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a b s t r a c t

We have applied positron annihilation spectroscopy to study in-grown vacancy defects in bulk

aluminium nitride (AlN) crystals grown by physical vapor transport. We interpret the lowest lifetime

value of about 155ps, measured at low temperatures, to represent the annihilations from the free state

of the positron in the crystal lattice. The increased lifetime at high temperatures is an indication of

positrons annihilating as trapped at vacancy defects, and a second lifetime component could be

separated from the lifetime spectra at temperatures above 400K. The same lifetime component

t2 ¼ 210710ps was found in all AlN samples. This component can be attributed to positrons

annihilating at Al vacancies, possibly complexed with impurities such as oxygen, present at

concentrations in the 1017 cm�3 range in the samples. In addition to Al vacancies, negatively charged

non-open volume defects acting as shallow hydrogenic traps for positrons were detected, with

concentrations of about 1018 cm�3 or higher. These defects are the dominant negative acceptor defects

in these samples.

& 2008 Elsevier B.V. All rights reserved.

1. Introduction

The material family of the III-nitrides has a wide range of
existing and potential applications in optoelectronics, with active
wavelengths ranging from the visible/infrared (IR) to the far
ultraviolet (UV). In order to make use of the full potential of
optoelectronic devices, lattice-matched substrates are crucial. For
the past 10–15 years, this need has driven the development of
nitride growth techniques capable of producing either true bulk
crystals [1] or several millimeters thick hetero-epitaxial layers that
can be separated from the foreign substrates [2]. For InGaN-based
optoelectronic devices working with visible wavelengths gallium
nitride (GaN) is the substrate material of choice when low defect
densities are important for the device operation, while aluminum
nitride (AlN) substrates would be highly beneficial in AlGaN-based
UV range devices. AlN bulk crystals are typically produced by
physical vapor transport (PVT) as described, e.g., in Refs. [3,4].

Extended defects in bulk nitride substrates, especially thread-
ing dislocations (that penetrate into the overgrown layers and
thus have a large impact on the device characteristics) have been
studied extensively over the years with the aim of finding optimal

growth conditions that would minimize their density. They can
have a role in the formation of the extended defects in the
overgrown layers, for example by acting as initiating centers for
inversion layers and dislocations. In the case of AlN, vacancy-
impurity complexes have been reported to affect substantially
also the thermal conductivity of the material [5]. On the other
hand, point defects mostly influence the electrical and optical
characteristics of the substrate itself. As AlN is intended for use in
UV optoelectronics, the UV optical absorption presumably caused
by extended or point defects has to be minimized in order to allow
for effective light extraction through the substrate.

Positron annihilation spectroscopy is an effective method for
the investigation of vacancy-type defects in semiconductors.
Positrons implanted into a sample can get trapped in and localize
at neutral and negative vacancies due to the missing positive ion
core. This results in observable changes in the measurable
annihilation characteristics, i.e. the positron lifetime and the
momentum distribution of the annihilating positron–electron pair
(Doppler broadening). The annihilation data can be used to
determine the vacancy concentration as well as to distinguish
between different vacancy types and their chemical environment.
In this paper, we first shortly review the existing knowledge
obtained by positron annihilation spectroscopy on the vacancy
defects in bulk and quasi-bulk GaN crystals, concentrating on the
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Ga vacancies and related complexes as these are the defects
positrons are most sensitive to. We then present preliminary
results obtained with positron annihilation spectroscopy in bulk
AlN crystals grown by PVT and discuss them in the light of the
earlier results obtained in GaN.

2. Experimental details

In this work, the positron lifetimes in bulk crystals were
measured with a conventional fast–fast coincidence spectrometer
with a time resolution of 250ps [6]. Two identical sample pieces
were sandwiched with a 20mCi positron source (22Na deposited
on 1.5mm Al foil). Typically 2�106 annihilation events were
collected in each positron lifetime spectrum. The lifetime
spectrum n(t) ¼ P

iIi exp(�t/ti) was analyzed as the sum of
exponential decay components convoluted with the Gaussian
resolution function of the spectrometer after subtracting the
constant background and annihilations in the source material
(typically a few percent, for details see Ref. [7]). The positron in
state i annihilates with a lifetime ti and an intensity Ii. The state in
question can be the delocalized state in the lattice or the localized
state at a vacancy defect. The increase of the average lifetime
tave ¼

