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We have used positron annihilation spectroscopy to study the introduction and recovery of point defects in
electron-irradiated n-type ZnO. The irradiation (E,=2 MeV, fluence 6 X 10'7cm™2) was performed at room
temperature, and isochronal annealings were performed from 300 to 600 K. In addition, monochromatic
illumination of the samples during low-temperature positron measurements was used in identification of the
defects. We distinguish two kinds of vacancy defects: the Zn and O vacancies, which are either isolated or
belong to defect complexes. In addition, we observe negative-ion-type defects, which are attributed to O
interstitials or O antisites. The Zn vacancies and negative ions act as compensating centers and are introduced
at a concentration [Vy,]== cjon=2 X 10'®cm™3. The O vacancies are introduced at a 10-times-larger concentra-
tion [Vo]=3 X 10"7cm™ and are suggested to be isolated. The O vacancies are observed as neutral at low
temperatures, and an ionization energy of 100 meV could be fitted with the help of temperature-dependent Hall
data, thus indicating their deep donor character. The irradiation-induced defects fully recover after the anneal-
ing at 600 K, in good agreement with electrical measurements. The Zn vacancies recover in two separate
stages, indicating that the Zn vacancies are parts of two different defect complexes. The O vacancies anneal

simultaneously with the Zn vacancies at the later stage, with an activation energy of E},,=1.8+0.1 eV. The
negative ions anneal out between the two annealing stages of the vacancies.

DOI: 10.1103/PhysRevB.72.085206

I. INTRODUCTION

Interest in zinc oxide (ZnO) has grown during the recent
years due to progress in crystal growth! and its unique opti-
cal and electrical properties. ZnO has a direct band gap of
about 3.4 eV at 2 K, similarly to gallium nitride (GaN), for
which it can be thought of as an alternative for use in opto-
electronic devices. The recent reports on successful p-type
doping of ZnO (Refs. 2—4) have led to even higher expecta-
tions about the material’s potential applications in electron-
ics. In addition, when doped with manganese, ZnO has been
reported to exhibit ferromagnetic behavior above room
temperature,’ making it a prospective material for spintronics
applications.

Point defects have an important effect on the electronic
and optoelectronic properties of semiconductor materials.
Both their identification and quantification are necessary in
order to understand the microscopic processes leading to the
specific properties. Point defects are created in semiconduc-
tors during growth, where their formation is governed by
thermodynamics and growth kinetics. They can be intro-
duced in concentrations much larger than those given by the
thermodynamic equilibrium by means of irradiation of the
material—e.g., by electrons. The study of the formation of
point defects under these nonequilibrium conditions gives
information on the basic physical properties of the semicon-
ductor material.

Defects introduced by electron and neutron irradiation in
ZnO have been studied by electron paramagnetic resonance
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(EPR) in the past®!! and also quite recently.'!* Signals
from both Zn and O interstitials'> and from Zn vacancies®~
have been observed only at temperatures well below the
room temperature—i.e., at 4-90 K. The disparition of the
signals has been reported to occur at several stages between
110 K and 280 K. Only the O vacancies have been observed
with EPR at room temperature.®!%!113 The photolumines-
cence spectrum of ZnO typically exhibits a green lumines-
cence (GL) band similar to the yellow luminescence in
GaN.'* Both the Zn (Refs. 14,15) and O (Refs. 16—18) va-
cancies have been proposed to be the defect responsible for
this GL band. However, the conclusive identification is still
lacking.

Both the optical and electrical properties of ZnO are much
more resistant than those of GaN to deterioration caused by
room-temperature electron and proton irradiation,'*-?! which
makes it potentially useful for applications in high-
irradiation environments. The apparent radiation hardness re-
mains when the irradiation is performed at a low temperature
of 130 K,?? indicating that the primary irradiation-induced
compensating defects are mobile already at those tempera-
tures. The microscopic origin of the radiation hardness of
7Zn0 is not, however, well understood.

In this work we investigate the introduction and thermal
recovery of the point defects created in ZnO by room-
temperature irradiation with 2-MeV electrons. To do this we
apply positron annihilation spectroscopy, which is sensitive
to defects with open volume. Positrons get trapped at va-
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cancy defects, which changes their annihilation characteris-
tics. The positron lifetime reflects the open volume of the
defect. On the other hand, the Doppler broadening of the
511-keV annihilation radiation gives information about the
electron momentum distribution at the annihilation site and
is sensitive to the atomic environment of the vacancy. The
combination of these techniques can thus be used to identify
both the open volume and the sublattice of the defect in
compound semiconductors.

We observe three kinds of point defects produced by the
electron irradiation (E, =2 MeV, fluence 6 X 107 cm™2): the
Zn and O vacancies or complexes involving the vacancies
and negative-ion-type defects, which are attributed to O in-
terstitials or O antisites. The Zn vacancies and negative-ion-
type defects act as compensating centers and are introduced
at a concentration [Vy,]=cy=2X%10'® cm™. The O vacan-
cies are introduced at a 10-times-larger concentration [ V]
=3x% 10" cm™. The O vacancies are observed as neutral at
low temperatures, and an ionization energy of 100 meV
could be fitted with the help of temperature-dependent Hall
data, thus indicating their deep donor character. By shining
monochromatic light on the samples during the positron an-
nihilation measurements at low temperature, we find that
both the Zn vacancies and the negative-ion-type defects have
ionization levels close to 2.3 eV. Thus both defects are pos-
sibly involved in the green luminescence exhibited by
Zn0."*17 The irradiation-induced defects fully recover after
the annealing at 600 K, in good agreement with electrical
measurements.'? The Zn vacancies anneal out of the material
in two stages with fitted activation energies E};"=1.3 eV
and E};"=1.8 eV, indicating that the Zn vacancies are parts
of two different defect complexes. The O vacancies anneal
simultaneously with the Zn vacancies at the later stage with
fitted activation energy EX’Oz 1.8 eV. The O vacancies are
suggested to be isolated, and hence the activation energy can
be interpreted as the migration barrier of the O vacancy. The
negative-ion-type defects anneal out between the two anneal-
ing stages of the Zn and O vacancies.

