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The green emission in ZnO can be identified as two characteristic emissions, namely high and low

energy emissions, respectively. The study of band bending effect of ZnO surface demonstrates that

oxygen vacancies cause both the core level and the valence band to shift to higher binding energy.

The downward band bending induced by a strong accumulation layer, where the oxygen vacancies

act as donors, results in the high energy green emission. ZnO with the low energy green emission

has Zn 2p 3/2 core level binding energy shifted to lower binding energy. The depth of dominant

oxygen vacancies plays an important role in determining the mechanisms of green emission.

Introduction

ZnO has attracted enormous interest in the past decade due to

its newly discovered properties as well as the possibility of

manipulating its properties in conjunction with the emerging

nanoscale applications,1 such as nanoelectronic devices and

UV photodetectors, and nano-lasers.2–4 ZnO can also be the

host material in which the residing electrons can travel over a

longer distance, yet remain unscattered with the quantum Hall

effect incorporated into the versatile functionality of metal

oxides in complex heterostructures.4 However, such possible

applications require stringent fabrication methodology to

achieve ultra-high purity materials with minimal defects.

There is also a great field of interest in the doping of ZnO,

due to the many interesting properties observed.5–8

Photoluminescence spectroscopy is one of the characterization

techniques that determine the defects in wide bandgap

semiconductors. ZnO normally emits a strong UV light, which

is an exciton emission. Very often, other emissions in the

green, yellow and orange region can be observed and these

are known to be defect related.9 However, challenges still

remain in the identification of the exact defects that give rise

to the respective emission phenomena. In particular, the origin

of the green emission remains the most debatable. It has been

suggested that oxygen vacancies (donor) in the form of a singly

ionized Vo
+ center10 or a doubly ionized Vo

++ center11 is the

dominant factor for green emission. Recent investigations

suggested that the green emission may also be associated with

zinc vacancies12 (acceptor) or interstices.13 Such varieties of

mechanisms contribute to the diverse emission spectra of green

emission with peak emission wavelengths ranging fromB510 nm

(B2.43 eV)10 to B550 nm (B2.25 eV).11 The variation may

appear deceptively insignificant since, after all, it is still within

the domain of green, and the instrument configuration could

also have contributed to this subtleties.14 While it has often

been erroneously assumed that the defects formed are

homogeneously distributed, it had been noted that some

specific defects were confined more to the surface.15,16

Recently 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.17

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 the specific

defects and their locations. The observation with High

Resolution Transmission Electron Microscopy and X-ray

Photoelectron Spectroscopy (XPS) revealed that the surface

modification caused by the oxygen vacancies on the utmost

surface (Type I defects) is 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

of such an emission that resides within the bulk of ZnO

(Type II defects).

Unlike the transition metals that would have multiple ion

valence states, Zn only have limited ion valence states e.g. +1

and +2.18 This suggests that it is very difficult to quantitatively

determine the variation of chemical compositions caused by

the processing in different atmospheres with the state-of-

the-art characterization techniques. This is true as the phase

diagram of ZnO shows an extremely narrow range of possible

chemical composition (e.g. atomic percent of Zn change is less

than 0.0001%).19 Nevertheless, the work done on XRD has

shown some qualitative results which are related to the

presence of Type I and Type II defects. However, the processing

temperature dependence of ZnO lattice constants was only

observed in the materials with Type II defects. This phenomenon

can be correlated to the relative intensity of the lower energy

green emission, suggesting that Type II defects are found

beneath the surface.

In this work, we determine that the subtle variations of

the green emissions are substantial to warrant two different

intrinsic origins. The mechanism of the surface band bending

caused by the specific defects and the underlying chemical

physics are studied in detail.
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Experimental

The as-received ZnO (99.5% pure, Analyticals Carlo Erba)

has an average particle size of 175 � 35 nm. To separate the

subtle changes in the visible emission, the specific defects were

induced artificially under two different conditions. In the first

condition, Type I defects were induced through annealing the

as-received ZnO powder in a reducing atmosphere of 3%

H2+97% Ar from 500 1C to 900 1C for 24 h. In the second

condition, the Type II defects were generated in ambient

atmosphere. This atmosphere could be considered a mixture

of 21% O2 + 79% N2. Both annealing conditions mentioned

above were subsequently subjected to a cooling rate of 100 1C h�1.

