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In this work, the correlation between the characteristic green emissions and speciﬁc defects of
ZnO was investigated through a series of experiments that were designed to separate the subtle
interplays among the various types of speciﬁc defects. With physical analysis and multimode
Brownian oscillator modeling, the underlying mechanisms of the variant eﬀects on green emission
were revealed. The results demonstrate that the observed green emissions can be identiﬁed as two
types of individual emissions, namely high energy and low energy, that are associated with speciﬁc
defects and their locations. The surface modiﬁcation that leads to downwards band bending was
found to be responsible for the high-energy green emission. The relationship between the intensity
of the low- energy green emission and the crystallographic lattice contraction indicates that
oxygen vacancy is the dominant cause of such an emission that resides within the bulk of ZnO.

1. Introduction
Zinc oxide (ZnO) is perhaps one of the most intriguing
materials to be investigated today. Although it has a simple
closely-packed hexagonal crystal structure, it possesses many
unique properties for various cutting-edge applications, such
as sensors and catalysis. Interestingly, ZnO has a diverse range
of nanostructural conﬁgurations including quantum dots,
nanobelts, nanorings, nanosprings, nanobows, nanohelices,
nanocages, nanowires, nanospheres and microcheerios. These
nanostructural materials are important as building blocks for
the architecture of nanodevices.1–3 In fact, its pre-eminence is
also well noted in the ﬁeld of spintronics and photonics. As a
wideband gap semiconductor with a direct bandgap of 3.3 eV
at 298 K, it has a brilliant UV band edge emission that can be
applied for UV light emitters.4 However, various synthesis
methodologies may inﬂuence the appearance of defects which
drastically alter UV emission behaviors of ZnO,5 resulting in
new optical phenomena, such as visible emissions of green,6,7
yellow and red. Among these, the green emission is the most
commonly observed phenomenon.8
The origin of green emission however has been widely
debated. It is believed that deep level defects, such as oxygen
vacancies in a form of a singly ionized Vo+ center or a doubly
ionized Vo++ center, zinc vacancies and interstices, are
possible causes of the green emissions in ZnO.8 Such emissions
have diverse spectra with diﬀerent peak emission wavelengths
from B510 nm (B2.43 eV)7 to B550 nm (B2.25 eV).9
Spectrometer conﬁgurations, such as the power and excitation
energy of the laser used in diﬀerent laboratories are extrinsic
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factors leading to slight variation of the spectra. Experimental
results suggested that the location of point defects, such
as surface defects etc. has a strong inﬂuence on the green
emission.6 The absorption depth of the excitation beam
depends on the excitation source as well as the absorption
coeﬃcient of ZnO and it has been shown that the penetration
depth of a laser (using a 325 nm He–Cd laser) is about
70 nm.10 In such a shallow depth, it is diﬃcult to discriminate
the contribution of the surface defects from the bulk defects on
the green emission.
In the present work, we discriminate the surface defects
from the bulk defects and investigate their interaction that
result in the observed subtle variation of the green emissions.
Such a variation can be divided into two particular individual
emissions referred to as the high- and low-energy green
emissions. This ﬁnding may provide some new insights into
the fundamental principle of manipulating the emission
spectra with defect chemistry for practical applications.

