Direct experimental evidence of impurity decoration of Ga vacancies in GaN
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Positron annihilation spectroscopy, supported by ab-initio theory, has been applied to verify the
decoration of Ga vacancies in GaN by oxygen and hydrogen. Our results indicate that the Doppler
broadening measurement of electron momentum distribution is sensitive enough to distinguish even
between N and O atoms neighboring the Ga vacancy. We identify isolated VGa in electron irradiated
GaN and VGa -ON complexes in highly O-doped high-purity GaN. Evidence of H decoration of Ga
vacancies is obtained in epitaxial GaN grown by metal-organic chemical-vapor deposition.

Gallium nitride (GaN) is an important wide band-gap
semiconductor for optoelectronic and electronic applications. It can be grown by several methods, each of which
have partially different impurity and defect characteristics. The interaction of impurities and defects have been
often suggested by correlative studies [1, 2], and also directly observed e.g. in the case of dislocations [3], pyramidal defects [4] or N vacancies [5].
The oxygen and silicon impurities dope GaN to ntype semiconductor. The conductivity of n-type GaN is
partly compensated by Ga vacancies, which are formed as
dominating negative defects independently of the growth
method. VGa forms an energy level in the forbidden energy gap, which can lead to undesired optical properties
of GaN such as the yellow luminescence [6]. The irradiation with > 1 MeV electrons produces Ga vacancies
artificially by removing Ga atoms from the lattice site to
the interstitial site [7]. The annealing experiment at 500600K shows that Ga vacancy formed with electron irradiation starts to migrate, whereas VGa formed in growth
is much more stable in annealings up to 1300-1500 K [8].
This suggest that the Ga vacancy formed in growth is
complexed with an impurity atom with a high binding
energy.
The improved quality of GaN enables now to perform
more exact and quantitative studies of defects. Especially the GaN grown by hydride vapor phase epitaxy
(HVPE) has low (1016 cm−3 ) residual impurity concentration and dislocation density (< 108 cm−2 ). In such
material the relation between intentional doping and defects can be systematically studied. Furthermore, intrinsic defects can be produced by electron irradiation at
concentrations much higher than that of the residual impurities.
In this work we study the vacancy defects in GaN
formed in growth as well as in electron irradiation with
positron annihilation spectroscopy [9]. Positrons are sensitive for neutrally and negatively charged defects, es-

pecially vacancies, at which they get trapped. In a
vacancy the electron density is decreased which makes
the positron lifetime longer and narrows the positronelectron momentum distribution. The defect identification can be reached by recording the Doppler broadening of the energy spectrum of the annihilation radiation.
This experiment gives information about the chemical
environment of an annihilation site. We show that the
isolated Ga vacancy formed by electron irradiation is indeed distinguishable from VGa -ON and VGa -H complexes
formed during growth. The result thus provides direct
experimental evidence of impurity decoration of native
Ga vacancies in GaN.
The positron lifetime spectra were measured with a
spectrometer having a time resolution of 240 ps. The
lifetime spectrum is a superposition
of exponential deP
cay components n(t) = i Ii exp[−t/τi ]. The positron in
the state i will annihilate with the lifetimeP
of τi and the
intensity of Ii . The average lifetime τave = i Ii τi will increase with increasing positron trapping into vacancies.
The Doppler broadening of the annihilation radiation was
measured with a Ge-NaI coincidence equipment having
an energy resolution of 1.35 keV.
We modeled positron annihilation parameters using
electronic-structure calculations. Valence electron densities were calculated self-consistently using the localdensity approximation (LDA) employing the projector
augmented-wave (PAW) method [10] and a plane-wave
3−
code VASP [11, 12]. The ionic structures found for VGa
and (VGa − ON )2− are in a good agreement with Ref.
13. The ensuing positron states and annihilation characteristics were calculated using the LDA [14] and the
state-dependent scheme for electron-positron correlation
[15]. Momentum distributions were calculated using the
all-electron valence wave functions of the PAW method
and convoluted with the resolution of the Doppler experiment [16]. The Doppler spectra were calculated in the
direction of the c-axis of the wurtzite GaN. For asym-
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FIG. 1: The average positron lifetime as a function of measuring temperature. The first number in the parentheses stands
for O concentration and the second one indicates the free carrier concentration.

