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Observation of Native Ga Vacancies in GaN by Positron Annihilation
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Positron annihilation experiments were performed to identify native point defects in n-type GaN bulk
crystals as well as in epitaxial layers. The results show that Ga vacancies are present at concentrations
10

17
10

18 cm23 in both GaN bulk crystals and layers. The Ga vacancies are negatively charged, and
their concentration correlates with the intensity of the yellow luminescence. We conclude that the Ga
vacancies contribute to the electrical compensation of n-type GaN and that their acceptor levels are
involved in the yellow luminescence transition. [S0031-9007(97)04289-0]

PACS numbers: 71.55.Eq, 61.72.Ji, 78.55.Cr, 78.70.Bj

Gallium nitride exhibits electronic, optical, and thermal
properties, which make it a promising material for opto-
electronic and high-power devices. Especially, its large
direct band gap (3.4 eV) and strong interatomic bonds en-
able the construction of very efficient blue light-emitting
diodes and promise the development of long-lifetime blue
lasers. However, the role of various defects in the prop-
erties of this material still awaits a detailed description.
For example, the origin of the n-type conductivity of un-
doped GaN has been associated to N vacancies [1,2], but
recently it has also been attributed to residual impurities
such as O and Si [3–6]. The parasitic optical transition
leading to the yellow luminescence is observed in both
GaN bulk crystals and layers, but even the positions of
the electronic levels participating in this optical process
are under discussion [2,4,5,7].

In this Letter, we use positron annihilation spectroscopy
to obtain structural information on native point defects in
GaN bulk crystals as well as in epitaxial layers. Positrons
get trapped at neutral and negative vacancies because of
the missing positive charge of the ion cores. The re-
duced valence and core electron density at a vacancy
increases the positron lifetime and narrows the positron-
electron-momentum distribution. Very few positron re-
sults have been published in GaN [8]. In this Letter, we
show that negative Ga vacancies exist at concentrations
10

17
10

18 cm23 in both n-type GaN bulk crystals and
layers. The Ga vacancies compensate n-type conductivity
and participate in the yellow luminescence transition.

The bulk crystals were grown at a nitrogen pressure
of about 1.5 GPa and a temperature of 1500 ±C [9].
Their free electron concentration is about 5 3 10

19 cm23

at 300 K. The epitaxial layers were grown on a sap-
phire substrate in atmospheric-pressure MOCVD (metal-
organic-chemical-vapor deposition) equipment with the
gas system and the quartz reactor especially designed

for the growth of nitride compounds. Ammonia and
trimethylgallium were used as source gases, and hydro-
gen was used as a carrier gas. After thermal annealing at
1000 ±C in H2 and nitridization of the surface in NH3, a
low temperature GaN buffer layer was deposited. Then,
a GaN layer with a thickness of 2 mm was grown at a
temperature in the range of 1000–1050 ±C.

The GaN layers were characterized by the Hall ef-
fect and photoluminescence measurements at 300 K. The
carrier concentration varied from 3.7 3 10

17 to 2.0 3

10
18 cm23 in the four studied layers. The intensity of the

yellow luminescence was determined by exciting with the
325 nm line of a He-Cd laser. In order to probe approxi-
mately the same region below the surface of the epilayer
as in the positron experiments, the luminescence was ex-
cited from the substrate side of the sample. The emit-
ted radiation was analyzed by a 0.5-m monochromator
equipped with a photomultiplier. In order to compare
the yellow luminescence of different samples, its inten-
sity was averaged over the surface of a particular sample,
and the same optical alignment was used to collect the
light emitted by each sample.

The GaN bulk crystal was studied by sandwiching
two identical sample pieces with a 30 mCi 22Na positron
source. Both the positron lifetime and the Doppler broad-
ened shape of the 511 keV annihilation radiation were
recorded using conventional instrumentation [10]. The
GaN layers were investigated with Doppler broadening
experiments using a variable energy positron beam, the
energy of which was chosen so that all positron annihilate
in the GaN epilayer. The shape of the 511 keV line was
described using the conventional low and high electron-
momentum parameters S and W [10]. When positrons
annihilate at vacancies, the S parameter increases and
the W parameter decreases, since a larger fraction of an-
nihilations takes place with the low-momentum valence
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electrons. The details of the core electron-momentum dis-
tribution was studied by the coincidence measurement of
Doppler broadening, where the experimental background
is reduced by detecting simultaneously the two annihila-
tion photons [11].

