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ABSTRACT Photoluminescence and atomic force microscopy
have been used to characterize ZnO thin films grown by metal-
organic chemical vapor deposition (MOCVD) at varied growth
pressures. The surface morphology with different grain struc-
tures has strong influence on the green photoluminescence of
ZnO. When large discrete islands or structureless overgrowth
cover the rough surface, broad green emissions around 500 nm
go beyond the ultraviolet (UV) emission band; whereas, when
the surface is packed closely with small grains, only weak green
emission is observed with a red-shift to 528 nm. This variation
of green emissions is ascribed to changes in the charge states of
oxygen vacancies, which is strongly dependent on the surface
morphology and grain structures. Based on the grain bound-
ary defect model, two possible recombination processes for the
green emission are proposed and discussed in detail.
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1 Introduction

Recently, wide band gap material zinc oxide (ZnO)
besides GaN is attracting much attention as a promising
candidate for opto-electric applications in UV and green
regions [1]. Generally, an intense and board emission in
the green range (2.2–2.5 eV) has been observed, especially
evident in the nano-size particles or the polycrystalline
ZnO [2, 3]. The nature of green emission has been the subject
of much research. This emission was thought to be associ-
ated with native defects in the undoped ZnO such as interstitial
zinc [4], oxygen vacancies [2, 3, 5, 6] and interstitial oxy-
gen [5, 7] or zinc vacancies [8, 9]. During the past years,
oxygen vacancies have been assumed to be the most likely
candidates for the recombination centers involved in the green
luminescence, which has been identified recently by F.H.
Leiter et al. [10]. However, the green luminescence is sen-
sitive to the defect chemistry. A. van Dijken et al. [3, 11]
proposed that the visible emission is due to the recombination
of an electron from the conduction band with a deep electron-
trapping center of V++

O , and alternatively, K. Vanheusden et
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al. [2] give a conclusion that the recombination of isolated V+
O

center with photoexcited holes are responsible for the green
emission.

According to the well-known grain boundary defect
model proposed by Gupta [12], the charge states of the de-
fects are strongly dependent on the surface morphology and
grain structure [2, 12, 13]. Grain boundary in semiconduc-
tors leads to potential fluctuations, and band bending effect
plays an important role in the changes of defect chemistry.
The electronic structure of ZnO grain boundaries has been
characterized by positron annihilation spectroscopy [12] and
the spatially resolved electron energy loss spectroscopy [14].
To date, few studies have been devoted to the influence of the
surface morphology on the photoluminescence properties of
ZnO, although the similar results on CdTe [15] and GaN [16]
have been reported. In this study, the correlation of surface
morphology and green emissions are studied and the possible
transition processes for green emissions are proposed on the
basis of the grain boundary defect model.

2 Experiments

ZnO films have been deposited on (0001) sapphire
substrates by our homemade low-pressure metal–organic
chemical vapor deposition (LP-MOCVD) system. Details of
the growth procedure were described elsewhere [17]. Di-
ethylzinc (DEZn) and 5N-purity O2 were used as zinc precur-
sor and oxygenic source, respectively. 5N-purity Ar gas was
employed as the carrier gas of DEZn, and also as the buffer
gas to prevent the source gases upstream. The ratio of VI/II
mass flow rate is fixed at 220 to keep the stoichiometric com-
position. Series samples were grown at 400 ◦C for 30 min via
varying the growth pressure from 14 pa to 240 pa. The growth
rate increased with the pressure, and the thicknesses were
180, 350 and 560 nm for samples grown at 14, 60 and 240 pa,
respectively. The surface morphology was characterized by
a DI Nanoscope IIIa atomic force microscope (AFM) in con-
tacting mode. Photoluminescence (PL) spectra were recorded
by using He-Cd (325 nm) laser as the excitation source. Hall
measurements were taken in the Van der Pauw configuration
with indium ohmic electrodes. All the measurements were
carried out at room temperature.
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3 Results and discussions

The surface morphology and the grain growth are
strongly dependent on the growth pressure. Three different
surface patterns and grain structures are presented in Fig. 1.
All AFM pictures are scanned over a scale of 1 ×1 µm2 and
the cross-sectional profiles are available for better viewing.
The morphology of film grown at 14 pa is dominated by a typ-
ical “discrete island”-like structures with three-dimensional
growth features of large grains and rough surface (Fig. 1a).
Due to the high interfacial energy associated with the ZnO
on sapphire and the high gas velocity, the nucleation dens-
ity would be low during the initial growth stage, and subse-
quently, the adatoms preferred to combine with the nucleat-
ing sites, promoting the combined effect of crystallite size.
It is believed that the growth of nuclei leads to discrete is-
land formation and a rough surface, which undergo a typical
3D growth mode. Grown at a moderate pressure of 60 pa,
the film structure appears uniform all over the substrate sur-
face, and the columnar grains are well- aligned and close-
packed (Fig. 1b). These features are expected to be formed
in the column-like growth mode. According to the Walton–
Rhodin atomistic theory of nucleation [18], the nucleation
rate is proportional to the growth rate. In the early growth
stage, nuclei with high density are uniformly distributed on
the substrate surface due to the high growth rate. As the grains
reach the critical size of nucleation, it will start to grow in
size and a well-ordered columnar structure is advanced along
the (0002) crystallographic direction. This change in growth
mode results in a substantial reduction of surface roughness;
however, the grain sizes are limited due to the low surface
mobility of adatoms. As the pressure up to 240 pa, a quasi-
2D flat continuous film is produced due to the high nucle-
ating density and high growth rate [19]. However, the gas-
phase pre-reaction above deposition surface would come forth
at high pressure; thus, irregular-shaped structureless over-
growths are highly advanced, causing the surface rough again.
Thus, a moderate pressure is essential for the improvement of
the surface morphology.

