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Vacancy defects in I1I-nitrides: what does positron
annihilation spectroscopy reveal?

Filip Tuomisto
Department of Applied Physics, Aalto University, P.O. Box 11100, FI-00076 Aalto,
Finland

E-mail: filip.tuomisto@tkk.fi

Abstract. The purpose of this paper is to present a short review and comparison of the results
obtained with positron annihilation spectroscopy studies of vacancy defects in AIN, GaN and
InN. The combination of positron lifetime and Doppler broadening techniques with theoretical
calculations has provided the means to deduce both the identities and the concentrations of the
vacancies in these materials, while performing measurements as a function of temperature has
given information on the charge states of the detected defects. The III-sublattice vacancies are
common defects in all the [II-nitrides, and they compensate donors either by forming vacancy-
impurity complexes or by providing deep states for electrons. In some cases, N vacancies have
also been observed.

1. Introduction

The material family of the IlI-nitrides is a class of important semiconductor materials for applications
in optoelectronics at blue and ultraviolet wavelengths and electronic devices operating at high
temperatures and high voltage. The importance of intrinsic point defects in nitrides is due to their role
in determining the electrical and optical properties of the material, as well as their influence on the
material behavior in various processing steps such as ion implantation and thermal annealing. Point
defects are created in semiconductor materials during growth, where their formation is governed by
thermodynamics and growth kinetics. They can be introduced 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 in different conditions hence yields important information
on the basic physical properties of the semiconductor materials in question.

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.

Positron studies have now been performed in nitride semiconductors for about 10 years after the
identification of the Ga vacancy in bulk GaN crystals [1]. In this paper, a short review of the
knowledge obtained by positron annihilation spectroscopy on the vacancy defects in nitrides is given,
concentrating on the recent results on group-III vacancies and related complexes. The results obtained
in GaN, InN and AIN are compared and the similarities and differences are discussed.

Published under licence by IOP Publishing Ltd



International Workshop on Positron Studies of Defects (PSD 08) IOP Publishing
Journal of Physics: Conference Series 265 (2011) 012003 doi:10.1088/1742-6596/265/1/012003

2. Experimental details

2.1. Measurements in bulk crystals

The positron lifetimes in bulk crystals were measured with a conventional fast-fast coincidence
spectrometer with a time resolution of 250 ps [2]. Two identical sample pieces were sandwiched with
a 20 uCi positron source (**Na deposited on 1.5 um Al foil). Typically 2 x 10° annihilation events
were collected in each positron lifetime spectrum. The lifetime spectrum n(f)= X/exp(—t/t;) 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 e.g. Ref. [3]) The positron in state i annihilates with a
lifetime t; and an intensity /;. 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 t,,. = X:/; T, above the bulk
lattice lifetime 1 shows that vacancy defects are present in the material. This parameter that coincides
with the center of mass of the spectrum is insensitive to the decomposition procedure, and even a
change as small as 1 ps in its value can be reliably measured. In the case of one type of vacancy defect
with specific lifetime 1y, the decomposition of the lifetime spectrum into two components t; and 1, is
straightforward to interpret. The second lifetime component 1, = T gives directly the vacancy specific
lifetime and the first lifetime component is 1, = (1:1{1 + K,/)*1 < 15, where 15 is the positron lifetime in
the delocalized state in the lattice and ky the positron trapping rate into the vacancy defects.

