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Abstract. This paper discusses the results of high temperature resistivity and Hall effect 
studies of Mg-doped GaN and AlxGa1-xN epilayers (0.05<x<0.23). The studied samples were 
grown by molecular beam epitaxy (MBE) on low temperature buffers of GaN and AlN deposited 
on sapphire substrate. The experiments were carried out at temperatures ranging from 300 up 
to 1000 K. Up to certain critical temperature TC (around 800 K) a typical increase of the 
conduction processes due to the excitation of impurity states has been observed with an 
activation energy of about EA = 200 meV. However, at this critical temperature TC, an annealing 
effect was observed in all the investigated samples. At this critical temperature, the increase of 
the free carrier concentration as a function of time leads to an irreversible decrease of the 
samples resistivity of more than 60 %. The observed temperature dependences of the electrical 
transport properties are analysed in the frame of an impurity model including shallow donors 
and Mg-related acceptors (with EA ~ 200 meV). In some cases, an additional conduction channel 
not related to the free carriers in the valence band must be taken into account. This can lead to 
an incorrect determination of hole concentration in valence band, important parameter in the 
process of radiative recombination. 

 

1. Introduction 

Nowadays the applications of gallium nitride (GaN) and related compounds-based devices are 

very broad, from light emitting devices to high power transistors. These applications have 

continuously increased over the last decade, making nitride materials the second semiconductor 

market in volume after Si. The p-type doping of nitrides is the key for optical [1] and 

electronic [2-4] devices. Understanding and explaining the properties of point defects in p-type 

material is crucial for improving the efficiency and longevity of light-emitting and/or power 

devices based on the GaN [5]. So far, magnesium (Mg) is the only acceptor dopant which 

generates sufficient p-type conductivity in a reproducible manner. Despite the technological 

maturity of GaN devices, there are still some basic properties related to the Mg doping 

mechanism and the p-type material behaviors, which are poorly understood, involving many 

questions. Following the direct lattice location measurements for ion-implanted Mg in GaN, 

using the β− emission channeling technique, it was demonstrated [6] that the majority of Mg 

atoms occupy substitutional Ga sites. However, significant fractions were also found on 

interstitial positions, shifted by∼0.6 Å from the ideal octahedral sites. This fraction depends on 

the GaN doping character thus giving direct evidence for the amphoteric character of Mg. In the 

case of metal-organic vapor phase epitaxy (MOVPE), Mg acceptors are electrically inactive in 

as-grown material. An additional post-growth treatment is necessary to activate the dopant 

atoms [7]. This technological step is systematically implemented in MOVPE samples with 
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differences between the annealing conditions (temperature, atmosphere) [4]. It is usually accepted 

that this Mg activation consists in the dissociation of Mg-H complexes [8]. In the case of MBE, 

for which the hydrogen incorporation is much smaller than in MOVPE and the samples are grown 

at low temperature which decrease the density of the donor like defects [9], Mg acceptors are 

electrically active in the as-grown material and no additional annealing procedure is necessary. 

It was even pointed out that annealing in an ambient nitrogen environment between 870 K and 

1120 K for one hour led to no change in the electrical properties of the material grown by 

Reactive MBE with ammonia [10]. The same effect of electrical active Mg acceptor in the as-

grown material was obtained in the case of anothe  inherently hydrogen-free growth technique: 

the low-temperature pulsed sputtering deposition (PSD) process [11]. 

In this paper, we present the results of resistivity and Hall effect measurements as a function of 

temperature on MBE-grown Mg-doped GaN and AlxGa1-xN layers with x up to 23%. The 

experiments have been carried out in the temperature range from 300 K up to 1000 K. As far as 

the temperature was lower than a certain critical temperature TC  close to 800 K, a typical increase 

of p-type conduction process due to the excitation of acceptor impurity states has been 

observed [10–17]. Following the literature data, in the case of GaN:Mg material, the energy 

reduction through binding Coulomb interaction between valence-band holes and ionized 

acceptors takes place [14]. As a result, the effective acceptor energy depth decreases strongly as 

a function of dopant concentration from 190 to 112 meV [15]or from 220 to 30 meV [16] assuming 

usually an activation energy of EA,0 = 220meV for isolated acceptors. 

For temperatures reaching this critical value TC, it was found that the resistivity and Hall 

effect became time-dependent for all investigated samples. In the case of GaN samples a more 

than 60 % irreversible decrease of the sample resistivity as well as an increase of free hole 

concentration has occurred. In the case of AlxGa1-xN material, the decrease of resistivity is much 

more pronounced; it decreases by more than one order of magnitude (for x=23 %). The 

temperature TC, characteristic of the annealing process, is dependent on the annealing 

atmosphere: in presence of oxygen, the annealing effect is more pronounced and occurs at lower 

temperatures. 

