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Abstract 

We have applied positron annihilation spectroscopy to study the formation of Ga vacancy 

related defects in Mg and Mn doped bulk GaN crystals grown by the ammonothermal method. 

We show that Mn doping has little or no effect on the formation of Ga vacancies, while Mg 

doping strongly suppresses their formation, in spite of both dopants leading to highly resistive 

material. We suggest the differences are primarily due to the hydrogen-dopant interactions. 

Further investigations are called for to draw a detailed picture of the atomic scale phenomena 

in the synthesis of ammonothermal GaN. 
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Introduction 

The semiconductor material family of the III-nitrides, with its active wavelengths ranging from 

infrared to ultraviolet, has a wide range of applications in optoelectronics. To make full use of 

their potential, high quality lattice-matched substrates are crucial. Extended defects in the 

substrate can penetrate into the overgrown layers and have a considerable impact on the device 

characteristics. As a consequence, they have been studied extensively in order to find optimal 

growth conditions to minimize their density. While point defects mostly influence the electrical 

and optical characteristics of the substrate itself, with less impact on the properties of the 

overgrown structures, they can have a significant role in the formation of the extended defects, 

such as inversion layers and dislocations. For the past two decades the need of better quality 

substrates has driven the development of nitride growth techniques capable of producing either 

true bulk crystals [1-6], several millimeters thick hetero-epitaxial layers to be separated from 

foreign substrates (see, e.g., [7, 8] for a review), or a combination of these approaches [9, 10].  

Originally growing bulk GaN substrates with very low dislocation densities (of the order ~102 

cm-2) was only possible by methods employing high temperatures and pressures (~1500°C, ~15 

kbar) [1]. Currently, for example ammonothermal synthesis provides a way to grow material 

of similar or even better structural quality at much less extreme conditions (~500°C, ~3 kbar) 

[2-6]. However, the point defect distribution in ammonothermally grown GaN is quite different 

due to the much lower growth temperature, and strongly affected by growth kinetics and 

chemistry as well [11, 12]. A detailed understanding of the formation mechanisms of point 

defects is necessary for developing approaches that could minimize the unwanted effects they 

have on the material quality. 

Positron annihilation spectroscopy is an effective and non-destructive method for investigating 

vacancy type defects in semiconductors. It has been widely applied to III-nitrides. Before 
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annihilating, positrons implanted into a sample can get trapped in and localize at neutral and 

negative vacancies due to their missing positive ion core. In practice the trapping causes well-

defined changes in the positron–electron annihilation radiation, namely, an increase in the 

positron lifetime and a narrowing of the momentum distribution of the annihilating positron–

electron pair (Doppler broadening) [13]. The annihilation data can be used to determine the 

vacancy concentration as well as to distinguish between different types of vacancies and their 

chemical environment. Performing measurements as a function of temperature provides 

additional information on the charge states of the detected defects. Introducing additional point 

defects by, e.g., particle irradiation allows to highlight differences in the original defect 

distributions when the latter are characterized by high concentrations producing only small 

apparent differences in the positron annihilation data. 

In this work, we employ positron annihilation spectroscopy to investigate the effects of Mg and 

Mn doping on point defect formation in ammonothermally (AT) grown bulk GaN crystals. 

Introduction of both impurities at the 1018 – 1019 cm-3 concentration level leads to highly 

resistive material (above 108 Ω-cm at room temperature), but with different optical properties 

[14-17]. In particular, luminescence experiments show that Mn doping leads to material with 

significantly higher concentrations of non-radiative recombination centers. We show that after 

the regular processing steps of the substrates, the most important being post-growth thermal 

treatment at 1100°C, both Mn and Mg acceptors are in the negative charge state (that is, they 

are ionized). However, both the nature and concentrations of the vacancy type defects differ 

significantly: the concentration of Ga vacancy related defects is more than an order of 

magnitude higher in Mn doped material, and in contrast to Mg doped materials, these vacancies 

are complexed with multiple hydrogen atoms. 
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Experimental details 