The temperature dependence of the average positron lifetime T, is analyzed with the model of
trapping and escape rates of positrons, explained in detail in earlier works [2, 4, 5, 6]. In this model,
the trapping coefficient 1, to a neutral vacancy is independent of temperature and to a negatively
charged vacancy it varies as 77°°. The trapping rate of positrons into the vacancies (concentration cy)
is k= pyey (=3 x 10" cm’s™' for Ga vacancies in GaN at 300 K). 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 py varies also as 777, which is the result predicted by
theory for the transition from a free state to a bound state in a Coulomb potential [6]. The thermal
escape rate from the Rydberg state can be written as

3/2
m. k,T E,
S, =g =21 exp|l——= 1
st ,UR[ T j P( kBTJ (1)

where L is the positron trapping coefficient to the lowest hydrogen-like Rydberg state, £ is the
positron binding energy of the lowest Rydberg state (typically < 0.1 eV), and m. = m, 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

eff _ Kst
st — 1T o . 2
. 1+0,/4, @)

where Ay = Ap is the annihilation rate of positrons trapped at the Rydberg state, which coincides with
the annihilation rate Az from the delocalized state in the bulk lattice, and kg = ug ¢y 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 experimentally the fractions of positrons annihilating in various states. The
average lifetime can be written as [2]
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where np and 15 are the annihilation fraction and positron lifetime in the free state in the lattice, and
Np, and tp; are the corresponding values in bound states at the defect D;. The annihilation fractions are
related to the trapping rates through
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2.2. Measurements in epitaxial thin films

The positron annihilation characteristics were measured in thin epitaxial films by using a mono-
energetic continuous positron beam. As lifetime experiments are not possible with a continuous beam,
the Doppler broadening of the annihilation radiation was monitored as a function of the beam energy,
providing a depth profile of the signal. The motion of the annihilating electron-positron pair causes a
Doppler shift in the annihilation radiation 4E = ¢p; / 2, where p; is the longitudinal momentum
component of the pair in the direction of the annihilation photon emission. This causes the broadening
of the 511 keV annihilation line. The shape of the 511 keV peak gives thus the one-dimensional
momentum distribution p(p;) of the annihilating electron-positron pairs. A Doppler shift of 1 keV
corresponds to a momentum value of p, = 0.54 a.u (=.3.91 x 10~ mqc).

The Doppler broadening can be experimentally measured using a Ge gamma ray detector with a
good energy resolution. The typical resolution of a detector is around 1-1.5 keV at 500 keV. This is
considerable compared to the total width of 2-3 keV of the annihilation peak meaning that the
experimental lineshape is strongly influenced by the detector resolution. Therefore, various shape
parameters are used to characterize the 511 keV line. The low electron-momentum parameter S is
defined as the ratio of the counts in the central region (typically p; < 0.4 a.u.) of the annihilation line to
the total number of the counts in the line. In the same way, the high electron-momentum parameter W
is the fraction of the counts in the wing regions of the line (typically p; > 1.5 a.u.). Due to their low
momenta, mainly valence electrons contribute to the region of the S parameter. On the other hand,
only core electrons have momentum values high enough to contribute to the ¥ parameter. Therefore, S
and W are sometimes called the valence and core annihilation parameters, respectively. The S and W
parameters are related to the annihilation fractions in a similar manner as the average positron lifetime
in Eq. (3).

The high-momentum part of the Doppler broadening spectrum arises from annihilations with core
electrons that contain information on the chemical identity of the atoms. Thus the detailed
investigation of core electron annihilation can reveal the nature of the atoms in the regions where
positrons annihilate. In order to study the high-momentum part in detail, the experimental background
needs to be reduced. A second gamma ray detector can be placed opposite to the Ge detector and the
only events that are accepted are those for which both 511 keV photons are detected [7, 8]. Depending
on the type of the second detector, electron momenta even up to p = 8 a.u. (= 60 x 10~ m,c) can be
measured with the coincidence detection of the Doppler broadening.

