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This paper studies the evolution of native point defects with temperature in ZnO single crystals by positron

lifetime and coincidence Doppler broadening (CDB) spectroscopy, combined with the calculated results of positron

lifetime and electron momentum distribution. The calculated and experimental results of the positron lifetime in ZnO

bulk ensure the presence of zinc monovacancy, and zinc monovacancy concentration begins to decrease above 600 ◦C

annealing treatment. CDB is an effective method to distinguish the elemental species, here we combine this technique

with calculated electron momentum distribution to determine the oxygen vacancies, which do not trap positrons due to

their positive charge. The CDB spectra show that oxygen vacancies do not appear until 600 ◦C annealing treatment,

and increase with the increase of annealing temperature. This study supports the idea that green luminescence has a

close relation with oxygen vacancies.
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1. Introduction

The semiconductor zinc oxide (ZnO), whose many

excellent properties and success in producing large-

area single crystals make it a promising material in

optoelectronic devices, has recently attracted a great

deal of attention. The combination of a large direct

band gap of 3.37 eV and 60meV exciton binding en-

ergy at room temperature makes ZnO an important

application to the ultraviolet light emission source.[1,2]

In addition, as compared to the situation in Si and

GaAs, ZnO is quite resistant to displacement damage.

This fact suggests that it could be used in the space

environment where particle irradiation is strong.[3]

Lots of experiments indicate that point defects in

ZnO play a significant role in its electrical and op-

tical performance.[4,5] Undoped ZnO usually exhibits

n-type conductivity, and the reason accounting for the

prevalence of n-type conductivity in undoped ZnO

is suggested as those donor defects such as Zn in-

terstitials (Zni), O vacancies (VO)[6,7] and hydrogen

background impurities.[8−10] Nevertheless most argu-

ments have been based on circumstantial evidence,

in the absence of unambiguous experimental obser-

vation. Besides the effect of native point defects on

electrical properties, they also lead to a green lumi-

nescence band. But up to date identification of the

recombination centres and mechanisms responsible for

many of the luminescence properties are still a matter

of controversy. Different origins of the green emis-

sions have been proposed, such as Zni,
[11] VO,[12−14]

OZn,
[15] VZn,[16,17] and Cu-related defects.[18,19] So

it is essential to exactly characterize and distinguish

these defects, which could make us further understand

the mechanism between defect and host.

Positron annihilation spectroscopy (PAS) is a

powerful and sensitive technique to detect open-

volume defects in metals, semiconductors, polymers

and nanomaterials.[20,21] When a positron is im-

planted into condensed matter, it annihilates with an

electron mainly into 511keV γ quanta. The momen-

tum of the positron–electron pair causes a Doppler

shift in the energy of the annihilating photons. In the

material containing defects, a freely diffusing positron

can be readily localized or trapped at open-volume

defects as a result of the missing positive-ion cores

at these defects. The trapping will lead to a narrow-

ing of the momentum distribution of the positron–

electron pair and the annihilating photons, which is

reflected in the shift of Doppler broadening spec-
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troscopy. In conventional one detector Doppler broad-

ening experiments, this technique used to be restricted

to probe distribution of lower momentum regions of

the electrons due to bad peak to ground ratio. Re-

cently the background suppressed coincidence Doppler

broadening (CDB) technique was developed, whose

peak to ground ratio was improved by two orders of

magnitude, thus the momentum distribution of core

electrons could be measured. While core electrons

strongly reflect the elemental information, CDB could

be used to discriminate the element species.

2. Experiment

ZnO single crystals (10 cm× 10 cm× 0.5 cm) were

supplied by the Hefei Kejing Materials Technology

Corporation Limited. These samples were hydrother-

mally grown. They were nominally undoped and an-

nealed isochronally at 200, 400, 600, 800 and 1000 ◦C

for 30 min in nitrogen gas, respectively, then cooled

slowly to room temperature.

