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Abstract: GaN-based optoelectronic devices have been an important development direction for 

semiconductors and have been applied in several fields. P-type GaN thin film implementation is the core 

process for optoelectronic devices, and a lot of breakthrough results have been achieved in p-GaN 

research. For example, Si and Mg are used as the main doping elements. However, more effective doping 

of GaN materials is needed in order to make GaN materials play a greater electrical and optical 

advantage. In this paper, we take p-GaN as the main object of study and outline the conditions that need 

to be satisfied for effective doping of GaN materials. Emphasizing several factors that make the quality 

of p-type materials of GaN a bottleneck for application development, the results achieved in p-GaN 

research in recent years are presented. 
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1. Introduction 

In the past 10 years, GaN-based optoelectronic devices have made important progress and are widely 

used in lighting, projection, display, and medical fields.1-2 For GaN-based devices to give full play to 

their excellent electrical and optical properties in the application process, in addition to the good quality 

of the GaN material itself, it is necessary to effectively dope the GaN material, especially in lasers, LEDs, 

photodetectors and in light-emitting devices such as solar cells.3 Theoretically, to achieve effective 

doping of GaN materials, the following three conditions must be met: (a) The radius of the doped 

impurity atoms is close to Ga atoms or N atoms to produce substitutional doping. This can prevent the 

dopant atoms from becoming interstitial atoms to a certain extent, distorting the crystal lattice and 

affecting the crystal quality of the GaN material. (b) The chemical bonds between the impurity atoms 

and the surrounding atoms must be sufficiently stable. Because the growth temperature of GaN-based 

semiconductor materials is usually relatively high, weak impurity bonds will make it difficult for 

impurity elements to be stably doped into GaN materials. (c) Within the allowable range, the doped 

impurities should have the lowest ionization energy to ensure that they can be effectively ionized at room 

temperature. At present, in terms of n-type and p-type doping of GaN materials, Si and Mg are relatively 

mature doping elements with higher doping efficiency.4-10 

GaN-based devices require n-type GaN to provide sufficient n-type carriers (such as electrons). It is 

found that doping Si, Ge, Se and other elements in GaN can get n-type GaN. the activation energy of Si 

is relatively low about 20 meV, so people usually choose Si as n-type doping element, the dopant to 

provide Si doping element in practical application is SiH4.11-12 The carrier concentration in n-type GaN 

is proportional to the flow of SiH4, and the current research n-type carrier concentration can reach (1-2) 

× 1019 cm-3, and the surface of n-type GaN with high Si doping concentration is still smooth and mirror-

like.8, 13 At the same time, the study shows that GaN materials doped with appropriate Si impurities for 

the suppression of deep energy level luminescence and improve the intensity of band edge luminescence 

is also very beneficial.8 

Unlike n-type doping, the only effective dopant for p-type GaN materials is Mg, and because the 

ionization energy of Mg in GaN is as high as 170 meV, its ionization probability at room temperature is 

only about 2%, for a long time, the p-type doping of GaN materials has been one of the main bottlenecks 

that hinder its application and development.14 Research and improve the performance of p-type GaN to 

reduce the operating voltage of related devices, improve its luminous power, reduce the threshold current, 
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etc. have very important significance. 

Although the current stage of P-GaN research has achieved many breakthrough results, the quality of 

the current p-type material of GaN is still a major factor that restricts the performance of related devices, 

the following problems mainly exist. 

2. Method 

2.1. Formation of Mg-H complex by Mg-acceptor bonding15-16 

As the growth of P-GaN by MOCVD equipment is an H-containing process, H atoms are easy to 

combine with Mg acceptors to form Mg-H complexes and passivate them. To obtain high-performance 

p-type materials, the Mg acceptors must be annealed and activated, and the most common way is to use 

rapid thermal annealing. However, in some devices, such as lasers with high In components in the active 

region, high growth temperature and annealing temperature will make the phase separation of In 

components in the active region, so low annealing temperature must be used to deal with p-type GaN, 

but the low annealing temperature will make the efficiency of Mg acceptor activation reduced. 

