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We have performed a systematic study by positron annihilation spectroscopy of magnesium-doped, codoped,
and annealed GaN films made by metal organic chemical vapor deposition. GaN:Mg films are free of detect-
able vacancy defects up to [Mg]~3 X 10'® cm™3, but at doping levels above 10'° cm™= vacancies are observed.
Two defects are identified: Vy-Mgg, pairs and vacancy clusters, where the amount of the missing atoms is
estimated to be about 60. The defects have an inhomogeneous depth profile with a layer of higher defect
concentration starting 100 nm below the surface. Thermal annealing dissociates the Vy-Mgg, pairs and the
vacancy clusters, which migrate and form a homogeneous distribution of smaller clusters through the film. The
identified defects play an important role in the electrical compensation and activation of the Mg acceptors in
GaN films, and show correlations with results from transmission electron microscopy and photoluminescence

studies.

DOLI: 10.1103/PhysRevB.72.165303

I. INTRODUCTION

The p-type doping of gallium nitride (GaN) is one of the
biggest challenges in GaN-based device development. The
n-type material is easily achieved by donor impurities dop-
ing, e.g., by silicon or oxygen. Presently, the best impurity
for p-type doping is magnesium, but the room-temperature
hole concentrations are generally limited to the moderate
level of ~10'7 cm™.

Hydrogen is always present in epitaxial GaN films grown
by metal organic chemical vapor deposition (MOCVD). The
H present in the organo metallic precursors can passivate the
Mg acceptors in the material. The H can be removed by
postgrowth annealing' at moderate temperature (~800 °C)
or by low-energy electron beam irradiation? making the ma-
terial p-type conductive. However, there is experimental evi-
dence that a nitrogen vacancy (Vy) can be a compensating
center for the Mg acceptor.* The calculated formation ener-
gies of Vi and Mgg,-Vy pairs are low® in p-type material.
The activation energy for Vi diffusion is controlled by Fermi
level E-.° When E is in the midgap the charge state of Vy is
+1 and the diffusion is unlikely to happen. In p-type GaN the
N vacancy has a charge state +3 which is much more mobile.

Great effort has been put into studies of large open vol-
ume defects like vacancy clusters and pinholes in Mg-doped
GaN. Liliental-Weber ef al. have shown with transmission
electron microscopy measurements that Mg dopants segre-
gate in the planar defects.” These Mg atoms are likely to be
electrically inactive. They have also shown that the Mg deco-
ration of the hollow pyramidal defects correlates with the
change of crystal polarity during growth.®

We use positron annihilation spectroscopy to investigate
the native defects in Mg-doped GaN films. The method is an
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effective tool for studying vacancy-type defects in semicon-
ductors (see, e.g., Ref. 9). Because of the positron charge, it
can be found in the region where the positive background is
reduced. The positron is trapped by negative and neutral va-
cancies due to the missing positive ion core. The trapping
increases the lifetime of the positron and narrows the mo-
mentum distribution of the positron-electron pair. These an-
nihilation data can be used to distinguish between different
vacancy-related defect types as well as to estimate the va-
cancy concentration with sensitivity in the range
10'°-10" ¢cm3. The momentum distribution of the electron
at the vacancy can be measured directly in the energy distri-
bution of the annihilation photons. This enables the identifi-
cation of atoms neighboring the vacancy.

In our previous publication!® we have shown that nitrogen
vacancy is a compensating center in Mg-doped GaN. The N
vacancy can be removed by annealing at moderate tempera-
ture. The vacancy was identified as a neutral Mgg,-Vy pair,
which dissociates by thermal annealing, leading to a diffus-
ing nitrogen vacancy. In this paper we investigate further the
nature of vacancy-related defects in Mg-doped, codoped, and
thermally annealed GaN films. In addition to nitrogen va-
cancy complexes, we also focus on larger vacancy clusters,
which have been previously observed in Mg-doped GaN.!%!!
These defects may also have influence on the compensation
level of the material.

In Sec. IT we describe the experimental setup and samples
used in this study and in Sec. III we present our results
obtained with positron annihilation measurements. In Sec. IV
we discuss the mechanism of electrical compensation as well
as the effect of annealing and compare these results with
those obtained by other measurement methods. A summary
of our results is given in Sec. V.

©2005 The American Physical Society


http://dx.doi.org/10.1103/PhysRevB.72.165303

HAUTAKANGAS et al.

PHYSICAL REVIEW B 72, 165303 (2005)

TABLE 1. The Mg and Si concentrations measured by secondary-ion mass spectrometry in studied GaN
layers. The hole concentrations were determined by Hall measurement (Ref. 12) and in the case of reference
sample (Ref. 13) with capacitance-voltage measurements. RTA stands for rapid thermal annealing and SITU
means that samples were annealed in the growth reactor. The GaN:Mg reference is the same sample as

studied in Ref. 13.

Mg concentration

Si concentration

Hole concentration ~ Annealing temperature

Sample number (10" cm™3) (10'7 cm™3) (10'7 cm™3) (°C)
1 4.0 1.3 highly resistive No anneal.
2 4.0 1.3 1.7 980/RTA
3 7.3 72 highly resistive No anneal.
4 9.0 84 1000/RTA
5 1-2 5-6 highly resistive 800/SITU
6 0.25 5-6 highly resistive 800/SITU
GaN:Mg reference ~10 No anneal.