Photoluminescence (PL) spectra were determined by an

Accent Rapid Photoluminescence Mapping System with a

He–Cd laser source (325 nm). A constant power of 1.8 mW

was maintained to eliminate the possibility of UV to defect

emission intensity ratio variation. X-Ray Photoelectron

Spectroscopy (XPS) was performed with 20 eV pass energy

and the results were subsequently calibrated by adventitious

carbon C 1s peak at 285 eV. The Valence-Band Maximum

(VBM) with respect to the Fermi-level is determined by

extrapolating a linear fit to the leading edge of the valence-band

photoemission to the background level.20

Results and discussions

Fig. 1(a) shows the variation of the green emission resulting

from the Type I and Type II defects. The high energy green

emission caused by Type I defects has a peak energy of 2.46 eV

(B504.4 nm) while the low energy green emission induced by

the Type II defect has a peak energy of B2.26 eV (B549.0 nm).

To illustrate that the energy shift is indeed a consequence of

the Type I defects rather than the hydrogen doping, a pristine

ZnO sample was processed in a nitrogen atmosphere with the

same parameters. The resultant peak shift is identical to that

of the sample with the Type I defects as shown in Fig. 1(b).

It rules out the contribution of hydrogen.

The relative intensities of these green emissions normalized

to their respective UV emissions increase as a function of the

processing temperature. The relative intensity of the green

emission is related to the concentration of the specific defects

acting as the emission center. The correlation among the

intensity of green emission, concentration of defects, processing

temperatures and environments were investigated by the PL

spectroscopy and crystallographic structural characterization

using X-ray diffraction.17 The results showed that, in an

ambient environment, the unit cell volume was shrunk as the

processing temperature increases. This was associated with the

increase of the concentration of Type II defects, which have

defect behavior in the bulk. However, such a phenomenon is

not the case when ZnO was processed in a reducing environment

with Type I defects. It has been experimentally demonstrated

that the dominant defects, which are responsible for the higher

energy green emission, are associated with surface modification.

Fig. 2 shows the core level and valence band binding energy

shift as a function of the relative intensity of the characteristic

green emissions for the materials with Type I and Type II

defects respectively. For the ZnO with Type I defects, the Zn

2p 3/2 core level binding energy shifts gradually to higher

binding energy from 1021.1 eV to 1023.0 eV as the relative

intensity of high energy green emission increases from

R = 1.66 to R = 7.08 [Fig. 2(a)]. A similar correlation

between shifting of the VBM and the relative intensity of high

energy green emission is also observed experimentally in

Fig. 2(b).

Different from the phenomena observed in ZnO with Type I

defects, the Zn 2p 3/2 core level binding energies generally

decrease with increasing relative intensity of the low energy

green emission in the ZnO with Type II defects. It is interesting

to note that while Zn 2p 3/2 core level binding energies shifted

to lower energy, the VBM shifted to higher binding energy.

This is distinct from [Fig. 2(b)] that of ZnO with Type I

defects.

Such phenomena may be explained with the characterization

of XPS results within the framework of the surface band

bending mechanism.21 Fig. 3 shows the schematic diagrams

of the surface band bending mechanism interpreted by core

level binding energy or VBM in XPS. For a hypothetical

semiconductor with an absent of band bending, the VBM

hypothetically determined from XPS has an energy of w eV

from the Fermi level, EF = 0 eV as shown in Fig. 3(a). On the

other hand, this VBM can be represented as a horizontal red

dotted line in the band diagram shown in Fig. 3(b). This red

dotted line represents the flat band condition from the bulk to

the surface for this hypothetical semiconductor. We assume an

n-type semiconductor has a Fermi level pinned to the surface

and its VBM in XPS [Fig. 3(a)] (now shifted g eV away from

Fig. 1 (a) The ZnO with Type I and Type II defects of high and low energy green emission of ZnO which are annealed at 700 1C, respectively.

(b) ZnO annealed under a nitrogen atmosphere shows similar high energy green emission.
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EF, where g 4 w in value. Therefore, its VBM (as represented