II. METHOD
A. Experimental details

The positron lifetime experiments were performed in
nominally undoped single-crystal ZnO samples grown by the
seeded vapor phase technique. Two samples were irradiated
with 2-MeV electrons to a fluence 6 X 107 cm™3. The irra-
diations were performed with a current density of 2 A/cm?
at room temperature, in a vacuum of 1-5X 107° torr. Both
the as-grown and irradiated samples were n type (in as-
grown N,=1X10"7cm™ and in irradiated N,=3
X 10" ¢cm™), most likely due to residual H and Al. After
irradiation, the samples were mounted to a closed-cycle lig-
uid helium cryostat for positron measurements as a function
of isochronal annealing between 300 and 600 K. The 30-min
annealings were performed in situ in the positron measure-
ment cryostat in a vacuum of 10~ mbar. The positron life-
time measurements were performed at 20, 80, 150, and 300
K.
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The positron measurement cryostat was equipped with a
possibility to shine monochromatic light on the samples dur-
ing lifetime measurements. These measurements were per-
formed under monochromatic illumination with sub-band-
gap (hv=0.7-3.1 eV) light. The photon flux was kept
constant during each measurement, but at high photon ener-
gies only a somewhat lower flux was obtained due to limita-
tions in the intensity of the light source (halogen lamp). Pho-
ton fluxes between 10'* and 10" cm™2s™' were used.
Additionally, two 540-nm green lasers were used to produce
a photon flux 6X 10 cm™2s™! at photon energy hv
=2.3 eV. All the measurements of the photoexcitation of the
defects were performed at 20 K.

The positron lifetimes were measured with a conventional
fast-fast coincidence spectrometer with a time resolution of
250 ps.?* Two identical sample pieces were sandwiched with
a 20-uCi positron source (*’Na deposited on 1.5-um Al
foil). Typically 2.5X10° and 5% 10° annihilation events
were collected in each positron lifetime spectrum in the an-
nealing experiments and in the photoexcitation experiments,
respectively. The lifetime spectrum n(z)=2/,exp(—t/7;) was
analyzed as the sum of exponential decay components con-
voluted with the Gaussian resolution function of the spec-
trometer, after subtracting the constant background and anni-
hilations in the source material (200 ps, 2.0%; 400 ps, 5.8%;
1500 ps, 0.06%). The positron in state i annihilates with a
lifetime 7; and an intensity /;. The state in question can be the
delocalized state in the lattice or the localized state at a va-
cancy defect. The increase of the average lifetime 7,
=3,1;7; above the bulk lattice lifetime 7 shows that vacancy
defects are present in the material. This parameter is insen-
sitive to the decomposition procedure, and even as small a
change as 1 ps in its value can be reliably measured.

In the case of one type of vacancy defect with specific
lifetime 7y, the decomposition of the lifetime spectrum into
two components 7; and 7, is straightforward to interpret. The
second lifetime component 7,= 7, gives directly the vacancy-
specific lifetime and the first lifetime component is 7'1=(T;1
+ky)~! < 75, where 75 is the positron lifetime in the delocal-
ized state in the lattice and «, the positron trapping rate into
the vacancy defects.

The Doppler broadening of the annihilation radiation was
measured simultaneously with the positron lifetime using a
Ge detector with an energy resolution of 1.3 keV. The con-
ventional valence (S, low momenta: |p.|<3 X 1073mc) and
core (W, high momenta: 10X 1073 myc <|p.| <30 X 1073mc)
annihilation parameters were determined from the measured
data after background subtraction as the fractions of annihi-
lations in the corresponding momentum ranges. The param-
eters are presented here as relative to the parameters specific
to the annihilation from the delocalized state in the perfect
ZnO lattice.

B. Data analysis
1. Positron trapping at defects

The temperature dependence of the positron annihilation
parameters (7,., S, and W) is analyzed with the model of
trapping and escape rates of positrons, explained in detail in
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earlier works.?*~26 In this model, the trapping coefficient
to a neutral vacancy is independent of temperature and to a
negatively charged vacancy it varies as 7-°°. The trapping
rate of positrons into the vacancies (concentration cy) is Ky
= uycy. Positrons can get trapped also at hydrogenlike Ryd-
berg states surrounding negative-ion-type defects (shallow
traps for positrons). The positron trapping rate at the Rydberg
state u varies also as 7-%, which is the result predicted by
theory for the transition from a free state to a bound state in
a Coulomb potential.?® The thermal escape rate from the Ry-
dberg state can be written as

kT \ 32

5st::UfR< 2;'22 ) eXP(— Eb,st/kBT)’ (1)
where up is the positron trapping coefficient to the lowest
hydrogenlike Rydberg state, E,,  is the positron binding en-
ergy of the lowest Rydberg state (typically <0.1 eV), and
m,=my is the effective mass of the positron. In principle,
positrons can also escape from the Rydberg states around
negatively charged vacancies, but we assume that the transi-
tion from the Rydberg state to the ground state in the va-
cancy is fast enough so that this effect can be neglected. This
is supported by the results obtained previously in both ZnO
(Ref. 21) and GaN (Ref. 27). An effective trapping rate of the
shallow traps can thus be defined as

eff Kst
=—>3 2
ST G @

where A= \p is the annihilation rate of positrons trapped at
the Rydberg state, which coincides with the annihilation rate
Ap from the delocalized state in the bulk lattice, and «
= urCy 1s directly related to the concentration of the negative
ions.