2. Experimental
To separate the subtle changes of the visible emission, the
as-received ZnO powder (99.5% pure, Analyticals Carlo Erba)
was annealed in a reducing atmosphere of 3% H2 + 97% Ar
from 500 to 900 1C for 24 h. For comparison, the as-received
ZnO was also annealed in pure nominally dry N2, in nominally
dry 100% O2, or in ambient atmosphere which could be
considered as a mixture of 21% O2 + 79% N2. Photoluminescence (PL) spectra were determined by an Accent
Rapid Photoluminescence Mapping System with a He–Cd
laser source (325 nm). Here, we denote the defects induced
by annealed the ZnO in the reducing atmosphere as ‘Type I’
defects while those induced in the ambient atmosphere annealing
as ‘Type II’. A constant power of 1.8 mW was maintained to
eliminate the possibility of UV to defect emission intensity
ratio variation. The materials were characterized using X-ray
Phys. Chem. Chem. Phys., 2010, 12, 2373–2379 | 2373
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diﬀraction (XRD) with a sampling pitch of 0.021 and scanning
rate of 11 min1. Rietveld analysis was carried out by a
Fundamental Parameter procedure as implemented on the
TOPAS package to determine the unit cell volume. Furthermore,
X-ray photoelectron spectroscopy (XPS) was performed with
20 eV pass energy and the results were subsequently calibrated
by the adventitious carbon C 1s peak at 285 eV. The morphologies
of the as-prepared materials in powder form were characterized
by transmission electron microscopy (TEM).
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3. Results and discussion
3.1 PL results and multimode Brownian oscillator model
(MBO)
Fig. 1 plots the spectra of the normalized emission intensity vs.
energies for the materials with Type I and Type II defects
induced at 900 1C. The spectrum with Type I defects exhibits a
high-energy green emission peaked at 2.465 eV (503.4 nm
labelled with ‘‘A’’) while spectrum with Type II defects has a
low-energy green emission with peak intensity at 2.294 eV
(540.9 nm, labelled with ‘‘B’’). These diﬀer from the spectra of
the as-received ZnO which possess a yellow emission at
2.103 eV (590.0 nm labelled with ‘‘C’’). The green band which
includes the phonon sideband is associated with the interactions between the electronic degrees of freedom and optical
phonons. Therefore, it is interesting to simulate the green
emission band with the multimode Brownian oscillator
(MBO) model and then extract the useful information on
electron–phonon coupling of the materials. In the MBO
model, the Hamiltonian of the system can be described by:11
H = |giHghg| + |eiHehe| + H 0
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strength. Other controlling parameters include the bath
temperature T and the 0–0 electronic transition energy [or
also known as Zero Phonon Line (ZPL), hoeg].12 Here we take
the LO phonon as the only primary phonon in the model,
so oj = oLO. The LO phonon frequency oLO is assigned to be
the spacing between adjacent phonon side bands. One of the
advantages of using MBO is that one could locate the 0–0
electronic transition energy which is diﬃcult to determine by
visual inspection.
The spectral density of the MBO model can be written as
C~00 ðoÞ ¼

2lo2LO ogðoÞ
o2 g2 ðoÞ þ ½o2LO þ oGðoÞ  o2 2

ð5Þ

where G(o) is the real part of the self-energy and the Stokes
shift is given by

where
X

Fig. 1 PL spectra of the as-received ZnO and ZnO with high- and
low-energy green emissions with Type I and II defects, respectively,
annealed at 900 1C for 24 h.

!2 3
5

ð4Þ

In eqn (1)–(4), Pj (Pn), qj (Qn), mj (mn) and oj (on) are the
momentum, coordinate, mass and angular frequency of
the jth (nth) nuclear mode of the primary (bath) oscillators,
respectively. In eqn (3), dj is the displacement of the jth nuclear
mode in the electronic excited state. The term ho0eg represents
the energy diﬀerence in the two-level system. H 0 can be
regarded as the coupling between the primary oscillators
and bath modes with a coupling strength of cnj. The key
parameters of the MBO model are the frequencies of the
primary oscillators oj, the damping coeﬃcient gj that controls
the system–bath coupling strength, and the Huang–Rhys
factor Sj which reﬂects the electron–LO phonon coupling
2374 | Phys. Chem. Chem. Phys., 2010, 12, 2373–2379

2l ¼

mo2 d2
h
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Alternatively, we can write l = Sh
 oLO. Here we adopt a
simple form of the MBO model in this work. In this model, the
spectral distribution function g(o) is assumed to be in its
Ohmic limit (i.e., g(o) = constant). Under these simpliﬁcations,
the spectral density function has following form
C00 ðoÞ ¼