2. Experimental methods 

 The materials under study were grown on 2-inch c-plane (0001) sapphire substrates by 

MBE in a “Riber 32P” reactor. Effusion cells were used for Ga and Al elements, the Mg dopant 

was supplied by a RIBER VCOR110 valved cell and ammonia (NH3) was used as the nitrogen 

source. Initially, the substrate surface was nitrided with ammonia at ~ 950 °C for 10 min. Then 

a GaN nucleation layer (30 nm) was grown at low temperature (~ 450 °C), followed by a 150 nm-

thick AlN layer grown at 950 °C, with a growth rate of 0.1 µm/h. This AlN layer was inserted in 

order to get a compressive strain when growing the p-type GaN layer and avoid the formation of 

cracks. Finally, the Mg-doped GaN or AlGaN layers were grown at 770 °C, at a growth rate of 

0.8 µm/h with a Mg cell temperature of 270 °C, corresponding to a Mg atom concentration in the 

crystals of about 5×1019 cm-3. 

 The concentration of Mg incorporated in the samples was determined by the secondary 

ion mass spectroscopy (SIMS) method. The measurements were done using a Cameca IMS 5f 

spectrometer with a Cs+ primary ion source. The impact energy was 15 keV. The secondary beam 

high voltage was 4.5 kV and the mass resolution was fixed at M/ΔM = 500. Concerning the Mg 

quantification, we applied the MC+ method [18], using relative sensitivity factors (RSFs) derived 

from the analyses of four well known reference samples (see Table 1). Notice that the first one 

is a usual Mg implanted GaN sample but the three other are Mg doped AlxGa1-xN samples grown 

by MBE, where x is 0, 0.1 and 0.2, respectively. These last three samples were previously 

analyzed by Probion Analysis [19], which used its own references for the Mg calibration.  

The specific detection limit of the investigated atoms was few 1016 cm-3. 
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Table 1: RSF values, determined from our reference samples, used to calibrate Mg concentration from 

SIMS analysis. 

 

 The samples were cut into 5×5 mm² squares with electrical contacts in van der Pauw 

configuration at the corners of the sample. The ohmic contacts were formed by the evaporation 

of Ni(20 nm)/Au(200 nm) electrodes and subsequent annealing in N2 ambient at 400 °C. For high 

temperature measurements and in-situ electrical characterization during annealing, the samples 

were bonded with gold-wires to a ceramic support. The sample holder was installed in a quartz 

tube inside a furnace to keep during the high temperature experiments a special atmosphere or a 

vacuum better then 10-6 bar. The temperature was measured with a platinum (Pt) resistor and 

stabilized with a precision better than 1 K. 

 The resistivity measurements were performed using the van der Pauw method taking the 

average of all current configurations. Concerning Hall effect measurements, generally, because 
of high carrier concentrations and low mobilities, to improve the Hall voltage measurements we 

used the van der Pauw approach [20] combined with the measurements as a function of the 

magnetic field B varying between ±1 Tesla. Then the Hall carrier concentration was deduced 

from the slope   of the Hall resistance Hall versus B:  = dHall/dB. As example, on Fig. 1 we 

plot the Hall (B) results for sample N, difficult to measure at a constant magnetic field. During 

all electrical measurements, the current through the sample was kept adequately low to ensure 

ohmic conditions. 

 

 

 
Fig. 1. Hall effect measurements as a function of magnetic field at T=400 K on sample N: the slope dHall/dB is 

determined from a least squares fit: =+2.2/T corresponding to the p-type Hall concentration pH=5.6×1018 cm-3 
 

 

  

Al content in AlGaN 0 0.1 0.2 

RSF (133Cs24Mg/133Cs71Ga) 3×1022 1.5×1022 5×1021 
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2. Results 

The electrical characteristics of the samples under study are presented in Table 2. 

Typically, they have been done at temperature Ta, corresponding to the room temperature. 

However, in the case of AlxGa1-xN:Mg mixed crystals with aluminum concentration higher than 

15 %, a temperature as high as Ta=400 K was necessary to give well-defined p-type 

characteristics of the samples. 

 

 
Table 2: Sample characteristics: Al content; SIMS measurements of Mg, H and O; resistivity, Hall 

concentration and Hall mobility measured at 300 K or 400 K. For AlxGa1-xN, a temperature as high as 

Ta=400 K was necessary to obtain well-defined p-type characteristics of the material. 