The ammonothermally grown bulk GaN crystal samples were doped with either Mn (1 × 1019 

cm-3) or Mg (1 × 1018 cm-3). The residual O and H concentrations in the samples are on the 

level of low- and mid-1018 cm-3, respectively [18]. After synthesis at 500°C the samples were 

annealed in N2 atmosphere at 1100°C. For both sample series (Mn and Mg doped), we 

measured a pair of samples after this standard post-growth processing, as well as samples 

irradiated with 1-MeV neutrons [14] to fluences 1 × 1016 cm-2 and 5 × 1016 cm-2.  

In this work, the positron lifetime was measured with a digital spectrometer with a timing 

resolution of 250 ps. A ~1 MBq positron source (22Na encapsulated in 1.5 µm Al-foil) was 

sandwiched between two sample pieces. When measuring identical (un-irradiated) samples 1 

× 106 annihilation events were collected in each spectrum. In order to have sufficient data when 

measuring the irradiated samples against a well-characterized GaN reference sample only 

producing annihilations in the lattice [11], 2 × 106 events were collected in each spectrum. We 

performed measurements in the temperature range 40 – 600 K using a closed-cycle He cryostat 

with resistive heating and high-temperature interface. 

The positron lifetime spectra n(t) = ∑i Ii exp(–t/τi) were analyzed as the sum of exponential 

decay components convoluted with the resolution function of the spectrometer (a Gaussian), 

for details see, e.g., Ref. 13. The constant background, annihilations in the source material 

(together a few percent) and, when necessary, annihilations in the GaN reference side of the 

sandwich (50% of the counts after the source correction) were subtracted. A positron in state i 

(whether that is delocalized state in the lattice or localized state at a defect) annihilates with a 

lifetime τi and intensity Ii. An increase in the average positron lifetime (τave = ∑i Ii τi) above the 

bulk lattice lifetime τB (160 ps for GaN) indicates the presence of vacancy type defects in the 

material. As the center of mass of the spectrum τave is insensitive to the decomposition 
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procedure, it is robust enough of a parameter that as small a change in its value as 1 ps can be 

reliably detected. To reliably decompose the spectrum to lifetime components, they must be 

sufficiently different from each other, at least by a factor 1.3 – 1.5. Typically only two lifetime 

components can be reliably separated from the spectrum measured from semiconductors 

(shorter τ1 related to bulk and possibly defects with so short a lifetime that it cannot be 

separated, and τ2 related to large enough defect(s) to produce high enough lifetime to be 

separated). 

The temperature dependent kinetic trapping model (described, e.g., in Ref. 13) can be used to 

analyze the temperature behavior of τave. The trapping coefficient to a neutral vacancy (µV) is 

temperature independent while the trapping coefficient to a negative vacancy (µV-) varies as T-

0.5. For vacancies with concentration cV the positron trapping rate is κV = µVcV (with µV = 3 × 

1015 s-1 for negatively charged Ga vacancies in GaN at 300 K). In addition to vacancies, 

negative ions can also trap positrons at hydrogen-like Rydberg states at low temperatures. The 

positron trapping coefficient to these shallow traps (µst) also varies as T-0.5. Unlike vacancy 

type defects, shallow traps allow positrons to escape the trap at elevated temperatures due to 

their low binding energy. The escape rate depends on the temperature and binding energy as 

δst = μst (2πm
*kBT/h2)3/2 exp(-Eb,st/kBT). 

 

Results 

Figure 1 shows the average positron lifetime (τave) at temperatures ranging from 40 to 600 K in 

the Mn and Mg doped samples before irradiation. All the measured values are higher than those 

measured in the reference sample that gives the bulk positron lifetime in GaN (τB ≈ 160 ps) 

[11]. This clearly indicates presence of vacancy type defects in the un-irradiated samples. 