II. EXPERIMENTAL DETAILS AND SAMPLES

A. Samples

The experiments were performed on six epitaxial GaN
films, referred to as Nos. 1-6, grown on a-plane sapphire
substrates by MOCVD. Secondary-ion mass spectrometry
was employed to determine the total Mg, Si, H, O, and C
concentrations in the films. The magnesium concentration of
samples varies in the range (0.25-9) X 10" cm™ and [Si]
=(0.13-8.4) X 10'® cm™. In addition, sample 2 has hydro-
gen concentration of 4 X 10'® cm™ and [O]=1X 10" cm™3.
Samples 3 and 4 are intentionally codoped with Si; the other
samples have moderate Si concentration coming from the
reactor walls during growth. Note that the samples 2 and 6
are the same as studied in Ref. 12 (samples 4 and 1 therein).
The postgrowth heat treatments were done by rapid thermal
annealing (RTA) at 980 °C and in the case of Si codoping at
1000 °C. As can be seen in Table I the Mg concentration is
over two orders of magnitude bigger than the hole concen-
tration in sample 2. A p-type Mg-doped GaN sample grown
by molecular beam epitaxy (MBE) was used as a vacancy-
free reference sample.'?

The photoluminescence (PL) experiments were carried
out at 6 K; the PL was excited by the 325 nm line of a HeCd
laser at a power density of ~8 W/cm?. The light emitted by
the samples was dispersed by a double-grating spectrometer
fitted with 1800 groves/mm. A uv-extended GaAs photomul-
tiplier coupled to a computer-controlled photon counter was
used for data acquisition. The PL spectra were corrected for
the instrumental response by normalization to the throughput
of a broadband calibrated lamp. To illustrate the optoelec-
tronic properties of Mg-doped samples we represent in Fig. 1
the PL spectra of three GaN films (indicated as S#a, S#b, and
S#c) doped with increasing concentration of Mg. The rela-
tive redshift of the peak positions with increasing doping
level has been attributed to potential fluctuation induced by
charged donor or acceptor centers and to the incorporation of
deep donors, respectively.'®!3

B. Positron Doppler spectroscopy

After implantation into the material the positron loses its
energy and reaches a thermal equilibrium with its surround-

ings in a few picoseconds and starts to diffuse. Negatively
charged and neutral defects, especially vacancies, can trap
the positron. Finally, the positron annihilates with an electron
into two 511 keV 7y quanta. The 511 keV annihilation line is
broadened because of the momentum of the electron. By
studying the Doppler shift of the annihilation energy the in-
formation about the electron configuration at the annihilation
site can be revealed.

The energy distribution of annihilated positron-electron
pairs is characterized by the S and W parameters (see, e.g.,
Ref. 16). The S parameter measures counts of the central part
of the 511 keV peak and the W parameter describes the
counts in the wing areas of the peak. Thus the S parameter
represents annihilations with valence electrons with longitu-
dinal momentum component of p; <3.7 X 10~3myc and the
W parameter describes the annihilations with high-
momentum  core  electrons, 11 X103 myc<p; <29
X 1073 mgc. At a vacancy the electron momentum is locally
decreased, which leads to narrowing of the energy distribu-
tion of annihilation photons. This can be characterized as a
higher S parameter and a lower W parameter than in the bulk
material.

The valence annihilation parameter S is a linear superpo-
sition of the values S;
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FIG. 1. Normalized low-temperature PL spectra of three
GaN:Mg epitaxial films deposited by MOCVD on a-face sapphire
substrates. Note the line shape change and the redshift of the peak
position with increasing Mg concentration, from 2.5X 10'8 to 7
X 10" cm™3. These samples have been postgrowth thermally an-
nealed at 950 °C. The spectra are corrected for instrumental
response.
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where S; and S, are the characteristic S parameter values for
annihilations in different positron states, and weighting fac-
tors 7; and 7, are the fractions of positron annihilations at
each state. The letter b denotes the annihilations of delocal-
ized positrons. A similar equation holds for the W parameter.
If only one vacancy-type defect trapped the positron, the
experimental S and W parameters would be linear combina-
tions of the values (S,,W,) and (S}, Wy,), which correspond
to annihilations of the free positron in the defect-free lattice
and annihilations of positron trapped at vacancies, respec-
tively. The measured S and W parameters would then fall on
a line connecting the points (S,,W,) and (Sy,Wy) in the
S-W plot. This analysis enables one to distinguish between
different annihilation sites.

We use a low-energy positron beam. The positrons emit-
ted from the **Na source with initial energies up to several
hundred keV are moderated using W foil. After moderation
positrons are accelerated to energies between 0 and 30 keV.
The annihilation radiation is detected with high-resolution
(1.2 keV at 511 keV) germanium detectors.

C. Positron lifetime spectroscopy

The trapping of positrons at the vacancy increases the
average lifetime of the positron because the electron density
is reduced at the vacancy. By measuring the lifetime one can
distinguish between different open volume defects and esti-
mate their concentrations. A pulsed low-energy positron
beam enables lifetime measurements in thin semiconductor
layers. The positron lifetime is measured as the time interval
between an annihilation 7y photon and the beam pulse edge,
where the pulsing is done after positron moderation. About
2X10% counts are measured for the peak to have reliable
information about the defects in the samples.