 

On Figure 2, the temperature dependences of resistivity (1/T) are presented respectively for the 

GaN:Mg samples B (Fig. 2a) and C (Fig. 2b). The experiments were carried out under vacuum:  

• Stage 1 (circles): temperature ramp-up, from 300 K up to a critical temperature Tc. For 

this part of experiment, the measured values are stable as a function of time and only 

change under effect of temperature variation.  

• Stage 2 (circles): in situ measurement of the evolution as a function of time of electrical 

parameters of sample placed at constant temperature T=Tc. Temperature is maintained at 

Tc until the monitored electrical parameters stabilize.  

• Stage 3 (squares): temperature ramp-down, after annealing, from Tc down to 300 K. For 

this part of experiment, the measured values are once more stable as a function of time. 

 

With increasing temperature, as long as it remains lower than some critical values TC, the 

resistivity of the samples decreases revealing thermally activated conduction processes. At a 

temperature TC, the electrical transport parameters of the samples become time-dependent and 

Sample Al SIMS  (1×1019 cm-3) (T) pH(T) (T) T 

(%) [Mg] [H] [O] (cm) (cm-3) (cm²/Vs) (K) 

A 0 1.5   0.43 0.085 3.1 3.9×1017 5.2 300 

B 0 1.5   0.43 0.085 7.7 2.2×1017 3.7 

C 0 3.0 0.40 0.03 1.3 1.8×1018 2.7 

D 0 3.0   3.9 8.1×1017 2.0 

E 0    1.3 1.9×1018 2.5 

F 0    5.5 2.0×1017 5.7 

G 0 7.0   1.2 2.5 ×1018 2.1 

H 5 3.0   0.67 7.4×1018 1.25 400 

I 10 2.6   3.95 1.3×1018 1.2 

J 13 6.0   4.6 6.3×1018 0.22 

K 20 0.6   1,96 1,9×1019 0.17 

L 20    2.2 1.1×1019 0.26 

M 20    1.9 1.8×1019 0.18 

N 23    7.0 5.6×1018 0.16 

O 23 3.0   6.2   
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the resistivity decreases as a function of time. For all GaN:Mg samples (A, B, C and D), TC is 

approximatively equal to 880 K. 

 

 

 

Fig. 2. Variation of resistivity ρ vs reciprocal temperature for samples B (Fig. 2a) and C (Fig. 2b): circles (i) ρ up to 

a critical temperature TC and (ii) at TC, ρ evolves as function of time until stabilization; diamonds–after annealing, 
from TC down to 300 K; stars on the Fig. 2b correspond to the second temperature run after the annealing process. 

The arrows help to guide the eyes according to the sense of changes of temperature during the experiment. The 

critical temperature is TC=880 K. 

 

 

 
A typical example of the resistivity changes as a function of time at annealing temperature 

TC is presented for sample B on the Fig. 3. After about one hour of isothermal annealing, the 

sample resistivity tends to some saturation value, which corresponds approximatively to 60 % of 

the initial one. As soon as the resistance has become practically independent of time, once again 

the resistivity was measured as a function of temperature in the decreasing variation. 

 
Fig. 3. Resistivity of sample B as a function of time for an annealing at T=880 K 
 

 

Two types of resistivity versus temperature dependence were observed. In the case of 

sample B (Fig. 2a) and A, as a result of the annealing, the resistivity decreased and retained, after 

return to room temperature, the offset imposed by the annealing: the final value, at room 

temperature, is still about 60 % lower than the initial one. In the case of sample C (Fig. 2b) and 

D, even if the permanent change of resistivity at high temperature is also about 60 %, then a 

subsequent increase of  (1/T) after annealing is more abrupt and as a result, the final resistivity 

value, at room temperature, is practically the same as the initial one. Consequently, for these 

samples the resistance measured at room temperature reveals no effect of the annealing at high 

temperature. It should be noticed that the observed changes on the temperature dependence of 

resistivity are permanent as shown in Fig. 2b (star labels) after the second temperature cycle on 

sample C. 

 The changes of material parameters as a function of temperature and high temperature 

annealing were also studied by Hall effect measurements, as plotted in Figure 4. The Hall 

concentrations versus reciprocal of temperature have been measured for samples A and B. The 

Hall concentration of holes were calculated from the simple relation pH=1/eRH where e 

correspond to the electron charge and RH to the experimentally determined Hall constant. It is 

evident that the changes of the carrier concentration with temperature follows the effects 

observed for resistivity. Initially the holes concentration increases as a function of temperature 

according to the thermally activated conduction process. In the same way, the high temperature 

annealing process corresponds to the increase of free carrier concentration.  