2lo2LO og
o2 g2

þ ðo2LO  o2 Þ2

ð7Þ

where the self-energy term G(o) is set to zero.
The spectral response function g(t) can be expressed in terms
of the correlation function described in eqn (7) as
Z
1 1
C00 ðoÞ
gðtÞ¼
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2p 1
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Finally, the PL line shape can be calculated from
Z 1
1
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whre g*(t) is the complex conjugate of the line broadening
function g(t). Previously, the MBO model was successfully
implemented to study the green bands of ZnO.13 Some of the
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parameters used can be implemented as constraints in our
work in order to ﬁt our spectra with the MBO model. Firstly,
we ﬁx the diﬀerence in the two ZPL lines separated by
30 meV as observed in the literature.13 The two Huang–Rhys
factors S1 and S2 have a common electron–phonon coupling
strength while g1 and g2 are ﬁxed at 65 and 60 cm1,
respectively, at room temperature. The weight coeﬃcients used
to calculate the overall emission spectra are ﬁxed at 1 and 1.5
for ho0e1g and ho0e2g. In our earlier studies, we determined our
LO phonon frequency to be 583.7 and 582.1 cm1 for the
ZnO with Type I and Type II defects, correspondingly.14
These frequencies are used as the primary oscillator in the
MBO model.
Fig. 2 shows the typical measured and calculated emission
spectra associated with Type I and II defects while Table 1
shows the ﬁtting results. The PL emissions associated with
Type I defects [Fig. 2(a)] can be ﬁtted well with MBO model on
the higher energy side. Fig. 2(b) shows the MBO ﬁtting for the
PL emissions of ZnO with Type II defects which exhibits a
shoulder beside the lower energy green emission. This may be
the residual peak from the as-received sample (Fig. 1). This
shoulder is believed to be related to the yellow and orange
emissions but their origin remains unknown as several types of
defects might be responsible for these emissions.8
Although the shoulder emission causes the overall ﬁtting to
be less satisfactory, the objective of this work is to extract
information on the green band, hence MBO ﬁtting is needed
on the higher energy side of the low-energy green emission
associated with Type II defects. This region allows the MBO
ﬁtting to provide valuable information on the 0–0 transition
energies (ZPL) as well as the Huang–Rhys factor that are
responsible for the green emission [Fig. 2(b)].
From Fig. 3, it can be seen that the 0–0 transition energies
for both high- and low-energy green emissions have a slight
increase with increasing inducing temperature. On the other
hand the electron–phonon coupling strength represented
by the Huang–Rhys factor also increases with increasing
temperature in the emissions associated with both types of
defects. Both the increasing 0–0 transition energy and the
Huang–Rhys factor could be attributed to the amount of
mean surrounding lattice distortion which increases with
defect concentration as a function of temperature.15,16

Table 1 Fitted parameters using the MBO model on ZnO annealed in
the ambient (Type II) and reducing (Type I) atmospheres at diﬀerent
temperatures
Conditions

ho0e1g

ho0e2g

oLO

S1 = S2

Type I defects

500 1C, 24 h
700 1C, 24 h
900 1C, 24 h

2.951
2.981
3.021

2.981
3.011
3.051

583.7
583.7
583.7

7.3
8.1
8.65

Type II defects

500 1C, 24 h
700 1C, 24 h
900 1C, 24 h

2.841
2.841
2.911

2.871
2.871
2.941

582.1
582.1
582.1

8.2
8.4
8.85

Although the 0–0 transition energy of the emission associated
with Type I defects is always higher than that with Type II
defects [Fig. 3(a)], it does not follow that ZnO would have a
higher concentration of Type I defects than that of Type II.
This is because the Huang–Rhys factor as observed in highenergy green emission is always lower than that of the
low-energy one [Fig. 3(b)]. It implies that the Huang–Rhys
factor is dependent on the nature of defects.12 This observation
suggests that the mechanism of high- and low-energy green
emissions may be diﬀerent.
3.2 Inﬂuence beneath the surface
Fig. 4(a) shows the increase in the emission intensities with the
defect inducing temperature. They could be attributed to the
increase of the emission transition site concentration which is
directly related to the defect of interest thus indicating that the
defect concentration increases with inducing temperature.17
On the other hand, Fig. 4(b) shows the unit cell volume
determined from Rietveld reﬁnement of the XRD results for
the ZnO with Type I and II defects. It is necessary to take note
that the unit cell volume contraction is smaller at the inducing
temperature of 700 1C for ZnO with Type I defects which
would imply a lower defect concentration. This is unexpected
as the observed increasing high-energy green emission intensity
implies an increasing defect concentration [Fig. 4(b)]. Therefore,
the donors/defects that cause the volume contraction may not
be the cause responsible for the high-energy green emission
associated with Type I. The gradual volume contraction for
ZnO with Type II defects indicating a continuous increase in
defect concentration is however consistent with its increasing

Fig. 2 MBO model ﬁtting of ZnO of (a) Type I and (b) Type II defects annealed at 900 1C respectively.
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Fig. 3 (a) 0–0 transition energy for ZPL-2 (h
o0e2g) and (b) Huang–Rhys factor (S) for ZnO of Type I and II defects annealing at diﬀerent
temperatures. Note that only ZPL-2 is shown for simplicity since ho0e1g and ho0e2g are constrained by a diﬀerence of 30 meV. The dashed lines in
both ﬁgures shows a clear diﬀerence between the nature of Type I and Type II defects.