The average positron lifetime in the GaN bulk crystal
is constant tav ­ 167 ps at temperatures T ­ 10 150 K
but increases up to tav ­ 191 ps at 500 K (Fig. 1).
The lifetime spectra recorded at 200–500 K can be
decomposed into two components. The longer lifetime
component is constant t2 ­ 235 6 5 ps (Fig. 1) as a
function of temperature. By also fixing this lifetime,
the spectra measured at 10–200 K could be decomposed.
The lifetime component t1 is a constant t1 ­ 164 6 1 ps
at 10–150 K and then decreases to about t1 ­ 140 ps
at 500 K.

The two-componential lifetime spectrum implies that
positrons in GaN bulk crystal 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 ­ t2 ­ 235 6 5 ps. The
decrease of the average lifetime at low temperatures
indicates that the fraction hV of positron annihilations at
vacancies decreases. When hV ! 0, the component t1

approaches the lifetime value tB of delocalized positrons
in the lattice. At 10 K, we have t1 ­ 164 6 1 ps and
tav ­ 167 ps. The positron lifetime in the GaN lattice is
between these values, i.e., tB ­ 166 6 1 ps.

The low-momentum annihilation parameter S in the
GaN sn ­ 2.0 3 10

18 cm23d layer increases only slightly

FIG. 1. The average positron lifetime tav and the lifetime
component t2 vs measurement temperature GaN bulk crystal.
The lifetime component t2 could be decomposed only at
T . 200 K. The solid lines are drawn to guide the eye.

as a function of temperature (Fig. 2). This increase
is similar to that observed generally in defect-free Si,
GaAs, and InP, and it can be attributed to the thermal
expansion of the lattice. The S parameter in all other
GaN layers is clearly larger (Fig. 2), indicating that
vacancies are present. The temperature dependence of
the S parameter in GaN sn ­ 3.7 3 10

17 cm23d and GaN
sn ­ 1.2 3 10

18 cm23d samples is similar to that of the
average positron lifetime in the GaN bulk crystal (Fig. 1):
S decreases at low temperatures because less positrons
annihilate at vacancies (Fig. 2).

The number of different vacancy-type positron traps
in the material can be studied by investigating the
linearity between the annihilation parameters tav , S, and
W [10,12]. If only a single type of vacancy is present,
these parameters depend linearly on each other, when the
fraction hV of positron annihilations at vacancies varies:
A ­ s1 2 hV dAB 1 hV AV , where A is tav , S, or W. The
data in all GaN samples at various temperatures form a
straight line in the (S, W) plane (Fig. 3). The same type
of vacancy is thus present in the bulk crystal as well as
in all GaN layers. In the GaN bulk crystal the (S, tav )
and (W, tav ) plots can be used to determine the S and
W parameters corresponding to the lifetimes tB ­ 166 ps
in the lattice and tV ­ 235 ps at the vacancy. The
relative changes of S and W due to positron trapping at
the vacancy with tV ­ 235 ps are SV ySB ­ 1.038s2d and
WV yWB ­ 0.86s2d.

The high-momentum part of the Doppler broadening
spectrum was recorded in GaN sn ­ 3.7 3 10

17 cm23d

FIG. 2. The low electron-momentum parameter S vs measure-
ment temperature in various GaN samples. The carrier concen-
trations of the GaN layers at 300 K are indicated in the figure.
The solid lines are fits to the temperature dependent positron
trapping model (Ref. [14]).
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FIG. 3. The electron-momentum parameters S and W in
the GaN samples at various temperatures. The straight line
indicates that the same defect (Ga vacancy) is found in all
samples.

and GaN sn ­ 2.0 3 10
18 cm23d layers using the coin-

cidence technique [11]. As explained above, no signs
of vacancy defects were observed in the GaN sn ­

2.0 3 10
18 cm23d layer at 300 K, and the experiment thus

yields the core electron-momentum distribution encoun-
tered by the free positrons in the GaN lattice (Fig. 4).
Using the ratio SV ySb ­ 1.038 determined above, we can
estimate that in the GaN sn ­ 3.7 3 10

17 cm23d layer
the fraction of positrons annihilating at the vacancies is
hV ­ sS 2 SBdysSV 2 SBd ­ 79% at 450 K. With this
information, the data recorded in this layer at 450 K can

FIG. 4. The core electron momentum distribution at the GaN
lattice and at the Ga vacancy, obtained after decomposition of
the original Doppler broadening data.

be decomposed, and the core electron-momentum distri-
bution at the vacancy defect in GaN can be extracted
(Fig. 4). The intensity of the core electron-momentum
distribution is clearly smaller in the vacancy than in the
GaN lattice. However, the momentum distributions at va-
cancies and in the bulk have clearly similar shapes over a
wide-momentum range.

