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Abstract The photoluminescence properties of undoped
and Ce-doped ZnO thin films that were prepared by DC
magnetron sputtering were investigated. It was found that
the incorporation of Ce could intensively affect the struc-
tural, optical, and photoluminescence properties of the ZnO
thin films. The undoped ZnO thin films showed a sharp UV
luminescence, whereas the Ce-doped ZnO thin films showed
a broad blue luminescence. The effects of excitation wave-
length and annealing atmosphere on the photoluminescence
properties of Ce-doped ZnO thin films were also studied.
After post-annealing in air and oxygen atmospheres, the
blue emissions of the prepared films were drastically sup-
pressed. Our results indicate that the blue emissions of Ce-
doped ZnO thin films are related to zinc interstitials and the
intrinsic transition of Ce3* jons.

1 Introduction

ZnO is well known as a promising optoelectronic mate-
rial with a wide band gap of 3.37 eV at room tempera-
ture, large exciton binding energy of 60 meV, and easy
growth at low cost [1]. When ZnO is excited by ultravi-
olet light, it can emit UV, violet, blue, green, and yellow
light [2-5]. The blue luminescence of ZnO has great po-
tential applications in the field of visible-light-emitting de-
vices and biological fluorescence labeling [6, 7]. The extrin-
sic doping can greatly influence the optical and photolumi-
nescence properties of ZnO. Ce is a major element which

Q. Luo - L.S. Wang - HZ. Guo - K.Q. Lin - Y. Chen - G.H. Yue -
D.L. Peng (X))

Department of Materials Science and Engineering, College

of Materials, Xiamen University, Xiamen 361005, P.R. China
e-mail: dlpeng @xmu.edu.cn

Fax: +86-592-2180155

has excellent luminescent properties when doped into ma-
trix materials. As a dopant, Ce has received great attention
due to its peculiar optical and catalytic properties arising
from the availability of the shielded 4f levels [8]. The emis-
sion from Ce?* is in either the UV or the visible region
[9]. Thus, Ce-doped ZnO nanomaterial may be expected to
be a potential candidate material for photoluminescence de-
vices. In recent years, Ce-doped ZnO nanostructures, such
as nanoparticles, nanotubes, nanowires, and nanorods, have
been prepared by many synthetic routes such as the sono-
chemical wet-impregnation method [10], the electrochemi-
cal route [11], spray pyrolysis [12], chemical vapor reaction
[13], etc. However, up to now, studies of the photolumines-
cence properties have been done mainly on Ce-doped ZnO
one-dimensional nanostructures, and there is little work con-
cerning the preparation and photoluminescence properties
of Ce-doped ZnO thin films.

In this paper, undoped ZnO and Ce-doped ZnO thin
films were prepared by DC magnetron sputtering. Three
blue emissions were observed from the Ce-doped ZnO thin
films. Detailed and systematic investigations of photolumi-
nescence properties of the Ce-doped ZnO thin films were
carried out under different annealing atmospheres, such as
nitrogen, air, and oxygen. Here, we focused on the lumines-
cence origin and mechanism of Ce-doped ZnO thin films
and compared them with undoped ZnO thin films. Our re-
sults demonstrate a great promise for changing the transi-
tions in ZnO films with potential applications in optoelec-
tronic devices.

2 Experimental

Undoped ZnO and Ce-doped ZnO thin films were deposited
on glass substrates by a DC reactive magnetron sputtering
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Fig. 1 XRD patterns of undoped and Ce-doped ZnO thin films

technique using a pure Zn (99.99 %) metallic target and a
pure Zng7Ce3 (99.99 %) alloy target in high-purity oxygen
and argon gas atmosphere. All substrates were ultrasonically
cleaned with acetone and absolute alcohol for 15 min, re-
spectively, and then dried by nitrogen. The substrate holder
with a rotational speed of 30 rpm was mounted in the up-
per part of the chamber. The target-to-substrate distance is
about 80 mm. The chamber was pumped to a base pressure
of 4.0 x 10~* Pa and film growth was carried out in a growth
ambient with Ar/O,(7 : 3) mixture gas of 24 sccm at a work-
ing pressure of 0.6 Pa and a constant power of 150 W. All
the samples were deposited for 40 min. The Ce-doped ZnO
thin films were annealed in nitrogen, air, and oxygen, re-
spectively at a temperature of 600 °C for 1 h.