3. Vacancy defects in GaN

Since the identification of native Ga vacancies by positron annihilation spectroscopy in high nitrogen
pressure (HNP) grown bulk GaN crystals [1], more than a hundred studies of GaN with positrons have
been published [9]. In the following, some of the main findings about the nature of vacancy defects in
GaN are presented. Figure 1 shows the average positron lifetime measured in a variety of thick bulk or
quasi-bulk GaN samples. The average positron lifetime (T,.) in most of the measured GaN samples is
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above the bulk lifetime of 160 ps [10] (Tave > T3 = 160 ps) in some temperature range, indicating that
positrons annihilate as trapped at vacancy defects. These vacancies have been identified as Ga
vacancies by the second lifetime component of t, =235 = 10 ps (figure 1b) separated from the lifetime
spectra [1, 10-12]. The temperature dependence of the average positron lifetime in O-doped and
undoped GaN samples grown by hydride vapor phase epitaxy (HVPE) shows enhanced positron
trapping at Ga vacancies at low temperatures, indicating that the Ga vacancies are negatively charged.
On the other hand, the temperature dependence of t,,. in the GaN samples grown by the high nitrogen
pressure (HNP) method 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 Mgg, acceptors in the HNP GaN samples by comparing to data
obtained with secondary ion mass spectrometry [1, 10]. The lack of these shallow traps in the undoped
and O-doped HVPE GaN samples in figure 1 and in the data in Refs. [11-13] implies that Ga
vacancies are the dominant intrinsic acceptor defects in n-type GaN when impurities acting as
acceptors are not present [14]. 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 [13]. The experiments have also shown the universal role of the Ga
vacancy as the most important compensating acceptor over four orders of magnitude of intentional
oxygen doping [11].

By combining positron lifetime and coincidence Doppler broadening experiments with state-of-the-
art theoretical calculations, the in-grown Ga vacancy defects in GaN with sufficient O content have
been identified as Vg,—On pairs [11, 15]. In contrast, in electron irradiation experiments [12, 16],
isolated Ga vacancies are produced. Figure 1 shows also the average positron lifetime measured in an
as-irradiated (2-MeV electrons at room temperature) undoped HVPE-GaN sample and a sample
subsequently annealed at 775 K. It can be seen from figure 1b that the second lifetime components
extracted from the lifetime spectra are the same in the case of in-grown O-complexed and isolated Ga
vacancies, in good agreement with theory [11]. The average positron lifetime in the as-irradiated
sample shows the coexistence of a high concentration of Ga vacancies and irradiation-induced (and
hence intrinsic) negative ions. Interestingly, after the annealing at 775 K, the temperature threshold for
positron escape from these negative ions changes indicating a change in the binding energy of
positrons to these defects. This has been interpreted as a change in the charge state (from 2 to 1) of
the negative ions.

The electron irradiation experiments [12, 16] have shown that the migration barrier of the isolated
Ga vacancies is £y = 1.8 = 0.2 eV. Annealing experiments in as-grown HVPE GaN samples at high
temperatures and high nitrogen pressure, where a redistribution of the Vg,—Oy pairs [15, 17, 18] was
observed, have given the possibility to determine the binding energy of the pair as £z =1.6 = 0.2 eV.
This is in excellent agreement with theoretical results [19, 20]. Also the theoretical prediction about
the formation energy of the isolated Ga vacancy was confirmed in those experiments. Studies of 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, have given further
information on the formation of the Vg,—Oy pairs [3, 10, 21, 22]. These 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 Vg,—Oy 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
coefficients of O for different growth surfaces. It is important to note that Si doping does not have the
same effect, as the binding between the Si donors and Ga vacancies is much less efficient due to the
larger distance between the individual acceptor (Ga vacancy) and donor (substitutional Si) defects
[23].
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The above presented results show that Ga vacancies act as dominant compensating centers in #-
type GaN. On the other hand, in p-type GaN, where the formation of Ga vacancies is energetically
unfavourable due their acceptor nature, the natural question is whether N vacancies could compensate
the doping. The detection of vacancy defects on the N sublattice with positrons is not evident due to
the small open volume generated by the missing N atom. Nevertheless evidence of the existence of N
vacancies complexed with Mg (Vn-Mgg.,) has been obtained with positrons in Mg-doped (p-type) GaN
grown by metal-organic chemical vapour deposition (MOCVD) [24,25]. It is worth noting that even
though the vacancy concentrations are similar relative to the doping densities (a few percent at most)
in both n- and p-type GaN, the vacancies are dominant compensating centers only in n-type GaN,
while in p-type GaN other defects and impurities such as hydrogen play the most important role.
Isolated neutral N vacancies have also been provisionally identified in electron-irradiated (0.5 MeV
energy) samples recently [12].

