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Postgrowth annealing of defects in ZnO studied by positron annihilation,
x-ray diffraction, Rutherford backscattering, cathodoluminescence,
and Hall measurements
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Defects in hydrothermal grown ZnO single crystals are studied as a function of annealing
temperature using positron annihilation, x-ray diffraction, Rutherford backscattering, Hall, and
cathodoluminescence measurements. Positron lifetime measurements reveal the existence of Zn
vacancy related defects in the as-grown state. The positron lifetime decreases upon annealing above
600 °C, which implies the disappearance of Zn vacancy related defects, and then remains constant
up to 900 °C. The Rutherford backscattering and x-ray rocking curve measurements show the
improvement of crystal quality due to annealing above 600 °C. Although the crystal quality
monitored by x-ray diffraction measurements is further improved after annealing at above 1000 °C,
the positron lifetime starts to increase. This is due to either the formation of Zn vacancy related
defects, or the change of the Zn vacancy charge state occupancy as a result of the Fermi level
movement. The electron concentration increases continuously with increasing annealing
temperature up to 1200 °C, indicating the formation of excess donors, such as oxygen vacancies or
zinc interstitials. The cathodoluminescence measurements reveal that the ultraviolet emission is
greatly enhanced in the same temperature range. The experimental results show that the ZnO crystal
quality, electrical and optical characteristics are improved by postgrowth annealing from 600 to
1200 °C. The disappearance of Zn vacancy related defects contributes to the initial stage of
improved crystal quality. ©2003 American Institute of Physics.@DOI: 10.1063/1.1609050#
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I. INTRODUCTION

Over the years the polycrystalline zinc oxide~ZnO! has
been found to have wide applications including piezoelec
transducers, varistors, phosphors, and transparent condu
films.1 As a wide-gap~3.37 eV at room temperature! semi-
conductor, it is now attracting more attention. Recent succ
in producing large-area single crystals2 revealed that ZnO
has potential optoelectronic applications in blue and UV lig
emitting devices due to the wide band gap and large exc
binding energy~60 meV!.3,4 The close match in the lattic
constant with GaN also allows it to be a good substrate
terial for GaN based devices. ZnO is well poised for spa
applications, since it is fairly resistant to radiation dama
compared with other semiconductors.5

The key factor to assure the high performance of se
conductor devices is high quality crystals. However, in se
conductors various defects often exist which affect the e
trical and optical properties. In ZnO, for example, undop
materials mostly exhibitn-type conductivity. This is sup-
posed to be due to the existence of native point defects, s
as oxygen vacancies and Zn interstitials. Like many ot
wide-gap semiconductors, there exists a so-called dop
asymmetry,6 that is, it is easy to getn-type ZnO, but rather

a!Electronic mail: chenzq@taka.jaeri.go.jp
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difficult to producep-type ZnO. One of the possible mech
nisms leading to the doping difficulty is the sel
compensation by native defects, which has prevented
production of ZnO based devices such as UV-emitting
odes. Some defects also reduce the device lifetime and
crease the light emission efficiency. For example, dislo
tions act as nonradiative recombination centers and supp
the UV emission. Control of the defects so as to improve
quality of the materials has been proven to be very imp
tant. Study of the microstructure of these defects in ZnO
necessary to provide the guidance to control these defec

The defects in ZnO are characterized by a variety
experimental methods, such as electron paramagnetic r
nance, photoluminescence, cathodoluminescence~CL!, x-ray
diffraction ~XRD!, and deep level transient spectroscop
Positron annihilation spectroscopy~PAS! has emerged as
powerful tool to investigate vacancy defects
semiconductors.7 Positrons are trapped preferentially by v
cancy defects. Annihilation characteristics of positrons
different in the perfect bulk state and vacancy trapped st
That is, positron lifetime at vacancy defect sites is long
and the Doppler broadening of the annihilation radiation
narrower, as compared with those for bulk state. Up to n
there are a few works on the study of defects in ZnO us
PAS.8–14 However, most of those studies were conducted
polycrystal ZnO, and hence, there are many fundame
7 © 2003 American Institute of Physics
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questions that still need to be solved, such as the scatte
of the positron bulk lifetime ranging from 158 to 210 ps.9–14

Although the reason is not yet fully understood, it seems t
native vacancy defects have an important role in posit
annihilation.

