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Abstract

Gallium vacancies and negative ions are observed in GaN bulk crystals by applying positron lifetime spectroscopy.
The concentration of Ga vacancies decreases with increasing Mg doping, as expected from the behavior of the
V. formation energy as a function of the Fermi level. The concentration of negative ions correlates with that of Mg
impurities determined by secondary ion mass spectrometry. We thus attribute the negative ions to Mgg,. The negative
charge of Mg suggests that Mg doping converts n-type GaN to semi-insulating mainly due to the electrical compensation
of Oy donors by Mgg, acceptors. © 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

Bulk GaN crystals are ideal substrates for the epitaxy
of GaN overlayers for optoelectronic components at the
blue wavelength. Such material can be synthesized of
liquid Ga in high N overpressure at elevated temper-
atures [ 1]. Nominally undoped GaN crystals show usu-
ally high n-type conductivity with the concentration of
electrons exceeding 10'° cm 3. This is most likely due to
the residual oxygen atoms acting as shallow donors [2,3].
When GaN is doped with Mg the electron concentration
decreases and for sufficiently high amount of Mg dopants
the samples become semi-insulating. It is interesting to
study how the movement of the Fermi level toward the
midgap changes the formation of charged native defects
such as the Ga vacancy. Another basic question concerns
the mechanism of the electrical deactivation. One can
consider either (i) the gettering role of Mg leading to the
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formation of MgO molecules [4] or (ii) electrical com-
pensation of O donors by Mgg, acceptors.

Positrons in solids get trapped at neutral and negative
vacancy defects, which can be experimentally detected by
measuring the positron lifetime [5]. At low temperatures
positrons are also captured at the hydrogenic states
around negative ions. The positron experiments thus
yield detailed information on the concentration and
structure of intrinsic and extrinsic acceptors. Our pre-
vious results have indicated that negative Ga vacancies
are formed during the growth of undoped n-type GaN
crystals and epitaxial layers [6,7]. There is also evidence
that the creation of Vg, is less likely in semi-insulating or
p-type GaN overlayers on sapphire [7,8].

In this paper we review our recent works [6,9] and show
that Ga vacancy acts as a native defect in GaN crystals.
We pay special attention to the identification of Vg, by
correlating the results of positron experiments with those
of theoretical calculations. Our data indicate that the
formation of Ga vacancies is suppressed by Mg doping.
We show further that most of Mg is in a negative charge
state, suggesting that the loss of n-type conductivity is
due to compensation of Oy donors by Mgg, acceptors.
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2. Experimental details and data analysis

The bulk GaN crystals were grown at the nitrogen
pressure of 1.5 GPa and temperature of 1500°C [1]. We
studied three samples, where the Mg doping level was
intentionally varied during the crystal growth (Table 1).
The Mg and O concentrations of the samples were deter-
mined experimentally by secondary ion-mass spectro-
metry (SIMS). The absolute concentrations were calib-
rated by implanting known amounts of O and Mg to
undoped epitaxial GaN layers, where the residual Mg
and O concentrations were well below 108 cm 3.

The positron lifetime experiments were performed us-
ing conventional instrumentation by sandwiching two
identical sample pieces with a 30 pCi 2*Na positron
source [5]. The lifetime spectrum is a sum of exponential
decay components — dn(t)/dt = > (I;/;) exp(— t/7:),
where n(t) is the probability of positron to be alive at time
t. The positron in the state i (e.g. delocalized state in the
lattice or localized state at a vacancy) annihilates with the
lifetime 7; and the intensity I;. The increase of the average
lifetime 7,, = ZI ;7; above 1y obtained in the defect-free
lattice is a clear sign of vacancy defects in the sample.

The Doppler broadening of the 511 keV annihilation
radiation was recorded using a Ge detector with an
energy resolution of 1.4 keV. These measurements yield
the one-dimensional momentum distribution of electrons
as seen by the positron. In order to observe annihilations
with core electrons, the experimental background was
reduced by detecting simultaneously the two annihilation
photons [10]. For this purpose, a Nal detector was
placed collinearly with the Ge detector and a coincidence
between the two detectors was electronically required.