The temperature dependence of the positron data can also
arise from a change in the charge state of the positron trap-
ping defect (vacancy or negative ion) due to the dependence
of the Fermi level E on temperature. Then a vacancy that is
neutral (as is expected for, e.g., the O vacancy) at low tem-
peratures can be ionized and become positive and thus repul-
sive to positrons when the temperature is raised. Then the
trapping rate can change even if the trapping coefficient itself
is constant as a function of temperature. The ratio of neutral
to all (neutral and positive) vacancies can be written as

% B\
wiﬁwf{“g‘lem('? kf;(T)ﬂ S

where E; is the ionization energy of the neutral vacancy and
g the ratio of internal degeneracies of the two charge states.

In addition, the effective trapping of positrons into neutral
defects can depend on temperature if the binding energy is
low enough. A typical positron binding energy to a vacancy
is ~1 eV, and thus in the above equations the escape rate of
the positrons from the ground state in the vacancy is as-
sumed to be very low compared to the positron lifetime.
However, in the case of the N vacancy in GaN or the O
vacancy in ZnO, where the missing atom is very small com-
pared to the neighboring atoms, the binding energy can be of
the same order of magnitude as the Rydberg state of a nega-
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tive ion. In such a case, the temperature dependence of the
thermal detrapping causes a temperature dependence in the
effective trapping rate to the neutral vacancy.

2. Kinetic trapping model

The decomposition of the lifetime spectra into several
lifetime components gives the possibility to determine ex-
perimentally the fractions of positrons annihilating in various
states. The average lifetime can be written as>?

Tave = BT + E D.j™D,j> “4)
J
where 7 and 7p are the annihilation fraction and positron
lifetime in the free state in the lattice, and 7, ; and 7 ; are
the corresponding values in bound states at the defect D;.
The annihilation fractions are related to the trapping rates
through

ff
)\B KeD j (5)
Mp = ~> Mp;j= .
E: eff k 2: eff
)\B+ : KD,j 7\B+ KD,j/
J j’

Equation (4) can be fitted to the 7, vs T data, using the
trapping rates and the possible binding energies to the Ryd-
berg states as fitting parameters. Another possibility is to
write the trapping rate KeDf,fj to a defect D; as a function of the
experimental parameters: '

(6)

Tave — T
eff _ ave B
KD,J»—)\B—— 2 Kp. .
7-D,j ~ Tave o Tp,j — Tave

In the case of only one type of defect, the sum in Eq. (6)
vanishes and the trapping rate can be calculated directly from
the experimental values of 7,.., 7p j, and 75. If several defect
types are present, the trapping rates to the other defects need
to be known.

II1. IDENTIFICATION OF THE DEFECTS
A. Positron data

The results of the positron lifetime and Doppler broaden-
ing measurements in both the as-grown and irradiated ZnO
samples are presented as a function of measurement tempera-
ture in Fig. 1. The increase of the average positron lifetime
T,ve With decreasing temperature is a clear indication of the
presence of negatively charged vacancy defects. In the as-
grown material, the monotonous behavior of the lifetime be-
low 300 K indicates that these vacancy defects are the domi-
nant negatively charged defect. On the other hand, in the
electron-irradiated samples the decrease of the positron life-
time with decreasing temperature is typical of negative-ion-
type defects that compete in trapping of positrons with the
negative vacancies. This is observed also as the increase of
the first lifetime component 7, where the increased trapping
in the negative-ion-type defects brings the component closer
to the bulk lifetime. The Doppler broadening parameters S
and W behave as a function of temperature similarly to the
positron lifetime.
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FIG. 1. The positron lifetime and Doppler broadening param-
eters of the as-grown and irradiated samples plotted as a function of
measurement temperature. The solid curves represent the param-
eters obtained by fitting the temperature-dependent trapping model
to the data. The dashed line shows the fitted bulk lifetime, where the
temperature dependence is due to the thermal expansion of the lat-
tice. The circles are drawn as open in the temperature range 90-190
K, where the effect of the oxygen vacancies is most visible.

A higher lifetime component of 7,=7,=230+10 ps could
be extracted from the exponential lifetime spectra below 300
K, while the data measured in the as-grown ZnO sample
above 300 K were purely one-componential. The higher life-
time component is constant as a function of temperature,
which implies that it represents positrons annihilating in one
bound state. In our previous study, we have identified this
higher lifetime component as that specific to the Zn vacancy
and the lifetime 73=170 ps to the annihilation from the de-
localized state in the ZnO lattice at 300 K.?! Also the Dop-
pler broadening parameters (Sp=1.039 and W,=0.87) spe-
cific to the Zn vacancy were determined in that work. By
comparing the positron results to temperature-dependent
Hall measurements, the Zn vacancy in the double-negative-
charge state was identified as the dominant compensating
defect (concentration [Vy,]=2 X 10"°cm™) in as-grown ZnO
and co dominant together with the so-far-unidentified
negative-ion-type defect [prominent candidates are the O in-
terstitial and O antisite, which, according to theory, are nega-
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FIG. 2. The W parameter plotted as a function of the S param-
eter. The dependence is linear, indicating the presence of one type
of vacancy defects. The open circles were measured at T
=90-190 K. The solid line is fitted to the data.

tive in n-type ZnO (Ref. 15)] in the irradiated material,
where the concentrations of both defects were obtained as
[Vza]=cq=2X%10"%m™3. The identification was based on
both positron lifetime and Doppler broadening coincidence
measurements together with comparison to theoretical posi-
tron calculations. In addition, the Zn vacancies were the
main defect observed by positron annihilation spectroscopy.