Photoluminescence spectra of samples were shown in
Fig. 2, which shows a strong dependence on the surface

FIGURE 1 AFM images (1 µm×1 µm) and the cross-sectional profiles for the ZnO films deposited at different pressures: 14 pa a, 60 pa b and 240 pa c

morphology and grain structures. For all samples, two emis-
sion bands are observed. One is a relatively narrow and pro-
nounced emission band in the UV range due to the annihi-
lation of free excitons at room temperature [20], while the
other is a broad asymmetric emission band in the green range.
Especially for the smooth surface covered by well-ordered
grains, the UV emission is dominant with a narrow peak width
of 140 meV, indicative of good optical property. It is under-
standable that the intrinsic defects are reduced within the
well-ordered grains, enhancing the luminous efficiency of the
UV band. Similar phenomena are observed for GaN films by
M. Godlewski et al. [16] who demonstrate that the “edge”
emission for the well-resolved grain is more intense than that
for the structureless overgrowth.

These spectra all show an asymmetric broad band in the
green, but their intensities and positions differed from each
other. For better interpreting, these broad bands are Gaussian
divided into two bands and assigned as B1 and B2 (Fig. 3)
whose positions have a slight change with the sample due to
the variations in the local environments of the defect centers
in different samples [2]. The ratios of integrated intensities
(B1/B2) have different values of 1.26, 0.58 and 7.85 for sam-
ples grown at 14, 60 and 240 pa, respectively. It implies that
the defect centers for producing the two PL bands are different
and compete with each other.

In general, two possible mechanisms for the green emis-
sion are considered: (1) recombination of a shallowly trapped
(delocalized) electron with a deeply trapped hole, or (2) re-
combination of a shallowly trapped hole with a deeply trapped
electron. Due to the low formation enthalpy, oxygen vacan-
cies are abundant in the crystal as donors [21] and identified as
the origin of green emission in the undoped ZnO [10]. How-
ever, oxygen vacancies in ZnO often occur in three different
charge states: the Vx

O state which has captured two electrons
and is neutral relative to the lattice, the single ionized V+

O state,
and the V++

O state which is doubly positively charged with re-
spect to the lattice. With respect to the nature of trap centers
involved in the green emission process, the defect chemistry
should be taken into account.

The band-bending effect at the grain boundary plays an
important role in the variation of defect chemistry. In semi-
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FIGURE 2 Photoluminescence spectra measured at room temperature for
the ZnO films deposited at different pressures: 14 pa (a), 60 pa (b) and 240 pa
(c)

conductors, grain boundary potential barrier are formed when
the grain boundary has a lower chemical potential for ma-
jority carriers than the grains. Seager and Castner [22] have
constructed the theory of grain-boundary barrier formation
and the depletion effect for the polycrystalline semiconduc-
tors and good agreements with the experiments were observed
in polycrystalline silicon. Moreover, an atomic defect model
was proposed for the double Schottky barrier at the grain
boundary, assuming donor-like positively charged defects in
the depletion layer [12]. Figure 4 shows the energy diagram
describing the defect distribution in two semi-infinite grains
and one grain boundary. Band bending will create an elec-
tron depletion region where the Fermi level passes below the
V+

O/V++
O level, most of oxygen vacancies will be in the dia-

magnetic V++
O state, while in the bulk region of grains, the

FIGURE 3 Green photoluminescence of the ZnO films at room tempera-
ture, Each of spectra is Gaussian divided into two bands, assigned as B1 and
B2

majority defects are expected to be in their paramagnetic V+
O

states. These positively charged states are compensated by
a layer of negatively charged ions (such as O2− ions) at the
grain boundary interface. However, to what degree band bend-
ing impact on the defect chemistry is to a large extent deter-
mined by the ratio of the depletion width to the actual grain
size. An expression for the depletion width d can be obtained
by equating the amount of positive charge around a grain-
boundary to the one-dimensional Poisson’s equation [22],

d = (
2εrε0ΦB/e2 Nd

) 1
2 , where ΦB is the height of potential

barrier, Nd is the donor concentration, εr and ε0 are the dielec-
tric constant and a relative dielectric permittivity, respectively.
In order to estimate the depletion width, the carrier concentra-
tions of films are measured by Hall experiments. The carrier
concentrations are 1.63 ×1018 cm−3, 3.25 ×1017 cm−3 and
2.85 ×1018 cm−3, and the depletion widths d are estimated to
be 7, 18 and 5 nm for samples grown at 14, 60 and 240 pa, re-
spectively, assuming that Nd is roughly equal to the measured
carrier concentration and ΦB satisfies the relationship with
Nd (Fig. 14 in [23]). When 2d comparable to the grain size,
more than one-half of grains are actually depleted and con-
sequently, the majority defects are of V++