Decomposing the spectra into lifetime components was not possible, which indicates either 
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saturation trapping of positrons (high vacancy defect concentrations) or the presence of more 

than one vacancy type defect efficiently trapping positrons, leading to several different lifetime 

components making the fitting procedures fail. The temperature behavior of τave in the Mg 

doped AT GaN resembles previous results obtained in nominally undoped high-nitrogen-

pressure (HNP) GaN [11, 19-21], where the O concentration is high, in the mid-1019 cm-3 range, 

and the Mg concentration is of the order of 1018 cm-3. In contrast, the temperature behavior of 

τave in the Mn doped AT GaN resembles that of nominally undoped AT GaN [22] with O and 

Mg contents an order of magnitude lower than those in HNP GaN, but where the H 

concentrations are also significant, in the mid-1018 cm-3 range. The average lifetime is relatively 

close to τB at low temperatures in both the Mn and Mg doped samples, increases strongly at 

200 – 350 K, and appears to saturate above 350 K. This behavior is typical of negative ions 

(shallow traps for positons) competing with vacancies in positron trapping at low temperatures. 

The main differences between the two types of samples are: (1) the average lifetime is roughly 

5 ps longer in the Mn doped sample throughout the temperature range of the experiment, and 

(2) at high temperatures τave increases with temperature in the Mn doped sample while it 

decreases in the Mg doped sample. 

The average positron lifetime obtained in the 1-MeV neutron irradiated Mg and Mn doped 

samples are presented in Figs. 2 and 3, respectively. Both figures show data from samples 

irradiated to fluences 1 × 1016 cm-2 and 5 × 1016 cm-2, as well as data from the unirradiated and 

reference samples for comparison. The experiments on irradiated samples were carried out 

below room temperature (40-300 K) in order to avoid thermal recovery [23]. The average 

lifetime increases in the Mg doped samples (Fig. 2) a little after the 1 × 1016 cm-2 irradiation 

and significantly after the 5 × 1016 cm-2 irradiation. In both cases, the increase is roughly 

constant throughout the temperature range, suggesting that only vacancy defects are introduced 

at significant concentrations in the irradiation. Separating lifetime components was not possible 
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in the Mg doped samples after irradiation either, indicating that vacancies introduced in the 

irradiation are monovacancy-sized instead of larger vacancy clusters or voids. The fact that the 

irradiation-induced introduction of vacancy defects is clearly visible in τave, allows us to 

conclude that positron trapping is not at saturation in the Mg doped AT GaN samples prior to 

irradiation. In contrast to the Mg doped samples, the average positron lifetime shows no change 

after the 1-MeV neutron irradiation with either fluence (Fig. 3), except for a barely observable 

increase at low temperatures after the 5 × 1016 cm-2 irradiation. This in turn implies that the 

trapping of positrons is in saturation in the unirradiated Mn doped AT GaN samples, making 

the defects introduced in the irradiation have little effect on the defect distribution detected 

with positrons.  

 

Discussion 

The increase of the average positron lifetime in the irradiated Mg doped samples shows that 

positron trapping cannot be at saturation in the unirradiated samples. This allows us to estimate 

defect concentrations by fitting the kinetic trapping model [13] to the experimental data. The 

fitted curve shown in Fig. 1 corresponds to a concentration of [VGa] = 9 × 1016 cm-3 for Ga 

vacancies in the negative charge state (with a vacancy lifetime of τD = 235 ps), and a negative 

ion concentration of cion = 2 × 1018 cm-3. The fitted negative ion concentration agrees well with 

the Mg doping concentration of 1 × 1018 cm-3, suggesting that all the Mg dopants are ionized 

as acceptors in these samples and are the dominant shallow trap for positrons, similarly as in 

HNP GaN [19]. 

