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Green photoluminescence of partially oxidized and fully oxidized Zn films
Bao-gai Zhai, Jun-shen Li, Yuan Ming Huang*
School of Mathematics and Physics, Changzhou University, Jiangsu 213164, China
(Received 18 August 2016; accepted 2 November 2016)
Zn thin films were deposited onto glass and quartz substrates using the magnetron-sputtering technique. Zn-rich ZnO thin films
were prepared by partially oxidizing the magnetron-sputtered Zn films at room temperature in air while O-rich ZnO thin films
were prepared by fully oxidizing the Zn films at 600C in an air-filled furnace. The crystal structures and photoluminescence
(PL) of Zn-rich and O-rich ZnO thin films were analyzed with X-ray diffractometer and fluorescence spectrophotometer,
respectively. The PL spectrum of the Zn-rich ZnO film consists a ultraviolet emission band centered at about 367 nm and a
green emission band peaked at around 535 nm. As a contrast, the PL spectrum of the O-rich ZnO film exhibits a green emission
band peaked at around 500 nm with its ultraviolet emission band heavily suppressed. Using the density functional theory in the
frame work of meta general gradient approximation, the bandstructures and density of states were calculated for Zn-rich ZnO
(ZnO0.99 and ZnO0.98) and O-rich ZnO (Zn0.98O). It was found that the defect energy level positions of oxygen vacancies in the
bandgap of ZnO are dependent on the concentration of oxygen vacancies, the deep donor traps of oxygen vacancy in the
bandgap of ZnO are determined at EV + 0.76 eV for ZnO0.99 and at EV + 0.84 eV for ZnO0.98. As a contrast, Zn vacancy in
Zn0.98O introduces only shallow defect energy levels, which are very close to the valence band maximum. In the light of the
calculated bandstructures, the origins of the green PL band from both Zn-rich ZnO films and O-rich films can be attributed to
the oxygen vacancy in ZnO lattice.
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1. Introduction
Due to its wide bandgap (3.37 eV) and large exciton
binding energy (60 meV), ZnO is considered as one of the
most promising semiconductor materials for light
emitting diodes, solar cells, photocatalysts, etc [1-6].
Among its rich optical properties, the photoluminescence
(PL) of ZnO has been intensively investigated. Generally
speaking, the room temperature PL spectrum of ZnO
nanostructures consists of two signature peaks. The first
signature peak is a sharp free-exciton ultraviolet band that
usually centers on 380 nm, which can be attributed to the
band-edge emission due to the recombination of free
excitons. The second signature peak is a broad green
luminescence band. In undoped ZnO, the green
luminescence band peaking at about 496 nm (2.5 eV)
usually dominates the defect-related part of the PL
spectrum. For example, we recorded green emission band
with its peak at 500 nm for the ZnO nanorods and
nanowires that were synthesized by Zn vapor
condensation in air [7,8]. In spite of the intensive studies
so far, the recombination center of the green PL of ZnO is
poorly understood [9-13]. In the early studies performed
in 1950s and 1960s, the nature of the visible emission was
unambiguously attributed to copper impurities, but later
intrinsic defects such as interstitial Zn ions or oxygen
vacancies were assumed to be the recombination centers
of the green PL band [9-11]. In the past 20 years, some
authors suggested the oxygen vacancy a source of the
green luminescence [14,15], whereas others attribute it to
the Zn vacancy [16] and oxygen antisite [17]. For
example, van Dijken et al assumed that the visible
emission is due to a transition of an electron from a level
close to the conduction band edge to a deeply trapped
hole in the bulk of the ZnO particle [15]; Zhao et al
concluded that the zinc vacancy is responsible for the
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observed deep-level emission [16]; whereas Lin et al
proposed that the green emission occurs from the local
level composed by oxygen antisite [17]. It is clear that the
origin of the green luminescence in ZnO has been a topic
of intensive discussion.
The lack of a reliable method to determine the
locations of intrinsic defect levels in the bandgap of ZnO
has led to various speculative models and mechanisms on
the green PL band. A literature review reveals that first
principles density functional theory (DFT) calculations
have been widely used in most studies in order to
accurately determine the locations of intrinsic defect
levels in the bandgap of ZnO. However, it is well
established that neither the calculated bandstructures nor
the calculated bandgaps in the framework of DFT are not
in good consistency with experimental values, no matter
whether the local density approximation (LDA) or the
generalized gradient approximation (GGA) is employed
to describe the exchange-correlation functional in ZnO. A
simple correction scheme is to shift the conduction band
minimum upward so that the calculated bandgap of ZnO
agrees with an experimental value. Defect-induced
electronic states are considered to follow this shift. Such
kind of shortcomings in DFT based calculations makes it
hard to correctly and precisely determine the defect
energy levels of intrinsic point defects in ZnO.
The controversy could be alleviated, at least in part, if
one can precisely determine the defect energy levels of
intrinsic point defects in the bandgap of ZnO. It was
recently reported that first-principles DFT calculations in
the framework of meta GGA can give the correct bandgap
for ZnO [18,19]. In order to shed new light on the origin
of the green luminescence in ZnO, this work aims to
combine the DFT based bandstructure calculations with
experimental PL measurements of Zn-rich ZnO and
oxygen-rich ZnO (O-rich ZnO). On one hand, Zn-rich
ZnO and O-rich ZnO thin films were deposited onto glass
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or quartz substrates, and their green PL properties were
investigated. On the other hand, the bandstructures of
Zn-rich ZnO and O-rich ZnO were derived with DFT
calculations in the framework of meta GGA for the
accurate determination of the defect levels of oxygen and
Zn vacancies in the bandgap of ZnO. The correlation
between the green emissions and the defect energy levels
suggests that the oxygen vacancies are the most likely
candidates for the recombination centers involved in the
green luminescence of ZnO.
2. Experimental and computational details
Glass plates wee selected as the substrates to grow Zn
thin films. Before use, the substrates were ultrasonically
cleaned in liquid detergent, acetone, ethanol and distilled
water for 15 min each, and then were dried in blowing Ar
gas. Zn-rich thin films were deposited onto the glass
substrates by reactive RF magnetron sputtering technique.
A high-purity Zn target (99.99%) was used as the Zn
source in the magnetron sputtering, and high-purity Ar
(99.99%) was selected as the sputtering gas. In the
vacuum chamber, the distance between the Zn target and
the glass substrate was 100 mm. The base pressure in the
vacuum chamber was 4×10 − 4 Pa, and the working
pressure in the vacuum chamber was 0.8 Pa. The RF
sputtering power was adjusted to be 100 W. The substrate
was not electrically heated during deposition. The
sputtering duration was 15 min. Non-stoichiometric ZnO
films were used in this study. Zn-rich ZnO thin film was
obtained after the magnetron sputtered Zn films were
exposed to air at room temperature for a couple of weeks.
The partially oxidized Zn film was also denoted as
Zn-rich ZnO film, in which the population density of
oxygen vacancy should dominate over the population
density of Zn vacancies. Furthermore, O-rich ZnO was
obtained by annealing the magnetron sputtered metallic
Zn film in an air-filled furnace at 600°C for 4 h. The long
term heating could completely convert the Zn films into
ZnO. The fully oxidized Zn thin film could be called as
O-rich ZnO thin film, in which the population density of
Zn vacancy should dominate over the population density
of oxygen vacancies.
XRD (D/max 2500 PC, Japan) was utilized to analyze
the crystal structures of the samples. A copper target was
utilized to generate the X-ray (  = 0.154 nm). The PL
spectra of the samples were recorded with a
spectrophotometer (Tianjin Gangdong Ltd., China). The
325-nm laser line from a helium-cadmium laser was
utilized as the excitation source for the PL measurement.
More details on the instruments and their operating
parameters were described elsewhere [2-5,7,8].
Using the DFT module of the Quantumwise Atomistix
ToolKit 11.8 package, first-principles DFT calculations
were performed to derive the of the bandstructures of
defect-free ZnO, Zn-rich ZnO and O-rich ZnO. The
exchange-correlation functional was treated within the
meta GGA scheme [18,19]. The exchange potential in the
meta GGA scheme was described by the modified Becke
and Johnson exchange potential [18]. For Brillouin zone
integrations, a 5 × 5 × 5 grid was used following a
Monkhorst-Pack scheme. To model oxygen vacancies in
This journal is © Continental Press
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ZnO matrix, we built up the (4×4×3) supercell for ZnO
with the lattice constants of a = 0.32495 nm and c =
0.52069 nm. There were 96 O sites and 96 Zn sites in the
supercell. When one O site near the center of the
supercell was removed, about 1% oxygen vacancies were
generated in ZnO. Consequently, the ZnO with 1%
oxygen vacancies was denoted as ZnO0.99 in this report. In
order to study oxygen vacancy concentration dependent
electronic structures, a (3×3×3) supercell was built in a
similar way for ZnO0.98 by removing one of 54 O sites
from the center of the supercell. Finally, a (3 × 3 × 3)
supercell was built for Zn0.98O when one of the 54 Zn
sites was removed from the center of the supercell.
Double zeta double polarized basis sets were chosen for
each element. The mesh cut-off energy was set to be 100
Hartree. The convergence tolerance of the calculation was
4×10-5 eV of the total energy.