In order to help the interpretation of the experimental
results we calculated the positron lifetime and core elec-
tron momentum density theoretically [10,11]. The elec-
tron densities were constructed using the atomic super-
position method. The positron states were solved in
a supercell of 256 atomic sites in a periodic superlattice
using the generalized gradient approximation for elec-
tron-positron correlation. The core electron momentum
distribution seen by the positron was calculated using
atomic wave functions for core electrons and the state-
dependent enhancement scheme [11].

Table 1

3. Impurity concentrations

The secondary ion-mass spectrometry indicates that
the oxygen concentration is about 4 x 10!° cm ™3 in un-
doped GaN (Table 1). The concentration of conduction
electrons (n = 5 x 101° cm 3 at 300 K) in this sample is
thus almost the same as oxygen concentration. This is in
good agreement with the previous evidence [2,3] that the
n-type conductivity of GaN is due to unintentional oxy-
gen doping. In the lightly Mg doped GaN the concentra-
tion of oxygen is 12 x 10'® cm ™3, which is slightly larger
than the Mg concentration of 6 x 10*° cm 2. The electri-
cal experiments indicate that the sample has n-type con-
ductivity, but the carrier concentration is less than in the
undoped sample. The heavily Mg-doped sample has the
O concentration of 9 x 10'? cm ™3 and the Mg concentra-
tion of 1 x 102° cm ~3. According to the electrical experi-
ments the sample is semi-insulating. This is reasonable
since the impurity concentrations determined by SIMS
show that [Mg] ~ [O].

4. Positron lifetime results

Examples of positron lifetime spectra are shown in
Fig. 1 and the temperature dependencies of the average
lifetime 7,, and the second lifetime component 7, are
presented in Fig. 2. In the lifetime experiment of Fig. 1,
positrons enter the sample and thermalize at the time
t = 0. The vertical axis gives the number of annihilations
at a time interval of 25 ps. In the heavily Mg-doped
sample the positron lifetime spectrum has a single com-
ponent of 165 + 1 ps at 300 K. The lifetime is almost
constant as a function of temperature (Fig. 2).

Both these observations indicate that the heavily Mg-
doped GaN is free of vacancy defects trapping positrons.
In perfect GaN lattice the positron state is very de-
localized and the positron density has its maximum in
the interstitial region (Fig. 3). The calculated lifetime in
defect-free GaN lattice is 154 ps, which is in reasonable
agreement with the experimental result 7z = 165 ps. The
lifetime 73 = 165 ps is also very close to our earlier esti-
mate (166 ps) based on the lifetime decomposition at low
temperature [6]. In heavily Mg-doped GaN all positrons

The concentrations of impurities and defects in the studied GaN bulk crystals. The magnesium and oxygen concentrations were
determined by secondary ion mass spectrometry. The concentrations of Ga vacancies and negative ions are obtained from the positron

annihilation data [9]

Sample Oxygen concentration Magnesium concentration Ga vacancy concentration Negative ion concentration
(cm™3) (em™3) (cm™3) (em™3)

Undoped 4 x10"° 1x10'8 2 x 107 3x10'8

Lightly Mg doped 12 x 10*? 6x 107 7% 1016 6x 107

Heavily Mg doped 9x 10" 10 x 10*° < 10
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Fig. 1. Examples of positron lifetime spectra in undoped and
highly Mg-doped GaN bulk crystals. The data are normalized
to the typical experimental integral of 2 x 10° counts. The solid
lines are fits to the sum of exponential decay components con-
voluted with the resolution function of the spectrometer. The
data in the highly Mg-doped sample (recorded at 300 K) has
only a single component of 165 + 1 ps. The spectrum in the
undoped crystal (recorded at 490 K) can be decomposed into
two components of t; =150 + 10 ps, 7, =235+ 5ps, and
I, =48 + 6% [9].
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Fig. 2. The average positron lifetime and the second lifetime
component 7, versus measurement temperature in GaN bulk
crystals. The solid lines correspond to the analyses with the
temperature-dependent positron trapping model, where concen-
trations of Ga vacancies and negative ions (Table 1) are deter-
mined as fitting parameters.