2.2. High ionization energy of Mg in GaN17-21 

As the ionization energy of Mg is as high as 170 meV, theoretically the Mg subject to ionization at 

room temperature to produce holes is only about 2%, so in order to obtain more than 1 × 1018 cm-3 hole 

concentration of P-GaN must be re-doped. However, when the Mg doping concentration is higher than a 

certain value, it will form self-compensation and lead to a lower hole concentration instead, so the Mg 

doping concentration cannot be too high, which makes it difficult to obtain a high hole concentration. 

2.3. The compensation effect of impurities22-25 

When using MOCVD for GaN material growth, due to its growth process there are C, H, O and other 

elements, so will be unintentionally introduced with the growth process of these impurity elements, where 

H will passivate the Mg acceptor, and C impurities in some literature reports indicate that will also 

compensate for the Mg acceptor. In particular, in some devices, the high growth temperature of p-type 

layer will affect the quality of the active region, and a relatively low growth temperature must be used to 

grow p-type GaN, but the low growth temperature will aggravate these unintentionally doped impurities, 

thus making its compensation effect intensify, and in the low temperature grown P-GaN, C impurities 

are likely to be the main source of compensation. At the same time, the N vacancies generated by the 

annealing process will also compensate for the Mg acceptor. 

P-type GaN material has a low carrier concentration due to the passivation of Mg acceptor H, strong 

Mg self-compensation effect and other impurity compensation effects, which severely restricts the 

application and development of GaN material-related devices.15 The development of P-type GaN 

materials is slower than other materials. It was not until 1989 that Amano et al. used low-energy electron 

beam irradiation (LEEBI) to irradiate Mg-doped GaN, and it was the first time that they obtained good 

electrical conductivity p-type GaN material.6 However, the p-type conductivity obtained by this method 

is not uniform, and only a very thin layer on the GaN surface exhibits relatively good p-type 

characteristics, about 500 nm, so this annealing method is not in actual devices. Subsequently, in 1992, 

Nakamura et al. used rapid thermal annealing to anneal Mg-doped GaN, and for the first time obtained a 

p-type GaN material with good uniformity, and proposed the reason for the low hole concentration in the 

P-GaN material.5, 22 It is due to the passivation effect of H on the Mg acceptor, and H can be released 

from the GaN material by thermal annealing to reduce this passivation effect, so that the Mg acceptor 

can ionize to generate holes, thereby making the p-type Improved performance. Since then, thermal 

annealing has become an indispensable process for MOCVD growth of p-type GaN materials. Since then, 

high-brightness blue and green light-emitting diodes, ultraviolet detectors, photodetectors, etc. have been 

rapidly developed, began to enter the commercial market.26-27 In general, the achievements in P-GaN 

research in recent years can be roughly divided into the following categories: 

2.4. Annealing activation in different atmospheres28-41 

Hull and Chung et al. studied the role of O2 in the annealing atmosphere during P-GaN annealing. 

Among them, the latter compared the effect of annealing in N2 atmosphere with annealing temperature 
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of 850 , annealing time of 20 min, and different oxygen content in the study. It is found that when the 

content of O2 in the annealing atmosphere is 1%, the P-GaN film exhibits the best performance after 

annealing, and it is proposed that when the oxygen content is higher, the donor-type ON will be formed 

in the GaN film, which is more effective for Mg Compensation by the acceptor will degrade the 

performance of the P-GaN film instead. Their research pointed out that the presence of O2 is beneficial 

to the desorption of H from the GaN epitaxial layer, because the presence of O2 may form HxOy molecules 

(such as H2O) with H atoms. Similar conclusions are further confirmed in the research results of D.B.Li 

and L.L.Wu et al.  

Nakagawa et al. also studied the annealing of P-GaN films under N2 and O2 atmospheres, and replaced 

the H in the NH3 atmosphere of the epitaxial layer cooling process with deuterium (D). From the SIMS 

test results, it is found that H and D in the P-GaN film exhibit two different properties, and therefore it is 

speculated that there are two different mechanisms for hydrogen in the activation process of the Mg 

acceptor. The first type requires relatively large energy (0.8-1.5 eV), and the second type requires 

relatively small energy (0.2-0.5 eV). The former is more closely related to the passivation of the Mg 

acceptor, while the latter is related to the acceptor's passivation. The electrical compensation effect is 

more relevant. 