The positron lifetime tV ­ 235 ps and the relative S

parameter SV ySB ­ 1.038 are typical values for mono-
vacancies in materials which have the same atomic
density as GaN. The recent theoretical calculations pre-
dict the lifetimes tB ­ 156 ps for the GaN lattice and
tV ­ 213 ps and tV ­ 169 ps for unrelaxed Ga and N
vacancies, respectively [13]. We can conclude that the
observed vacancies have the open volume of the monova-
cancy, but only the Ga vacancy is compatible with the ex-
perimental annihilation characteristics. The open volume
of the N vacancy is much too small to account for the
long lifetime of 235 ps, and the Ga atoms surrounding VN

yield a much stronger core annihilation component than
that observed for the vacancy in the data of Fig. 4 [13].
Both the long lifetime and the low intensity of the core
annihilation, however, can be expected for VGa, since the
neighboring N atoms are small and the d electrons form-
ing the outermost core shell of Ga are missing. We thus
conclude that Ga vacancies are observed in the positron
experiments in both GaN bulk crystals and layers.

The temperature dependence of the average positron
lifetime (Fig. 1) and S parameter (Fig. 2) is typically ob-
served when negative ions compete with vacancies as
positron traps [14]. The negative ions possess no open
volume, but they are able to bind positrons at shallow
s,0.1 eVd Rydberg states in their attractive Coulomb
field. The average lifetime and S parameter increase
above 150 K, when positrons start to escape from the ions
and a larger fraction of them annihilates at vacancies. At
T , 150 K the positron trapping coefficient at negative
ions depends on a temperature roughly as T

2n sn ø 0.5d,
implying that their contribution to the measured tav and
S should magnify [15]. However, both tav and S re-
main constant or even decrease over this temperature
range (Figs. 1 and 2). The T dependence of the positron
trapping at vacancies must thus cancel that at the nega-
tive ions, i.e., trapping coefficient at vacancies mV varies
also as mV ~ T

2n. Since positron trapping at neutral va-
cancies is independent on temperature [15], we conclude
that the observed Ga vacancies are negatively charged in
n-type GaN.

The temperature dependence of the S parameter can
be modeled with kinetic trapping equations including
positron detrapping from the negative ions [14]. As
shown by the solid lines in Fig. 2, the fits are in excellent
agreement with the data assuming that the trapping
rates at both negative ions and vacancies depend on
temperature as T

2n sn ø 0.5d. This analysis confirms
that the observed Ga vacancies are negatively charged.
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FIG. 5. The intensity of the yellow luminescence vs the Ga
vacancy concentration in GaN epitaxial layers. The inset shows
the luminescence spectrum in the four studied layers, indexed
according to the increasing Ga vacancy concentration.

The concentration of the Ga vacancies can be es-
timated using the simple formula fVGag ­ sS 2 SBdy
sssmV tBsSV 2 Sdddd at the high temperature plateau of
Fig. 2, where the influence of negative ions can be
neglected [10,14]. Taking mV ø 10

15 s21yNat [14,15]
(Nat is the atomic density), we obtain the concentra-
tions 10

17
10

18 cm23 in the GaN epilayers and roughly
10

18 cm23 in the GaN bulk crystal.
Recent theoretical calculations suggest that the Ga va-

cancy is created most abundantly of all simple intrinsic
point defects in n-type GaN [4,5]. The experimentally ob-
served Ga vacancies may thus exist at high concentrations
in n-type GaN simply due to their low formation energy.
In good agreement with theoretical results, the Ga vacan-
cies found here are negatively charged in n-type GaN and
thus act as deep, compensating acceptors.

The parasitic yellow luminescence band at about 2.2–
2.3 eV is commonly observed in n-type GaN. There
is an increasing amount of evidence that this transition
takes place between a shallow donor and a deep ac-
ceptor [2,4,5], and the Ga vacancy has been suggested
as the defect responsible for the acceptor level [4,5,16].
Figure 5 shows the intensity of the yellow luminescence
in MOCVD layers as a function of the VGa concentra-
tion obtained from positron experiments. The yellow lu-
minescence correlates perfectly with the concentration of
the negative Ga vacancies. We thus conclude that native
Ga vacancies participate in the luminescence transition by
acting as the deep acceptors.

In summary, we observe Ga vacancies at concentrations
10

17
10

18 cm23 in n-type GaN bulk crystals and epitaxial
layers by positron annihilation. The Ga vacancy is nega-
tively charged and plays an important role in the electrical

compensation of n-type material. The concentration of Ga
vacancies correlates with the intensity of the yellow lumi-
nescence. We conclude that the Ga vacancies form the
deep acceptor levels associated with the yellow lumines-
cence transition.
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