The positron lifetimes in as-grown ZnO and in the

ZnO annealing treatment were measured by a fast–fast

coincidence positron lifetime system with the resolu-

tion 210ps. For each positron lifetime spectrum about

106 counts were recorded.

The CDB setup is constructed by two high pu-

rity Ge detectors placed oppositely with the distance

of 30 cm. The peak to background is about 105 and

effective count rate is about 80 cps.[22] The Na source

and two identical samples form a ‘sandwich’ structure.

For each temperature ∼107 coincidence counts were

recorded.

The positron lifetime and electron momentum

distribution were calculated by two-component den-

sity functional theory, the electron density and the

Coulomb potential non-self-consistently are archived

by using the atomic superposition method.[22] Here

we used the Doppler software package to calculate

the positron lifetime and momentum distribution,

which was developed by the positron group at Helsinki

University.[23]

3. Results and discussion

The positron lifetimes calculated are 178 ps,

181ps, and 235ps in perfect ZnO bulk single crys-

tals, ZnO containing oxygen vacancies and zinc va-

cancies, respectively. These results are consistent with

Tuomisto’s results.[24] In Brauer’s report, the lifetimes

are 176ps and 178ps in ZnO bulk and in ZnO contain-

ing oxygen vacancies by atomic superposition with a

gradient correction (ATSUP-GC).[25] Our results are

also close to Brauer’s results except the positron life-

time at zinc vacancies. Our positron lifetime for zinc

vacancy is shorter than Brauer’s result, because no re-

laxation has been considered in our work. The struc-

ture relaxation has more importance for positron trap-

ping centres (here zinc vacancies), while structure re-

laxation is less important to bulk and oxygen vacan-

cies.

The measured positron lifetime spectra for ZnO

samples were decomposed into three lifetime compo-

nents using PATFIT[26] and LT 9.0.[27] For all sam-

ples τ1, τ2 and its intensity are listed in Table 1.

For all samples τ3 are more than 1.5 ns with about

2% low intensity, which are considered as positron

annihilation in the Kapton film sealing the positron

source,[28] therefore τ3 could be ignored. The positron

bulk lifetime τb is deduced according to the equation

τb = (I1 + I2)/(I1/τ1 + I2/τ2). The τb varies from 160

to 174. In terms of calculated results and Tuomisto’s

report,[24] 170 ps is considered as the positron bulk

lifetime in a perfect ZnO crystal.

Table 1. The measured positron lifetimes for as-grown annealed at

various temperatures.

sample τ1/ps τ2/ps I2/% τav/ps

as grown 109(±2) 232(±4) 67.6(±0.7) 194(±3)

200 ◦C 94(±4) 236(±5) 70.2(±1.6) 196(±5)

400 ◦C 90(±5) 242(±2) 69.0(±0.9) 196(±3)

600 ◦C 94(±3) 244(±1) 68.1(±0.5) 198(±2)

800 ◦C 101(±2) 245(±4) 61.1(±0.7) 191(±3)

1000 ◦C 133(±5) 237(±2) 52.9(±0.6) 189(±3)
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For as-grown ZnO and other samples, τ2 is about

235ps, τ2 could represent the defect size, so it can be

determined by zinc vacancies in ZnO bulk according

to the calculated results. In addition, the identifi-

cation defect type also could use the ratio of τd/τb,

and here this value is about 1.36–1.44, which corre-

sponds to positron lifetime at monovacancies. The ra-

tio is in agreement with Brunner’s[29] and Tuomisto’s

reports[24] (their ratios are 1.30 and 1.35 respectively).

