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Abstract

Zinc oxide (ZnO) films were prepared by thermal oxidation of metallic zinc films. The intensities of visible lumi-
nescence increase with oxidation time; however the shape and position of the green and yellow luminescence bands are
determined by oxidation temperature only and do not vary with oxidation time and excitation laser powers. The green
and yellow luminescent bands should originate from different intrinsic defects or defect complexes, which are formed in
ZnO at certain temperatures. It suggests that the possibility of donor-acceptor pair recombination as the mechanism
responsible for the green and yellow emissions can be excluded.

© 2003 Elsevier Science B.V. All rights reserved.

1. Introduction

ZnO is a versatile material with usages in
transducers, varistors and surface acoustic wave
devices [1,2]. ZnO is a high efficiency low voltage
phosphor in green range for vacuum fluorescent
displays and field emission displays; the emission
threshold voltage of ZnO is as low as 2.2 eV [3].
Recently, optoelectrical properties of ZnO attract
great attentions due to its promising applications
as ultraviolet light-emitting diodes and laser diodes
[2,4]. The physical mechanisms behind visible lu-
minescence in ZnO are still in controversy, though
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extensive experimental and theoretical works have
been carried out [5-11]. For the green emission
around 2.4 eV, oxygen vacancies [5,11], zinc va-
cancies [10] and impurities (copper) [9] are con-
sidered as most probable candidates. Apart from
the green emission, some other emission bands are
also observed in ZnO. Yellow emission is an often-
reported one. Ohashi et al. [12] observed yellow
band around 2.0 eV in polycrystalline ZnO doped
with aluminum. Yellow emission was also detected
in undoped ZnO film by pulsed laser deposition
[13], in lithium doped ZnO film by spray pyrolysis
[14] and in single crystal ZnO implanted with
hydrogen and sequent annealed in nitrogen ambi-
ent [15]. Red emission was reported to exhibit in
ion implanted ZnO [16] and in ZnO film by spray
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pyrolysis method prepared at low temperature [17].
The mechanisms behind these emission bands,
similar to the green band, are still an open question
yet. A better understanding of these visible emis-
sions is essential for designing new phosphor ma-
terials and improving its efficiency, and will also do
favor to improve crystal quality of ZnO. The in-
vestigations about the visible emissions are com-
plicated by the diverse characteristics of ZnO
materials used by different researchers; a repeatable
material system is highly desired for deep study. In
this Letter, ZnO films were prepared by thermal
oxidation of metallic zinc films, and the visible lu-
minescence in the films was observed to vary sig-
nificantly with oxidation temperature. The origins
of the green and yellow bands were discussed in the
light of the experimental results.

2. Experimental details

Zinc films used for oxidation were deposited by
filtered cathodic vacuum arc technique (FCVA)
[18]. The base pressure of the deposition chamber
is better than 1 x 107® Torr, metallic Zn target
with purity of 99.99% is used as cathodic target.
Zinc film is prepared on quartz substrate with
thickness of around 300 nm and then cut into
small pieces for oxidation. Oxidation is carried out
in a standard Lindberg furnace with a single-well
quartz tube in open air. Oxidation temperatures
vary from 300 to 900 °C; sample is pushed into the
furnace when temperature reaches acquired value,
and pulled out quickly when oxidation is finished.
The crystal structure of the as-grown zinc and
oxidized ZnO films were characterized by X-ray
diffraction (XRD, SHIMADZU-6000, Cu-Ka ra-
diation). The photoluminescence (PL) spectrum
was acquired at room temperature with 325 nm
line of a He—Cd laser as an excitation source. The
maximum laser power is 16 mW and it can be
adjusted with variable attenuator.

3. Results and discussions

Fig. 1 shows the XRD pattern of the as-grown
zinc films and ZnO films prepared by oxidation at
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Fig. 1. XRD pattern of the as-grown zinc films and ZnO films
prepared by oxidation at 750 and 900 °C for 2 h, respectively.