Fig. 4 (a) Relative PL intensity (normalized with reference to UV emission) trend with increasing temperature and (b) XRD Rietveld reﬁnement
unit cell volume of ZnO with Type I and II defects as a function of inducing temperature.

lower energy green emission intensity. This indicates that the
defects may have been originated from the bulk. It also
suggests that the defects are found within the absorption depth
of the He–Cd laser (B70 nm).
For a deeper understanding of the speciﬁc defects that
inﬂuence the PL emissions, we also treated the ZnO in pure
oxygen atmosphere. Fig. 5 shows the emission spectra of the
ZnO processed in such atmosphere and the low-energy green
emission associated with Type II defects with peak emissions
at 2.186 (eV) (567.5 nm) and 2.294 eV (540.9 nm), respectively.
The diﬀerence is clear. Despite that these ZnO samples are
annealed with similar zinc partial pressure, it is less likely that
they have similar defect origin that relates to their emissions
such as zinc vacancies. In fact, by reducing the oxygen partial
pressure from 1 atm to 0.21 atm, the emission intensity peaked
at 2.186 (eV) becomes weaker while the low-energy green
emission associated with Type II defects becomes dominant.
3.3

Inﬂuence from surface modiﬁcation

To identify the nature of defects and understand how the
speciﬁc defects give rise to the particular green emissions, the
surfaces of the as-prepared materials were characterized with
XPS. The as-received ZnO, which serves as the reference, has a
2376 | Phys. Chem. Chem. Phys., 2010, 12, 2373–2379

Fig. 5 PL spectra of ZnO with Type II defects annealed at 900 1C for
24 h and under O2 atmosphere at 900 1C for 24 h.

core level Zn 2p3/2 binding energy (BE) at 1021.2 eV. The BE
of Zn 2p3/2 for the ZnO with Type I defects is 1.8 eV higher
(1023.0 eV) while the ZnO with Type II defects shifts towards
lower energy by 0.5 eV [Fig. 6(a)]. This shows that the core
level BE of ZnO with both green emissions shifts in the
opposite directions to that of the as-received materials. It is
This journal is
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Fig. 6 (a) XPS spectra of Zn 2p3/2, (b) Zn 3s for the ZnO with Type I and II defects, respectively, annealed at 900 1C for 24 h. High-resolution
TEM image of ZnO with (c) Type I defects (annealed at 900 1C, 24 h) with an ultra-thin modiﬁed layer (arrowed) and (d) with Type II defects
(annealed at 900 1C, 24 h).

interesting to note that the other measured core level orbital
BE, Zn 3s has a small distinctive shift of 0.2 eV for ZnO with
Type I defects [Fig. 6(b)].
The BE shift that occurs at the Zn 2p3/2 core level may be
associated with the sensitivity of the maximum sampling depth
of XPS characterization. The electron inelastic mean free path
(IMFP) a (Å) could be estimated at a particular binding
energy using the Tanuma–Powell–Penn TPP2M formula.18
The maximum sampling depth was subsequently derived
from the decaying function exp(d/a),19 where d is the
approximated sampling depth. Since d is approximated by
3a, in this depth B95% of all the photoelectrons would be
scattered by the time they reach the surface. The calculation
shows that the estimated maximum sampling depth for
Zn 2p3/2 is about 3.5 nm while it is approximately 7.6 nm for
Zn 3s, respectively. This indicates that a dominant modiﬁcation
may have occurred on the surface of the material processed in
the reducing atmosphere and the depth of the modiﬁed layer
underneath the surface was less than 3.5 nm.
Pertaining to the ﬁrst observation, as the shift for ZnO with
Type I defects is much larger, an extensive modiﬁcation may
have taken place on the surface. Since the core level BE of
Zn 3s has shifted only slightly, little modiﬁcation occurred at
the corresponding sampling depths. The XPS results are
supported by the high-resolution TEM image in Fig. 6(c)
and (d). The high-resolution image in Fig. 6(c) shows that
the ZnO with Type I defects has a core shell-like structure with
This journal is
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a shell thickness of B40 Å, in good agreement with the XPS
results. Since the shift of the 2p3/2 core level BE of ZnO with
Type II defects is much smaller than that of ZnO with Type I
defects, the modiﬁcation on the surface as shown in the TEM
image is not apparent [Fig. 6(d)].
The surface modiﬁcation in ZnO with Type I defects should
be the predominant factor of the high-energy green emission.
Such a phenomenon can be explained with the presence
of surface band bending. The as-received ZnO has a
hydroxylated surface that contributes electrons to form a
downwards band bending with an accumulation layer.20 Since
the BE of ZnO with Type I defects shifts to higher energy,
there is an increase downwards band bending with the core
levels as well as the valence band maximum21 shifting away
from the Fermi level. This could be due to an increased
electron accumulation layer possibly from the surface oxygen
vacancies which is an electron donor.22 The ZnO with Type II
defects should have a lower degree of downwards band
bending as a result of reduced oxygen vacancy concentration.23
However, such observation should be accompanied by an
increase in oxygen vacancy concentration as a function of
depth and dominate in the bulk as characterized by XRD and
Raman spectroscopy.14,23 The nature of band bending found
in ZnO probably leads to diﬀerent electronic transitions such
as the high- and low-energy green emissions. In addition, it
should be noted that the calculated defect transition level of
surface oxygen vacancies also appears to be diﬀerent from the
Phys. Chem. Chem. Phys., 2010, 12, 2373–2379 | 2377
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Fig. 7 (a) PL spectra of ZnO with Type I defects and ZnO annealed under nitrogen atmosphere at 700 1C for 24 h and (b) MBO model ﬁtting of
ZnO annealed under nitrogen atmosphere at 700 1C for 24 h.