The τav could accurately reflect the defect varia-

tion, which coincides with the centre of mass of the

spectrum, and it has the smallest experimental er-

ror. The τav could be calculated by the equation

τav = (I1τ1+I2τ2)/(I1+I2). The τav almost remains a

constant 196ps below 600 ◦C annealing treatment, but

this value sharply decreases to 191 ps after 800 ◦C an-

nealing. In response to the positron average lifetime,

τb and τd, we can utilize the following expression to

roughly estimate the defect concentration in ZnO

k = µC =
(τav − τb)

τb(τd − τav)
,

where κ is the trapping rate, C is the defect concen-

tration and µ the positron trapping coefficient. In the

ZnO bulk µ = 3×1015 s−1,[24] here we use this number

to evaluate the defect concentration. The dependence

of zinc vacancy concentration on annealing tempera-

ture is shown in Fig.1. Zinc vacancy concentration

dramatically decreases above 600 ◦C annealing treat-

ment.

Fig.1. The dependence of zinc vacancy concentration on

annealing temperature.

On the basis of the variation of positron life-

times at defects, one can exclude the presence of the

zinc vacancy and hydrogen cluster, as well as zinc

vacancy and oxygen cluster. Although hydrogen is

usually in hydrothermally grown ZnO, here the com-

plex of zinc vacancy and hydrogen is impossible. If

complexes of zinc vacancy and hydrogen are present,

the hydrogen becomes unstable at high temperature

and desorption of the hydrogen occurs at 500–700◦C

annealing.[30,31] This will make the open volume of the

complex larger and τd will sharply increase, such as

from 160 ps to 200ps corresponding to VZn + 4H and

VZn + H.[32] But our results show that the positron

lifetimes around defects decrease with the increase of

annealing temperature. A similar analysis could be

applied to the clusters formed by zinc vacancy and

oxygen atom. Oxygen atoms usually escape from the

ZnO after the annealing treatment, so the clusters

will become larger and the positron lifetime increases.

This change of positron lifetime is opposite to our ex-

perimental results.

The electron momentum distributions were calcu-

lated for the ZnO bulk state, the oxygen vacancy and

the zinc vacancy, respectively. Figure 2 shows the mo-

mentum distribution of the main individual shells of

Zn and O atoms. It can be seen that a positron pre-

dominantly annihilates with a Zn 4s electron in the

range of (0–4) ×10−3m0c, while an oxygen 2p elec-

tron prevails from 4 to 9 × 10−3m0c, and in higher

momentum regions positron annihilation occurs with

a Zn 3d electron overwhelmingly.

Fig.2. The positron annihilation probability with elec-

trons at different shells of Zn and O atoms according to

calculated results.

Figure 3 shows the ratio curves of the ZnO defect

state with respect to the ZnO bulk state. In lower re-

gions the ratio curve drops for ZnO containing an oxy-

gen vacancy and a dip locates at about 6×10−3m0c,

then extends near the 2.54 cm higher momentum re-

gion. However, as for ZnO containing a Zn vacancy it

is an opposite trend. Therefore different defects due

to missing atoms play an important role in the shape

of the ratio curve. It is known that zinc vacancies in
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ZnO bulk show negative charges, while oxygen vacan-

cies are positively charged. So zinc vacancies could ef-

fectively trap positrons, while oxygen vacancies could

not. In the region of 4 to 9 × 10−3m0c the positron

mostly annihilates with an oxygen 2p electron, which

reveals the positron annihilation with the oxygen sub-

lattice in ZnO.

Fig.3. The ratio curves of imperfect ZnO in contrast to

perfect ZnO.

Figure 4 shows ratio curves for the samples af-

ter annealing treatment to as-grown ZnO. It can be

seen that the ratio curve almost equals 1 in contrast

to as-grown ZnO, when the annealing temperature is

600 ◦C. With the increase of temperature, the curves

ascend in the range of PL < 4 × 10−3m0c, while they

decrease from 4 × 10−3m0c to 9 × 10−3m0c.

Fig.4. The ratio curves of annealing ZnO with respect to

as-grown ZnO.