To find the average lifetimes and to decompose the life-
time spectra the resolution has to be taken into account. After
subtracting the background the lifetime spectra can be ana-
lyzed as a sum of exponential decay components n(t)
=>,I; exp(—-\;f). The resolution function is a sum of three
Gaussian distributions. The center of mass of the lifetime
spectrum 7,,=2,/,7; increases with increased positron trap-
ping into vacancies.

III. POSITRON STUDIES

A. Doppler results

Figure 2 shows the S parameter as a function of incident
positron energy in samples with different Mg concentrations.
The reference level corresponding to the vacancy-free lattice
is represented by the dashed line. In the lattice, the positron
wave function is delocalized. The annihilation from a bulk
state gives the most broadened momentum distribution,
which can be seen as a low S parameter. The vacancy-free S
parameter level as well as the bulk lifetime (7,=160+5 ps)
in GaN are well known on the basis of previous studies.!'”
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FIG. 2. The valence annihilation parameter S as a function of
incident positron energy in GaN layers. The samples were annealed
at 800 °C except the one with highest Mg concentration. The
dashed line represents the S parameter level of annihilations of de-
localized positrons in the GaN lattice. The top axis indicates the
mean implantation depth of the incident positron. The solid lines are
to guide the eye.

Here we use a MBE-grown GaN:Mg reference sample,
which has the same positron lifetime as a defect-free GaN
lattice according to earlier measurements.!%13:17

In Fig. 2 the top axis shows the mean implantation depth
of a positron related to the acceleration voltage used. The
behavior of the S parameter can be divided into three differ-
ent regions: (1) surface, (2) layer, and (3) substrate. At low
acceleration energy (<2 keV) the penetration depth of posi-
trons is low and they can diffuse back to the surface. The
electron density is reduced at the surface, resulting in a nar-
rower annihilation line, which is observed as a higher S pa-
rameter. At higher acceleration voltage (5-20 keV) the S
parameter characterizes the GaN layer. At even higher ener-
gies the S parameter is decreasing because the positrons are
implanted in the sapphire substrate, where the electron mo-
mentum is higher. The measured S parameter is hence a lin-
ear combination of the individual S parameters of each re-
gion with corresponding weighting factors %, [see Eq. (1)].

To study the effect of Mg doping one has to focus in the
region of 250—-500 nm (Fig. 2). The sample containing the
lowest Mg concentration has the same S parameter level as
in bulk GaN. No vacancies are thus detected. On the other
hand, the S parameter is ~0.466 for the sample with Mg
concentration of (1-2)Xx 10" cm™>, and S$S~0.473 for
sample 1 with the highest Mg concentration. As can be seen
the S parameter levels of samples have a clear order depend-
ing on the Mg content. A higher S parameter value is a fin-
gerprint of a vacancy-type defect. At the vacancy the electron
density is decreased and the annihilation line is narrower,
yielding a higher § parameter than in the bulk lattice. Hence,
positrons reveal increased trapping in vacancy-type defects
with higher Mg concentrations.

GaN:Mg samples are often used as vacancy-free reference
samples because even if vacancies exist, they are likely to be
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FIG. 3. The valence annihilation parameter S as a function of
incident positron energy in annealed and unannealed GaN:Mg
samples with Mg concentration of 4 X 10'* cm™. p-type GaN:Mg is
used as a vacancy-free reference. The top axis indicates the mean
penetration depth.

in the positive charge state and hence cannot trap positrons.
The data of Fig. 2 indicate, however, that at very high Mg
concentrations vacancy-related defects acting as positron
traps are created.

Figure 3 shows the low-momentum parameter S as a func-
tion of incident positron energy at room temperature for both
unannealed and annealed GaN:Mg with Mg concentration of
4% 10" cm™ and for the reference sample. The S parameter
for unannealed sample 1 measured at 580 K is also repre-
sented. At low positron acceleration energies (0—2 keV) the
S parameter of all samples is high due to the annihilation at
surface states and decreases with increasing positron ener-
gies. Deeper probing (50-260 nm) of the unannealed
GaN:Mg sample shows that the S parameter increases and
reaches a plateau with constant value $=0.473 at 300 K and
S=0.515 at 580 K, in the depth range between 260 and
790 nm. Excluding the surface, the S parameter of the an-
nealed sample has a constant value S=0.465. At positron
energies above 20 keV the S parameter starts to decrease due
to annihilations at the Al,O5 substrate.

S parameter values higher than the bulk level indicate the
presence of vacancy-type defects (Fig. 3). It is evident from
the experiment that a high measuring temperature makes
trapping at vacancies more effective. Right below the surface
the S parameter of the unannealed sample has a local mini-
mum, which corresponds to a region with lower vacancy
concentration. After annealing the vacancy signal is still evi-
dent, but the profile is homogeneous. Comparing Figs. 2 and
3 one can deduce that high Mg content generates a vacancy
profile where the lower vacancy concentration is below the
surface and it increases deeper in the layer.