thus annihilate in the delocalized state in the GaN lattice
with the bulk lifetime 7z = 165 ps. The slight increase of
the bulk lifetime as a function of temperature (Fig. 2) can
be attributed to the lattice expansion.

alk

Fig. 3. The delocalized positron density in perfect GaN lattice
according to theoretical calculations. The c-axis of the wurtzite
structure is vertical in the figure. The positions of the Ga and
N atoms are marked with open circles and diamonds, respective-
ly. The contour spacing is ¢+ of the maximum value.

The positron lifetime spectrum recorded in undoped
GaN is clearly different from that in highly Mg-doped
sample (Fig. 1). The annihilation probability at ¢ > 0.5 ns
is much larger in the undoped GaN, indicating that the
average positron lifetime t,, is longer than 7z = 165 ps.
In fact, 7,, = 167 psat T = 10-150 K, and it increases up
to 1,, = 190 ps at 500 K (Fig. 2). In lightly Mg-doped
GaN the positron lifetime is equal to g = 165 ps at low
temperatures of 10-200 K (Fig. 2). At 200-500 K, how-
ever, 1,, 1s clearly larger than 7z and reaches a value of
180 ps at 500 K. Since t,, > 73 in both undoped and
lightly Mg-doped samples, we can conclude that these
GaN crystals contain vacancy defects.

The lifetime spectra recorded at 300-500 K in the
undoped and lightly Mg-doped GaN can be decomposed
into two exponential components (Figs. 1 and 2). The
positrons trapped at vacancies annihilate with the longer
lifetime vy = 7, = 235 + 5 ps. Within experimental ac-
curacy this lifetime is the same in the n-type undoped
crystal and in the lightly Mg-doped sample (Fig. 2),
indicating that the same vacancy is present.

5. Doppler broadening results

The high-momentum part of the Doppler broadening
spectrum was recorded in n-type GaN overlayers, which
contain the same vacancy defect as the bulk crystals [6].
This experiment yields the superimposed electron mo-
mentum  distribution  p(p) = (1 — nv)ps(p) + nvov(p),
where pg(p) and py(p) are the momentum distributions in
the lattice and at the vacancy, respectively. ny is the
fraction of positrons annihilating at the vacancy, which
can be determined using the positron trapping model and
the combination of positron lifetime and Doppler experi-
ments [6]. Since the momentum distribution in the lattice
pe(p) can be measured in the defect-free reference sample
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Fig. 4. The lower panel presents experimental core electron
momentum densities at the perfect GaN lattice and at the Ga
vacancy. The upper panel shows the result of the theoretical
calculation at perfect GaN and at N and Ga vacancies. The
momentum distibutions are normalized to unity.

such as heavily Mg-doped GaN crystal, the distributions
pv(p) at vacancies can be decomposed from the measured
spectrum p(p).

Fig. 4 shows the core electron momentum distribu-
tions pg(p) and pv(p) in the perfect GaN lattice and at the
vacancy defect, respectively. The intensity of the core
electron momentum distribution is clearly smaller in the
vacancy than in the GaN lattice. However, the mo-
mentum distributions at vacancies and in the bulk have
clearly similar shapes over a wide momentum range.