 
 
Fig. 4. Variation of Hall concentration vs reciprocal temperature for sample A (Fig. 4a) and B (Fig. 4b): circles 

correspond to pH=1/(eRH) (1/T) dependence before annealing and diamonds–after annealing; Arrows help to guide 

the eyes according to of the increasing or decreasing temperature variation during the experiment 
 

Fig. 5 shows the time dependence of Hall mobility µH=RH measured on sample B and 

D at T = 880 K. The high temperature annealing process leads to a very slight but undoubted 
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increase of Hall mobility. In any case, the mobility increases in the initial phase of annealing and 

then is practically independent of time.  

In the case of p-type GaN:Mg material grown by MOVPE, it has been shown that the 

presence of oxygen in the annealing environment can affect the activation process [21, 22]. To 

check whether the observed annealing process depends on the conditions in which it is carried 

out, an additional experiment was done under air atmosphere. It was carried out on sample E, 

derived from the same wafer as sample C. Results are presented on Figure 6. The character of 

resistivity variation with temperature is very similar to the sample C one (Fig. 2b). The same 

similarity between both experiments can be also observed in Hall effect measurements. However, 

the temperature of the annealing phenomenon under air (TCair=780 K) is distinctly lower than the 

previous value (TCvac=880 K) measured in vacuum. 

 

 
Fig. 5. Hall mobility versus time dependence at T=880 K for samples B (diamonds) and D (circles). 

 

Fig. 6. Variation of resistivity vs reciprocal temperature for samples C and E respectively: circles 

correspond to sample C annealed in vacuum and diamonds to sample E annealed in air. The temperature of the 

annealing phenomenon under air is distinctly lower than the previous experiment in vacuum (780 K instead 880 K). 

 

 

 The conditions of previously described experiments do not allow the precise and 

quantitative control of the annealing conditions. Consequently, an additional series of 

experiments was realized in a Rapid Thermal Annealing (RTA) system allowing controlling the 

annealing atmosphere and temperature. However, in the case of RTA, it is impossible to study 

the annealing process by in-situ measurements of electrical transport properties. Therefore, for 

this study, a series of samples was prepared. These samples, labelled F, come from the same 

growth process as sample A. The as-grown samples were annealed as a function of time in two 

different atmospheres (N2 and N2+20 %02) at different temperatures (700 K, 750 K, 800 K and 

870 K). After the process, a post-annealing characterization of each sample has been done at 

room temperature. Results of resistivity measurements are presented in Fig. 7. A similar behavior 

was observed in the case of Hall effect measurements. An annealing process carried out under 

nitrogen atmosphere, even at temperature as high as 870 K, does not cause any significant change 

in resistivity or carrier concentration values at room temperature. But the presence of a mixture 

of nitrogen and 20 % of oxygen causes a distinct decrease in resistance (and accordingly an 

increase in carrier concentration) already with an annealing temperature of 750 K. The increase 

of annealing temperature up to 800 K does not cause any noticeable changes in the efficiency of 

the annealing process. 

 

 
Fig. 7. Room temperature resistivity of the sample series F as a function of thermal annealing duration at different 

temperatures: a) at 700 K, b) at 750 K and c) at 800 K. Squares and circles correspond respectively to annealing 

under N2and N2+20 % O2 atmosphere. Stars on Fig. 7c correspond to the annealing process at 870 K under N2 

atmosphere. The dashed lines help to guide the eyes 

 

 As aluminum-rich materials are important for ultraviolet applications, we extended our 

research to AlxGa1-xN:Mg compounds with aluminum content up to 23 %. On Figure 8, the 

temperature dependences of resistivity  (1/T) are plotted respectively for two samples with 

different Al content: sample I (x=10 %; Fig. 8a) and K (x=20 %; Fig. 8b). The experiments were 

carried out under vacuum. The observed  (1/T) dependencies are analogous to those observed 

in GaN samples. With increasing temperature, as long as it remains lower than some critical value 
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TC, the sample resistivity decreases revealing a thermally activated conduction processes. At 

temperature as high as TC, the electrical transport parameters become time-dependent and the 

value of resistivity decreases. Also, the return to ambient temperature is similar to that observed 

in GaN:Mg. The resistance decrease, generated at high temperature during the annealing process, 

is either preserved down to room temperature (sample I; Fig. 8a) or deleted when decreasing the 

temperature. In this last case, the resistance value at room temperature is close to the initial one 

(sample K; Fig. 8b). For the presented samples, the critical temperatures TC, in which the 

annealing process occurs, are higher than in the GaN case and are different among each other. 