The crystalline structures of the Ce-doped ZnO thin
films were investigated by X-ray diffraction (XRD, Panalyt-
ical X’pert-PRO) using Cu K,, radiation. The surface mor-
phology was analyzed by a scanning electron microscope
(SEM, LEO-1530FE). X-ray photoelectron spectroscopy
(XPS) was carried out using a PHI Quantum 2000 scanning
ESCA microprobe instrument. UV-Vis absorption spectra
were recorded on a Varian Cary 5000 recording spectrome-
ter. Photoluminescence (PL) and PL excitation (PLE) spec-
tra were measured using a Hitachi F7000 fluorescence spec-
trophotometer equipped with a 150-W Xe lamp as the ex-
citation source. All measurements were carried out at room
temperature.

3 Results and discussion
Figure 1 displays the typical XRD patterns of undoped ZnO
and Ce-doped ZnO thin films. The strong (002) and weak

(004) peaks can be indexed to a hexagonal wurtzite ZnO
structure, which implies the preferential c-axis orientation
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Fig. 2 SEM images of undoped (a) and Ce-doped (b) ZnO thin films

due to the lowest surface free energy of the (002) plane [14].
No diffraction peaks of Ce, CeO,, or Ce; O3 phases were ob-
served in our samples. The (002) peak positions of undoped
and Ce-doped ZnO thin films are located at 260 = 34.43 and
33.91°, respectively. Compared with the (002) peak posi-
tion of ZnO powder diffraction at 34.45° (see JCPDS file
no. 36-1451), the diffraction pattern of Ce-doped samples
shifts slightly toward lower angles while the undoped sam-
ples are nearly unchanged, which indicates that the Ce ion
are incorporated into the ZnO crystal lattice and substitute
for the Zn>" sites. The lower angle shift of the XRD peaks
of Ce-doped ZnO thin films can be explained as follows.
When Ce ions substitute into the Zn>* sites in the ZnO lat-
tice, the lattice parameters will be slightly increased due to
the bigger radius of Ce>* ions (1.15 A) compared to Zn>*
ions (0.74 A), which will shift the ZnO (002) peak to lower
angles. Figure 2 shows the SEM images of undoped (a) and
Ce-doped (b) ZnO thin films. It can be noted that Ce doping
has an influence on film surface morphology. The grain size
of ZnO thin films decreases after Ce doping. The morphol-
ogy of the grains is found to be uniform and dense.
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Fig. 3 XPS spectra of Ce-doped ZnO thin films and high-resolution scans of Ce 3d, Zn 2p, and O 1s peaks

Figure 3 shows the XPS spectra of the Ce-doped ZnO
thin films and the high-resolution scans of Ce 3d, Zn 2p, and
O 1s peaks. All the XPS spectra were corrected for specimen
charging by referencing the C 1s peak to 284.60 eV. The
Zn 2p3; peak was symmetric and centered at 1021.7 eV,
which can be attributed to the formation of Zn”>* in the ZnO
lattice [15]. The O 1s spectrum was fitted with two com-
ponents. The low-energy component at 530.2 eV is asso-
ciated to the Zn—O bond in the ZnO thin film. The high-
energy component at 532.3 eV is related to oxygen species
chemisorbed at the surface [16]. The high-resolution scans
(Fig. 3b) show that the binding energy of Ce 3d is located at
882.3, 885.6, 900.2, 905.1, and 916.6 eV. The characteris-
tic peak at 885.6 eV indicates that Ce3* exists in Ce-doped
ZnO thin films [17]. The peaks occurring at 882.3, 905.1,
and 916.6 eV of the binding energy exist in the transition
of Ce**t between energy levels [18]. The characteristic peak
at 883.8 eV of zero-valent cerium was not observed in our
Ce 3d spectra [19]. The cerium content was determined to be

1.12 % by calculating the peak areas. These results indicate
that Ce3* and Ce** ions coexist in our samples.

The effect of Ce on the optical properties of ZnO thin
films has been studied. Figure 4 shows the transmittance
spectra of undoped and Ce-doped ZnO thin films; the inset
is the plot of (ahv)? versus hv. It can be noticed that all the
samples have high transparency in the visible range and have
a strong absorption near the band edge of ZnO. Compared
with undoped ZnO thin films, the optical absorption edge of
Ce-doped ZnO thin films has a blue shift to the region of
higher photon energy. When Ce atoms are incorporated into
ZnO0, a lot of Ce3t and Ce*t ions and zinc interstitials are
formed. Ce>* and Ce** ions on substitutional sites of Zn>*+
ions and Ce interstitial atoms increase the carrier concentra-
tion. The effect of absorption-edge shift with increasing car-
rier concentration is attributed to the well-known Burstein—
Moss (BM) effect [20]. Ce-doped ZnO is a natural n-type
semiconductor material, and the Fermi level will move to the
bottom of or above the conduction band when the increasing
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Fig.4 Transmittance spectra of undoped and Ce-doped ZnO thin films

carriers fill in the conduction band. Therefore, the distance
of electron vertical transitions from the valence band to the
conduction band is increased. The BM shift (A Egy) of the
band-edge absorption in the n-type semiconductor is given
as [21]