In this article, we studied the effect of heat treatment
the native defects in ZnO single crystals by PAS. Also XR
rocking curve, Rutherford backscattering~RBS!, CL, and
Hall measurements were performed to get a comprehen
understanding of the defect characteristics.

II. EXPERIMENT

Samples used in this study were hydrothermal-gro
ZnO single crystals purchased from the Scientific Produc
Company~SPC!. All the samples were undoped. The res
tivity ~r! is approximately 1.73104 V cm. For comparison
undopedn-type ZnO single crystals purchased from Eag
Picher (EP)(r50.5– 1.5V cm) were used, which is grown
by the seeded chemical vapor transport method. The S
ZnO samples were annealed isochronally in nitrogen at
sphere with temperature ranging from 100 to 1200 °C a
annealing duration of 2 h.

The positron source was prepared by depositing22NaCl
onto a Ti thin film with a thickness of 3mm. Positron life-
time measurements were performed using a conventi
fast-fast coincidence lifetime spectrometer with a time re
lution of 210 ps in full width at half maximum~FWHM!. No
less than 106 total counts were accumulated in each measu
ment. The lifetime spectra were analyzed by a computer p
gram calledPATFIT.15 The source component was determin
to be 640 ps with an intensity of 2% using semi-insulati
GaAs which has a density close to ZnO. To check the cr
tallographic quality of ZnO single crystals, RBS measu
ments were carried out using 2.0 MeV He1 ions. The back-
scattered particles were detected at a scattering angl
165°. At first we measured the backscattered spectra
He1 ions incident at random direction. Then the He1 ions
were hit along the@0001# axis, and an aligned spectrum wa
recorded. The minimum yieldxmin , defined as the ratio o
the aligned yield to the random yield for the same ion ene
was used to indicate the crystalline quality.16,17XRD rocking
curve measurements were performed using a high-resolu
diffractometer~X’Pert-MRD, Philips! and a Ge~2 2 0! asym-
metric four-crystal monochromator for the incident beam
select the CuKa radiation. The Hall measurement was pe
formed using the van der Pauw method18 with gold ~Au!
ohmic electrodes. The samples were etched in HCl be
fabricating the Au contact. The measurement was perform
at room temperature. CL measurements were also perfor
at room temperature using a scanning electron microsc
attached with a beam blanking system.19 The electron beam
energy was 5 keV.

III. RESULTS AND DISCUSSION

A. Structural characterizations

Positron lifetime measurements were first conducted
study the microstructure of ZnO. For all the samples, t
component analysis of the positron lifetime spectra w
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rather difficult, only one lifetime component could be r
solved after subtracting the source and background com
nents. Positron lifetime obtained from the as-grown EP–Z
is 17161 ps, while that from the as-grown SPC–ZnO
18961 ps. This suggests that positrons are trapped by
cancy defects in the SPC–ZnO sample. Appearance of o
one lifetime component is explained in several ways:
defect lifetime is close to the bulk value, the concentration
defects is rather low, or there are many positron trapp
states with lifetime closely spaced to each other.

To clarify these possibilities, we also used the Lapla
inversion technique to analyze the positron lifetime spec
Continuous positron lifetime distributions were obtained
the CONTIN program.20 Figure 1 shows the positron lifetim
distribution results obtained from the as-grown EP–Zn
SPC–ZnO, and 900 °C annealed SPC–ZnO. As expe
from thePATFIT analysis using the exponential function, on
one peak was seen in each sample. The peak positions a
good agreement with the positron average lifetime obtai
by PATFIT analysis, however, the peak widths are differe
depending on the samples. The FWHM of the distribution
the EP–ZnO is 9.5 ps. On the contrary, for the as-gro
SPC–ZnO it is apparently wider, i.e., 12.6 ps. The narr
positron lifetime distribution for EP–ZnO indicates that po
itrons might annihilate from the delocalized bulk state. Th
lifetime is, however, a little higher than that reported pre
ously for single crystalline ZnO, i.e., 158–169 ps.12–14Thus
our EP–ZnO is likely to contain some positron traps w
rather low concentration, or having a positron lifetime ve
close to that of the bulk, so the lifetime distribution is ve
narrow. The wider lifetime distribution for the as-grow
SPC–ZnO therefore clearly indicates that positrons ann
late from both free and vacancy-trap states. Since the p
tron lifetimes of these states are close to each other, they
not separated.