The Doppler broadening parameters S and W fall on a line
when plotted against each other with temperature as the run-
ning parameter (Fig. 2), which typically indicates the pres-
ence of only two distinguishable positron states (bulk and
vacancy). The negative-ion-type defects do not cause devia-
tions from the straight line, since the annihilation parameters
of positrons trapped at these shallow traps coincide with the
bulk parameters.

However, as can be seen in Fig. 3, the points measured at
90-190 K in the irradiated samples fall off the straight line
determined by the annihilations in the bulk lattice and the Zn
vacancy. This implies that a third positron state can be dis-
tinguished in the lifetime versus Doppler parameter data al-
though the Doppler data itself are linear. In order to cause a
deviation from the straight line, the localization to this defect
needs to be strong, implying that the defect has a distinguish-
able open volume. The open volume of this defect cannot be
very large, since, as pointed out above, the independence of
temperature of the higher lifetime component 7, shows no
evidence of the mixing of several lifetime components.
Hence, the lifetime specific to this defect needs to be suffi-
ciently far from 7, (and closer to 7;), below 200 ps. In addi-
tion, in order to produce the deviation observed in Fig. 3, the
defect-specific lifetime needs to be above 7,,, over the whole
temperature range—i.e., above 185 ps.

One additional aspect of the third type of defects is evi-
dent from the 7,,. vs T data. The fraction of positrons anni-
hilating as trapped at this defect is vanishing at room tem-
perature and clearly smaller than the annihilation fractions to
the Zn vacancies and negative-ion-type defects below 90 K,
but larger at the intermediate temperature 90-190 K. This
implies that enhancement of positron trapping with decreas-
ing temperature is larger in this defect at temperatures 190-
300 K, but saturates around 150 K, where the Zn vacancies
and negative-ion-type defects become more important. This
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FIG. 3. The S and W parameters plotted as a function of 7,y.
The parameters depend linearly on each other in the temperature
range where the low-binding-energy positron traps do not contrib-
ute significantly. The open circles were measured at 7=90-190 K.
The solid lines connect the parameters of the bulk lattice to those
(not shown) of the Zn vacancy. The solid curves are obtained from
the fits to the S vs 7, W vs T, and 7, vs T data.

indicates that the third type of defect is neutral and the tem-
perature dependence of the positron trapping observed at
high temperatures is due to either thermal escape from the
defect or a change in the charge state of the defect. Based on
these considerations and especially the lifetime value of
190-200 ps, a prominent candidate for this defect is the O
vacancy, which has a donor nature and would naturally have
a smaller open volume than the Zn vacancy.

In summary, the positron data show the presence of three
different defects: the negatively charged Zn vacancy (7yz,
=230=%10 ps), the neutral (at low temperatures) O vacancy
(7y,0=190-200 ps), and the negative-ion-type defect, tenta-
tively identified as the O interstitial or O antisite.

B. Analysis

The temperature-dependent trapping model can be used to
estimate the trapping rates to the different defects from the
Tye VS T data in Fig. 1 using the defect-specific positron
lifetimes 7y.7,=230 ps, 7y,0=195 ps, and 7,=170 ps for the
Zn vacancies, O vacancies, and negative-ion-type defects,
respectively. A good first approximation can be obtained by
using Eq. (6) and assuming that at 300 K only the Zn vacan-
cies trap positrons, giving

Tave — TB

Kyzn=\p =020 =12x10%". (7

Tv,7Zn — Tave
At 30 K the positron data are dominated by the annihilations
in the Zn vacancies and the negative-ion-type defects due to
the fast increase in the trapping coefficient at low tempera-
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tures, where also S and W vs 7, are linear; thus, the trap-
ping rate to the negative-ion-type defects (at 30 K) can be
estimated as

Tyzn ~ Ta

Ve _)\B: 05)\3 (8)

Kst = Ky, zn
Tave — TB

Here we have used the 77°° dependence of the trapping co-
efficient of the Zn vacancies (giving ky.z,= 0.5\ at 30 K).
In addition, the escape rate from the Rydberg state of the
negative ion has been neglected, since it becomes important
only above 50 K. The best estimate for the trapping rate to
the O vacancies is obtained from the data at 100-150 K,
where the effect of the O vacancies is most visible. Assum-
ing a typical value of E,=40 meV (Ref. 28) for the Rydberg-
state binding energy in addition to the 7% dependence of
the trapping coefficient of the negative-ion-type defect, the
(saturated) trapping rate to the O vacancies below 150 K can
be estimated as

kyo= g+ kT T T8 Tvzn™ Tave 0.7\5.