The effects of varying growth conditions (such as temperature, stoichiometry and growth polarity)
have been studied with a slow positron beam in a variety of thin film samples grown by either
molecular beam epitaxy (MBE) [26] or MOCVD [23, 27]. These studies show that the growth
stoichiometry has a very strong impact on the formation of Ga vacancies: the more N rich the growth,
the more there are Ga vacancies in the material. Also a higher growth temperature results in a higher
Ga vacancy concentration. Interestingly, these findings hold also when comparing the thin-film
techniques to bulk or quasi-bulk growth techniques, suggesting that the formation of Ga vacancies is
governed by thermodynamical effects irrespective of the growth method. This conclusion is supported
by the results obtained in samples grown with various polarities [3, 10, 21, 22], where it has been
observed that the sticking of O on different growth surfaces and the following differences in O content
in the material dictate the formation of Ga vacancies (in addition to the growth stoichiometry).
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4. Vacancy defects in InN and AIN

The other two nitrides, i.e., InN and AIN, have been far less studied with positrons than GaN [9]. The
reason for this has been the lack of suitable samples of sufficiently high quality, and especially in the
case of InN, the inexistence of (thick) bulk samples. However, the material quality has improved
significantly over the past couple of years, and extensive studies of InN and AIN with positrons should
be anticipated.

4.1. Vacancy defects in InN

Figure 2 shows the S parameter measured at room temperature as a function of positron implantation
energy in MBE-grown InN samples of different thicknesses and dates of growth (2002 vs. 2006) [28,
29]. When positrons are implanted close to the sample surface with E = 0 — 1 keV, the same S
parameter of S = 0.48 is recorded in all the InN samples. These values characterize the defects and
chemical nature of the near-surface region of the samples at the depth 0 — 5 nm. The region of constant
S is different from sample to sample due to the different thicknesses of the layers, and extends from a
few keV up to 30 keV in the thickest sample. The data recorded at the energies where S is constant can
be taken as characteristic of the layer. The decrease of the S parameter at higher implantation energies
is due to the increasing fraction of positrons annihilating in the sapphire substrate, for which the
characteristic S parameter is roughly S = 0.41. It is clearly seen that the S parameter of InN decreases
with increasing layer thickness (when the thicknesses are below roughly 1 micron) and also with the
general improvement of the material quality over the years.

Mean implantation depth (um)

0 0.25 0.76 1.5
] T T T T T T T ]
O 200 nm MBE-InN (old)
048 — O ® 600 nm MBE-InN (old) —
!CQK% A 600 nm MBE-InN (new)
B o A 2700 nm MBE-InN (new) 7
®
0.46 — ® -
5 mg&%AAAAAAAA
5] A
L A
g o 6“
<
Soomb kel A _
o
- .‘ -
o,
I 1 I L I 1 I 1
0 10 20 30

Positron implantation energy (keV)

Figure 2. The S parameter measured as a function of positron
implantation energy in selected MBE-grown InN layers.

The thickest (2700 nm) InN layer is essentially defect-free from the point of view of positrons [29].
The increased S parameter in the other layers indicates that the positron-electron momentum
distribution is narrower than in the defect-free reference sample. The narrowing is due to positrons
annihilating as trapped at vacancy defects, where the electron density is lower and the probability of
annihilation with high-momentum core electrons is reduced compared to that of delocalized positrons
in the lattice. Hence the increased S parameter is a clear sign of vacancy defects present in the
measured layers. When the S and W parameters of the InN layers are plotted as function of each other



International Workshop on Positron Studies of Defects (PSD 08) IOP Publishing
Journal of Physics: Conference Series 265 (2011) 012003 doi:10.1088/1742-6596/265/1/012003

(not shown, see Ref. [28]) they form a line indicating that positrons annihilate from two different
states. These have been identified as the delocalized state in the InN lattice and the In vacancy by
combining Doppler broadening and positron lifetime measurements [28], the latter performed with a
pulsed positron beam.