The annealing experiment gives further evidence t
positrons are trapped by vacancy defects in the as-gr
SPC–ZnO. Figure 2 shows the annealing behavior of p
tron lifetime. It is found that after annealing at 600 °C th
positron lifetime decreases from 189 to 181 ps and rema
constant up to 900 °C. The width of positron lifetime dist
bution also decreases after annealing above 600 °C sug

FIG. 1. Continuous positron lifetime distributions for the as-grown E
ZnO, as-grown SPC–ZnO, and SPC–ZnO annealed at 900 °C in nitro
ambient byCONTIN analysis.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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ing the disappearance of vacancy defects. As seen from
1, the width of lifetime distribution after 900 °C annealing
nearly the same as that of the as-grown EP–ZnO. Howe
the positron lifetime after annealing is still 10 ps higher th
that of EP–ZnO. It is hypothesized that in the 900 °C a
nealed SPC–ZnO, positrons have some kind of spatially
eraged lifetime, which is correlated with the quality of th
sample. In other words, positrons annihilate at some o
sites other than the perfect lattice, such as impurities, sm
angle grain boundaries or some other unknown imper
tions, which are distributed homogeneously inside
sample. Our supposition may explain why some papers
port different positron bulk lifetimes in different ZnO
samples. Therefore, even if there are vacancy defects in
as-grown SPC–ZnO, it is very difficult to separate the def
lifetime from the other lifetime components. This may be t
reason for the single lifetime in the as-grown SPC–ZnO.

In ZnO, both Zn vacancy (VZn) and O vacancy (VO)
exist as native vacancies.21 From the recent theoretical stud
ies, VZn works as an acceptor and, hence, charges as neg
when the Fermi level is higher than the acceptor lev
Whereas VO acts as a donor and only neutral or positi
charge states are available.21–23 Many experimental studie
showed the existence of positive charge state associated
VO.24,25 Therefore, VO may be a weaker positron trappin
center than VZn .

We also examined the model of positron screening
semiconductors and insulators proposed by Puskaet al.26 to
calculate the positron states in ZnO. In the calculation,
atomic superposition method27 is used to get the electro
density. The semiconductor model is used to calculate
enhancement of the electron density at the positron site26

We constructed the supercell of ZnO which contains 1
atoms~64 zinc and 64 oxygen!. Lattice relaxation around the
vacancy is not taken into account in the calculation. T
result shows that the localization of positron wave funct
at VO is rather weak. The positron binding energy to VO is
only 0.04 eV, which is much lower than that of VZn ~0.39
eV!. The calculated positron bulk lifetime is about 158 p
which is close to the experimental value report
previously.12–14The positron lifetime at VO is about 160 ps,
only 2 ps higher than the bulk value, while for VZn , the
positron lifetime increases to 187 ps. Thus, VO is essentially

FIG. 2. Positron lifetime as a function of annealing temperature obtained
the SPC–ZnO. Annealing was conducted in a nitrogen ambient for 2 h
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invisible in PAS measurement, and only Zn vacancies m
be observable. This is a common phenomenon in metal
ides as predicted by Puskaet al.26 The higher positron life-
time in the as-grown SPC–ZnO is thus probably due to VZn

related defects.
The disappearance of VZn related defects due to annea

ing may be interpreted in terms of recombination with Z
interstitials (IZn). It is known that in ZnO the oxygen vapo
pressure is much higher than that of Zn. At elevated temp
ture, oxygen may evaporate first

ZnO→ZnZn1VO1 1
2 O2↑. ~1!

The evaporation of oxygen results in a stoichiomet
excess of Zn. According to the theoretical calculation,O

and IZn have relatively lower formation energies than t
other defects,23 especially in Zn rich condition. Therefore,
is easy to form IZn due to the reaction~1!. At elevated tem-
peratures, IZn becomes mobile to recombine with VZn . Ogata
et al.28 observed that in the molecular beam epitaxy gro
ZnO layers, after annealing above 500 °C in nitrogen atm
sphere, the electron carrier density increased. They ascr
this increase to the formation of IZn and VO due to the evapo-
ration of oxygen. Several other articles also reported t
high temperature treatment of ZnO produced large amoun
VO and IZn .29–31 It is also possible that the VZn and IZn co-
exist in the as-grown SPC–ZnO, and with increasing ann
ing temperature they mutually recombine. Another possi
ity explaining the disappearance of Zn vacancies may be
filling of vacant sites by impurity atoms. For example, t
alkali metal impurities, which commonly exist in the hydro
thermal grown ZnO crystals, may occupy Zn atom sites.