The temperature behavior of the valence annihilation pa-
rameter S is shown in Fig. 4. The S parameter level for the
vacancy-free p-type reference sample is indicated with a
dashed line. At high temperatures (>300 K) the S param-
eters of samples 1 and 2 are clearly higher than that of the
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FIG. 4. Valence annihilation parameter S as a function of mea-
suring temperature. The incident positron energy was chosen high
enough to make sure the annihilations arising from the surface are
excluded.

reference sample. At 600 K the S parameter of the unan-
nealed GaN:Mg sample reaches a value of S=~0.513 and the
value of the annealed sample increases up to §=~0.481. The
S parameters of codoped samples are also higher than that of
the reference sample, indicating positron trapping at the va-
cancies.

In addition to vacancies, positrons trapped by negative
ions can also be detected in the data of Fig. 4. At low tem-
peratures the S parameter approaches the lattice value, indi-
cating fewer annihilations at vacancies. This behavior is typi-
cal when negative ions trap positrons at weakly localized
states (binding energy 10—100 meV). The electron density
around the negative ion is almost the same as in the bulk
lattice, leading to a similar § parameter and positron lifetime
values. Such shallow positron traps have been observed in
GaN also before, and they have been attributed to Mgg,
acceptors!® and dislocations. !

B. Lifetime results

Figure 5 shows the average positron lifetime 7,, as a func-
tion of incident positron energy in the unannealed GaN:Mg
sample measured at 300 K. At the surface the average life-
time is high due to the low electron density. The average
lifetime is lowest with positron energy of 2 keV and in-
creases to the constant value of 7,,=185 ps in the range of
100-500 nm. When probing deeper in the sample, 7,, de-
creases due to the annihilations in the sapphire substrate. As
can be seen in Fig. 5 there is a region of lower vacancy
concentration below the surface in agreement with the result
obtained by Doppler measurement (Fig. 3).

The average lifetime of a positron as a function of tem-
perature is shown in Fig. 6. At low temperature (T=85 K)
T, =~ 150 ps is equal to the lifetime of the defect-free lattice,
similarly as seen in the Doppler experiment in Fig. 4. There-
fore, positrons are trapped at shallow traps (negative ions,
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FIG. 5. The average lifetime of positrons as a function of inci-
dent positron energy in the unannealed GaN:Mg sample. A p-type
Ga:Mg sample is used as a vacancy-free reference. The solid line is
to guide the eye.

dislocations) preventing annihilation at vacancies. With in-
creasing temperature the average lifetime increases up to
223 ps because positrons escape from the shallow trap and a
larger fraction of them annihilate at vacancies.

C. Identification of vacancies

To analyze the annihilation parameters independently of
the vacancy concentration the core annihilation parameter W
can be shown as a function of valence annihilation parameter
S. Figure 7 shows the W vs S plot measured in the annealed
and unannealed samples. Both of these parameters were nor-
malized with those measured for the GaN lattice. The slope
of the S-W plot characterizes the defect species and does not
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FIG. 6. The average positron lifetime of an unannealed GaN:Mg
sample as a function of measuring temperature. The incident posi-
tron energy was 14 keV. The solid line is to guide the eye.

Relative S-parameter

FIG. 7. The core annihilation parameter W as a function of
valence annihilation parameter S measured at different tempera-
tures. Vg, represents the positron annihilation parameters at a Ga
vacancy. Note that the data are the same as in Fig. 4.

depend on the concentration of the vacancy (see Sec. II B).

Figure 7 also shows the characteristic S and W parameters
for a gallium vacancy (Vg,) as obtained in Ref. 20. The slope
of the S-W plot for the as-grown sample 1 is almost the same
as measured before?! for a vacancy cluster. Furthermore, the
slope of the S-W plot is constant, which means that a single
vacancy defect type dominates the Doppler-broadened spec-
trum. The change in relative S parameter (S/S,~ 1.1) of the
unannealed sample is typical for vacancy clusters and much
larger than expected for monovacancies.

After annealing, the change in the relative S parameter is
more moderate (S/S,~1.045). This S parameter is close to
those determined for the native Ga vacancy.’’ Again the
slope is constant, indicating a single dominant vacancy de-
fect type. However, the slope differs from the one before
annealing, which shows that the dominant type of vacancy
defect changes. Since the (S, W) parameter become closer to
that of Vg,, we conclude that the size of the vacancy cluster
decreases with thermal annealing.

The codoping of GaN:Mg samples with Si atoms gener-
ates also vacancy-related defects as observed in Fig. 4. Be-
fore annealing they have a characteristic slope in the S-W
plot (Fig. 7) revealing the existence of vacancy clusters. We
conclude that the annealing changes the slope, similarly as in
the Mg-doped samples 1 and 2. The annealing makes these
clusters convert to vacancy defects with smaller size, with
annihilation parameters close to those of Vg,.

To identify vacancies and to study their profile in the
GaN:Mg sample 1 (see Figs. 2, 3, and 5) a positron lifetime
measurement with two different acceleration voltages has
been performed (Fig. 8). The measurement voltages were 2
and 14 keV where maximum effects in the depth profile can
be expected (Figs. 3 and 5). Figure 8 also shows the lifetime
spectrum of a MBE-grown GaN:Mg reference sample, which
was measured at 300 K using acceleration voltage of 14 keV
to minimize annihilation events at the surface. Only one life-

165303-5



HAUTAKANGAS et al.