Lin et al. studied the activation mechanism of P-GaN films in the air. It is found in the experiment 

that the increase of the hole concentration in the GaN film is mainly due to the decomposition of the 

(MgGa-H) complex, the formation of (VGa-H2), and the movement of interstitial Mg atoms to Ga 

vacancies (VGa) during the annealing process. And from its PL spectrum, it is found that (VGa-H2) 

complexes will be formed in the P-GaN film when annealing in air. (VGa-H2) can promote the 

decomposition of (MgGa-H) complexes and increase the H content in GaN. The desorption rate is 

therefore conducive to the increase of the hole concentration in GaN. 

2.5. Cover metal annealing activation42-45 

In 2001, Waki et al. proposed for the first time that the annealing of a metallic Ni overlay can 

effectively activate P-GaN films at low temperatures, and explained the related activation mechanism. 

They vapor-deposited a 1.5 nm thick Ni layer on the surface of the P-GaN film, and then annealed the 

sample at a temperature of 200 ℃ to 800 ℃. In the experiment, it is found that the activation effect can 

be achieved after annealing at a low temperature of 200 ℃ after using the Ni cover layer. Then, the H 

concentration in the GaN film after the Ni layer is removed is tested with SIMS, and it is found that the 

H concentration is different from the untreated one. Compared with the sample, there is a significant 

decrease. The explanation they put forward is that the Ni cladding layer can strengthen the desorption of 

H atoms in the GaN film and weaken the passivation effect of H on the Mg acceptor. At the same time, 

they found that when the annealing temperature is increased to 800 ℃, the performance will be worse. 

The possible reason is that the Ni coating layer at high temperature will aggravate the decomposition of 

the P-GaN film surface, resulting in a large amount of VN on the surface of the P-GaN film. VN will 

compensate the Mg acceptor, making its performance worse. Subsequently, some other research groups 

successively used different H storage metals such as Pd, Co, Pt, Mo, etc. as the covering layer for research, 

and found the same phenomenon. Although their research methods are different, they have caused 

changes in their performance. The mechanism is roughly the same. 

2.6. Other activation methods46-52 

Eaton's group and Miyachi's group studied the effect of Minority-Carrier injection on the activation 

of Mg-doped GaN. The former study found that when there is a minority carrier implantation, thin, lightly 

doped GaN can be annealed at 175 ℃ to achieve the effect of acceptor activation, while thick, heavily 

doped GaN needs to be at a high temperature above 700 ℃ to activate the acceptor for effective activation, 

it is proposed that the thin, lightly doped P-GaN activation process satisfies a quadratic dynamic process. 

The SIMS test of the heavily doped sample found that the minority carrier injection activation only 

destroyed the (Mg-H) complex, but the H did not leave the P-GaN film. When the sample activated by 

the minority carrier injection was thermally annealed again, the Mg acceptor will be passivated again.  

Kim et al. studied the influence of 248 nm krypton fluoride (KrF) pulsed excimer laser irradiation on 

the activation of Mg acceptors. They found that when the P-GaN film grown by the MOCVD method 

was irradiated at an energy density of 590 mJ/cm2 in an N2 atmosphere, only a hole concentration of 

4.42×1017/cm3 could be obtained. The laser irradiation method is applied to the sample after rapid thermal 

annealing at 950 ℃ for 1 min, and it is found that the hole concentration of the sample can be increased 
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to 9.42×1017/cm3 at an energy density of 420 mJ/cm2. However, the use of this subsequent laser 

irradiation method requires a layer of SiO2 film to be grown on the P-GaN surface to prevent laser 

irradiation from damaging the GaN surface. Although the laser irradiation method can also achieve 

selective area activation, its process is complicated and the effect is not very satisfactory. There are also 

the Y.C.C group, Lin group, Wang group and so on that use similar research methods. 

S. J. Chang et al. studied the effect of treatment on the activation of Mg-doped GaN. They annealed 

the Mg-doped GaN samples under 2.45 GHz and 560 W conditions and did different treatment time 

experiments. At the same time, they made a set of conventional thermal annealing samples with an 

annealing temperature of 730 ℃ and an annealing time of 20 min as a control. The test results of PL and 

Hall show that microwave processing is a more effective way to activate P-GaN. Moreover, good results 

can be obtained after microwave treatment for 5s, but longer treatment cannot significantly improve the 

conductivity of P-GaN. The principle of Mg acceptor activation is that the H atoms of P-GaN absorb 

microwave energy and promote the decomposition of the Mg-H complex. 