The kinetic trapping model can be fitted to the data obtained in the irradiated samples as well 

(curves in Fig. 2). However, the results are less accurate compared to the unirradiated samples, 

due to more scatter in the experimental data and to the limited temperature range. In spite of 
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these limitations, it appears that any increase in the concentration of negative ion type defects 

possibly introduced in the irradiation is small compared to the original concentration of cion = 

2 × 1018 cm-3. The fitted curves in Fig. 2 correspond to negative Ga vacancy concentrations of 

1.2 × 1017 cm-3 and 3 × 1017 cm-3 for the 1 × 1016 cm-2 and 5 × 1016 cm-2 irradiated samples, 

respectively, with no change in the negative ion concentrations. These values translate to 

concentrations of irradiation-induced Ga vacancies of 3 × 1016 cm-3 and 2 × 1017 cm-3 in the 

two irradiations, or an introduction rate for 1-MeV neutron irradiation of about Ʃ = 3 – 4 cm-1. 

In 2-MeV electron irradiation experiments [23] it was found that the introduction rate of 

negative ions was four-fold compared to that of Ga vacancies. If a comparable relation holds 

in the neutron irradiation performed in this work, this would suggest that the concentration of 

negative ions introduced in the irradiation would be at most half of the original negative ion 

concentration even after the higher fluence, in line with our observations. 

The irradiation appears to introduce very little new defects compared to the original 

concentrations in the Mn doped samples, as hardly any change in τave is visible between the 

samples in Fig. 3. It is likely that the neutron irradiation introduces defects in the same way in 

both Mg and Mn doped samples, implying that the original concentrations of the vacancy 

defects and negative ions in the Mn doped samples need to be an order of magnitude higher 

than those introduced in the irradiation, i.e., at least in the mid-1018 cm-3 range. This is in line 

with the very similar experimental data obtained in nominally undoped AT GaN [22], where 

we interpreted the results as Ga vacancy-multihydrogen complexes (with τD = 185 ps) at 

concentrations above 5 × 1018 cm-3. The abrupt change in the temperature behavior at around 

300 K suggests that these vacancy complexes are in the neutral (instead of negative) charge 

state. 

Assuming a negative ion concentration of 1 × 1019 cm-3 (matching the Mn concentration) 

allows us to fit the average lifetime with 1.5 × 1019 cm-3 of neutral vacancy complexes with a 
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defect lifetime of τD = 185 ps in the Mn doped samples as shown with the curve in Fig. 1. This 

is well in line with the saturation trapping discussed above. Adding a third type of defect at 

concentrations likely introduced in the irradiation (negative Ga vacancy, τD ≈ 235 ps) to the 

kinetic trapping model increases the average lifetime by at most 1 ps at low temperatures, 

comparable to the experimental difference after the highest fluence irradiation (Fig. 3). These 

observations strongly support the interpretation that positron trapping is saturated at reduced-

open volume Ga vacancy related defects, likely Ga vacancy-multihydrogen complexes, in Mn 

doped AT GaN. The slight rise in τave at the highest temperatures in the unirradiated Mn doped 

samples is also similar to that observed earlier in undoped AT GaN samples [22], suggesting 

the presence Ga vacancy defects with different amounts of complexed hydrogen. 

In spite of both Mg and Mn doping of AT GaN leading to highly resistive material after post-

growth annealing at 1100°C, the effects of the two dopants on the formation of other acceptor-

type defects, namely Ga vacancies, are dramatically different. The Ga vacancy concentration 

in Mg doped samples is two orders of magnitude lower than that in the Mn doped samples (less 

than 1017 cm-3 compared to more than 1 × 1019 cm-3), although the acceptor-type dopant 

concentrations are an order of magnitude higher in the Mn-doped samples, implying that Fermi 

level effects and thermal formation of vacancies are not significant in determining the defect 

concentrations. In addition, in Mn doped AT GaN the Ga vacancies appear very efficiently 

hydrogenated while in Mg doped AT GaN there is no evidence of significant hydrogen 

involvement in the Ga vacancy defects. In fact, Mn doping appears to have no effect 

whatsoever on the Ga vacancy formation as the data are essentially the same as in undoped AT 