P
iIiti above the bulk lattice lifetime tB shows that vacancy

defects are present in the material. This parameter is insensitive to
the decomposition procedure, and even a change as small as 1ps
in its value can be reliably measured. In the case of one type of
vacancy defect with specific lifetime tV, the decomposition of the
lifetime spectrum into two components t1 and t2 is straightfor-
ward to interpret. The second lifetime component t2 ¼ tV gives
directly the vacancy specific lifetime and the first lifetime
component is t1 ¼ (tB�1+kV)

�1otB, where tB is the positron
lifetime in the delocalized state in the lattice and kV the positron
trapping rate into the vacancy defects.

The temperature dependence of the average positron lifetime
tave is analyzed with the model of trapping and escape rates of
positrons, explained in detail in earlier works [6,8–10]. In this
model, the trapping coefficient mV to a neutral vacancy is
independent of temperature and to a negatively charged vacancy
it varies as T�0.5. The trapping rate of positrons into the vacancies
(concentration cV) is kV ¼ mV cV (mV ¼ 3�1015 cm3 s�1 for Ga
vacancies in GaN at 300K). Positrons can get trapped also at
hydrogen-like Rydberg states surrounding negative-ion-type
defects (shallow traps for positrons). The positron trapping rate
at the Rydberg state mR varies also as T�0.5, which is the result
predicted by theory for the transition from a free state to a bound
state in a Coulomb potential [10]. The thermal escape rate from
the Rydberg state can be written as

dst ¼ mR mþkBT2p_2
� �3=2

e�Eb;st=kBT , (1)

where mR is the positron trapping coefficient to the lowest
hydrogen-like Rydberg state, Eb,st is the positron binding energy
of the lowest Rydberg state (typicallyo0.1 eV), and m+ffim0 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 transition from the Rydberg
state to the ground state in the vacancy is fast enough so that this
effect can be neglected. An effective trapping rate of the shallow
traps can thus be defined as

keff
st ¼ kst

1þ dst=lst
, (2)

where lstffilB is the annihilation rate of positrons trapped at the
Rydberg state, which coincides with the annihilation rate lB from

the delocalized state in the bulk lattice, and kst ¼ mR cst is directly
related to the concentration of the negative ions.

Finally, the decomposition of the lifetime spectra into several
lifetime components gives the possibility to determine experi-
mentally the fractions of positrons annihilating in various states.
The average lifetime can be written as [6]

tave ¼ ZBtB þ
X
j

ZD;jtD;j (3)

where ZB and tB are the annihilation fraction and positron lifetime
in the free state in the lattice, and ZD,j and tD,j are the
corresponding values in bound states at the defect Dj. The
annihilation fractions are related to the trapping rates through

ZB ¼ lB
lB þ

P
jkeff

D;j

; ZD;j ¼
keff
D;j

lB þ
P

j0keff
D;j0

. (4)

3. Vacancy defects in (quasi-)bulk GaN

Since the identification of native Ga vacancies by positron
annihilation spectroscopy in high nitrogen pressure (HNP) grown
bulk GaN crystals [11], the group at the Helsinki University of
Technology (TKK) has performed numerous positron studies
mainly in thick quasi-bulk GaN samples grown by hydride
vapour-phase epitaxy (HVPE). Fig. 1 shows the average positron
lifetime (tave) measured earlier in three different GaN samples
where tave4tB ¼ 160ps [12] in some temperature range, indicat-
ing that positrons annihilate as trapped at vacancy defects. These
vacancies have been identified as Ga vacancies by the second
lifetime component of t2 ¼ 235710ps separated from the life-
time spectra (not shown) [11–14]. The temperature dependence of
the average positron lifetime in both the O-doped and undoped
HVPE GaN samples shows the Ga vacancies are negatively
charged, based on the enhanced positron trapping at Ga vacancies
at low temperatures. On the other hand, the temperature
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Fig. 1. The average positron lifetime measured as a function of temperature in

undoped HVPE and HNP GaN samples as well as in O-doped HVPE GaN [12–14].
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dependence of tave in the HNP GaN samples indicates that
negative non-open volume defects that act as shallow traps for
positrons compete in positron trapping with the Ga vacancies at
low temperatures. These negative centers have been identified as
MgGa