6. Identification of the vacancy defect

Positron trapping and annihilation with the lifetime
Ty =235 ps is observed at native vacancies in n-type
GaN crystals. This value is typical for a monovacancy in
materials which have the same atomic density as GaN,
such as Al. The calculated positron densities at Ga and
N vacancies are shown in Figs. 5 and 6. Both vacancies
are able to localize the positron. However, the localiza-
tion is clearly stronger in the case of Ga vacancy, because
the open volume of Vg, is much larger than that of Vy.
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Fig. 5. The localized positron density in an ideal Ga vacancy in
GaN according to theoretical calculations. The c-axis of the
wurtzite structure is vertical in the figure. The positions of the
Ga and N atoms are marked with open circles and diamonds,
respectively. The contour spacing is ¢ of the maximum value.
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Fig. 6. The localized positron density in an ideal N vacancy in
GaN according to theoretical calculations. The c-axis of the
wurtzite structure is vertical in the figure. The positions of the
Ga and N atoms are marked with open circles and diamonds,
respectively. The contour spacing is ¢ of the maximum value.

This fact is reflected in the calculated positron lifetimes,
which are 7y =209 and 160 ps for unrelaxed Ga and
N vacancies, respectively. The experimental value of
235 ps can thus be associated with the Ga vacancy but
not with the N vacancy.

The same identification can be deduced on the basis of
the Doppler broadening experiments. The calculations
show that the annihilations with Ga 3d electrons give the
clearly dominant contribution to the measured core elec-
tron momentum distribution at GaN lattice as well as at
Ga and N vacancies. The shape of the momentum distri-
butions is thus similar in all these three systems. The
calculated momentum distribution at the Ga vacancy
clearly has a lower intensity than that in the GaN lattice
(Fig. 4), because the contribution of Ga 3d is reduced
due to the surrounding N atoms. At the N vacancy
the neighboring Ga atoms yield a core annihilation
component, which is as strong as in the bulk lattice
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(Fig. 4). The experimental curve is compatible with the
Ga vacancy, but not with the N vacancy.

The combination of positron lifetime and Doppler
broadening experiments thus unambiguously shows that
the native vacancies in GaN crystals belong to the Ga
sublattice and have an open volume of a monovacancy.
According to theoretical calculations [12,13], the
Ga vacancy is negatively charged in n-type and semi-
insulating GaN and thus acts as an efficient positron
trap. On the other hand, the N vacancy is expected to be
positive and repulsive to positrons [12,13]. The cal-
culated difference 1y — 13 becomes equal to the experi-
mental value ty —tp =70 ps when the neighboring
N atoms are relaxed 5% outwards from the Ga vacancy.
In fact, an outwards relaxation is expected for the Ga
vacancy on the basis of theoretical calculations [12,13].
Unfortunately, the present positron experiments do not
tell whether Vs, is an isolated defect or part of a larger
complex.

7. Positron trapping at negative ions

The decrease of the average lifetime at low temper-
atures (Fig. 2) indicates that the fraction 5y =
(tay — t8)/(tv — TB) Of positrons annihilating at vacancies
decreases. Since the positron trapping at negative Ga
vacancies should be enhanced at low temperatures [14],
the decrease of 1y is due to other defects which compete
with Ga vacancies as positron traps. Negative ions
are able to bind positrons at shallow (<O0.1eV)
hydrogenic states in their attractive Coulomb field [5].
Since they possess no open volume, the lifetime of
positrons trapped at them is the same as in the defect-free
lattice, t;,, =7 = 164 + 1 ps. The average lifetime
increases above 150 K when positrons start to escape
from the ions and a larger fraction of them annihilates at
vacancies.

The temperature dependence of the average lifetime
can be modeled with kinetic trapping equations [5].
Positron trapping coefficients at negative Ga vacancies
uy and negative ions p;,, vary as T~ /2, a function of
temperature [5,14]. The positron detrapping rate
from the ions can be expressed as o(T)oc
Yion T 3% exp( — E;on/kg T), where E,,, is the positron
binding energy at the Rydberg state of the ions. The
fraction of annihilations 5y at Ga vacancies depends on
the concentrations ¢y and c¢;,, of Ga vacancies and nega-
tive ions, respectively, as well as on the detrapping rate
o(T). We take the conventional value py =2x 10'3s7!
for the positron trapping coefficient at 300 K [5]. The
average lifetime t,, = (1 — nv)tg + vty can be fitted to
the experimental data of Fig. 2 with ¢y, Cion, Mion and
E;,, as adjustable parameters. As indicated by the
solid lines in Fig. 2, the fits reproduce well the experi-
mental data with the positron binding energy of

Ei;n = 60 £ 10 meV and trapping coefficient
Wion = (7 £ 4)x 10'%(T/K)~°3. These values are close to
those obtained previously in GaAs [5].