750 and 900 °C for 2 h. Miller indices are indicated
on each diffraction peak. The zinc films are poly-
crystalline with hexagonal crystal structure. After
oxidation, zinc is transformed into ZnO. The ZnO
films possess hexagonal wurtzite crystal structure
with no preferred orientation. No diffraction
patterns of other materials, such as Zn,SiO,, are
detected.

Fig. 2 shows the dependence of the PL spectra
on the oxidation temperatures, the ZnO films are
oxidized for two hours, the spectra are excited with
laser power of 8 mW. For clear view, UV and
visible parts of the PL spectra are separated into
two figures and the curves are shifted vertically.
Room temperature UV emission peak is observed
at around 3.30 eV, its peak positions shift mono-
tonically to lower energies with increasing of
temperature. Its intensities display complicated
dependence on oxidation temperature and time,
the influence of oxidation conditions on UV
emission will be discussed elsewhere [19]. Here, we
focus discussions on the evolution of visible lu-
minescence with oxidation conditions. As can be
seen from Fig. 2b, the visible emissions display
strong temperature dependent. At temperatures
from 400 to 750 °C, the visible emission band is
composed of a green band around 2.4 eV and a
weak red band around 1.85 eV. The intensity of
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Fig. 2. PL spectra of the ZnO films oxidized at different tem-
peratures for 2 h: (a) the UV band and (b) the visible band.

green band increases with increasing temperature.
The red band appears in the spectra of all the
samples, the relative intensity of it decreases with
increasing of oxidation temperature. Similar red
band had been observed and attributed to intrinsic
defects in ZnO as oxygen interstitials [16,17]. When
oxidation temperature is higher than 750 °C,
a variation happens to the visible band, the emis-
sion tends to redshift to lower energy. For films
oxidized at 900 and 950 °C, the visible emissions
are dominated by yellow emission located at
around 2.10 eV.
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To get better understand of the emissions in
green and yellow regions, evolutions of them with
oxidation time are checked at two typical tem-
peratures of 750 and 900 °C. Figs. 3a and b show
the PL spectra acquired from ZnO films oxidized
for different time at temperatures of 750 and 900
°C, respectively. The excitation power is 8 mW.
The general trend of them is the same, the inten-
sities of UV emission decrease with time, while the
intensities of visible emission increase considerably
with oxidation time. The degradation of UV
emission is much faster for temperature of 900 °C
than that of 750 °C. The positions of visible lu-
minescence are just determined by temperature
and are not influenced by oxidation time. The
peaks located at 2.4 and 2.1 eV for films prepared
at 750 and 900 °C, respectively. In Fig. 4, the
visible parts of the two series of spectra are nor-
malized to its maximum value in order to compare
the variations of their shape with annealing times.
The spectra generally overlap with each other very
well for the two temperatures, except the low en-
ergy side. The differences at low energy side is due
to the decrease of the relative intensities of red
emission band with increasing of annealing time,
this situation is more obvious for the films oxi-
dized for a short time such as 900 °C for 30 min
and 750 °C for 45 min. The position and shape of
the visible bands keep nearly unchanged with ox-
idation time at the investigated temperatures; this
implies that the variation of visible band with
temperature is not due to the increase of concen-
tration of same type of intrinsic defects, but rather
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Fig. 3. Variations of PL spectra with time at temperatures of (a) 750 and (b) 900 °C.
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Fig. 4. Normalized figures of the visible parts of the PL spectra
as shown in Fig. 3: (a) films annealed at 750 °C and (b) films
annealed at 900 °C.

due to the appearance of a new kind of intrinsic
defects in ZnO. The formation of these defects is
determined by oxidation temperature. ZnO films
with yellow color can be prepared under oxidation
temperature higher than 800 °C.