by the black continuous line) as shown in the band diagram of

Fig. 3(b) would shift downwards from the EF by g eV

[Fig. 3(b)]. It is noted that g eV, which is the amount of band

bending, is found at a probing depth of s determined by the

XPS [Fig. 3(b)]. Such downward band bending indicates an

accumulation of electrons contributed by donor defects near

the surface for an n-type material. Likewise, if the binding

energy shifts towards the EF, it would indicate the formation

of a surface depleted of electrons, thus an upward bending

would be observed. The effects of accumulation or depletion

layer not only influence the VBM but also the core level

binding energy in a similar manner.22 The nature of the surface

band bending is also influenced by the absorption of atoms or

molecules of interest.23,24 It is therefore noted that the

as-received ZnO absorbed moisture from the environment,

thus having a hydroxylated surface. Through a reaction of

H+ O2�- OH�+ e�, a shallow donor state may be formed

to allow a many-fold increase in the carrier concentration on

the space charge layer. This implies that the as-received sample

most likely would have an accumulation layer.25

The surface banding phenomenon also requires the probing

depth of XPS to be considered because the X-ray source with

certain energy has a fixed maximum probing depth that is

dependent on the binding energy of the electron orbitals

(or VBM) for that particular material. The electron’s inelastic

mean free path (IMFP), a, could be estimated at the particular

binding energy using the Tanuma, Powell, and Penn TPP2M

formula.26 The maximum sampling depth was derived

from the decaying function of exp[�d/a],27 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. Therefore, the

calculation shows that the estimated maximum sampling

depth for Zn 2p 3/2 is approximately 3.48 nm while it is

approximately B8.18 nm for the VBM region.

The ZnO with Type I defects induced at 900 1C has its core

level Zn 2p 3/2 shifted to a higher binding energy by 1.9 eV

while its VBM shifted to higher energy by only 0.35 eV with

reference to the as-received ZnO. Therefore, the downwards

surface band bending is more severe at a shallower depth. The

overview of the core level as well as the VBM shift in the form

of surface band bending is illustrated in Fig. 4(a). Such a

surface band bending effect indicates that the active donor

concentration is dominant in the surface layer (B3.48 nm) but

reduces along the depth and finally reaches the concentration

of the bulk. It has been reported that an accumulation of

electron near the surface layers may be associated with oxygen

vacancies, Vo which is an electron donor [Fig. 4(b)].16

The observation of VBM and the core level shift for the

ZnO with Type II defects is more complex. The Zn 2p 3/2 core

level has a shallower probing depth (B3.48 nm) and yields a

lower binding energy as reference the as-received ZnO

[Fig. 4(a)]. Therefore, the degree of downwards band bending

Fig. 2 (a) Zn 2p 3/2 core level binding energy of ZnO with Type I and Type II defects. The relative green emission intensity with respect to the

UV emission is denoted as ‘R’; (b) valence band maximum (VBM) of ZnO with Type I and Type II defects.

Fig. 3 Schematic diagram of the relationship between (a) XPS using valence band maximum and (b) downwards surface band bending.
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in this particular material is lower. Compared with the materials

processed in both hydrogen and nitrogen, the relatively high

oxygen partial pressure at ambient atmosphere resulted in a

lower concentration of oxygen vacancies near the surface.

Therefore, the electron concentration from the oxygen vacancies

(defect donor) is lower due to the compensation of the holes

associated with the acceptors. On the other hand, due to the

rather rapid cooling at the end of the processing procedures,

dramatic reduction of the defect migration rate causes non-

uniform distribution of the defects from the surface along the

depth [Fig. 4(b)] and this spans a distance of around 10 nm.28

This led the oxygen vacancies to be more dominant at a

deeper depth (B8.18 nm) onwards [Fig. 4(b)]. As a result

the donor/electron concentration increase beneath the surface

and consequently, the VBM shifted to a higher energy as

compared to that of the as-received ZnO. Although the

mechanism of defect migration in such cases is unclear, such

phenomenon has been observed by others.28

In Fig. 4(c), we separate the surface band banding for the

ZnO with Type I and II defects. The aforementioned Type I

defects should be the oxygen vacancies that are concentrated

near the surface, thus resulting in the downwards surface band

bending. Since the oxygen vacancies are a deep level defect of

localized state, the band bending effect should have little

influence in altering its energetic position as compared to those

shallow donor/acceptors.11 Hence, the electronic transition from

the deep level state to the VBM occurs at a higher energy,

giving rise to high energy green emission. On the other hand,

oxygen vacancies which are mostly present in the bulk should

be the Type II defects such that low energy green emission

occurs in the flat band region. Fig. 5 shows the emission

spectra of ZnO annealed in pure oxygen atmosphere and the

one with Type II defects as reference, respectively. For the

ZnO annealed in the pure oxygen atmosphere, a yellow

emission is observed at 2.186 eV which is not in the green

emission range. In our experiments, the zinc partial pressure is

similar regardless the processing atmosphere. Therefore, the

variation of the emission spectra indicates that the zinc

vacancies are not responsible for the emission behaviors while

the oxygen vacancies and their locations are the dominants.