H. Lee and M. Oh et al. studied the activation of P-GaN by the electrochemical constant pressure 

method. Their experimental procedure was as follows: the P-GaN sample was first activated by 

conventional thermal annealing in N2 atmosphere at a temperature of 650 ℃, and then P-GaN with metal 

in dots soldered on the surface of the sample as the anode and metal Pt as the cathode was placed in a 0.5 

mol/L KOH solution, kept constant for 4 min, and only the voltage (0-10 V) added between the two 

electrodes was changed. The results showed that the maximum hole concentration in P-GaN was 

increased from 1.9×1017 /cm3 at 0 V to 4.5×1017 /cm3 when the voltage between the two electrodes was 

3 V. The SIMS test results showed that the H concentration in P-GaN did not decrease significantly at 3 

V, while at 7 V, the H concentration decreased more than two times. The reason for this may be that the 

3 V voltage only decomposes the Mg-H complex while increasing the voltage promotes the migration of 

H in P-GaN. The activation mechanism of this method is to make the H in P-GaN leave GaN and combine 

with -OH in KOH solution to generate H2O through electrolysis, thus achieving the effect of Mg 

subjected to the main activation and increasing the hole concentration in P-GaN. 

2.7. Presence of compensation mode25, 53-59 

Obloh et al. found by annealing experiments on samples with different Mg doping concentrations that 

when the Mg doping concentration reaches a certain level, the concentration of its vacancies generated 

by annealing activation decreases with increasing Mg concentration, and it was found by PL spectroscopy 

that there is a strong DAP luminescence peak, i.e., a strong compensatory effect, in the high Mg-doped 

samples. The analysis shows that in high Mg samples Mg will occupy the N vacancy and become a 

compensating donor to the Mg acceptor, which is the so-called Mg self-compensation effect. Their study 

shows that the strong self-compensation effect is significantly enhanced with increasing Mg 

concentration, and the general compensation effect starts at a doping concentration of 3 × 1019 /cm3. 

Yang et al. found by SIMS and Hall test that residual carbon impurities in GaN materials also 

compensate for the Mg acceptor, thus reducing the performance of p-type GaN. Their study points out 

that the C impurity concentration rises with decreasing growth temperature and can be a major factor 

limiting the performance improvement of p-type GaN in P-GaN grown at low temperatures, while their 

study points out that this compensating effect associated with C impurities works through the formation 

of CN-ON complexes. 

At the same time, some studies have pointed out that when the annealing temperature exceeds 850 °C 

during the annealing process, it will make the P-GaN film surface decomposition and make the VN 

increase, from their research shows that the formation of VN also has a certain compensation for the Mg 

subject, so that the annealing temperature continues to increase but will reduce the performance of p-

type materials. 

3. Conclusion 

At this stage, although the research of p-type GaN has achieved certain results, but because the 

effective element type available for doping is only Mg, it still faces many problems. For example, it is 

difficult to achieve the efficiency of the Mg element subject to primary activation and at the same time 

organize the Mg element not to combine with H atoms to form complexes, the doping concentration of 

Mg element affects the change of GaN hole concentration, the compensation effect of C, H, O and other 

elements, etc. At the same time, the results of the stages studied so far can be divided into annealing 
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activation studies in different atmospheres, such as O2, covering metal annealing activation studies, such 

as metal Ni, and other activation and compensation methods. But all in all, scientists still have a long 

way to go for the doping research of P-type GaN materials. 

References 

[1] Strite, S.; Morkoc, H., GAN, AIN, AND INN - A REVIEW. J. Vac. Sci. Technol. B 1992, 10 (4), 1237-

1266. 

[2] Morkoc, H.; Strite, S.; Gao, G. B.; Lin, M. E.; Sverdlov, B.; Burns, M., LARGE-BAND-GAP SIC, III-

V NITRIDE, AND II-VI ZNSE-BASED SEMICONDUCTOR-DEVICE TECHNOLOGIES. Journal of 

Applied Physics 1994, 76 (3), 1363-1398. 