AEgm = [1+ (mg)/(m})]

X [(%)M (h?)/ (8mE)n* — 4kT]. (1

In this equation, &, k, T, n, m}, and m] refer to Planck’s con-
stant, Boltzmann’s constant, absolute temperature, electron
carrier concentration in the conduction band, effective mass
of electrons, and effective mass of holes, respectively. Ac-
cording to this equation, the optical gap band is widened
with the carrier concentration increasing. We also calculate
the energy gap E,. The value of E, can be determined by
using the band to band absorption given by [22]

ahv = A(hv — Ey), 2)

where A, E, and hv represent a constant, the band gap, and
the incident photon energy, respectively. The energy gap is
determined from the extrapolation of the linear part of the
(ahv)? versus hv plot. The band gap increases from 3.19 eV
for undoped ZnO films to 3.29 eV for Ce-doped ZnO thin
films.

Figure 5 presents the room-temperature PL spectra of the
ZnO thin films with and without Ce incorporation. The PL
spectrum of undoped ZnO thin films excited by a wave-
length of 325 nm is composed of an ultraviolet-band peak
at 394 nm, which is the characteristic PL peak. For undoped
ZnO, an electron in the valence band can be excited to the
conduction band when the energy of a photon is equal to or
higher than the band gap. The UV emission is attributed to
the recombination of the photoexcited holes and the elec-
trons via a radiative process. We performed a Gaussian peak
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Fig. 5 Photoluminescence emission spectra of undoped (a) and
Ce-doped (b) ZnO thin films

fitting of the PL spectrum of Ce-doped ZnO thin films us-
ing a linear least square method. Three main peaks at 418,
441, and 463 nm were identified. Koao et al. [23] observed
two peaks at 422 and 450 nm, which were ascribed to the
electric-dipole-allowed transition of the Ce>* ions. The fol-
lowing reactions would spontaneously occur during the de-
position of Ce-doped ZnO thin films:

2Ce + 3Zn0O — Ce;03 + 3Zn + 3V, 3)
2Ce + 3Zn0O — Cey0O3 + 3Zn;. (@)

When a Ce atom was incorporated into ZnO, it would take
oxygen from the ZnO and form Vo, Zn;, and Ce37 ions.
Zinc interstitials and oxygen vacancies are known to be the
predominant ionic defect types [24]. The zinc interstitials
come from the Frenkel reaction, while the oxygen vacan-
cies come from the Schottky reaction. In our experiment,
the temperature of the substrate can only reach 200-300 °C
under the zinc-ion bombardment, where Frenkel defects pre-
dominate. So, it is possible to assume that the zinc intersti-
tials are the predominant donor defects, while the oxygen
vacancies are probably existing in a small amount. Zeng
et al. [25] observed a dominant blue emission at 440 nm,
which was attributed to the transitions involving zinc in-
terstitials. When the Ce3* ions are incorporated into ZnO,
the band-gap structure of ZnO will be modulated substan-
tially and new multi-emission centers are formed, such as
the emission of the impurity level to the valence band, and
the intrinsic transition of Ce3* ions [26, 27]. Therefore, the
blue emissions could be related to the Ce3* ions and the zinc
interstitials in ZnO.

Ce-doped ZnO thin films were excited at various wave-
lengths and further annealed in different atmospheres to in-
vestigate the detailed mechanism of these emissions. Fig-
ure 6 presents the excitation-dependent PL (ED-PL) spectra
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Fig. 6 (a) ED-PL spectra of Ce-doped ZnO thin films obtained at different excitation wavelengths. (b), (¢), and (d) are the Gaussian curve fits for

the spectra /, 11, and I in (a), respectively

and the Gaussian curve fits for the ED-PL spectra of the Ce-
doped ZnO thin films. All the spectra show the presence of
three main peaks. They are referred to as Peak 1, Peak 2,
and Peak 3. The peak positions and peak position differ-
ences are tabulated in Table 1. The energy difference be-
tween 2Fs, and 2F7;, in Ce37 ions is expected to be about
2000 cm~! [28]. For three excitation wavelengths, the en-
ergy differences between Peak 1 and Peak 3 are 1914, 2371,
and 2325 cm ™!, which are very close to the expected energy
difference. The blue emission in Ce3* occurs at 24000 cm ™!
(417 nm) [29], which is consistent with our results (Peak 1).
Therefore, we can conclude that Peak 1 and Peak 3 origi-
nate from the transitions from the lower 5d (*D) excited state
to the split >Fs;, and 2F7, energy levels. Figure 7 depicts
the PL spectra of Ce-doped ZnO thin films post-annealed