� acceptors in the HNP GaN samples by comparing to data
obtained with secondary ion mass spectrometry [11,12]. The lack
of these shallow traps in the undoped and O-doped HVPE GaN
samples both in Fig. 1 and in the data presented in Refs. [13–19]
implies that Ga vacancies are the dominant intrinsic acceptor
defects in n-type GaN when impurities acting as acceptors are not
present [20]. This conclusion has also been confirmed by the very
good match of vacancy and total acceptor densities, obtained by
combining positron annihilation and temperature-dependent Hall
measurements [15]. The experiments have also shown the
universal role of the Ga vacancy as the most important
compensating acceptor over four orders of magnitude of inten-
tional oxygen doping [13].

By combining positron lifetime and coincidence Doppler
broadening experiments with state-of-the-art theoretical calcula-
tions, we have been able to identify the in-grown Ga vacancy
defects in GaN as VGa–ON pairs [13,21]. Electron irradiation
experiments [14,22] have shown that the migration barrier of
the isolated Ga vacancies is EB ¼ 1.870.2 eV. Hence by annealing
the as-grown HVPE GaN samples at high temperatures and HNP
and observing the redistribution of the VGa–ON pairs [21,23,24]
has given the possibility to determine the binding energy of the
pair as EB ¼ 1.670.2 eV, is in excellent agreement with theoretical
results [25,26]. Also the theoretical prediction about the forma-
tion energy of the isolated Ga vacancy was confirmed in those
experiments. Studying the differences in Ga vacancy distributions
in GaN grown in the Ga- and N-polar directions as well as in non-
polar directions, both in homo- and hetero-epitaxial HVPE
samples, has given further information on the formation of the
VGa–ON pairs [12,15,27,28]. Our results demonstrate that Ga
vacancies are created thermally as isolated at the high growth
temperatures in both HVPE and HNP GaN, but their ability to form
VGa–ON complexes determines the fraction of vacancy defects
surviving the cooling down. In addition, those results show that
the O incorporation from the growth ambient and the subsequent
vacancy formation depends on the growth polarity due to the
different sticking coefficient of O on different growth surfaces.

4. Vacancy defects in bulk AlN crystals

The bulk AlN crystals were grown by PVT using either a
tantalum (N-Crystals) or tungsten (Erlangen) crucible. For details
about the growth procedures, see Refs. [3,4], respectively. The
concentrations of the most important impurities, carbon and
oxygen, measured with glow discharge mass spectrometry
(GDMS) and interstitial gas analysis (IGA), are presented in
Table 1.

Fig. 2 presents the average positron lifetime measured as a
function of temperature in the different samples together with the
second lifetime component separated from the lifetime spectra.
The average lifetime tave is constant, ranging from 158 to 165ps in
different samples, at temperatures 20–300K, above which it starts
increasing with increasing temperature reaching 168–175ps at
600K. The lifetime spectra recorded at 450–600K can be
decomposed into two components. The longer lifetime compo-
nent is constant t2 ¼ 210715ps as a function of temperature. By
also fixing this lifetime, the spectra measured at 20–450K could
be decomposed. The lifetime component t1 (not shown) is
constant t1 ¼ 15571ps at 20–450K and then decreases to about
t1 ¼145–150ps at 600K. The ranges in the values arise from the
values being different in different samples. The two-componential

lifetime spectrum implies that positrons in the bulk AlN crystals
annihilate either from a delocalized state in the lattice or as
localized at vacancy defects. The positrons trapped at vacancies
annihilate with the longer lifetime tV ¼ 210715ps. The decrease
of the average lifetime at low temperatures indicates that the
fraction ZV of positron annihilations at vacancies decreases. When
ZV becomes close to 0, the component t1 approaches the lifetime
value tB of delocalized positrons in the lattice. At 20K, we have
t1 ¼15571ps and tave ¼ 158–165ps. The positron lifetime in the
AlN lattice is between these values, i.e., tB ¼ 15771ps.