3. Results and discussion
Fig. 1 depicts the XRD spectra of the partially oxidized
Zn thin film (curve a) and the fully oxidized Zn film
(curve b). As shown in Fig. 1(a), the diffraction peaks of
partially oxidized Zn film are located at 36.29°, 38.99°,
43.23°, 54.34° and 70.4°, which can be assigned to the
(002), (100), (101), (102) and (103) crystallographic
planes of hexagonal Zn (JCPDS No. 04-0381). A detailed
analysis of curve a reveals that the presence of ZnO in the
partially oxidized Zn film since, as labeled with the open
circles upon curve a, the weak diffraction peaks at 31.62°,
34.35°, 56.58° and 62.84° are the characteristics of ZnO.
Thus curve a has confirmed the partial oxidization of the
as-prepared Zn film after having been stored in air for a
couple of weeks. The diffraction peaks in Fig. 1(b) are
located at 2θ = 31.62°, 34.35°, 36.22°, 47.45°, 56.58°,
62.84° and 67.91°. As discussed previously, these
diffraction peaks can be assigned to the (100), (002),
(101), (102), (110), (103) and (112) planes of wurtzite
ZnO (JCPDS No. 36-1451), respectively [2-5]. According
to the Bragg diffraction equation, the lattice constants a
and c of the ZnO microcrystals were derived to be 0.326
and 0.521 nm, respectively, which are in good agreement
with the standard lattice constants of wurtzite ZnO.
Therefore, curve b has demonstrated that the as-prepared
Zn films are completely turned into ZnO films after heat
treatment at 600°C in an air-filled furnace for 4 h.