The concentration of Vi, can be estimated from the S parameter data with the positron trapping
model. When the cation vacancies are the only defects trapping positrons, their concentration can be
determined with the simple formula

_ Nat(S_SB)
[Vln]_m’ )

where Tz = 185 ps is the positron lifetime in the InN lattice [28], puy = 3 x 10" s™ is the positron

trapping coefficient [1, 28] and N, = 6.367 x 10” cm” is the atomic density of InN. For the S
parameter at the In vacancies we take Sy/Sg = 1.050 [28, 29]. From these values, the In vacancy
concentrations can be extracted to be in the 10'® — 10" ¢cm™ range in the different layers. The In
vacancy concentration has been shown to decrease dramatically with the layer thickness in the first
micron, and to correlate negatively with the electron mobility suggesting that the In vacancies act as
important scattering centers in InN, although their concentration is typically not sufficient for efficient
compensation of the n-type conductivity [28]. Interestingly, the formation of In vacancies seems not to
be influenced by the growth stoichiometry in MOCVD growth [30], and recent results suggest this
holds also in the case of MBE growth [31].

As in the case of GaN, irradiation experiments have been performed in InN in order to study the
introduction of In vacancies and their recovery in subsequent thermal treatments [29]. It has been
shown that light particle irradiation produces In vacancies, but with an introduction rate more than one
order of magnitude lower than that of Ga vacancies in GaN. Instead, intrinsic negative ion type defects
are produced at a similar rate as in GaN, indicating that they are the dominant compensating defects in
irradiated n-type InN. In fact, InN becomes more n-type in the irradiation experiments, and it has been
suggested that this is due to the production of N vacancies that would act as donors [32]. The results
obtained with positrons both before and after [31] the thermal treatments support the existence of a
high concentration of N vacancies in the irradiated material, even if the N vacancies have not been
observed directly.

4.2. Vacancy defects in AIN

Figure 3 presents the average positron lifetime measured as a function of temperature in bulk AIN
crystal [33] grown by physical vapor transport (PVT) [34] together with the data from a bulk HNP-
GaN sample [10]. The temperature dependence of the average lifetime t,,. measured in AIN is
qualitatively similar to that of GaN. It is constant, about 158 ps, at temperatures below 300 K, above
which it starts increasing with increasing temperature reaching about 170 ps at 600 K. The lifetime
spectra recorded at 450 — 600 K can be decomposed into two components, the longer of which (not
shown in the figure) is constant, T,= 210 £ 15 ps, as a function of temperature. By comparison to GaN,
the behavior as a function of temperature is interpreted as the competition of negative ion type defects
(shallow traps with no open volume) and vacancy defects in trapping of positrons. The longer lifetime
component has been preliminarily attributed to Al vacancies [33], and the positron lifetime of the AIN
lattice has been estimated to be about 155 ps.

The concentrations of both the Al vacancies and the negative ions can be estimated from the data
using Egs. (1) — (4) and assuming a trapping coefficient of py =3 x 10" cm’s™" for the Al vacancies at
300 K. The Al vacancy concentration of about 1 x 10'” cm™ is extracted from the data measured at 600
K, 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 figure 3. However, as the increase
of T, with temperature seems to slow down when approaching 600 K, the actual vacancy
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concentrations are not likely to be more than twice the estimated values. The concentration of the
negative ions can be estimated from the data below 300 K, where no thermal escape from the
hydrogenic states is observed, giving cq =~ 4 x 10'® cm™. It is important to note that the concentration
of the negative ions is an order of magnitude higher than that of the Al vacancies, hence making them
the dominant negative (acceptor) centers in AIN, while in GaN with a similar O content the
concentrations of Ga vacancies and negative ions are similar. Surprisingly, the comparison of the
concentrations of impurities and negative ions suggests that the latter could be related to oxygen rather
than to carbon impurities. It should be noted, though, that in contrast to the situation in GaN, O in AIN
has been predicted to exhibit negative charge states as well [33].
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Figure 3. The average positron lifetime measured as a function
of temperature in bulk GaN and AIN samples.