Moreover, the experiments performed on samples with different aluminum content (samples 

from H to O) have confirmed different TC values, which are between 730 and 920 K. However, 

these different TC values cannot be related to sample parameters: either the Al composition or 

doping level. 

To verify the influence of the annealing atmosphere, similar to the case of GaN, two 

annealing experiments were carried out for two samples originated from the same growth 

process: for the sample L the experiment was carried out under air and for the sample M under 

vacuum. Comparison is done in Fig. 9. The character of resistivity variation with temperature for 

both samples is very similar. However, as in GaN, the temperature TC of the annealing 

phenomenon under air is 100 K lower than the one observed for annealing under vacuum. 

 
 
Fig. 8. Variation of resistivity vs reciprocal temperature for AlxGa1-xN samples: (a) sample I with Al composition 

x=10 % and (b) sample K with Al composition x=20 %. Circles correspond to (1/T) dependence before annealing 

and diamonds–after annealing; The annealing temperatures are respectively TC=910 K for sample I and TC=904 K 

for sample K 
 
 
Fig. 9. Variation of resistivity vs reciprocal temperature for samples L and M: circles correspond to experiment 

carried out under vacuum (sample M, the annealing temperature TC=920 K) and diamonds to experiment carried 

out under air (sample L, the annealing temperature TC=820 K). 
 
 
Fig. 10. Changes of resistivity vs time during the annealing under vacuum at temperature TC. Results for GaN 

(sample E) and ternary AlxGa1-xN compounds with aluminum composition respectively: x=5 % (sample H); 

x=13 % (sample J) and x=23 % (sample O). 
 
 

Resistivity at TC versus time dependency for different samples are plotted in Fig. 10. In 

all cases, the resistance decreases as a function of time and tends to some saturation value which 

is evidently dependent on the Al content. The time necessary to achieve this value is quite long, 

of the order of few hours. In GaN, the final value is approximately 60 % of the initial one, 

whereas in the case of AlxGa1-xN compound with an aluminum content of 23 %, the resistance 

during annealing decreases by more than one order of magnitude. 

3. What is going on? 

From the most general point of view, to discuss the effect of temperature on the 

concentration of holes in the valence band, the intrinsic excitation of carriers and presence of 

different donor and acceptor centers should be taken into consideration. The intrinsic carrier 

concentration, even at temperatures as high as 1000 K, remains negligibly low (lower than 

1×1013 cm-3) owing to the large band gap of the material. This means that the holes in the valence 

band come only from the acceptor states partially compensated by electrons from the donor 
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states, which are completely ionised. Thus, the charge-neutrality conditions of the crystal can be 

written as: 

𝑝 + 𝑁𝐷
(+)

= ∑ 𝑁𝐴𝑖
(−)

𝑖 = ∑
𝑁𝐴𝑖

1+𝑔𝑖exp⁡(
𝐸𝐴𝑖−𝐸𝑓

𝑘𝐵𝑇
)

𝑖    (1) 

where kB is the Boltzmann constant, T is the temperature, p is the free hole concentration in the 

valence band,⁡𝑁𝐷
(+)

= 𝑁𝐷 is the total concentration of compensating donors and⁡𝑁𝐴𝑖
(−)

the 

concentration of acceptor centers (i) occupied by electrons. The acceptor states (i) are 

characterised by an activation energy (EAi), their concentration (NAi) and degeneracy gi. 

Concerning shallow donors, the degeneracy g=1/2 is commonly admitted. However, even in the 

case of shallow acceptors, the situation is more complicated due to contributions from s-like and 

p-like states as well as the degeneracy of the valence band. In our analysis, acceptor degeneracy 

is assumed equal to 4, as usual for shallow acceptors. 

To determine the parameters of acceptor and donor impurities from electrical transport 

measurements, a large part of published results is based only on the fitting of the Hall 

concentration [11, 15, 23]. However, to attempt modeling free carriers concentration following the 

formula of charge-neutrality conditions (1) and to converge towards a unique solution, 

simultaneously pH and µH fitting must be performed. These simultaneous fits need a combination 

of temperature-dependent hole concentration and temperature-dependent hole mobility with hole 

scattering theory. This is difficult to do because of the complexity of the valence band and the 

coupling between the heavy-hole and light-hole states (not mentioning the split-off valence band, 

which can also be populated at high T). Consequently, the precise quantitative analysis of the 

Hall effect requires the use of a multi-carriers model of conduction taking into account the 

presence of heavy and light holes, as well as the corresponding mobilities and scattering factors 

r. In addition, for high doping levels and large temperature domains, usual models for mobility 

calculation must be handled with care. For this reason and to allow our results to be compared 

with most of the available analysis in the literature, a simplified model with a single valence band 

characterized by a density of states effective mass of mv=1.5mo [24] was considered in our 

analysis. Based on the results of a meticulous analysis of transport results in medium-doped 

samples [23], it leads to the underestimated value of Hall holes concentration compared to the real 

total concentration of light and heavy holes.  