The change of positron lifetime may be also caused
the defect reaction with hydrogen. The hydrothermal gro
crystal may contain a certain amount of hydrogen.32 Such
hydrogen may be combined with some defects in as-gro
state. If such hydrogen is released from the defects a
annealing at around 500– 600 °C, the positron lifetime m
be changed at this temperature. However, the
experiments33,34 suggest that the hydrogen is released fro
the defect which result in visible emission over 700 °
Moreover, the release of hydrogen from vacancy type defe
may result in the increase of positron lifetime, which is co
trary to our result. Thus, it is rather difficult to attribute
decrease in the positron lifetime to the release of hydro
from the defects.

As the annealing temperature increases higher t
1000 °C, the positron lifetime slightly increases. This inc
ment of positron lifetime suggests possibly the formation
vacancy defects by heat treatment. It is probably due to
evaporation of Zn atom and subsequent introduction of
vacancies. There is also another possible reason for the
crease of positron lifetime. As stated earlier, after annea
the electron concentration in ZnO will increase.28 This is also
confirmed by our Hall measurement, which will be discuss
in the next section. Due to the increase of electron conc
tration, the Fermi level will move towards the conductio
band edge, and the negative charge state occupancy of th
vacancy will increase. The trapping efficiency of positro

or
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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would then increase, resulting in an increase in the aver
positron lifetime.

Figure 3~a! shows the RBS spectra obtained from t
as-grown and 900 °C annealed SPC–ZnO. In the as-gr
SPC–ZnO, the aligned backscattering spectrum is very h
which suggests poor crystal quality, and may be due to na
defects. After 900 °C annealing where positron lifetime d
creases in Fig. 2, the level of the aligned spectrum decre
drastically. Thexmin before and after annealing is 61.7% a
14%, respectively. This shows that annealing can impr
the crystal quality to a large extent, possibly due to the
crease of defects. The increase of crystal quality after ann
ing in ZnO was also observed by other authors.28,35

Figure 3~b! shows the RBS spectrum for the as-grow
EP–ZnO. Contrary to the SPC–ZnO, the aligned spect
exhibits fairly low yield, with xmin of only 2.2%, which
means that the SPC–ZnO might contain much more def
than the EP–ZnO. Therefore, the RBS measurements
firm that the higher positron lifetime in SPC–ZnO than th
of EP–ZnO might be due to its lower quality.

Figure 4~a! presents the~002! XRD rocking curves ob-
tained from the as-grown and annealed SPC–ZnO crys
The peak positions of these curves are shifted to 0° for
comparison of the result. In the as-grown SPC–ZnO,
FWHM is about 0.043°. After 900 °C annealing, the FWH
decreases drastically to 0.012°, and then it shows fur
decrease with increasing annealing temperature. The s
of the rocking curve also changes. After 900 °C anneali
the peak becomes much narrower, but there is still a sm
broad component in the tail. Further annealing eliminates
broad tail. These findings suggest that the crystal qualit
improved after high temperature annealing. It coincides w
the decrease of the defect concentration observed by
and RBS.

FIG. 3. RBS spectra in~a! as-grown and 900 °C annealed SPC–ZnO a
~b! as-grown EP–ZnO.
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The XRD rocking curve for EP–ZnO is shown in Fig
4~b!. The rocking curve shows a very broad structure w
many fine peaks. This suggests that the EP–ZnO inclu
mosaic structures. Similar mosaic structure of EP–ZnO
also been observed by Zeuneret al.36 However, this mosaic
structure is not observed by our RBS measurement, bec
the tilt angle of the columns with respect to each other
rather small~which can be reflected by the range of the x-r
rocking curve!. That is, RBS is not sensitive to such a sm
tilt angle. The positron lifetime measurement is also not s
sitive to this mosaic structure as long as each column
relatively large compared to the positron diffusion lengt
(;100 nm). Inside each column, the EP–ZnO crystal c
tains less defects than the SPC–ZnO. Hence the RBS yie
much lower, and the positron lifetime is shorter in EP–Zn
In other words, the EP–ZnO has lower crystallinity than t
SPC–ZnO, but it has much better quality with regards to
impurities or defects.