T T ] T :
10 GaN:Mg, unannealed =
A E=2keV 3
O E=14keV 7
GaN:Mg, p-type ref. J

— 3 O E=14keVv
"y 10 E
2 ]
N ]
£ ]
> .

S
10" =
n 3 -
10 ¢
R ° o
0 1000 2000 3000
Time [ps]

FIG. 8. Positron lifetime spectra in the unannealed GaN:Mg
sample measured with two different positron energies at 540 K. A
Mg-doped MBE-grown p-type sample is shown as a vacancy-free
reference. The area of each spectrum was scaled to 1. Solid lines are
the fitting results of the respective spectra.

time component can be distinguished from the spectrum of
the reference sample with the value of 7, =155+1 ps. This
is consistent with theoretical calculations,”” where Ty
=156 ps, and it is similar to previously measured values for
positron annihilation in the GaN lattice.!%!”

The decompositions of the lifetime spectra are shown in
Table II. In the unannealed sample 1 three different lifetimes
components are found. The smallest is ;=70 ps which is
related to positron annihilations in the delocalized state. In
the presence of open volume defects the lowest lifetime is
clearly smaller than the bulk lifetime. This happens because
of the trapping: The free positron annihilation has to take
place before trapping into the vacancy.

The spectrum of unannealed GaN:Mg measured at
14 keV (Fig. 8) reveals high intensities of two vacancy-
related lifetimes. The lower is 7,=180 ps and the higher is
7,=435 ps, which are close to values detected previously.'?
The shorter lifetime 7,=180 ps is clearly longer than the
lifetime in the GaN lattice. On the other hand it is shorter
than that obtained for a gallium vacancy 7y =235+5 ps.”
The natural identification is then the nitrogen vacancy. The
isolated Vy is positive and cannot trap positrons, so the Vi
has to be neutralized with an impurity, namely, with the Mg
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atom.'? The formation energy of the Vy-Mgg, complex is
calculated to be small in p-type material.>® The lifetime 7, is
the same as reported previously,'® where 7,=180 ps is con-
nected to the Vy-Mgg, complex by studying the chemical
environment of the vacancy with a Doppler broadening mea-
surement. The electron configuration at the site of Vy is dif-
ferent depending on the neighborhood of the vacancy. The
replacement of the Ga atom by a Mg atom was verified by
reduced counts in the high-momentum part of the annihila-
tion energy.!® Mg does not have 3d electrons with high mo-
menta. We thus attribute the lifetime component of 180 ps to
positron annihilation at the Vy-Mgg, complex.

The longer-lifetime component 73=435 ps is so large that
it cannot arise from single monovacancies. The lifetime of
435 ps is hence attributed to a vacancy cluster. The size of
the vacancy cluster is discussed in more detail below.

Interestingly the Doppler measurement and the (S, W) plot
reveals only one vacancy-type defect in the unannealed
GalN:Mg, namely, vacancy clusters, whereas the decomposi-
tion of the lifetime spectra of the same sample yields two
vacancy-related lifetimes. We think that this behavior is re-
lated to the sensitivity of the S vs W plot. Since the S and W
parameters are dominated by the annihilations at the vacancy
cluster, the Vy-Mgg, complex is not revealed in the (S, W)
plot since its momentum distribution is almost the same as in
the bulk lattice.

In summary, positrons reveal two vacancy defects in as-
grown unannealed GaN:Mg: (i) the VN-Mgg, complex and
(ii) the vacancy cluster. The concentration of Vy-Mgg, com-
plexes increases with increasing Mg concentration and clus-
ter formation is observed only for Mg doping levels of
=10 cm™3. After thermal annealing, vacancies are still de-
tected, but their open volume is smaller and their annihila-
tion parameters are close to those of Vg,. We attribute these
to smaller vacancy clusters which are formed by dissociation
of the larger vacancy clusters during the thermal annealing
process.

D. Vacancy cluster size and saturation lifetime

It has been shown that the positron lifetime at vacancy
clusters is sensitive to the size of the clusters.?»>* To estimate
the size of the open volume with the positron lifetime of
435 ps we calculate the positron lifetimes theoretically. For
the positron states we use the conventional scheme with the
local density approximation (LDA) for electron-positron cor-
relation effects and the atomic superposition method in the

TABLE II. Decomposed lifetimes of the unannealed GaN:Mg sample measured at two different positron energies. Background reduction
was 0.3% 500 ps at 14 keV and 5-6 % 350 ps extra component at 2 keV. The latter arises from surface annihilations and is hence dependent
on the measuring temperature. The defect concentrations are determined from the decomposed lifetimes by applying the positron trapping

model [Egs. (4)—(6)].