Even in the simple model assuming the conduction mechanism by only one type of 

carriers, the experimentally measured Hall concentration (pH) and Hall mobility (µH) differ from 

the hole concentration in the valence band (p) and the carrier mobility (µ) respectively by the 

Hall scattering factor, rH: 

𝑝𝐻 =
1

𝑒×𝑅𝐻
=

𝑝

𝑟𝐻
       and     ⁡⁡⁡𝜇𝐻 = 𝑅𝐻 × 𝜎 = 𝑟𝐻𝜇 

In the following, we assume rH=1 and in this case, the hole concentration and the carrier 

mobility correspond directly to the measured Hall concentration and Hall mobility, respectively. 

At high temperatures T≥400 K, the observed character of pH(T), (T) dependences and 

the values of electrical parameters for the complete GaN:Mg sample series are very similar. 

Nevertheless, the temperature behavior can be quite different near room temperature (Fig. 2, 

samples B and C).While the character of (T) dependency for sample B does not change down 

to room temperature, for sample C, this dependency tends to saturation. We thus distinguish two 

types of characteristic behavior for two sets of GaN samples: samples A, B (series 1) and 

samples C, D, E (series 2). Similar behaviors near room temperature were observed for AlGaN 

samples (see on Fig. 8 respectively results for samples I and K). For this reason, the analysis of 
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the experimental results will be done separately for each set of samples. However, as mentioned 

above, because of the limitations of the theoretical model, the additional information could not 

reliably be garnered from Hall mobility measurements. Consequently, in compensated 

semiconductor, there is no unique solution with this fitting procedure where the extracted 

parameter values EA, NA and ND are interdependent. 

To explain the experimentally observed high temperature annealing effect, i.e. the 

increase of hole concentration versus time, two mechanisms are possible: i) the increase of the 

number of active acceptors and/or ii) the decrease of the number of compensating donors. 

 As already mentioned, Mg as active acceptor requires its incorporation on the 

substitutional Ga site (MgGa). On other sites as interstitial, replacing N or complexes with H (Mg-

H), O (Mg-O) and vacancies (Mg-VN,Ga), it should be electrically inactive or even exhibit a donor 

character. Recall that in GaN the mains donors are oxygen on a nitrogen site (ON), silicon on a 

Ga site (SiGa), and the N vacancy (VN). 

First, concerning the increase of active acceptors, the high temperature activation of Mg 

centers, related to the dissociation of Mg-H complexes is an obvious mechanism evidenced in 

MOVPE growth samples. However according to the litterature [25], Mg-H complexes are 

negligible in MBE samples. Moreover, this thermally activated process takes place below 

700K [26], at temperature much lower than the observed experimentally critical temperatures TC 

higher than 800 K. It should also be noted that during the dissociation of Mg-H complexes the 

hydrogen ions could migrate to the surface. Therefore SIMS measurements before and after the 

heating process could provide relevant information to explain the process that occurs during 

annealing. However the SIMS results presented on Figure 11 indicate that a precise analysis of 

hydrogen content in the sample is difficult because the hydrogen concentration changes 

according to the time spent in SIMS apparatus under high vacuum condition, at room 

temperature. Even if the quantitative analysis cannot be precisely done, one can observe the 

pronounced decrease of hydrogen concentration in the sample as a function of time: the change 

of its profile across the sample indicates that this element desorbs under vacuum condition. 

 

 
Fig. 11. Hydrogen concentration profile in sample B from SIMS analysis carried out in some day’s interval. All the 

time, sample was kept in SIMS apparatus under high vacuum condition at room temperature. 

 

 

Other candidates for increasing the concentration of electrically active magnesium 

acceptors can be the dissociation of complexes: Mg-O [27] and Mg-VN. The SIMS analyses 

(Table 2) indicate that the oxygen concentration in the investigated samples is not high enough 

to play a significant role in the annealing process. However, in the case Mg-VN complexes the 

thermal annealing at temperatures higher than 800 K could lead to their dissociation and to 

activation of supplementary Mg-acceptor centers [25].  

The second explanation of the observed effects may be related to the reduction in the degree of 

compensation in the material. From theoretical as well as experimental considerations, nitrogen 

vacancies NV and Mg-NV complexes are the dominant compensating centers in MBE samples 

when Si and O impurities can be neglected. However there is still an open question concerning 

the role of H as an isolated atom. It is generally assumed that it acts as an amphoteric impurity. 