metric defects we considered different configurations and
used a properly weighted average to account for their
random orientation. For H-containing systems we used
the configurations given in Ref. 17 and placed H atoms
in the vacancy ignoring further ion relaxations.
The measured free-standing n-type GaN samples with
different level of intentional oxygen doping were grown
by the hydride vapor phase epitaxy (HVPE). The free
electron and oxygen concentrations were measured with
Hall experiments and secondary ion mass spectroscopy
(SIMS), respectively, and they can be found in the legends in Fig. 1. The thicknesses of samples varied between 350-810µm. To create a reference sample with
isolated Ga vacancies, we irradiated an undoped GaN
sample with 2 MeV electrons at 300 K to a dose of
5×1017e− cm−2 .
Fig. 1 shows the positron average lifetime as a function of measuring temperature. The positron lifetime in
undoped GaN is 160-163 ps. This is the same as the lifetime in the GaN lattice [5, 6, 18] indicating low native
vacancy concentrations. As can be seen in Fig. 1 the
measured average lifetimes in O-doped HVPE GaN are
clearly higher than the lattice lifetime τb for all the samples over the whole temperature range. In decomposition
two different lifetimes are found, where the longer one is
τ2 = 235 ± 5 ps. This is the same as measured before
for the gallium vacancy [1, 6]. The other lifetime component is τ1 ≈ 130 ps. This is shorter than the lattice
lifetime reflecting both annihilation and trapping from
the delocalized state.
The average positron lifetime increases when the measuring temperature is decreased (Fig. 1). This kind of
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FIG. 2: Gallium vacancy concentration as a function of doping. The solid line is guide to the eye. The results in the
sample with the lowest O concentration have been taken from
Ref. 19.

behavior of the average lifetime is the fingerprint of negatively charged vacancies. Because of the Coulombic nature of the free positron wave function the trapping at
vacancies enhances as the thermal velocity of the positron
decreases [9, 20]. No other negative centers compete with
the Ga vacancy in positron trapping. Negative ions, for
example, would localize positrons in a hydrogenic state
at a low temperatures, strongly decreasing the fraction
of annihilations at vacancies and the average lifetime at
low temperatures [18]. The positron data thus show that
the Ga vacancy related defects are dominating negatively
charged acceptors. This has been demonstrated before in
nominally undoped GaN [19], but the present data show
the dominant role of VGa -related defects over four orders
of magnitude of O doping.
The vacancy concentration can be estimated from
the measured lifetimes. Since a single vacancy type is
present, the vacancy concentration is obtained as [9]
cV =

Nat τave − τb
,
µV τb τD − τave

(1)

where Nat is the atomic density, τb =160 ps is the positron
lifetime in the GaN lattice, µV =7×1015 at. s−1 is
positron trapping coefficient at the vacancy at 20 K, and
τD = 235 ps is the positron lifetime at the Ga vacancy.
As can be seen in Fig. 2 the increase of the O doping of
the samples increases the VGa concentration. This trend
is theoretically predicted for acceptor defects like VGa
[13], and suggests that the gallium vacancy is complexed
with an oxygen atom. However, the positron lifetime is
too insensitive to tell if the VGa is isolated or complexed.
In order to identify an intrinsic Ga vacancy we studied an electron irradiated undoped GaN sample (2 MeV,
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FIG. 3: The measured and calculated momentum distribution
for an isolated Ga vacancy. Both of these curves are shown
as ratios to the data obtained in the GaN lattice.
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5×1017e− cm−2 ). The average positron lifetime is 205 ±
3 ps at 380 K. The slightly higher measuring temperature
was chosen to introduce maximal trapping at vacancies
and minimize the effect of negative ions. The decomposition of the lifetime spectrum of electron irradiated
GaN reveals a Ga vacancy related lifetime 230 ± 5 ps,
i.e. the same as in O-doped HVPE GaN. The concentration of Ga vacancies is about 5×1017 cm−3 (Eq. 1).
Electron irradiation (2-MeV) of GaN samples thus generates intrinsic Ga vacancies with an introduction rate
of 1 cm−1 by removing the Ga atom from lattice site to
the interstitial site [8]. The introduction rate of 1 cm−1
is typical for primary defects formed in electron irradiation. The oxygen concentration of irradiated GaN is two
orders of magnitude lower than the gallium vacancy concentration. We conclude that positrons are trapped at
isolated Ga vacancies in the irradiated GaN sample.
Fig. 3 shows the electron momentum distribution of
the Ga vacancy in electron-irradiated GaN. The signal of
a clean Ga vacancy is obtained by decomposing the original Doppler broadening spectrum by determining the
fraction of annihilations of delocalized positrons ηb ≈ 40
% from the lifetime measurement. The calculated curve
for the isolated Ga vacancy is also shown. Both of these
curves are shown as ratios to the spectrum of the perfect
bulk GaN lattice.
The behavior of the calculated annihilation curve correlates well with the experimental one through the whole
momentum range (Fig. 3), supporting the identification
of the isolated Ga vacancy. The main contribution in the
range between 15-30×10−3m0 c arises from annihilations
with Ga 3d electrons. The decrease in intensity at this
momentum region is due to the reduced intensity of Ga 3d
electrons in a Ga vacancy. The good agreement at both
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FIG. 4: Measured and calculated momentum distribution
curves for different types of samples and defects, respectively.
All these curves are shown as ratios to the data obtained in
the GaN lattice.