Fig. 1 XRD spectra of Zn-rich ZnO film (a) and O-rich ZnO
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film (b).

Fig. 2 illustrates the PL spectra of the partially oxidized
Zn film (top panel) and fully oxidized Zn film (bottom
panel). As shown in the top panel, the PL spectrum of the
partially oxidized Zn film is composed of an intense
ultraviolet PL band with its peak centered at around 367
nm and a broad green PL band with its peak located at
around 535 nm. The peak at 367 nm (3.38 eV) can be
ascribed to the near band-edge emission of ZnO since it is
commonly accepted that the ultraviolet emission is the
characteristic emission of ZnO and arises from the
band-edge transition or exciton recombination. As a
contrast, it remains puzzling on the luminescence center
of green PL band. As illustrated in the top panel, the
green PL band of the partially oxidized Zn film can be
decomposed into two Gaussian components. The first
Gaussian component is peaked at 500 nm while the
second Gaussian component is centered at 533 nm. The
bottom panel in Fig. 2 represents the typical PL spectrum
of the fully oxidized Zn film on quartz plate. It is obvious
that the PL spectrum of the fully oxidized Zn film is
characteristic of a green PL band, whose peak is located
at about 496 nm. We have to note that the broad PL band
at around 400 nm in the bottom panel comes from the
quartz substrate since some of the excitation photons (i.e,
the 325 nm laser beam) can pass through the ZnO thin
film to excite the defects in the quartz plate. The other
characteristic of the PL spectrum of the fully oxidized Zn
film is that its ultraviolet emission band is heavily
suppressed. A comparison of the two PL curves in Fig. 2
shows that the PL spectrum of the fully oxidized Zn film
is different from that of the partially oxidized Zn film.