GaN samples [22]. Interestingly, the effect of Mg doping appears to have a particularly strong 

effect on the atomic level structure of AT GaN. It is worth noting that typically in AT GaN the 

point defect concentrations are much higher than can be predicted taking into account only 

thermal formation [11, 22, 24], interpreted as the growth (surface) kinetics and chemistry 
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dominating the formation mechanisms. In the present Mg doped AT GaN, annealed at 1100°C, 

the point defect distribution is essentially the same as in HNP GaN that is grown in conditions 

much closer to thermal equilibrium, implying that the addition of Mg in the GaN lattice limits 

the kinetically-driven Ga vacancy-multihydrogen complex formation during growth of AT 

GaN. This is in agreement also with the results obtained in Mg doped AT GaN before post-

growth annealing [11], where no defects were observed with positrons. 

The significant difference between the migration properties of Mg and Mn, with Mg having a 

significantly higher activation energy of diffusion than Mn [25, 26], suggests that the kinetic 

effects should be even stronger with Mg than with Mn, opposite to what we observe. A possible 

mechanism could be the strong affinity of hydrogen to the Mg impurities, which could lead to 

dehydrogenation of the Ga vacancies, allowing them to migrate during growth (at around 

550°C), as “clean” Ga vacancies are mobile already at 300°C [23]. This could lead to the Ga 

vacancy concentration stabilizing as defined by thermal formation at the growth temperature, 

i.e., very low, explaining their non-observation directly after growth [11]. The emergence of 

Ga vacancies after the post-growth annealing could be due to their thermal formation and 

subsequent stabilization by either O or H (as both are abundant in AT GaN), but through 

migration and pairing that rarely leads to complexes involving more than two defects [27-29]. 

Further investigations are clearly needed to create a detailed understanding of the microscopic 

mechanisms determining the atomic-scale structure of GaN grown by the ammonothermal 

method. 

 

Summary 

We have applied positron annihilation spectroscopy to study vacancy formation in Mg and Mn 

doped bulk GaN crystals grown by the ammonothermal method. By comparing temperature-



11 
 

dependent data obtained in post-growth annealed samples and samples irradiated with neutrons 

to various fluences, we are able to highlight initially weakly observable differences in the 

differently doped materials. Mn doping has little or no effect on the formation of Ga vacancy 

related defects, while Mg doping strongly suppresses their formation, in spite of both dopants 

leading to semi-insulating material. We suggest the differences are primarily due to the 

hydrogen-dopant interactions, but further investigations are necessary to obtain a detailed 

understanding of the microscopic mechanisms dictating the atomic scale structure in 

ammonothermal synthesis of GaN. 
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Fig. 1 The average positron lifetime measured as a function of temperature in unirradiated 

Mn and Mg doped bulk ammonothermal GaN, as well as defect free reference. The solid 

lines show the kinetic trapping model (with negative Ga vacancies and negative ions for 

GaN:Mg and neutral Ga vacancy-multihydrogen complexes and negative ions for GaN:Mn) 

fitted to the data. The error bars for the GaN reference data are smaller than the symbol size. 

  



13 
 

 

 

Fig. 2 The average positron lifetime measured as a function of temperature in Mg doped bulk 

ammonothermal GaN, as well as in a GaN reference. The solid and dashed lines show the 

kinetic trapping model (with negative Ga vacancies and negative ions) fitted to the data. The 

error bars for the GaN reference data are smaller than the symbol size. 
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Fig. 3 The average positron lifetime measured as a function of temperature in Mn doped bulk 

ammonothermal GaN, as well as defect free reference. The solid and dashed lines represent 

the kinetic trapping model before and after adding third defect type (negative Ga vacancy in 

addition to neutral Ga vacancy-multihydrogen complexes and negative ions) in a 

concentration that increases the average positron lifetime the amount seen at low 

temperatures in the experimental data. The error bars for the GaN reference data are smaller 

than the symbol size. 
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