[3] Mohammad, S. N.; Morkoc, H., Progress and prospects of group-III nitride semiconductors. Progress 

in Quantum Electronics 1996, 20 (5-6), 361-525. 

[4] Maruska, H. P.; Tietjen, J. J., PREPARATION AND PROPERTIES OF VAPOR-DEPOSITED 

SINGLE-CRYSTALLINE GAN. Applied Physics Letters 1969, 15 (10), 327-&. 

[5] Nakamura, S.; Mukai, T.; Senoh, M.; Iwasa, N., THERMAL ANNEALING EFFECTS ON P-TYPE 

MG-DOPED GAN FILMS. Japanese Journal of Applied Physics Part 2-Letters 1992, 31 (2B), L139-

L142. 

[6] Amano, H.; Kito, M.; Hiramatsu, K.; Akasaki, I., P-TYPE CONDUCTION IN MG-DOPED GAN 

TREATED WITH LOW-ENERGY ELECTRON-BEAM IRRADIATION (LEEBI). Japanese Journal of 

Applied Physics Part 2-Letters & Express Letters 1989, 28 (12), L2112-L2114. 

[7] Ambacher, O.; Foutz, B.; Smart, J.; Shealy, J. R.; Weimann, N. G.; Chu, K.; Murphy, M.; Sierakowski, 

A. J.; Schaff, W. J.; Eastman, L. F.; Dimitrov, R.; Mitchell, A.; Stutzmann, M., Two dimensional electron 

gases induced by spontaneous and piezoelectric polarization in undoped and doped AlGaN/GaN 

heterostructures. Journal of Applied Physics 2000, 87 (1), 334-344. 

[8] Pearton, S. J.; Zolper, J. C.; Shul, R. J.; Ren, F., GaN: Processing, defects, and devices. Journal of 

Applied Physics 1999, 86 (1), 1-78. 

[9] Van de Walle, C. G.; Neugebauer, J., First-principles calculations for defects and impurities: 

Applications to III-nitrides. Journal of Applied Physics 2004, 95 (8), 3851-3879. 

[10] Ambacher, O., Growth and applications of Group III nitrides. Journal of Physics D-Applied Physics 

1998, 31 (20), 2653-2710. 

[11] Verma, J.; Simon, J.; Protasenko, V.; Kosel, T.; Xing, H. G.; Jena, D., N-polar III-nitride quantum 

well light-emitting diodes with polarization-induced doping. Applied Physics Letters 2011, 99 (17). 

[12] Zhang, L.; Ding, K.; Liu, N. X.; Wei, T. B.; Ji, X. L.; Ma, P.; Yan, J. C.; Wang, J. X.; Zeng, Y. P.; Li, 

J. M., Theoretical study of polarization-doped GaN-based light-emitting diodes. Applied Physics Letters 

2011, 98 (10). 

[13] Simon, J.; Protasenko, V.; Lian, C.; Xing, H.; Jena, D., Polarization-Induced Hole Doping in Wide-

Band-Gap Uniaxial Semiconductor Heterostructures. Science 2010, 327 (5961), 60-64. 

[14]  Li, J, M; Liu, Z; Liu, Z, Q; Yan, J, C; Wei, T, B; Yi, X, Y; Wang, J, X, Advances and prospects in 

nitrides based light-emitting-diodes. Journal of Semiconductors 2016, 37 (6), 061001_01-061001_14. 

[15] Gotz, W.; Johnson, N. M.; Walker, J.; Bour, D. P.; Amano, H.; Akasaki, I., HYDROGEN 

PASSIVATION OF MG ACCEPTEOS IN GAN GROWN BY METALORGANIC CHEMICAL-VAPOR-

DEPOSITION. Applied Physics Letters 1995, 67 (18), 2666-2668. 

[16]  Lee, J. W.; Pearton, S. J.; Zolper, J. C.; Stall, R. A., Effect of hydrogen on Ca and Mg acceptors in 

GaN. 1996; Vol. 96, p 100-109. 