Positron Vacancy Cluster
energy Temperature T /1 /1, /15 concentration  concentration
Sample (keV) (K) (1072 s) (ps/%) (ps/%) (ps/%) (107 cm™3) (10" cm™)
Unannealed 14 540 223(1) 70(2)/27(1)  183(3)/45(1)  435(3)/28(1) 2.7 4.5
2 540 159(1) 71(4)/27(2)  173(3)/68(2) 438(9)/5(1) 1.9 0.5
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FIG. 9. The calculated positron lifetime as a function of the
number of vacancy pairs. The solid line is a fit of a function where
the electron density 7 is scaled to the vacancy cluster size [Eq. (3)].

numerical calculations.”>? The positron annihilation rate \
is

l=\= 'n'réc J dr|lﬂ+(r)|2n_(r) An_(r)], 2)

where n_ is the electron density, #,(r) the positron wave
function, r the classical electron radius, ¢ the speed of light,
and vy the enhancement factor, for which we use the interpo-
lation by Boronski and Nieminen.?” The positron state was
solved in a 216-atom supercell, in vacancy clusters up to the
size of 62 missing atoms (Fig. 9).

As can be seen in Fig. 9 the positron lifetime starts to
saturate above 400 ps when the cluster includes more than
30 Vg,-Vn vacancy pairs. This is the consequence of the
reduced electron density at the annihilation site. The solid
line in Fig. 9 represents the annihilation rate

A== 2+Ae BN e PV X 10057, (3)

where N is the vacancy size and A—D are fitting parameters
with values of 53.05, 4.57, 4.89, and 0.81, respectively. The
function has a saturation lifetime 500 ps, which is the life-
time of the negative positronium atom, similarly as in the
Brandt-Reinheimer formula.??8

The electron density n in a vacancy cluster plays a crucial
role when determining the annihilation rate of a positron. We
motivate Eq. (3) in the following way. The gallium atom is
much bigger than nitrogen, and the positron probes mainly
the electron density of a Ga atom. The electron density of a
Ga atom decreases exponentially (ne™") with the radial dis-
tance 7 N'/3. At small cluster sizes positrons annihilate with
both Ga (4s,4p) valence electrons and Ga (3d) core elec-
trons. In larger vacancy clusters the annihilation with the
valence electrons strongly dominates. Hence, the fitted sum
of two exponential functions can be thought of as annihila-
tions with two different electron shells, which is controlled
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by the size of the vacancy cluster N. As seen in Fig. 9, the
simple scaling of Eq. (3) reproduces very well the positron
lifetimes calculated with the atomic superposition method
[Eq. (2)]. The result of Fig. 9 is quantitatively similar to the
behavior of the calculated positron lifetime in Fe vacancy
clusters.?” This means that the number of missing Ga atoms
determines the positron lifetime.

The experimental positron lifetime of 435 ps is close to
the saturation value of the curve represented in Fig. 9, but yet
smaller than the n—0 limit of 500 ps of the Brandt-
Reinheimer formula.”6?® The theoretical limit value of
500 ps has been experimentally observed in other GaN:Mg
samples,'? as well as in deformed Si (Ref. 30) or GaAs.”
These comparisons suggest that the lifetime of 435 ps has
not yet reached the saturation regime as a function of the
vacancy cluster size. Therefore, we attribute it to clusters
where about 60 atoms (30 GaN molecules) are missing (clus-
ter radius of ~5 A).

E. Vacancy concentrations

The positron trapping into the vacancies depends on the
measuring temperature and the vacancy charge state.3' Posi-
tive vacancies cannot trap positron due to Coulombic repul-
sion. Neutral and negative vacancies can trap positrons with
the trapping rate

K= uc, (4)

where u and ¢ are the trapping coefficient and the defect
concentration, respectively. In the case of large vacancy clus-
ters the trapping is limited by positron diffusion and the trap-
ping rate is

k=4mrD,c, (5)

where r is the radius of the void and D, is the diffusion
constant of the positron.

The vacancy concentrations can be calculated from the
trapping rate k. On the basis of the intensities of the lifetime
components one can deduce «y and k.. The concentrations
are calculated from the equations [Vy-Mgg,]=N,xy/ ny and
[Val=Ngkal pe for vacancy- and cluster-type defects, re-
spectively. N,,=8.78 X 10?> cm™ is the atomic density of the
material and u,=10" s7! is the trapping coefficient for the
transition-limited trapping, i.e., for monovacancies. In the
case of vacancy cluster the size is r=5 A (estimated above)
and D,=1 cm?/s giving u,=4mrD,N,=5.5X10'" 57!,

The model applied here includes two different types of
vacancy defects and no detrapping, i.e., no positrons escap-
ing from the trap. This is reasonable because the measuring
temperature is 540 K and the thermal energy is high enough
to prevent trapping at shallow traps, i.e., negative ions or
dislocations. All different positron states were considered to
be noninteracting. The trapping rates «y and «_.; can be cal-
culated with the help of intensities /, and /5 from the positron
lifetime measurement

Ky
L=—t——
)\b— Av+ Kv+ K¢l
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Kel

I;= (6)

Np=Ne+ Ky + Ke
where \,=7,'=(155ps)~!, Ay=7,'=(180 ps)~!, and X\,
=7, =(435ps)~". I, and I5 are the intensities of 7, and 75,
respectively, and they are listed in Table II. As can be seen
from Table II the vacancy as well as the cluster concentra-
tions are lower near the surface. The decrease in Vy-Mgg,
concentration is small while the cluster concentration is an
order of magnitude smaller close to the surface. The inhomo-
geneous vacancy concentration, observed both in the S pa-
rameter and in the average positron lifetime, evidently arises
from the vacancy cluster concentration.