O state, whereas, the
depletion region cover a small fraction of the total volume for
the larger-grained sample, namely, more oxygen vacancies are
of V+

O state.
Based on the analysis of defect chemistry above, we now

discuss the correlation between the green emissions and the
surface morphology. As the surface morphology is dominated
by three-dimensional large-grained islands, the intensity of
B1 band (∼ 500 nm) overpasses that of B2 band (555 nm).
As estimated above, the small depletion width of 7 nm only
represents a few percent of the total volume for large grains,
and consequently, the majority of oxygen vacancies are of V+

O
state. This suggests that B1 band is mainly originated from the
recombination of V+

O center. In fact, V+
O can trap a photoex-

cited electron easily though a non-recombination step [3] to

FIGURE 4 Atomic defect model on the basis of a double Schottky bar-
rier describing the distribution of defects in two-semi-infinite grains and one
grain boundary, where EV is the valance band, EC is the conduction band,
EFG is the Fermi level in grains, EFB is the Fermi level in the grain boundary
region, ∆EF is the difference between two regions, ΦB is the height of po-
tential barrier, d is the width of the depletion layer, and open circles represent
neutral states



762 Applied Physics A – Materials Science & Processing

form the neutral Vx
O center, which is instable at room tempera-

ture. Then, a radiative recombination of this center with the
photoexcited holes in the valance band takes place effectively,
yielding photons with energy of ∼ 2.5 eV. In the case of sam-
ple grown at 240 pa, due to the reduction of depletion width
and the large coverage of the continuous flat layer under over-
growth, band bending can be ignored and almost all the oxy-
gen vacancies are under the flatband condition, which conse-
quently boost B1 band emission greatly (Fig. 3c). In contrast,
B2 band (∼ 555 nm) compares favorably with B1 band for the
sample whose surface is covered by small packed grains. Due
to the small difference between the depletion width and actual
grain size, most of V+

O convert to V++
O states by trapping a hole

from the grain surface [3]. Then, a radiative recombination of
a conduction band photoexcited electron with a V++

O center
yields photons with energy of about 2 eV. It is just the reason
why the visible emission band of the sample deposited at 60 pa
had an obvious red-shift as shown in Fig. 3.

Recently, two representative mechanisms of the green
emission have been presented. K. Vanheusden et al. [2] pro-
posed the recombination of isolated V+

O center with photoex-
cited holes are responsible for the green emission and alterna-
tively A. van Dijken et al. [11] identified the visible emission
as a transition of a photo-generated electron from conduction
band to a deep trap level. They are both reasonable, however,
seem to conflict with one another. In fact, these two transi-
tions are involved in the different grain regions on account of
the changes in defect chemistry. The two discussed recombi-
nation models for the green emission of ZnO are derived in
Fig. 5. In the bulk region, most oxygen vacancies are expected
to be in V+

O states under flatband conditions. Consequently,
the radiative transition of an electron from the V+

O level to the
valance band is responsible for the 2.5 eV PL band. In con-
trast, in the depletion region, PL band around 2.2 eV is the
contribution of the radiative recombination of a delocalized
electron close to the conduction band with a deeply electron-
trapped center (V++

O ). This model has shed some light on the
transition mechanism of the green emission; however, further

FIGURE 5 Sketches of the two radiative recombination processes under
discussion for the green emission in ZnO

studies are still in progress to confirm the recombination cen-
ters and the detailed mechanism of the green emission.

4 Conclusions

In summary, the present study shows the correla-
tion between the green emission and the surface morphology
of ZnO films in terms of the grain boundary defect model.
With respect to the rough surface containing the large discrete
island or structureless overgrowth based on the flat continu-
ous layer, most of oxygen vacancies are of V+

O under flatband
conditions, resulting in broad green emission around 2.5 eV.
In contrast, when the surface covered by small close-packed
grains which is greatly depleted, V++

O are the dominant na-
tive defects, trapping a conduction band photoexcited electron
and yielding photons with energy around 2.2 eV. These dis-
cussions have shed some light on the transition mechanism of
ZnO for the green emission. In addition, high luminous effi-
ciency of UV band corresponds to the smooth surface morph-
ology with well-ordered grains, indicative of the reduction of
the intrinsic defects and the improvement of the optical prop-
erties.
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