valence and core electron regions manifests the accuracy
and predictive power of the theoretical calculations.
Fig. 4 shows the electron momentum distributions in
various GaN samples having Ga vacancy related defects.
The curves are not similar, which indicates that different
complexes can be distinguished. In the momentum range
between 15-30×10−3m0 c the data have clear order. The
intensity of irradiated GaN is the lowest while the oxygen doped GaN has higher intensity. The difference between irradiated and O-doped GaN is interesting. While
electron irradiation generates isolated Ga vacancies, the
O-doping increases the native Ga vacancy concentration
(Fig. 2) which suggests a formation of VGa -ON -pairs in
growth. In Fig. 4 the O doped HVPE GaN has higher
relative intensity in high momentum region when compared to electron irradiated GaN. This effect could be
attributed to oxygen surrounding the Ga vacancy: O ion
is smaller than N and thus contributes more at high electron momentum. The same behavior can be seen in the
calculated momentum ratio curves. The difference between VGa -ON and isolated VGa is arising from the valence electron states derived from the atomic 2p orbitals.
Although the electron densities around O and N nuclei
are almost the same the difference between the curves is
clear.
Table I shows the positron annihilation parameters for
studied samples and defects. The relative Srel =SV /Sb
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TABLE I: The positron annihilation parameters and defect
related lifetimes for studied samples and defects.
Experimental:
Irr. VGa
HVPE VGa
MOCVD VGa
GaN lattice
Theoretical:
VGa
VGa -VN
VGa -ON
VGa -H
VGa -2H
GaN lattice

τV [ps]

SV /Sb

WV /Wb

230(5)
235(5)
160(3)

1.042(3)
1.050(3)
1.039(3)
1

0.58(3)
0.73(3)
0.80(3)
1

200
203
200
180
155
131

1.048
1.055
1.032
1.034
1.017
1

0.583
0.608
0.630
0.642
0.803
1

and Wrel =WV /Wb parameters are determined from the
annihilation momentum distribution as integrals at pL ≤
|3.7|×10−3m0 c and 15×10−3 m0 c≤ pL ≤25×10−3 m0 c,
respectively. Calculated positron lifetimes are shorter
than the experimental ones, but the lifetime differences
between the Ga vacancy and bulk lattice are the same,
τV − τb ≈ 70 ps. The experimental and theoretical annihilation parameters (Table I) are in good agreement
in the case of the isolated Ga vacancy. The remaining
discrepancies are in the limits of the accuracies of both
experimental and theoretical methods. The increase of
W parameter due to O decoration is clear in the experiment and theory, which provides direct evidence that
VGa -ON complexes are formed in the oxygen doping of
HVPE GaN. However, the S parameter in O-doped GaN
is higher than the calculated value for VGa -ON . This
could indicate that VGa -VN divacancies are present, as
predicted by the low calculated formation energy of such
defects [13, 21]. The presence of divacancies is also supported by the slightly higher positron lifetime at vacancies in O-doped than in irradiated GaN. The high value
of Wrel (Table I) shows that the divacancies are likely to
be decorated with oxygen.
The GaN grown by metal-organic chemical vapor deposition (MOCVD) is the most important for optoelectronic applications. In this material the concentrations of
residual impurities, especially of hydrogen, are high due
to organic precursors applied in the growth. The electron
momentum distribution at VGa related defect (Fig. 4 and
Refs. 6 and 22) is different from both VGa and VGa -ON .
To explain the data in MOCVD GaN at high momentum region, we performed a calculation in Ga vacancy
related defects containing 1-2 hydrogen atoms (Fig. 4).
H pushes the positron density out from the vacancy leading to a shorter lifetime and a higher intensity ratio at
the high momentum region (Table I). The experimental curve measured in MOCVD GaN is close to the calculated one at VGa -H or VGa -2H complexes, suggesting

that the Ga vacancy in MOCVD GaN is decorated by hydrogen or possible also by oxygen. Such complexes have
low formation energies according to calculations [17, 23].
In conclusion we have studied Ga-vacancy-related defects with positron annihilation spectroscopy in highpurity GaN. By combining experiment and theory we
show that the measurement of momentum density is sensitive enough to distinguish between O and N atoms
neighboring the Ga vacancy. We identify the isolated
VGa in undoped electron irradiated GaN, and show that
in O-doped HVPE GaN the Ga vacancy is complexed
with the O atom forming VGa -ON -pairs. In MOCVD
material our data show that the Ga vacancy is likely to
be decorated by both oxygen and hydrogen.
The authors want to acknowledge the help of M.
Saukkonen in the theoretical calculations and G. C. Farlow for electron irradiations.
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