Table 1 Peak positions and adjacent peak position differences for the
curve fitting in Fig. 6

Peak Position Position Peak position
(nm) (cmfl) difference (cm*')

Fig. 6b 1 427 23419 -

3 465 21505 1914
Fig. 6¢ 1 418 23923 -

3 464 21552 2371
Fig. 6d 1 418 23923 -

3 463 21598 2325

at 600 °C in nitrogen, air, and oxygen atmospheres. From
the samples post-annealed in a flow of nitrogen, we can ob-
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Fig. 7 PL spectra of Ce-doped ZnO thin films post-annealed in dif-
ferent atmospheres (a) and Gaussian peak fitting for samples post-an-
nealed in nitrogen (b)

serve that the spectrum consists of a dominant UV emis-
sion at 403 nm together with two relatively weak blue emis-
sion bands at 441 and 467 nm. However, when the sam-
ples are post-annealed in air and oxygen atmospheres, the
major blue emissions are replaced by the UV emission at
around 396 nm. The Ce ions are known to have two main
different oxidation states of Ce*t and Ce3+. The Ce** ions
have a strong tendency to attract electrons, while the Ce3+
ions easily suffer from oxidation. Under oxidation condi-
tions, once all Ce3t ions are converted into Ce** ions, tran-
sitions between 5d and 4f orbitals become impossible, which
leads to the quenching of the two blue emissions at 418 nm
(Peak 1) and 463 nm (Peak 3). In addition, when Ce-doped
ZnO thin films were annealed at 600 °C in air or oxygen at-
mosphere, a part of the zinc interstitials would return to the
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Fig. 8 Schematic diagram for the mechanism of the blue emissions of
Ce-doped ZnO thin films

lattice site [30]. Thus, the intensity of the blue emission at
441 nm (Peak 2) is markedly reduced. The above results also
suggest that the blue emissions are related to the Ce>T ions
and zinc interstitials.

A schematic diagram accounting for the blue emissions
of Ce-doped ZnO thin films is drawn (Fig. 8) for better un-
derstanding the PL. mechanism. When the ZnO hosts absorb
energy from the excitation source, the electrons are excited
up to the conduction band. Some of the electrons nonradia-
tively transit into above Znj; initial states, and then radia-
tively transit into the valence band. The UV emission band
of ZnO is overlapping with the D3/, — >Fs;» absorption
lines of Ce* ions. If the electrons in the conduction band
recombine with the holes in the valence band, a part of the
recombination energy can be rapidly transferred to the Ce3+
ions through a resonant energy transfer process. This pro-
cess can promote the electrons of Ce>* ions transiting from
the ground states to the excited states. In addition, there is
another emission process. Energy absorbed by the forma-
tion of free charge carriers can be transported through the
crystal lattice (diffusion or tunneling process). The charge
carriers will be trapped at luminescent centers in the crys-
tal lattice where radiative recombination occurs [31]. As is
well known, under the influence of the crystal field, the 5d;
excited configuration in Ce3*t splits into two components
(®Dsy> and %Dspp), and the 4f] ground state configuration
yields two components (2F5/2 and 2F7),) due to spin—orbit
coupling [32]. The blue emissions originate from the lower
5d excited state to the split 2Fs; and 2F7p energy levels.
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4 Conclusions

Undoped and Ce-doped ZnO thin films were prepared by
DC magnetron sputtering and their structural, optical, and
luminescent properties were studied. Compared with the un-
doped ZnO thin films, the optical absorption edge of the
Ce-doped ZnO thin films has a blue shift to the region of
higher photon energy. It was found that the incorporation
of Ce into ZnO led to the presence of a large number of de-
fects and the formation of new energy levels in the band gap.
The blue emissions could originate from the transitions from
the Zn; state to the valence band and 7d; — *f] transitions
in Ce>* ions. Such Ce-doped ZnO thin films with blue lu-
minescent properties are promising candidates for potential
applications in optoelectronic devices.
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