Ty,0 ~ Tave Tv,0 = Tave

©)

The concentrations of the defects can be estimated from
the trapping rates in a straightforward matter. Assuming a
trapping coefficient of wy z,=3 X 10"s™" at 300 K for the Zn
vacancy as for the Ga vacancy in GaN,?® we obtain [V,,]
=2X10"%m™. At 30 K, ky= Ky.zy, and assuming that the
trapping coefficient of the negative-ion-type defect is similar
to that of a negative vacancy,”*?° the concentrations are also
similar, ¢ =2 X 10'°cm™3. These results are the same as re-
ported previously.?! The trapping coefficient of a neutral va-
cancy is lower than that of a negative vacancy,’® and taking a
value of uyo=1X10"s7! for the neutral O vacancy results
in a concentration of [Vy]=3X10'7cm™. The concentra-
tions of these defects are larger than the impurity concentra-
tions reported by the manufacturer of the samples (Eagle
Picher). Hence most of the irradiation-induced point defects
are not complexed with the in-grown impurities.

A more detailed picture of the trapping rates to the differ-
ent defects is obtained by fitting the temperature-dependent
trapping model to the 7,,. vs T data in Fig. 1. Five fitting
parameters are needed in total: three absolute levels of the
trapping rates and two parameters to describe the tempera-
ture dependence of the trapping to the negative-ion-type de-
fects (Rydberg-state binding energy) and to the O vacancies
(binding or ionization energy). Assuming that the tempera-
ture dependence of the trapping to the O vacancies is due to
the thermal escape of positrons at high temperatures does not
fit well to the data, since the changes in the trapping rate are
not steep enough to reproduce the experimentally observed
temperature-dependent behavior. Hence, we assign the ion-
ization of the neutral O vacancy as the source of the tem-
perature dependence of its trapping rate.

Figure 4 shows the carrier concentration and the position
of the Fermi level in the irradiated ZnO samples obtained
from temperature-dependent Hall measurements. The O va-
cancies start to trap positrons effectively below 200 K, where
the Fermi level is about E-—0.1 eV. Thus the ionization en-
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FIG. 4. The carrier concentration measured in irradiated ZnO as
a function of temperature. The position of the Fermi energy relative
to the conduction-band edge is shown. The solid curves are drawn
to guide the eye.

ergy of the O vacancy can be expected to be around 100
meV. Indeed, the fit results in £;=100+10 meV.

The fitted trapping rates are shown in the lower panel of
Fig. 5. In addition to the ionization energy of the O vacancy,
the binding energy to the Rydberg state of the negative-ion-
type defect is obtained as E,=40+10 meV, similar as ob-
served in GaN.?® The origin of temperature-dependent be-
havior of the positron data can be seen from the figure. The
trapping rate to the Zn vacancies increases as 7-* with de-
creasing temperature, while the thermal detrapping causes
the trapping rate to the negative ions to vanish above 150 K.
The trapping rates to the two negative defects coincide at
temperatures below 70 K.

The trapping rate to the O vacancies is negligible at 300
K, but increases rapidly with decreasing temperature. At
temperatures 100-200 K, it is significantly higher than the
sum of the trapping rates to the Zn vacancies and the
negative-ion-type defects, causing the deviation from the
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FIG. 5. The positron trapping rates and corresponding annihila-
tion fractions of the different defects as a function of temperature.
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one-vacancy-type defect model (straight line) in Fig. 3. Be-
low 100 K, the trapping rate to the negative defects increases
very rapidly and the trapping rate to the O vacancies has
saturated to a constant value (all the O vacancies are neutral),
making the effect of the O vacancies on the positron data
small. The effect is seen in the positron annihilation fractions
(upper panel of Fig. 5), where it can be observed that the
annihilation fraction of the O vacancies exhibits a maximum
at around 130 K.

The trapping rates obtained from the fitting are the same
as those estimated directly from the data. Thus no revisions
are needed to the defect concentrations reported above. The
results of the trapping rate fit can be used to obtain an esti-
mate of the Doppler broadening parameters specific to the O
vacancy. Fitting the same model to the S vs T and W vs T
data with fixed trapping rates and using the O-vacancy-
specific S and W parameters as fitting parameters gives
Sy0=1.003 (2) and Wy ;=0.989 (5). The negative-ion-
specific parameters were taken to be those of the bulk—i.e.,
Sg=Wy=Sp=Wp=1— and the parameters of the Zn vacancy
were fixed at Syz,=1.039 and Wy ,,=0.87.2! The fitted
curves are shown in Fig. 3 and in the two upper panels in
Fig. 1.

The experimentally obtained annihilation parameters spe-
cific to the O vacancy can be compared to those obtained
from calculations.?! The calculations predict that the changes
in the parameters (relative to bulk) should be small compared
to those of the Zn vacancy, as is observed. The changes are
clearly larger than predicted (7y,0—73=3 ps and Wy,
=0.998). The calculations in the case of the O vacancy were
performed with a theoretically predicted!’ inward relaxation
of neighboring atoms of approximately 8%. However in
early EPR measurements (at room temperature) on electron-
irradiated ZnO the isolated O vacancy has been observed to
exhibit a substantial outward relaxation.'! Performing the
same calculations as previously?! with an outward relaxation
of 8% gives a lifetime difference of 7y, —753=20 ps, in rea-
sonable agreement with the experimental lifetime. The relax-
ation does not affect significantly the calculated momentum
distribution. The theoretical calculations also show that the
dominant contribution to the Doppler broadening at high
electron momenta (i.e., in the range of the W parameter)
comes from the 3d electrons of Zn. Hence in the case of the
Zn vacancy the W parameter decreases significantly due to
the reduced annihilations with the 3d electrons of Zn, while
in the case of the O vacancy the changes are minimal. The
experimental parameters of the O vacancy are practically
those of bulk ZnO, which gives further support for the iden-
tification of the small open volume defects as the O vacancy
rather than a Zn vacancy related complex with a substantial
inward relaxation.