In the case of p-type GaN with the Fermi level EF locating close to the valence band maximum, 

the positive charged H+ is stable and H acts as a donor [28]. The migration barrier for positively 

charged hydrogen is sufficiently small (0.7 eV [29]) to ensure the high mobility of H+ ions. 

Hydrogen ions could migrate to the surface or to extended defects (dislocations). By this way, 

they can be removed or neutralized, respectively. In the case of H+ migration at temperatures 

higher than 800 K, an additional and efficient process of hydrogen-ion neutralization appears due 
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to the creation of Ga vacancies (VGa) [30]. For extremely p-type conditions, the formation energy 

of VGa or VGa-H complexes is quite high. From the kinetic point of view VGa-H2 complex is most 

likely to form. It should also be pointed out that following reference [30], the oxygen atmosphere 

plays an important role in the Ga vacancies formation. Consequently, this model would allow 

explaining the impact of the atmosphere in the annealing process and the differences observed 

when experiments are realized under air or in presence of oxygen (RTA experiments). It is 

generally assumed that the higher aluminum contents correspond to higher concentration of 

oxygen in the samples [31, 32], so it can also explain the annealing effect on AlGaN samples with 

different Al content (Fig. 10). Indeed, the effect of annealing increases significantly with the 

composition of aluminum. Hull et al. [21] also emphasized the role of oxygen in the activation 

process, which enhances the removal of H that passivates the Mg atoms. It is worth noticing that 

the adoption of the model in which the annealing leads to a reduction of compensating donors 

means that during annealing, the concentration of ionized centers in the sample decreases. In this 

way, the scattering on the ionized impurities center become less efficient which is in agreement 

with the experimentally observed increase of mobility during annealing process (Fig. 5). 
On Fig. 12, the results of our fitting procedure are discussed in the case of the pH(T) 

dependence for sample A (series 1). It has been done for three different compensation levels. 

Before annealing, (solid red lines in Fig. 12) the compensation degree was respectively, with 

K=ND/NA: no compensation (K=0); low compensation K=7.7 % and medium compensation 

K=20 %. The fitting parameters are summarized in Table 3 (called initial parameters). We 

observe a better agreement with the experimental results by increasing the compensation ratio. 

In addition, it should be noted that for K=0, the deduced acceptor ionization energy (EA) is higher 

than the expected value for the Mg level in GaN. After annealing, to explain the experimental 

effect, we consider separately two possible effects: the increase of NA (ND remaining constant) 

or the decrease of ND (NA remaining constant). Whatever the compensation level, we have a good 

agreement between the experimental and fitted data and the annealing effect can be related to an 

increase of active acceptor concentration (Table 3 - ND=Ct, green dash dot lines in Fig.12). The 

decrease of ND only makes sense in the case of K=20 % (Table 3 – NA=Ct, blue short dash line in 

Fig. 12c). Both fitting curves are practically identical and the fitting procedure does not allow 

discerning which hypothesis is more appropriate. 

It should be noted that regardless of the degree of compensation adopted, the values of 

acceptor concentration NA necessary as a fitting parameter are significantly higher than the 

concentration of Mg atoms determined from SIMS measurements. This statement corresponds 

to a more general observation: assuming Hall coefficient rH=1 leads to a systematic 

overestimation of the doping level in the matching procedure. Similar results are obtained in 

other wide band gap semiconductors as p-type SiC [33, 34] where the estimated acceptor density 

could exceed the chemical density of the Al acceptor impurities and in the modeling of transport 

properties a semi-empirical r*
H parameter is used [35]. 

 
Fig. 12. The pH(T)=1/(eRH) fitting procedure for sample A. The calculations have been done for three 

compensation levels: a) no compensation (K=0); b) low compensation K=7.7% and c) medium compensation 

K=20 %. The fitting parameters are summarized in Table 3. 
 

 

Concerning sample B, it has a carrier concentration nearly twice lower than sample A 

(Table 2). However, it is characterized by a lower mobility. This means that it is more 

compensated. This is confirmed by the results plotted on Figure 13 where the best fit is obtained 

with a compensation ratio K=50 % (see the parameters in Table 3). As in sample A, for results 

after annealing, the fitting procedure does not allow discerning which parameters are more 
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appropriate: the increase of NA or the decrease of ND. Probably both NA and ND play a role in the 

annealing effect. 

Table 3: Fitting parameters used for modeling free carriers concentration following the formula of 

charge-neutral conditions (1) for samples A and B (series 1). 