The longer lifetime component is the same within error in all
the measured samples, indicating that the same vacancy defects
are present in the different samples. We calculated the positron
lifetimes by solving the positron state and constructing the
electron density of the wave function of the free atoms, similarly
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Table 1
The estimated concentrations of the Al vacancies and negative ion-type defects

(shallow traps for positrons) together with the measured concentrations of carbon

and oxygen impurities in the AlN samples

Sample [VAl],

1017 cm�3

cst,

1017 cm�3

[C],

1017 cm�3

[O],

1017 cm�3

AlN 40163/N-

crystals

1.0 40 p10 p100

AlN 30154/N-

crystals

1.3 10 p10 p100

AlN 40125/N-

crystals

1.2 20 p10 p100

AlN 30081/N-

crystals

0.9 30 p10 p100

AlN 20177/N-

crystals

1.4 20 p10 p100

AlN 1/Erlangen 0.9 4 �30 �100

AlN 2/Erlangen 0.8 5 �30 �100

Fig. 2. The average positron lifetime measured as a function of temperature in

bulk AlN crystals. The second lifetime component separated from the lifetime

spectra is shown in the upper panel.
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as described in Ref. [29]. The calculated lifetime difference
between the Al vacancy and the AlN lattice is 60ps, while it is
only 5ps between the N vacancy and the AlN lattice. As the
experimental difference is tV–tB ¼ 55715ps, we suggest that the
vacancy defects observed in bulk AlN crystals are Al vacancies. The
identity of the negative non-open volume defects (negative ions)
cannot, unfortunately, be determined by the positron experiments
alone as the hydrogenic positron state is too extended. It is
important to note that the fact that the average positron lifetime
has different constant values at temperatures 20–300K in
different samples implies that the Al vacancies are in the negative
charge state [11].

The concentrations of both the Al vacancies and the negative
ions can be estimated from the data using Eqs. (3) and (4) and
assuming a trapping coefficient of mV ¼ 3�1015 cm3 s�1 for the Al
vacancies at 300K. The vacancy concentration is extracted from
the data measured at 600K, taking into account the temperature
dependence of the trapping coefficient, and gives a lower limit
estimate as the lifetime still increases at this temperature as seen
in Fig. 2. However, as the increase of tave with temperature seems
to slow down when approaching 600K, the actual vacancy
concentrations are not likely to be more than twice the estimated
values. The concentrations of the negative ions can be estimated
from the data below 300K, where no thermal escape from the
hydrogenic states is observed. It is important to note that the
concentrations of the negative ions are an order of magnitude
higher than those of the Al vacancies, hence making them the
dominant negative (acceptor) centers. Both the concentrations of
the Al vacancies and negative ions are presented in Table 1
together with the C and O impurity data. The comparison of the
concentrations suggests that the negative ions could be related to
oxygen rather than carbon impurities—in contrast to the situation
in GaN, O in AlN has been predicted to exhibit negative charge
states as well [25].

5. Summary

We present preliminary results obtained with positron annihi-
lation spectroscopy in PVT-grown bulk AlN crystals grown by
physical vapor transport. We observe vacancy defects that we
tentatively identify as negatively charged Al vacancies, as well as
negative non-open volume centers. Based on the comparison of the
concentrations of these defects with the measured impurity levels
in the samples, we suggest that the dominant negative centers in
the samples are related to oxygen, but not to Al vacancies.
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Baranowski, K. Pakula, R. Stepniewski, M. Wojdak, A. Wysmolek, T. Suski, M.
Leszczynski, I. Grzegory, S. Porowski, Phys. Rev. Lett. 79 (1997) 3030.

[12] F. Tuomisto, K. Saarinen, B. Lucznik, I. Grzegory, H. Teisseyre, T. Suski, S.
Porowski, P.R. Hageman, J. Likonen, Appl. Phys. Lett. 86 (2005) 031915.

[13] S. Hautakangas, V. Ranki, I. Makkonen, M.J. Puska, K. Saarinen, X. Xu, D.C.
Look, Phys. Rev. B 73 (2006) 193301.

[14] F. Tuomisto, V. Ranki, D.C. Look, G.C. Farlow, Phys. Rev. B 72 (2007) 165207.
[15] J. Oila, J. Kivioja, V. Ranki, K. Saarinen, D.C. Look, R.J. Molnar, S.S. Park, S.K. Lee,

J.Y. Han, Appl. Phys. Lett. 82 (2003) 3433.
[16] D. Gogova, A. Kasic, H. Larsson, B. Pécz, R. Yakimova, B. Magnusson, B.
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