The introduction rate of a defect D can be estimated as
3 p=[D]/®, where ®=6X 10" cm™? is the irradiation flu-
ence. With the defect concentrations [Vy,]=cy=2
X 10'% cm™ and [V] =3 X 10" cm™, the corresponding in-
troduction rates are obtained as Xy z,=2=0.03 cm™' and
Sy.0=0.5 cm™!. The introduction rate of the Zn vacancies is
about 30 times lower than determined for Ga vacancies in
GaN,? manifesting the radiation hardness of ZnO. In addi-
tion, as the introduction rates of primary defects are typically
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=1 cm™!, both the Zn vacancies and negative ions are prob-
ably formed through recombination processes during the ir-
radiation and are thus parts of defect complexes. This is sup-
ported by the observations that the isolated Zn vacancies®
and probably isolated interstitials on both sublattices!” are
mobile well below room temperature. On the other hand, the
introduction rate of the O vacancies suggests that they are
primary defects, and comparison to results obtained from
EPR measurements,'’!3 which show that the isolated O va-
cancy is stable at room temperature, suggests that the O va-
cancies observed in this work are isolated.

C. Summary

We observe three kinds of point defects produced by the
electron irradiation in n-type ZnO: vacancies on both sublat-
tices (possibly parts of larger defect complexes) and
negative-ion-type defects, attributed to O interstitials or O
antisites. The Zn vacancies and the negative ions act as com-
pensating centers, both produced at concentrations [Vy,]
=c,=2X10' cm™ and are probably parts of larger defect
complexes. The irradiation-induced O vacancies are sug-
gested to be isolated and have a deep donor character with
the ionization level E;=100+10 meV below the conduction
band. They are produced at a concentration of [Vg]=3
X 10" ¢cm™3. The lifetime of a positron trapped at an O va-
cancy is determined to be 7y, o=195+£5 ps, while it is 7y z,
=230+10 ps in the Zn vacancy.?!

IV. THERMAL RECOVERY

A. Positron data

Both the as-grown and irradiated ZnO samples were in
situ thermally annealed in the positron measurement cryostat
for 30 min at temperatures up to 600 K. No changes in the
positron parameters were observed in as-grown ZnO. The
average positron lifetime measured at four different tempera-
tures in the irradiated samples is presented as a function of
annealing temperature in Fig. 6. The positron lifetime de-
creases with increasing annealing temperature and reaches
the level of the as-grown material at the annealing tempera-
ture of 590 K, above which no further changes were ob-
served. The two lifetime components 7;=150-180 ps and
7,=230+10 ps extracted from the data are also shown in
Fig. 6 together with the intensity of the second component.
The experimental spectra are two-componential up to the
highest annealing temperatures, where the separation could
be performed only at low measurement temperatures due to
the small concentration of the defects.

As can be seen from Fig. 6, the first annealing stage of the
irradiation-induced defects occurs at temperatures around
400 K. Figure 7 presents the average positron lifetime as a
function of measurement temperature after the annealing
steps at 400-430 K. The average positron lifetime decreases
by 3-5 ps at all measurement temperatures during this an-
nealing stage. The intensity of the Zn vacancy-related life-
time component 7,=230 ps decreases at this stage (upmost
panel in Fig. 6), while the component itself remains constant,
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FIG. 8. The average positron lifetime in the irradiated sample
annealed at temperatures 430-500 K. The arrows show the direction
of increasing annealing temperature.

indicating that part of the Zn vacancies anneal out of the
material.

At annealing temperatures 430-500 K the average posi-
tron lifetime remains practically constant at measurement
temperatures 80 K and 150 K, increases at 20 K, and de-
creases at 300 K. This causes the 7,,. vs T to become steeper
(Fig. 8). The increase of the average positron lifetime at low
temperatures can be explained by the annealing of the
negative-ion-type defects which leads to a larger fraction of
positron annihilations at Zn vacancies.

The full recovery of the irradiation-induced defects occurs
at annealing temperatures 500-600 K, as can be seen from
Figs. 6 and 9. The local maximum in the 7, vs 7 plot in Fig.
9 disappears at this last stage, which indicates that O vacan-
cies anneal out simultaneously with the rest of the Zn vacan-
cies. The positron lifetime versus measurement temperature
curve in ZnO irradiated and annealed at 600 K is identical to
that in as-grown ZnO. This result is in perfect agreement
with the results of electrical measurements,!® where the com-
pensating defects produced by irradiation have been ob-
served to anneal out of the material at around 600 K.

The behavior of the separated lifetime components 7; and
7, as a function of annealing temperature (Fig. 6) gives fur-
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FIG. 9. The average positron lifetime in the irradiated sample
annealed at temperatures 500-600 K.