Sample Initial parameters (before annealing) Final parameters (after annealing) 

Series 1 Hypothesis 

ND=Ct 

Hypothesis 

NA=Ct 

 K=ND/NA 

(%) 

EA 

(meV) 

NA initial 

(×1020 cm-3) 

NA after annealing 

(×1020 cm-3) 

ND after annealing 

(×1020 cm-3) 

 

A 

 

0 280 5.5 2.4×NA initial
 - 

7.7 155 1.3 1.5×NA initial - 

20 126 5 1.4×NA initial 0.7×ND initial 

B 50 104 1.5 1.3×NA initial 0.7×ND initial 

 
 

Fig.13.The pH(T)=1/(eRH) fitting procedure for sample B. The calculations have been done for a compensation 

level K=50 %. The fitting parameters are summarized in Table 3. 

 
Concerning the series 2: for samples C, D and E, as already mentioned earlier, the 

electrical parameters at high temperature are very similar to sample A. However, near room 

temperature, the saturation of both pH(T) and (T) is observed which leads, at room temperature, 

to i) an apparent Hall carrier density higher than the hole valence band concentration value 

predicted by the model of Mg-acceptor state and ii) a low resistance. As an example, the results 

of fitting procedure of the pH(T) dependence for sample E are presented on Fig. 14. While it is 

possible to match the experimental results in the high temperatures range T>400 K, it would be 

necessary to adapt the unrealistic parameters of an additional shallow acceptor level to explain 

the pH(T) behavior near room temperature. Results on Fig. 14 are strikingly similar to the ones 

presented by Lancefield et al. [36] and Kozodoy et al. [15] where the saturation, observed at lower 

temperature, is related to the hopping conductivity in an impurity band (IB). The observation of 

an IB conduction at room temperature and above is not usual but it has been seen in p-type 4H-

SiC [37] owing to the high thermal ionization energy of the Al acceptors. In GaN, the thermal 

ionization energy for Mg acceptor is comparable to the Al one in SiC. Therefore, the very evident 

saturation effect might result from a competitive conduction mechanism in the impurity band 

that adds to the conduction process in the valence band. 

 
Fig. 14. Variation of Hall concentration vs reciprocal temperature for sample E: circles correspond to pH=1/eRH 

measured experimentally and solid lines to the fitting curves with the following fitting parameters: EA=109 meV, 

initial parameters (before annealing): 

ND=3.0×1018 cm-3 

NA=2.5×1019 cm-3 

Final parameters (after annealing): 

ND=9.5×1018 cm-3 

NA=7.0×1019 cm-3 
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From Fig. 14, we can draw the following conclusions: 

1. Considering the second conducting channel in the impurity band, the observed change in the 

resistivity and carrier concentration versus temperature dependence near room temperature 

can be explained. As a result, the values of mobility and carrier concentration determined at 

room temperature are only apparent Hall density and Hall mobility which are different than 

the hole valence band concentration and mobility, respectively.  

2. The influence of the second conductive channel may interfere with Hall effect measurements 

throughout the whole high temperature range. This can lead to incorrect determination of the 

energy of the acceptor level EA as a fitting parameter of the pH(T) dependency even in a very 

wide temperature range study. 

 

The results of the resistivity measurements also encounter difficulties in interpretation since a 

usually “low temperature-hopping phenomenon” can influence the conductivity even at higher 

temperature. In this case, it is difficult to interpret the conductivity and its temperature 

dependence whatever the temperature. 

 

4. Conclusions 

In this paper, the results of high temperature resistivity and Hall effect measurements of 

Mg-doped GaN and AlGaN epilayers grown by MBE have been presented. At temperatures close 

to 800 K, an annealing process is observed in all the investigated samples. It leads to an 

irreversible decrease of sample resistivity related to the increase of the free carrier concentration. 

In the presence of oxygen, the observed effect is more pronounced. The observed annealing 

effects are most likely related to a decrease of the compensation, i.e. a decrease of the donor 

concentration, specifically hydrogen ions. At temperatures higher than 800 K, due to the creation 

of Ga vacancies, an efficient process of hydrogen-ion neutralization takes place. In the presence 

of oxygen in the annealing atmosphere, the observed effect is more pronounced and takes place 

at a lower temperature range (T<800 K). 

We have demonstrated that high temperature studies are important to confirm the validity 

of the electrical parameters of Mg-doped GaN or AlGaN layers determined at room temperature. 

In extreme p-type doping conditions, an additional conduction channel not related to the free 

carriers in the valence band could add to the conduction process and consequently the room 

temperature electrical parameters of the doped material can be determined erroneously. In 

particular, this concerns the concentration of holes in the valence band, an important parameter 

in the process of radiative recombination. 
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