IV. DISCUSSION
A. Mg doping, electrical compensation, and vacancy defects

The electrical inactivity of Mg acceptors in GaN:Mg is
generally associated with the passivation induced by hydro-
gen atoms. MOCVD growth uses Ga atom precursors in the
form of trimethylenegallium and the residual H in the growth
environment is readily available to passivate the Mg accep-
tor. The migration barrier for H is low, and annealing at
moderate temperatures activates the Mg acceptors by disso-
ciating the H from the Mg atoms. The binding of hydrogen to
Mg ions and its dissociation have been observed by local
vibrational mode spectroscopy>233 and the results are gener-
ally in agreement with theoretical calculations.?*

The high level of Mg doping (above 10! cm™) seems to
cause competing mechanisms for Mg deactivation. The
Vn-Mgg, pairs observed here by positron spectroscopy
compensate Mg atoms making the material more resistive.
The postgrowth annealing decreases the concentration of
Vn-Mgg, complexes, which can be interpreted as the disso-
ciation of the Vy-Mgg, pairs.!” This process leads to electri-
cally active Mg ions, in an analogous manner as in the case
of H passivation. Furthermore, the vacancy clusters observed
here may also have a role in the electrical compensation of
Mg doping.

Liliental-Weber et al. have studied the formation of pyra-
midal defects in Mg-doped GaN. These defects are associ-
ated with inversion domains,®3 and according to tranmis-
sion electron microscope (TEM) measurement they are
hollow. The defects are further decorated by Mg,”3¢ which
suggests that they are important for the compensation of the
material. Comparing this with the present positron studies,
we can conclude that the high S parameter value as well as
the high intensity of the long-positron-lifetime component
correlate well with the TEM results. In addition, the inhomo-
geneous cluster profile is in good agreement with the typical
TEM images,’” suggesting strongly that the profile of the
open volume (detected by positrons) corresponds to that of
the pyramidal defects. On the other hand, the size of the
vacancy clusters detected here (60 atoms, 0.5 nm radius) is
smaller than the typical size of the pyramidal defects ob-
served by TEM (1-10 nm). The positron spectroscopy is
perhaps sensitive primarily to smaller vacancy clusters than
those reported by TEM experiments, although the origin of
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both observations could be similar, i.e., the inversion domain
triggered by Mg doping.

The positron annihilation data allow one to estimate quan-
titatively the Mg compensation by vacancy defects. The con-
centration of passivated Mg acceptors can be estimated by
taking the value®® of 1.25m, for the effective hole mass in
GaN and 0.2 eV for the ionization energy E, for the accep-
tors. By simple Fermi statistics*® one can find the level of
ionized Mg to be 3.3X10'® cm™ without compensating
defects.’® The concentration of Vy-Mgg, complexes is
(2-3) X 10" cm™ according to the analysis of the positron
data (Table II). This defect thus contributes to the electrical
deactivation of Mg, but its role may be much less than 10%
of the total compensation of Mg. On the other hand, positron
measurements are only sensitive to the neutral Vy-Mgg,
pairs, which may represent only a fraction of all Vy-related
defects.

To obtain information on the compensation level of Mg
by the vacancy cluster, we assume that the vacancy cluster is
decorated by Mg impurities as demonstrated by the TEM
results for pyramidal defects. The cluster concentration is
obtained from the positron experiments (Table II), and we
approximate the maximum passivation effect by assuming
that the internal surface of the vacancy cluster is totally cov-
ered by Mg atoms. As a result one can deduce that one clus-
ter with a radius of r=5 A can bind a maximum of 100 Mg
atoms, which leads to the compensation level of 4.5
X 10" cm™. Hence, the total compensation effect by va-
cancy defects is less than 10'® cm™, which is only a small
fraction of the total Mg concentration. The hydrogen passi-
vation thus seems to be the dominant mechanism, but the
vacancy defect may explain the additional electrical deacti-
vation of Mg acceptors.

B. Annealing effects
1. Annealing of the vacancy clusters

The results presented here show that the vacancy cluster
of about 60 atoms is replaced by smaller clusters during the
thermal annealing process. The vacancy cluster consists of
vacancies in both sublattices, and the dissociation is a matter
of binding energy and the diffusion barrier of the individual
monovacancy. According to theory and experimental
results,>° the migration barriers of vacancy defects are 3.96,
2.65, and 1.9 eV for Vi, Vf\f, and Vé_a, respectively. The
vacancy cluster may thus recover in the following way. At
high temperature the cluster dissociates into monovacancies,
which diffuse rapidly in the material. The diffusion of mono-
vacancies is slowed down by encountering a vacancy in the
opposite sublattice, leading to the formation of smaller va-
cancy clusters either at the annealing temperature or during
cooling down process.

The activation energy of cluster dissociation can be
roughly estimated. We use the expression of N=wte £a’koT,
where N is the number of jumps of an individual defect in a
given lattice, ¢ is the annealing time, and T is the tempera-
ture. A prefactor value of w=1X10"3s7! is typical for the
jump frequency. In order to dissociate a cluster the required
number of jumps could be between 1 and 100. In the case of
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RTA (r=100 s) at 1000 °C we have E,;=3.3-3.8 eV. This
value is larger than the theoretical and experimental values
for the migration of V(2.6 eV) and Vg,(1.8 eV). Assuming
these migrating species, we estimate the binding energy of
the vacancy cluster on the order of 1-2 eV.

