�
and 5D3 level �lines within 370–480 nm spectral region� to
the 7Fx ground state manifold.32 The 5D3→ 7Fx radiative
transitions are strongly suppressed in the PL spectra for Tb3+

concentrations above a few percent due to cross-relaxation
processes between two closely spaced Tb3+ ions. From Fig.
5, no peaks related to Tb3+ ions exist in the PL spectra ex-
cited at a wavelength of 325 nm, which is similar to the
previous result.5 The inset in Fig. 5 shows the PL spectrum
of the ZnO:Tb thin film annealed at 950 °C excited at a
wavelength of 377 nm using xenon lamp �FLS 920 Edin-
burgh Instrument�. Three small PL peaks centered at 468,
488, and 619 nm are overlapped with the broad green emis-

sion band. Though the luminescence at 466 nm in ZnO nano-
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wires has been observed and ascribed to the intrinsic defects
such as oxygen and zinc vacancies or interstitials and their
complexes,33 herein, Tb oxide might contribute to the lumi-
nescence at 468 nm because this peak was absent in the an-
nealed ZnO thin film. Other peaks at 488 and 619 nm are
attributed to the radiative transition from 5D4 excited state of
Tb3+ ions to the ground state 7F6 and 7F3, respectively.
Though electric dipole �ED� transitions between 4f states in
the free RE ions are parity forbidden, the ED transitions are
partially allowed with weak intensity while RE ions occu-
pied lattice or interstitial sites in the condensed matter such
as ZnO, which has large absorption transition probabilities
due to direct band gap.34 So most excited carriers trapped at
Tb centers come from band-gap absorption in ZnO matrix
and a small part result from 4f-4f absorption transitions in
Tb3+ ions.4

It should also be pointed out that the diffusion doping is
likely to result in higher Tb concentration near the surface of
the ZnO tetrapoded structure. Higher doping in the surface
region has been found in Mn-doped ZnO tetrapod structure35

and N-doped GaP nanobelts.36 The concentration of defects
causing the green emission is also expected to be higher at
the surface, our result further supports the mechanism in
which the visible light is considered to be strongly related to
the number of surface states.31,37,38 Therefore, it is reasonable
to believe that there exist some surface defects in the T-A
-ZnO structure and the screwlike nanorods, and the enhance-
ment in green emission intensity with Tb doping could be
attributed to the above mentioned surface defects.

IV. CONCLUSIONS

A special structure containing T-A-ZnO and screwlike
nanorods has been synthesized by thermal treatment of the
sputtered ZnO:Tb thin film �Tb 4.16%� at 950 °C. The PL
spectrum of the ZnO:Tb thin film with the special structure is
featured with two UV emission peaks and a strong green
emission band, and the PL intensity increases with increasing
temperature �not higher than 950 °C�. The two UV emission
peaks are located at 378 and 387 nm, and the former is re-
lated to granule-ZnO and the latter is closely correlated with
the special structure. It is considered that enhanced green
emission originates from the surface defects on the T-A-
ZnO structure and the screwlike nanorods. The facile, repro-
ducible, and effective route presented here provides a useful
method for the RE3+-doped ZnO system and for synthesizing
3D ZnO structure. Our results show a great promise for the
ZnO:Tb thin films with applications in visible emitting phos-
phors in displays and other optoelectronic devices.
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