8. Defect concentrations and electrical deactivation

The analysis explained above yields estimates for the
concentrations of Vg, and negative ions (Table 1). The
Ga vacancy concentration is ¢y = 2 x 107 cm ™2 in the
undoped GaN and cy = 7x10°cm ™2 in the lightly
Mg-doped crystal. In the heavily Mg-doped GaN no Ga
vacancies are observed indicating that their concentra-
tion is below the detection limit of 10'® cm 3. The con-
centration of Vg, thus decreases with increasing Mg
doping and the Ga vacancies disappear completely when
the material gets semi-insulating, i.e. [O] ~ [Mg]. The
same observation has been done also in Mg-doped GaN
layers on sapphire [8,15]. This behavior is in good agree-
ment with the results of theoretical calculations, which
predict a low energy formation for the Ga vacancy and
V6a—On complex only in n-type material [12,13]. The
creation of Ga vacancies in the growth of GaN crystals
seems to follow thus the trends expected for acceptor
defects in thermal equilibrium.

The concentration of negative ions is 3 x 108 cm ™3 in
undoped GaN and about 6 x 10'° cm ™3 in lightly Mg-
doped crystal. The ion concentration cannot be deter-
mined in heavily Mg-doped sample because no competi-
tive positron trapping at Ga vacancies is observed
and the positron annihilations at the ions cannot be
distinguished from those in the GaN lattice. Due to
the uncertainties in the values of positron trapping coeffi-
cients uy and ., the experimental errors of the absolute
concentrations of negative ions are large, of the order
of 50%. In the lightly Mg doped sample c;,, represents
the lower limit concentration only, because at temper-
atures of T' < 200 K the average lifetime saturates at the
value g corresponding to annihilations in the GaN
lattice.

In spite of the experimental inaccuracies the data indi-
cates clearly that the concentration of negative ions in-
creases by at least an order of magnitude with the Mg
doping. Furthermore, the estimated concentrations of
negative ions are close to those of Mg impurities as
determined by the SIMS measurements (Table 1). Hence,
it is natural to attribute the negative ions to Mgg,. The
positron results thus show that a substantial part of the
Mg impurities is in the negative charge state in Mg-
doped GaN bulk crystals. This suggests that the conver-
sion of n-type GaN to semi-insulating with Mg doping is
mainly due to an electrical compensation of oxygen do-
nors with negatively charged Mg acceptors. The elec-
trons originating from O donors are transferred to Mg
acceptors charging them negatively. Since positron trap-
ping at Mgg, requires long-range Coulomb attraction,

3
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we can infer that Mgg, ions are not spatially correlated
with positive Oy donors. However, we cannot exclude
the formation of MgO molecules [4], which may also
contribute to some extent to the electrical deactivation of
Mg-doped GaN crystals.

9. Conclusions

The positron experiments show the presence of Ga
vacancies and negative ions in GaN crystals. The concen-
tration of Ga vacancies decreases with increasing Mg
doping, in good agreement with the trends expected for
the Vg, formation energy as a function of the Fermi level.
The concentration of negative ions increases with Mg
doping and correlates with the Mg concentration deter-
mined by SIMS. We thus associate the negative ions with
Mgg.. The negative charge of Mg suggests that the loss
of n-type conductivity in the Mg doping of GaN crystals
is mainly due to compensation of Of donors by Mgg,
acceptors.
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