Fig. 2 PL spectra of Zn-rich ZnO and O-rich ZnO films.
This journal is © Continental Press

The intrinsic point defects, along with their complexes,
should play a profound role in the optical behaviors of
ZnO. There are six kinds of native point defects in ZnO,
examples include oxygen vacancy, Zn vacancy, oxygen
interstitial, Zn interstitial, oxygen antisite and Zn antisite.
As mentioned before, the origin of the ubiquitous green
luminescence remains controversial and has been
attributed to several native defects such as oxygen
vacancy [14,15], Zn vacancy [16], Zn interstitials and Zn
antisite [17]. Among these native defects, the Zn
interstitial, which has been generally considered to act as
a shallow donor, can be excluded from the luminescence
center of the green emissions due to the following reasons:
(i) the defect energy levels of Zn interstitial is about 30
meV below the conduction band minimum [20,21]; and
(ii) most studies conclude that the Zn interstitial has a
high formation energy [12]. Thus, Zn interstitial should
be excluded from consideration as the luminescence
center of the green PL band. Zn antisite and oxygen
antisites can also be ruled out. According to DFT
calculations, the oxygen interstitial, Zn antisite and
oxygen antisite defects are unlikely the cause of the green
PL band since they have too high formation energies to
occur in any significant concentrations [22,23]. Therefore,
neither the interstitials nor antisites of oxygen and Zn are
likely the luminescence center for the green emission of
ZnO, leaving the possible candidates to oxygen vacancy
and Zn vacancy. That is the reason why Kohan et al
concluded that both the Zn and O vacancies are the
relevant defects in ZnO, according to their first-principles
study [24].
During the past years, oxygen vacancies have been
assumed to be the most likely candidates for the
recombination centers involved in the visible
luminescence of ZnO. As an intrinsic donor in ZnO,
oxygen vacancy can occur in three different charge states:
the neutral state which has captured two electrons and is
neutral relative to the lattice, the singly ionized state, and
the doubly ionized state which did not trap any electron
and is doubly positively charged with respect to the lattice.
Vanheusden et al proposed that the singly ionized oxygen
vacancy is responsible for the green emission in ZnO [14];
van Dijken et al assumed that the visible emission is due
to a transition of an electron from a level close to the
conduction band edge to a deeply trapped hole in the bulk
of the ZnO particle [15]; Leiter et al identified the oxygen
vacancy as the defect responsible for the structureless
green emission band in ZnO [23]. In order to check if the
oxygen vacancy is the luminescence center of the green
PL in ZnO, the knowledge on the exact positions of the
defect energy level in the bandgap of ZnO becomes
critically important. Fig. 3 displays the calculated
bandstructures of the perfect ZnO (upper panel) and
Zn-rich (i..e, oxygen deficient) ZnO0.99 (lower panel). As
shown in the upper panel of Fig. 3, the perfect ZnO is a
direct semiconductor with its bandgap of 3.40 eV. The
bang gap value from the first-principles DFT calculations
is in good agreement to the experimental value of ZnO
(3.37 eV). The bottom panel of Fig. 3 indicates that the
bandgap of the Zn-rich and oxygen deficient ZnO0.99 is
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direct but its bandgap is widened to 3.517 eV, indicating
that the bandstructures are changed as 1% oxygen sites
are removed from the perfect ZnO. More importantly, one
defect level is introduced in the bandgap of ZnO0.99, As
shown by the red energy levels in the lower panel of Fig.
3, the defect level of oxygen vacancy is located at about
0.762 eV above the valence band maximum (EV + 0.762
eV). In the light of the calculated bandstructures, the
recombination of electron in the conduction band with the
hole-like oxygen vacancy will lead to the blue emission at
about 450 nm. When compared to the green PL band in
the top panel of Fig. 2, the predicted blue emission at 450
nm agrees roughly to the green PL bands of Zn-rich ZnO
films.
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charged. When electron in the conduction band
recombine with the hole-like oxygen vacancy, it will lead
to the blue emission at about 423 nm.