In order to clearly show the change in CDB spec-

tra, two parameters are defined, RZn and RO. The

RZn is the ratio of the integral of ray counts from 0

to 4 × 10−3m0c to the total counts of spectrum, and

this lower momentum region represents Zn 4s electrons

annihilating with positrons. Similarly, RO is the total

counts in the range of (4–9)×10−3m0c with respect to

the total counts of the spectrum, which is a good mea-

surement of the fraction of positrons annihilating with

the oxygen 2p electrons. Figure 5 reveals the varia-

tion of RZn and RO with the annealing temperature.

When the temperature is below 600 ◦C, RZn and RO

almost remain at 0.702 and 0.274, respectively. RZn

increases, while RO decreases at higher temperatures.

It is considered that zinc vacancy concentration does

not vary at lower temperatures, and when the temper-

ature is above 600 ◦C, ZnO decomposition happens.

The decomposability process could be depicted by the

following formula:[33]

ZnO → ZnZn + VO +
1

2
O2.

When ZnO decomposability occurs, one oxygen atom

escapes from the host, at the same time, one zinc atom

is left behind. With the increase of annealing temper-

ature, the ZnO decomposability is enhanced, so more

zinc atoms are left behind in the ZnO sample. When

the annealing temperature is high enough, some zinc

atoms could move, and recombination between zinc

atoms and zinc vacancies can occur. Some zinc va-

cancies disappear, and the possibility of positron an-

nihilation with Zn 4s electrons increases. On the other

hand, RO decreases with the increase of temperature,

which means that the possibility of positron annihila-

tion with O 2p electrons falls due to oxygen evapora-

tion at elevated temperature.

Fig.5. The variation of RZn and RO with annealing tem-

perature.

In order to understand the influence of native de-

fects in ZnO on optical properties, the photolumines-

cence (PL) spectra were measured. Figure 6 shows

PL spectra, which were measured at room temper-

ature after annealing at different temperatures. It

indicates that green peaks centred between 480 and

540nm (2.30–2.56 eV) do not appear until annealing

above 600 ◦C. This green luminescence has been at-

tributed to many defects, such as Cu impurities, a zinc
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vacancy, interstitial zinc (Zni), oxygen antisite (OZn),

and oxygen vacancy. For the copper impurity source

not all ZnO samples contain copper, and it is hard to

explain the variation of green luminescence intensity

in this work. As for interstitial zinc, its migration bar-

rier is as low as 0.57 eV, so it is unlikely to be stable.[17]

If interstitial zinc is responsible for the visible emis-

sion, one is unlikely to observe the zinc vacancy by

positron annihilation spectra. Some studies suggest

that a zinc vacancy could give rise to green lumines-

cence, but Chen’s report clearly points out that zinc

vacancies are not related to visible emission accord-

ing to cathodoluminescence measurements.[31] Figure

7 shows the variation of positron average lifetime and

green luminescence intensity with annealing temper-

ature, here the counts at 510 nm act as the intensity

of green luminescence. If the green luminescence is

ascribed to a zinc vacancy, green luminescence inten-

sity enhancement means the increase of zinc vacancy

concentration, which is contrary to the variation of

positron lifetime.

Fig.6. Room temperature photoluminescence spectra of

ZnO samples heat treated at various temperatures.

Fig.7. The variation of the positron average lifetime and

green luminescence intensity with annealing temperature.

Therefore this work does not support the sugges-

tion of a zinc vacancy being responsible for the green

luminescence. According to the positron lifetime and

CDB spectra, an oxygen vacancy is the most possible

origin of the green luminescence. ZnO decomposition

above 600 ◦C annealing leads to oxygen atoms escap-

ing from ZnO bulk, so an oxygen vacancy appears.

The oxygen vacancy increases after higher temper-

ature treatment, which is consistent with the CDB

spectra.

4. Summary

In conclusion, the evolution of oxygen and zinc va-

cancies with annealing temperature has been observed

by positron annihilation spectra and PL spectra, and

these results are in agreement with theoretical calcu-

lations. Zinc vacancies decrease and oxygen vacancies

increase due to ZnO decomposition after 600 ◦C an-

nealing.
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