The PL spectra of samples with high concentration of Mg
acceptors show typically, after thermal annealing, emission
bands with peaks in the spectral region between 2.7 and
2.9 eV.!2 This coincides with the appearance of Ga-vacancy-
related small clusters formed after the thermal-annealing-
induced dissociation of the larger clusters. The observed va-
cancy clusters are positron traps in both the neutral and the
negative charge states. Associating these defects with the
2.7-2.9 eV emission bands is attractive, but a detailed PL
study is necessary to establish this identification.

2. Annealing of the VNy-Mgg, pair

Pairs of N vacancy and Mg dopants are observed here as
well as in our previous work.!? In the present experiments no
evidence of Vy-Mgg, defects is observed after annealing,
and our previous results indicate that the concentration of
these pairs decreases with annealing between 500 and
800 °C. Since these defects are not observed in MBE
samples, which do not require postgrowth thermal annealing
to activate the Mg acceptors, we infer that the Vy-Mgg, com-
plexes are stable in semi-insulating GaN but unstable in
p-type materials. During annealing GaN is converted to p
type, mainly by the removal of the passivating hydrogen and
by the dissociation of the Vy-Mgg, pairs and migration of
Vn. We estimate the migration barrier of Vy as 2.5(3) eV,!°
which is close to the calculated value of VIS\;r.S’6 In fact, the
calculations explain the different stabilities of V-Mgg, com-
plexes in p-type and semi-insulating GaN, since the large
migration barrier of Vll\fr of 3.96 eV makes the Vy-Mgg,
complex very stable when the Fermi level is at midgap.

Recently Wright and Mattsson® have calculated the migra-
tion barriers of Vy-related defects, with similar results to
those found by Limpijumnong and Van de Walle.> Wright
and Mattsson further analyzed our positron annihilation
experiments.'? According to their theory, the Vy left from the
dissociating Vy-Mgg, complex is able to migrate to the sur-
face during 800 °C annealing. A diffusion length of about
6 A was estimated for Vyy during 500 °C annealing. This is
in good agreement with our results at this annealing tempera-
ture, where a clear decrease of Vy-Mgg, concentration was
observed.!® Notice that a small diffusion length of 6 A is
enough to remove the positron trapping at the Vy-Mgg, com-
plex, since the isolated Vi or Vi' cannot be observed by
positron annihilation spectroscopy due to Coulomb repul-
sion. Furthermore, reduced positron trapping at Vy-Mgg,
pairs is still observed in annealed (500—800 °C) samples,'”
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which already show p-type conductivity [p=(3-10)
X 10'® cm™3]. This implies that (i) some of the Vy-Mgg,
complexes survive the annealing, and (ii) at least a fraction
of the Vy-Mgg, complexes remain in the neutral charge state
even in p-type GaN, since they are observed as positron
traps.

The work of Lee et al. and of Wright and Mattsson points
out the hydrogen decoration of Vy-related complexes such
as Vy-Mgg, (Ref. 6) or V-Mg,.** While we agree that
such complexing may be possible, we do not think that
Vn-Mgg,-H complexes would trap positrons, since the pres-
ence of H decreases the open volume and increases the posi-
tive charge of the complex. The removal of H from
Vn-Mgg,-H complexes during annealing would increase the
positron trapping at Vi defects, which contradicts our experi-
mental observation. Therefore, we believe that the
VN-Mgg, defects observed in the present or in the previous
work!? are unlikely to be decorated with hydrogen.

V. CONCLUSION

We have studied Mg-doped GaN films with positron an-
nihilation spectroscopy to find out the effect of Mg doping,
Si codoping, and thermal annealing on open volume defects.
Vacancy-related defects are observed only for Mg doping
levels of about 10! cm™. Studies of unannealed GaN:Mg
sample resulted in the detection of two vacancy defects; one
with a positron lifetime of 180 ps and the other with a life-
time of 435 ps. They are identified as Vy-Mgg, and vacancy
clusters, respectively.

The vacancy clusters have an inhomogeneous depth pro-
file in the unannealed GaN:Mg, typically a lower concentra-
tion down to 100 nm from the surface. The concentration of
Vn-Mgg., changes less throughout the layer. Annealing dis-
sociates Vy-Mgg, pairs as well as the vacancy clusters,
which leads to a uniform vacancy distribution through the
film. The vacancy defect formed by the dissociated vacancy
clusters is identified as a Ga-vacancy-related smaller cluster.
The samples codoped with Si donors show similar behavior
to that observed in the samples doped only with Mg.

Before annealing the concentration of Vy-Mgg, is esti-
mated of (2—3) X 107 cm™ while the vacancy cluster con-
centration varies in the range (0.5-5)X 10" cm™, with a
region of lower concentration just below the surface. These
defects compensate Mg acceptors in GaN. The quantitative
estimates presented here, however, suggest that the hydrogen
passivation of Mg is the dominant deactivation mechanism.
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