In addition to bulk crystal growth, both MBE and MOCVD have been used to grow AIN thin films
on different substrates. Some positron studies have been performed on both kinds of materials [35,
36]. However, as proper identification of the vacancy and lattice parameters combining Doppler
broadening and positron lifetime experiments is still lacking, the interpretations need to be considered
with reasonable care. The results are comparable to those obtained in other nitrides (and
semiconductors in general) in the sense that higher lattice mismatch between the substrate and the AIN
layer seems to lead to a higher S parameter (and hence to a higher vacancy content). In addition, the
dependence of the vacancy content on the growth stoichiometry seems to be rather weak for low V/III
ratios, but effects become visible at very high V/III ratios. Finally, as in the case of GaN and InN, a
higher growth temperature causes a higher vacancy content.

5. Discussion

As the positron research in InN and AIN is still rather scarce, it is difficult to make a full comparison
of the three nitride materials. However, many properties can be compared separately between InN and
GaN, and AIN and GaN. In the case of bulk GaN and AIN crystals, it is fascinating to observe that
similar kind of interplay of vacancies and negative ion type defects (most likely impurities) is found,
in spite of the difference between the conductivities: GaN is quite heavily n-type, while the Fermi
level in AIN is more than 1 eV below the conduction band minimum making it “almost” n-type.
However, even if in GaN the in-grown vacancies are bound to O impurities, in AIN this might not be
the case due to the possible negative charge of the O impurities at sufficiently high Fermi level
positions. It should be noted that the formation energy of a V4—Oy pair is predicted to be lower than
that of a single Al vacancy [19], but the lack of suitable direct formation sites for the pair makes it
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probable that these pairs would form in AIN in a similar manner as in GaN, i.e., by formation of
isolated vacancies and pairing during cooling down. However, if both the constituents of the complex
are negatively charged when isolated, it is likely that there is quite a high barrier to be overcome
during migration and pair formation.

Irradiation experiments have been performed in InN and GaN, but for the time being not in AIN.
These experiments have shown that GaN behaves “normally” in the particle irradiation experiments,
i.e., the introduction rates of the defects on both sublattices are on an expected level, both based on
theory and other semiconductor materials [12]. Naturally there are unresolved issues, such as why
some of the irradiation-induced Ga vacancies survive very high annealing temperatures (up to 800°C),
and what are the exact effects of hydrogen as it is the only impurity abundant enough in high-quality
undoped material to create complexes with a significant fraction of vacancies. In InN on the other
hand, the production of In vacancies in particle irradiation is much slower than that could be expected,
and in light of other peculiarities of the material (among others, the Fermi level in InN moves away
from the midgap instead of approaching it in the irradiation) it has been proposed that the In vacancies
undergo a similar acceptor-to-donor transition as the Vg, <> VastAsg, transition in GaAs [29]. In fact,
the recent annealing experiments suggest that very efficient vacancy clustering takes place already at
very low In vacancy concentrations, supporting the view that very high N vacancy concentrations are
present after the irradiation, and that some of them might actually originate from the above-mentioned
complexes.
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Figure 4. The cation vacancy concentrations in MOCVD-grown
[I-nitrides as a function of the growth stoichiometry. The
results for AIN should be considered preliminary.