bulk oxygen vacancies leading to these two types of emissions.24
The higher energy green emission could be due to: (1) a
recombination between the oxygen vacancies and the photogenerated holes near the surface,25 and (2) the modiﬁcation of
the surface that may possess heterostructure of ZnO, thus
varying the electronic structure.26 Detailed investigations will
be reported in the future.
3.4

Possibility of hydrogen eﬀects on the green emission

It is unclear whether the hydrogen in a reducing atmosphere
would be doped into the materials, thus making a contribution
to the high-energy green emission. In general, hydrogen could
be a shallow donor dissolved interstitially so that it can be
completely ionised to protons, thus residing on oxide ions as
hydroxide ion defects and electrons. Such hydrogen easily
dominates the defect structure as well as the electrical and
photonic properties directly or indirectly. In the reducing
atmospheres, hydrogen could be trapped in ZnO above
500 1C, leading to the dissolution of protons and electrons.
In the as-reduced materials, the induced defects such as proton
and electrons etc. would be frozen and trapped in the quenching
processing.
The question is: Does hydrogen play a direct role in the
development of the high-energy green emission? To isolate the
contribution of hydrogen and oxygen on the speciﬁc green
emissions, we annealed the ZnO in dry N2 at 700 1C for 24 h.
The PL spectra of the materials processed in dry N2 and 3%
H2 + 97% Ar at 700 1C for 24 h were plotted in Fig. 7(a) for
comparison. Fig. 7(b) shows the PL emission spectra of ZnO
processed in N2 at 700 1C with its ﬁtting results using the same
MBO parameters obtained from the Type I defects induced at
similar temperature. It demonstrates that the MBO ﬁtting is
satisfactory at the high-energy band side. Similar emission
mechanism appearing in the materials processed in H2-free
atmosphere shows that the high-energy green emission is not
originated from hydrogen. In addition, it has been reported
that the presence of hydrogen in ZnO enhances the eﬃciency
of UV emission while it suppresses the defect emission,
for example, green emission.27,28 The relative intensity of the
high-energy green emission [Fig. 4(b)] was however enhanced
in our experiments by the processing temperature. Hence
2378 | Phys. Chem. Chem. Phys., 2010, 12, 2373–2379

hydrogen seems not to play a direct role in the origination
of this green emission.

4. Conclusion
The intrinsic variants of green emissions in ZnO were
investigated to separate the subtle interplay among the speciﬁc
defects. Through systematic experimental separations, advanced
materials characterizations and physical modeling, the subtle
variation of the green emission was deemed signiﬁcant and was
closely related to the defects residing at diﬀerent locations. It
was found, for example, that the defects residing on the
surface and in the bulk give rise to the high-energy (peak
value of 2.465 eV) and low-energy green (peak value of
2.294 eV) emissions, respectively. Importantly, the ZnO with
Type I defects that are associated with the surface defects, was
found to be responsible for the high-energy green emission as
evidenced by the downwards band bending through a binding
energy shift of Zn 2p3/2 orbital and the observation of a
modiﬁed surface layer. The downward band bending caused
by the electron accumulation layer could be due to the
formation of the surface oxygen vacancies acting as the
electron donors. On the other hand, the correlation between
the unit cell volume contraction through XRD and PL
intensity of the low-energy green emission suggests that the
Type II defects are oxygen vacancies distributed beneath the
surface. The experimental results also demonstrate that the
green emissions are independent of hydrogen doping. This
ﬁnding provides a new insight that could possibly assist the
precise manipulation of the photonic emissions of ZnO for
optoelectronic applications in the future.
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