Annealing temperature (K)

FIG. 10. The positron trapping rates to the different defects as a
function of the annealing temperature. The solid curves are fitted to
the data.

ther support for the three-defect model presented in Sec. III.
The second lifetime component 7,, specific to the Zn va-
cancy, remains constant throughout the whole annealing tem-
perature range, implying that it truly represents positrons an-
nihilating in one bound state rather than a superposition of
several bound states. The first (lower) lifetime component 7,
increases abruptly at the first annealing stage, as expected
since the trapping rate to the Zn vacancies decreases due to
the decrease in their concentration. However, the experimen-
tal value of 7 after this stage coincides with the bulk lifetime
(7,=75=170 ps), while it should be lower in the ideal case of
positron trapping at Zn vacancies only.?? In addition, 7, in-
creases even above 7z with further annealing, giving a direct
indication that it is mixed with a lifetime component clearly
above 7. This mixing implies the presence and domination
of an additional vacancy defect after the annealing at 500 K,
although it is not possible to decompose directly more than
two lifetime components due to finite statistics. This vacancy
defect is the O vacancy, identified in Sec. III by Doppler
broadening measurements.

B. Analysis

It was shown in Sec. III B that the trapping rates to the Zn
vacancies, negative-ion-type defects, and O vacancies can be
directly estimated from the positron data without fitting. Us-
ing Egs. (7)—(9) the trapping rates to the three defects were
calculated as a function of annealing temperature. They are
presented in Fig. 10. It is clearly seen that the interpretation
of the results presented above is correct: the Zn vacancies
anneal out of the material at two separate stages at around
400 K and 550 K, the negative-ion-type defects anneal out
around 450 K, and the O vacancies anneal out together with
the second part of the Zn vacancies above 550 K. The tem-
perature at which the O vacancies recover is in good agree-
ment with a recent EPR study,13 where the O vacancies are
observed to disappear between 570 K and 670 K.

The activation energies E, corresponding to the different
annealing stages can be fitted to the positron data. Assuming
that each defect anneals independently, the isochronal an-
nealing process for a defect concentration N can be described
as!9
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Ni+1 :Nm + (Ni—Nw)eXp[— vt exp(— EA/le)], (10)

where the subscript i denotes the annealing step (7;=[300
+10X (i=1)] K), t=1800 s is the annealing time, and v is a
frequency factor (assumed to be v=10"s7!). The trapping
rates are directly proportional to the defect concentrations.
Thus the trapping rates and activation energies of the anneal-
ing stages can be fitted to the data in Fig. 10.

Using the above model, two separate activation energies
for the Zn vacancies were fitted, giving E;{"=1.3+0.1 eV
and Ejy"=1.8+0.1 eV. Here 40% of the irradiation-induced
Zn vacancies recover at the first anneling stage. The activa-
tion energy of the second stage is in perfect agreement with
the value obtained in the electrical measurements for the an-
nealing of the compensating center, E,=1.73 eV.!° The ac-
tivation energy of the annealing stage of the O vacancies is
fitted as EX’O= 1.8+0.1 eV, which coincides with that of the
second stage of the Zn vacancies, as expected.

The recovery of the negative-ion-type defects could not
be fitted with a single activation energy. Instead, a linear
dependence E}=E},+a(T;—T;) was assumed. The fitting
gave E},=1.15 eV and @=0.0023, with the activation ener-
gies ranging from 1.4+0.1 eV at the beginning of the anneal
at about 400 K to 1.6+0.1 eV at the end at about 500 K. This
kind of “sliding” of the activation energy can be expected if
the negative-ion-type defects are not all identical and have
different diffusion barriers. Another possibility would be that
the out-annealing of these defects is not limited only by dif-
fusion, but, e.g., by the transition to the surface or to another
lattice site.

The low introduction rate of the Zn vacancies suggests
that they have formed complexes with other defects. In ad-
dition, already the early EPR studies® have shown that the
isolated Zn vacancy is mobile well below room temperature.
The fact that only the irradiation-induced Zn vacancies have
annealed out of the material at 600 K implies that the in-
grown Zn vacancies are not isolated (as expected, since they
have survived the cooling down from the growth tempera-
tures) and that the complexes formed during the irradiation
are different from the in-grown Zn-vacancy-related defect. In
addition, the observation of two separate annealing stages of
the Zn vacancies indicates that two different defect com-
plexes are formed in the irradiation.

C. Summary

We observe three annealing stages of the point defects
produced by electron irradiation in n-type ZnO in the tem-
perature range 300—600 K. The first annealing stage occurs
at about 400 K and consists of the recovery of 40% of the
irradiation-induced Zn vacancies, with an activation energy
of E}"=1.3£0.1 eV. The second annealing stage covers the
temperature range 400-500 K, where the negative-ion-type
defects recover, with activation energies ranging from
1.4£0.1 eV at the beginning of the anneal at about 400 K to
1.6+£0.1 eV at the end at about 500 K. The third annealing
stage occurs at about 550 K and consists of the recovery of
the O vacancies and of the remaining irradation-induced Zn
vacancies, with an activation energy of EX’ZZHZEX’O
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FIG. 11. The average positron lifetime at 20 K in the as-grown
and irradiated ZnO samples as a function of illumination photon
energy. The solid and dashed lines show the corresponding average
lifetimes in the dark +2 standard deviations. The solid curve is
drawn to guide the eye.

=1.8+0.1 eV. The positron data show that the irradiation-
induced defects have fully recovered after this final anneal-
ing stage, in perfect agreement with the results of electrical
measurements.'®

V. ILLUMINATION EXPERIMENTS

We studied the optical activity of the in-grown and
irradiation-induced defects by shining monochromatic light
on the samples during the positron experiments at 20 K. The
results are presented in Fig. 11. No effect is observed in the
as-grown ZnO samples, where the average positron lifetime
remains constant when the photon energy is varied between
0.7 and 3.1 eV. On the other hand, in the irradiated material,
a small increase of the average positron lifetime is visible
when the photon energy is increased to 2.3 eV, followed by a
decrease to the value in the dark with further increase of the
photon energy.