The three nitride materials can be compared in terms of vacancy formation in different MOCVD
growth conditions. In all three materials, a higher growth temperature results in a higher vacancy
concentration. On the other hand, other growth parameters can have different effects. Figure 4 shows
the concentrations of Ga, In and Al vacancies in GaN, InN and AIN, respectively, as a function of the
V/III ratio during growth. The difference in the behavior of the cation vacancies in GaN, InN and AIN
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is evident: the growth stoichiometry has no effect on the vacancy content in InN, while the effects are
clear in GaN and AIN — the higher the V/III ratio the higher the IlI-vacancy concentration. A plausible
explanation for the differences can be found in the vacancy formation energies and the temperatures of
the MOCVD growth. In n-type (or “almost” n-type for AIN) material, the calculated formation energy
of the Ga and Al vacancies is about 1 eV, while it is almost 3 eV for the In vacancy [19,37]. On the
other hand, the growth temperature of AIN and GaN is around or above 1000 °C, but only around 500—
600°C in the case of InN. As the concentrations of the Ga, Al and In vacancies are similar in the
samples with low V/III ratios, the formation of the In vacancies must be dictated by other effects, such
as strain or presence of dislocations, than the thermal formation (and subsequent stabilization by e.g.
impurities) of an isolated In vacancy in an otherwise perfect lattice. On the other hand, the observed
Al and Ga vacancy concentrations are of the same order of magnitude as could be expected from the
growth temperature and the calculated formation energy, given that the vacancies (which are mobile
already at relatively low temperatures) are stabilized by impurities (such as O in GaN) or other defects
relatively close to the growth temperature. Hence it can be understood why the stoichiometric
conditions affect the final Ga vacancy concentration in GaN and possible Al concentration in AIN
more than the In vacancy concentration in InN.

The future directions in nitride research with positrons are varied. Concerning the fundamental
material properties, the basic understanding of the vacancy defects and their interactions with
impurities and other defects in all three materials needs to improved, especially in InN and AIN that
have been studied much less than GaN. To this end systematic studies of effects of both n- and p-type
doping (when possible) and of growth conditions, including polarity, need to be performed in addition
to irradiation experiments also at low temperatures that provide valuable information on isolated
intrinsic defects. A subject not touched upon in this paper is ion implantation and the defects induced
by this kind of processing, although some studies already exist [38, 39]. As this is a standard
processing technique in semiconductor technology, and is becoming an attractive way of making
devices in nitrides as well, the produced defects and their impact should be better understood.

Up to now mostly binary alloys have been studied, with just a handful of papers published on
ternary alloys such as In; Ga,N or Al (GayN [40, 41]. However, these are the materials that are of
very high technological interest as they form the active layers in opto-electronic devices. The
preliminary experiments that have been performed suggest that the vacancies in these ternary and
eventually quaternary alloys do not behave in a similar manner as in the binary constituents. Hence
these materials should and probably will be studied in the near future. Finally, closely related to the
ternary alloys, quantum structures and possibly quantum dots will be the subject of future studies. The
nitride quantum structures provide an interesting playground for both theoretical and experimental
positron physics thanks to the polarization-induced in-grown saw-tooth-like electric fields in the
wurtzite heterostructures [42—44]. Positrons are prone to be localized by the electric fields at the
interfaces of such structures, and hence they could provide information about the local atomic
configurations of the interfaces that may have a significant impact on device operation.

6. Summary

A short review and comparison of the results obtained with positron annihilation spectroscopy in
studies of vacancy defects in AIN, GaN and InN are presented. The efficient use of positron lifetime
and Doppler broadening techniques complemented by theoretical calculations has given the possibility
to deduce both the identities and the concentrations of the vacancies in these materials. Measurements
as a function of temperature have given information on the charge states of the detected defects. The
III-sublattice vacancies are common defects in all the III-nitrides, and they compensate donors either
by forming vacancy-impurity complexes or by providing deep states for electrons. In some cases also
N vacancies have been observed. The formation of these defects under different growth conditions has
been studied in the three materials. Also the effects of particle irradiation have been explored.
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