The nature of the core level binding energy as well as the

VBM shift could also be affected by several factors. The first is

a chemical shift associated with the nature of the chemical

bonding state.27 Since ZnO doesn’t have multiple oxidation

states, the charge transfer is associated with the change of

coordination number. It was reported that the 3d 5/2 core level

binding energy of Rh ions shifts to higher binding energy when

the coordination number to oxygen increases. This electron

charge transfer that causes the higher binding energy shift is

consistent with the valence band region.29 Such a chemical

shift is not observed in the ZnO with Type I defects where the

surface has a number of oxygen vacancies. It is also unlikely to

Fig. 4 (a) Schematic diagram of downwards band bending of ZnO with Type I and Type II defects annealed at 700 1C. (b) Schematic diagram of

ZnO with the location of Type I and II defects. (c) Electronic transition of Type I and II defects that give rise to the high and low energy green

emission respectively.

Fig. 5 PL of ZnO annealed under O2 atmosphere and with Type II

defects annealed at 900 1C for 24 h respectively.
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apply this chemical shift to the ZnO with Type II defects as the

Zn 2p 3/2 core level shifts to lower energy while Zn 3d core

level and VBM shifted to higher binding energy.

The Madelung energy is another factor that plays a role in

the core level shift. For metal ions with higher coordination

number, the Madelung energy component lowers its binding

energy shift, while the binding energy of oxygen ions shifts to

higher energy.30 Table 1 shows the O 1s binding energy of

ZnO with the high and low energy green emissions that are

associated with Type I and Type II defects respectively. For

the ZnO with Type I defects, the O 1s generally increases in its

binding energy which shares the same trend as the Zn 2p 3/2

core level. For the ZnO with Type II defects, the O 1s core

level binding energy generally shifts to lower binding energy,

similar to the Zn 2p 3/2 core level binding energy. However,

neither of these materials shows the Madelung energy to be

dominant. The above considerations favor our assignment of

the binding energy to the observation of band bending.

For the ZnO that was processed in pure nitrogen

atmosphere without hydrogen and oxygen, the material has

a Zn 2p 3/2 core level binding energy at 1021.3 eV shifted by

0.2 eV with reference to the as-received sample. Its VBM shifts

to 2.44 eV from 2.37 eV with the same reference. Such a

substantial downwards band bending further supports the

notion of accumulation layer formation. Nitrogen is an active

acceptor31 and is therefore unlikely to contribute electrons to

the surface if they are successfully doped into the as-prepared

material. The downward band bending for this material

suggests that under low oxygen vapour pressure, oxygen

vacancies may form and act as active donors to contribute

electrons near the surface. The electronic transition between

the defect state and the downwards band bending region gives

rise to the high energy green emission.32 While the presence of

nitrogen creates a low oxygen vapor pressure environment,

such that oxygen vacancies are preferably formed, on the other

hand, XPS suggested that the nitrogen does not act as a defect

level in contributing to the green emission.

It is believed that the donor defects would likely contribute

to a downward band bending at the low index surfaces, such as

(0001), (000–1), (10–10) as they are thermodynamically stable

as compared to other crystal surfaces.16,25,33 They are also the

favorable surfaces of the as-grown crystals. Therefore, a

downward surface band bending is mainly contributed to by

the donor defects.

Conclusions

In conclusion, we have determined the core level binding

energy as well as the VBM of the materials with different

specific defects. For the ZnO with Type I defects, both the core

level and the valence band shift to higher binding energies,

indicating a further downwards band bending due to the

formation of an accumulated layer of electrons. The presence

of electrons is attributed to the donor concentration and the

localized oxygen vacancies near the surface act as Type I

defects. The defect state in the downwards bending region is

responsible for the observed high energy green emission. On

the other hand, the Zn 2p 3/2 core level binding energy for the

ZnO with Type II defects shifts to lower binding energy while

the VBM shifts to higher binding energy. It shows that the

shallower region probed by the Zn 2p 3/2 core level has an

increasing concentration of acceptors such as zinc vacancies,

which partially compensate to the existing accumulated layers.

The formation of higher concentration of oxygen vacancies

occurs at a deeper depth (B81.8 nm) due to the relatively fast

cooling rate. These oxygen vacancies are the Type II defects,

rendering the low energy green emission. The location of

oxygen vacancies as shown in the results determines the

characteristic green emissions with different energies, as

observed.
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