Due to limitations imposed by the illumination equip-
ment, the photon flux decreased above 2.4 eV. In order to
confirm that the decrease in the average positron lifetime
above 2.3 eV is not due this decrease in the photon flux, we
performed measurements with different photon fluxes at 2.3
eV. As can be seen from Fig. 12, the average positron life-
time increases up to a photon flux of 7 10'* cm™2s~!. The
average lifetime stays at the same increased level when the
flux is further increased to 6 X 10'5 cm™ s~! with the help of
540-nm lasers, which shows that the optically active elec-
trons have reached an equilibrium already at the flux of 7
X 10" ¢cm™2 s~ Thus the increase of the positron lifetime at
photon energy 2.3 eV in Fig. 11 is not limited by the applied
photon flux and the behavior of the positron lifetime as a
function of illumination photon energy in the irradiated
samples is caused by two separate optical processes.

The behavior of the average positron lifetime under illu-
mination at low temperature in Fig. 11 can be explained in
the following way. As seen from Fig. 5, the positron data are
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FIG. 12. The average positron lifetime at 20 K in the irradiated
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The solid and dashed lines show the corresponding average life-
times in the dark +2 standard deviations. The solid curve is drawn
to guide the eye.

dominated by the Zn vacancies and negative-ion-type defects
at the measurement temperature of 20 K. Thus it is natural to
assign the observed optical activity to these defects. The Zn
vacancies are mostly in the double-negative-charge state”!
(and cannot become more negative), and hence the increase
of the average positron lifetime when approaching the illu-
mination photon energy of 2.3 eV from below indicates that
the negative-ion-type defects become less negative or even
neutral and start trapping positrons less efficiently, increasing
the fraction of positron annihilations at the Zn vacancies. The
subsequent decrease of the positron lifetime with the further
increase of the illumination photon energy then indicates that
the Zn vacancies become less negative in their turn. This can
be interpreted as both the Zn vacancies and the negative ions
having an ionization level close to 2.3 eV. According to the-
oretical calculations,'> the V2.~ transition should occur at
E--2.6 ¢V, in good agreement with our data. The same
work predicts that the O interstitial (octahedral position) has
the O7 '~ transition at E~—2.4 eV and the O antisite has the
02" transition at E-—2.3 eV. This supports the tentative
identification of the negative ion as the O; or O,.

All the optical activity is lost after the thermal annealings,
and the 7,,. versus photon energy of the irradiated samples
annealed at 600 K coincides with that of the as-grown
samples. The free-electron concentration in both the as-
grown and irradiated and annealed ZnO is 30 times larger
than after the irradiation. Thus, even if there were an optical
transition at around 2.3 eV in the as-grown material, it would
probably not be observed with the photon fluxes used in this
work since the recombination rate is higher due to free elec-
trons. The electron level at 2.3 eV below the conduction
band correlates with the energy of the emitted light in green
luminescence.!* Thus the Zn vacancies, which have the low-
est defect formation energy in n-type ZnO," could be in-
volved in the transition giving rise to the green lumines-
cence.

PHYSICAL REVIEW B 72, 085206 (2005)

VI. CONCLUSIONS

We have applied positron annihilation spectroscopy to
study the point defects introduced by 2-MeV electron irra-
diation at room temperature in n-type ZnO. The measure-
ments were performed at 10-300 K. We studied the optical
activity of the irradiation-induced defects by shining mono-
chromatic light on the samples during the positron measure-
ments at 20 K. The thermal recovery of the defects produced
by the irradiation was studied by 30-min annealings of the
samples at 300-600 K.

We observe three kinds of point defects produced by the
electron irradiation: vacancies on both sublattices and
negative-ion-type defects, tentatively identified as O intersti-
tials. The Zn vacancies and the negative ions act as compen-
sating centers, both produced at concentrations [V;,]=cg
=2X10' cm™. The irradiation-induced O vacancies are
deep donors with the ionization level about 100 meV below
the conduction band and produced at a concentration of
[Vol=3Xx 10" cm™. The lifetime of a positron trapped at an
O vacancy is determined to be 7y=195%5 ps, while it is
Ty zn=230+10 ps in the Zn vacancy.

The irradiation-induced defects fully recover after the an-
nealing at 600 K, in good agreement with electrical measure-
ments. The Zn vacancies anneal out of the material in two
stages with fitted activation energies Ej;;"=13eV and
E}/"=1.8 eV, indicating that the Zn vacancies are parts of
two different defect complexes. The O vacancies anneal si-
multaneously with the Zn vacancies at the later stage with
fitted activation energy EX’O =1.8 eV. The negative-ion-type
defects anneal out between the two annealing stages of the
Zn and O vacancies. No single activation energy could be
fitted to this annealing stage, indicating that the recovery of
these defects is not limited only by the diffusion in the lat-
tice.

By shining monochromatic light on the samples during
the positron annihilation measurements at low temperature,
we find that both the irradiation-induced Zn vacancies and
the negative-ion-type defects have ionization levels close to
2.3 eV. Based on this we suggest that the negative ions are
oxygen interstitials or oxygen antisites in the negative-charge
state (similarly to the Zn vacancies). No optical activity was
observed in the as-grown ZnO or in the irradiated ZnO after
annealing at 600 K. Since the Zn vacancies have the lowest
defect formation energy in n-type ZnO, it is likely that they
are involved in the transition responsible for the green lumi-
nescence in ZnO.
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