Donor-acceptor pair (DAP) recombination is
often considered as possible mechanism for the
green band in ZnO [6,7]. The energy of the photon
resulting from DAP radiative recombination is
given by [20]

62

Epap = E; —Ep — Ex + ;
EFDA

in which E, is band gap energy, ¢ is the permittivity
constant, rps is the average distance of donor-
acceptor pair, Ep and E, are donor and acceptor

binding energies, respectively. With increasing ex-
citation intensity, the number of occupied donor
and acceptor centers increases and their average
distance rpa decreases. As a consequence, the
maximum of emission band should shift to the
blue due to the Coulomb term in the equation. The
dependences of the PL spectra on excitation laser
powers are examined for the two ZnO films with
green and yellow luminescences that are prepared
at 750 and 900 °C, respectively. The results are
presented in Figs. 5a and b, the samples were ex-
cited by laser powers about 0.4, 1.6 and 16 mW.
For easy comparison, the spectra are normalized
to their maximum value in the visible luminescent
bands. As the excitation intensity increases by
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Fig. 5. PL spectra excited by different laser power from two
ZnO films prepared at (a) 750 and (b) 900 °C. The excitation
power varies from 0.4 to 16 mW. The spectra are normalized to
the peak value of the visible emission.
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about 40 times, the positions of green and yellow
bands do not change, their shapes are also kept
exactly the same for various investigated laser
powers. Thus it can be safely concluded that DAP
as a possible candidate for the visible emission can
be excluded at least for our ZnO samples. The
relative intensity of the UV emission increases
with increasing of excitation power for the two
samples as shown in Fig. 5. The improvement of
UV emission is due to partial passivation of
non-radiative recombination channel and visible
emission related defects by high non-equilibrium
carrier concentrations induced by high excitation
power, this phenomenon is often observed in other
semiconductors such as GaN [21].

The shift of visible emission band sometimes is
attributed to the variation of band gap [8,13].
When the oxidation temperature increases from
750 to 900 °C, the position of the visible band
shifted about 0.3 eV to the low energy side, while
the near band edge UV emission shifted about
0.06 eV only. Therefore the band gap variation
with oxidation temperature is not the main reason
for the shift of visible emission. In fact, tempera-
ture dependence experiments on visible emission
show that the green band is only weakly coupled
to the band properties, when band gap shrinkage
with increasing of temperature the position of
green band keeps unchanged or even shifts to-
wards opposite direction [22,23]. Our works sug-
gest that the yellow emission band at around
2.1 eV should involve a generation of a new type of
defect in ZnO, which is formed at temperature
higher than 800 °C. It should be intrinsic defect,
because the luminescent behavior of impurities in
ZnO should not display such strong temperature
dependence. From the time dependent visible
spectra as shown in Fig. 4, it can be seen that for
the films oxidized at 900 °C, the relative intensity
of the green band is very weak. One cannot expect
the green emission related defects are not formed
at high temperature, so what suppresses the green
emission process? One possibility is that at high
temperature, green emission related defects are co-
produced with other defects and forms defect
complex, where the energy level of the complex
provides recombination route for yellow light
within the band gap of ZnO. Another possible

explanation is that the new defects is formed sep-
arately and they induce another energy level in the
band gap, and the yellow emission is due to the
radiative recombination of carriers between the
green related energy level and the newly formed
energy level, and probability of this recombination
route is much higher than that induces the green
emission. To identify the defects responsible for
visible luminescence in ZnO, further investigations
are still needed.

4. Conclusions

In summary, ZnO films were synthesized by
thermal oxidation of metallic zinc films in air. The
visible luminescence is dominated by green emission
in the films prepared at temperature lower than 750
°C, while a yellow band centered at 2.1 eV appears
when temperature is higher than 800 °C. ZnO films
with intense green or yellow luminescence band can
be prepared at 750 and 900 °C, respectively. The
intensities of them increase with oxidation time,
and their shape and position change very little with
oxidation time and excitation power. Certain kind
of intrinsic defects or defect complexes is formed at
900 °C that induces the yellow luminescence.
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