Fig. 4 DFT calculated bandstructures and density of states of
Zn-rich and oxygen-deficient ZnO0.98.

Fig. 3 DFT calculated bandstructures of perfect ZnO (upper
panel) and oxygen-deficient ZnO0.99 (lower panel).

In order to study the influence of oxygen vacancy
concentration on the defect energy level position in the
bandgap of ZnO, we calculated the bandstructures and
density of states for ZnO0.98. Fig. 4 shows the DFT
calculated bandstructures and density of states of Zn-rich
(i.e., oxygen deficient) ZnO0.98. As shown in Fig. 4(a), the
oxygen-deficient ZnO0.98 is still a direct semiconductor
but its bandgap is widened furthermore to 3.600 eV. Thus
the concentration of oxygen vacancy in ZnO affects the
bandgap of ZnO. When compared to Fig. 3, we can
conclude that the bandgap of Zn-rich, oxygen deficient
ZnO is enlarged as the concentration of oxygen vacancy
in ZnO increases. In particular, it has been observed that
the defect level of the oxygen vacancy is located at EV +
0.668 eV. The defect energy level position of the oxygen
vacancy can be seen clearly in Fig. 4(b). When compared
to Fig. 3(b), it is clear that the defect energy level position
of the oxygen vacancy is dependent on the defect
concentration. The oxygen vacancy in ZnO is positively
This journal is © Continental Press

Fig. 5 shows the calculated bandstructures and density
of states of O-rich (i.e., Zn deficient) Zn0.98O. The
bandgap of Zn0.98O, which is direct, can be measured
from Fig. 5(a). The calculated bandgap value is 3.511 eV
for Zn0.98O. It is also noteworthy that the bandgap of
O-rich, Zn deficient Zn0.98O is nearly clean, suggesting
that no deep defect levels are introduced in the bandgap
of the O-rich and Zn deficient Zn0.98O. Thus it is safe for
us to conclude that the point defect of Zn vacancy does
not introduce any deep defect levels in the bandgap of
ZnO. Detailed analysis of Fig. 5(b) reveals that the defect
energy level position of Zn vacancy defect is very close
to the valence band maximum, indicating that Zn vacancy
works as a shallow acceptor. As reported by some
researchers, it is widely accepted that Zn vacancy acts as
the dominant compensating acceptor in n-type ZnO with
a concentration of 1015-1016 cm-3 [25], but its energy
position remains highly controversial. For instance, Lany
et al and Janotti and van de Walle regarded Zn vacancy as
a deep acceptor in terms of their first-principles
theoretical calculations [26, 27], and they correlated the
Zn vacancy with the green band emissions of ZnO
[27,28]. Moreover, Zhao et al concluded that the Zn
vacancy is responsible to the observed deep-level
emission [16]. As a contrast, some reports suggested that
the Zn vacancy holds a shallow acceptor state, which is
90-130 meV above the valence band maximum [29,30].
For example, Park et al and Travlos et al linked the Zn
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vacancy shallow acceptor to the optical transition of free
electron to neutral acceptor at around 3.31eV [31,32].
Although it is possible for Zn vacancy to be involved into
the ultraviolet emission from ZnO, Fig. 5 shows that Zn
vacancy is not possible to be the recombination center of
the green emission band of ZnO. Considering the
accuracy of electronic calculations for the Zn-rich and
O-rich ZnO films, however, it is worth noting that the
assignment of this green PL band is still controversial,
and a lot of well-designed attempts are required in the
future to elucidate the origin of the green PL from ZnO
[32,33].
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prepared by fully oxidizing the Zn films at 600  C in an
air-filled furnace. The PL spectra show that both the
Zn-rich and O-rich ZnO films give green luminescence
with noticeable difference in the peaks. It can be
concluded that the two most common defects in ZnO are
likely to be oxygen and Zn vacancies. Our DFT
calculations indicate that the oxygen vacancies in ZnO
are likely the luminescence center of the green PL from
ZnO, and that the transition from the conduction band of
ZnO to the deep trap level of oxygen vacancy can give
the green emissions.
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