B. Electrical and optical measurements

All the SPC–ZnO samples before and after anneal
shown-type conductivity. The measured electron concent
tion ne , resistivityr, and Hall mobilitym are listed in Table
I. The electron concentration dramatically increases due
annealing. After 900 °C annealing,ne increases by approxi
mately two orders of magnitude from the as-grown sta
Probably this can be connected with the disappearanc
grown-in defects as seen in PAS, RBS, and XRD meas
ments. After 1200 °C annealing,ne further increases. This
may be connected with the evaporation of oxygen dur

FIG. 4. XRD rocking curves measured for~a! SPC–ZnO annealed at dif
ferent temperatures and~b! as-grown EP–ZnO.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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annealing, because both the VO and IZn are thought to be
shallow donors.31,37,38After 1200 °C annealing, even thoug
the increase of positron lifetime might indicate introducti
of VZn acceptor states, they are overcompensated with th
donors. That is, the introduction rate of VZn might be much
lower than that of VO and IZn . The Hall mobility does not
show major changes below 1200 °C, i.e
50– 70 cm2 V21 s21. This means the electron scattering ce
ters still remain after annealing. Moreover, this mobility
still lower than that of EP–ZnO~about 200 cm2 V21 s21).2

This demonstrates different quality between SPC–ZnO
EP–ZnO.

Figure 5 shows the CL spectra of as-grown and anne
SPC–ZnO. The EP–ZnO sample was also measured
comparison. In the as-grown SPC–ZnO, only one peak w
a small intensity appears at about 3.3 eV. This room temp
ture UV luminescence is due to the recombination throu
free excitons.34,39–41 For the annealed SPC–ZnO sample
besides the UV emission, another peak also appears, w
ranges from 2.1 to 2.3 eV. This is so-called green emiss

TABLE I. Free electron concentrationne , resistivityr, and electron mobil-
ity m in the as-grown and annealed SPC–ZnO determined from the
measurements.

Ta (°C) r ~V cm! ne (cm23) m (cm2 V21 s21)

As-grown 1.73104 5.731012 66
900 247 3.631014 70
1200 0.88 1.431017 51

FIG. 5. Cathodoluminescence spectra obtained for the as-grown and
nealed SPC–ZnO and as-grown EP–ZnO.
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The origin of this optical transition is still under discussio
but it may be mediated by some deep level defects
impurities.24,25,42–45

We note that the UV emission is systematically enhan
after annealing. In the as-grown sample, there might be la
number of deep level defects acting as nonradiative rec
bination centers to weaken the UV emission. The enhan
ment of UV emission after annealing reflects the improv
ment of the crystal quality. This shows good correlation w
PAS, RBS, and XRD observation described earlier.

The green emission intensity also changes after ann
ing. At first it increases with annealing temperature, then
deceases at the highest temperature (1200 °C). The pea
sition also shifts slightly to lower energy. In the as-grow
material, this emission is invisible. It may be due to t
existence of some nonradiative recombination centers wh
compete with green emission, and these centers can be e
nated by annealing. Therefore green luminescence show
increase at 900 °C. It should be pointed out that the incre
of green emission may also originate for other reasons, s
as the increase of the radiative deep centers, or the chan
the defect occupancy. The latter case is more probable, a
Fermi level increases significantly after annealing due to
increase of the carrier concentration. The reason for the
crease of green emission after 1200 °C annealing is not f
understood. Possibly, it is due to the reappearance of s
other deep level defects, which can be reflected by a cha
in the green emission peak position. Further detailed exp
ments about the effect of annealing on the green lumin
cence are under consideration.

In the as-grown EP–ZnO, the peak of the UV emissi
is more than three orders of magnitude higher than tha
as-grown SPC–ZnO. This again confirms that the EP–Z
contains much less nonradiative recombination centers.

IV. CONCLUSION

Positron annihilation spectroscopy is used to study
cancy defects in ZnO single crystals. In hydrothermal gro
ZnO, VZn-related defects were found to exist. Annealing e
periments show that VZn-related defects disappear at abo
600 °C. Further annealing above 1000 °C produc
VZn-related defects again. RBS and XRD measureme
show the improvement of the crystal quality after anneali
This might be due to the reduction of point defects and
arrangement of crystal grains. The electron concentration
creases after high temperature annealing. This is explaine
the disappearance of acceptor states probably due
VZn-related defects and the evaporation of oxygen and
subsequent introduction of either oxygen vacancies or
interstitials. The UV light emission is enhanced with increa
ing annealing temperature, suggesting the disappearanc
nonradiative recombination centers by heating. The Z
crystal quality is affected by both simple point defects a
extended defects.
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