[17] Edmonds, K. W.; Novikov, S. V.; Sawicki, M.; Campion, R. P.; Staddon, C. R.; Giddings, A. D.; Zhao, 

L. X.; Wang, K. Y.; Dietl, T.; Foxon, C. T.; Gallagher, B. L., p-type conductivity in cubic (Ga,Mn)N thin 

films. Applied Physics Letters 2005, 86 (15). 

[18] Korotkov, R. Y.; Gregie, J. M.; Wessels, B. W., Electrical properties of p-type GaN : Mg codoped 

with oxygen. Applied Physics Letters 2001, 78 (2), 222-224. 

[19] Gotz, W.; Kern, R. S.; Chen, C. H.; Liu, H.; Steigerwald, D. A.; Fletcher, R. M., Hall-effect 

characterization of III-V nitride semiconductors for high efficiency light emitting diodes. Materials 

Science and Engineering B-Solid State Materials for Advanced Technology 1999, 59 (1-3), 211-217. 

[20] Van de Walle, C. G.; Stampfl, C.; Neugebauer, J.; McCluskey, M. D.; Johnson, N. M., Doping of 

AlGaN alloys. Mrs Internet Journal of Nitride Semiconductor Research 1999, 4, art. no.-G10.4. 

[21] Mireles, F.; Ulloa, S. E., Acceptor binding energies in GaN and AlN. Physical Review B 1998, 58 

(7), 3879-3887. 

[22] Nakamura, S.; Iwasa, N.; Senoh, M.; Mukai, T., HOLE COMPENSATION MECHANISM OF P-

TYPE GAN FILMS. Japanese Journal of Applied Physics Part 1-Regular Papers Short Notes & Review 

Papers 1992, 31 (5A), 1258-1266. 



Academic Journal of Materials & Chemistry 

ISSN 2616-5880 Vol. 2, Issue 1: 13-19, DOI: 10.25236/AJMC.2021.020103 

Published by Francis Academic Press, UK 

-18- 

[23] Kozodoy, P.; Xing, H. L.; DenBaars, S. P.; Mishra, U. K.; Saxler, A.; Perrin, R.; Elhamri, S.; Mitchel, 

W. C., Heavy doping effects in Mg-doped GaN. Journal of Applied Physics 2000, 87 (4), 1832-1835. 

[24] Boguslawski, P.; Briggs, E. L.; Bernholc, J., NATIVE DEFECTS IN GALLIUM NITRIDE. Physical 

Review B 1995, 51 (23), 17255-17258. 

[25] Kaufmann, U.; Schlotter, P.; Obloh, H.; Kohler, K.; Maier, M., Hole conductivity and compensation 

in epitaxial GaN : Mg layers. Physical Review B 2000, 62 (16), 10867-10872. 

[26] Nakamura, S.; Senoh, M.; Nagahama, S.; Iwasa, N.; Yamada, T.; Matsushita, T.; Sugimoto, Y.; 

Kiyoku, H., Room-temperature continuous-wave operation of InGaN multi-quantum-well structure laser 

diodes. Applied Physics Letters 1996, 69 (26), 4056-4058. 

[27] Nakamura, S.; Senoh, M.; Nagahama, S.; Iwasa, N.; Yamada, T.; Matsushita, T.; Kiyoku, H.; 

Sugimoto, Y., InGaN-based multi-quantum-well-structure laser diodes. Japanese Journal of Applied 

Physics Part 2-Letters & Express Letters 1996, 35 (1B), L74-L76. 

[28] Waki, I.; Fujioka, H.; Oshima, M.; Miki, H.; Fukizawa, A., Low-temperature activation of mg-doped 

GaN using Ni films. Applied Physics Letters 2001, 78 (19), 2899-2901. 

[29] Kuo, C. H.; Chang, S. J.; Su, Y. K.; Chen, J. F.; Wu, L. W.; Sheu, J. K.; Chen, C. H.; Chi, G. C., 

InGaN/GaN light emitting diodes activated in O-2 ambient. Ieee Electron Device Letters 2002, 23 (5), 

240-242. 

[30] Mazalov, A. V.; Sabitov, D. R.; Kureshov, V. A.; Padalitsa, A. A.; Marmalyuk, A. A.; Akchurin, R. K., 

Research of acceptor impurity thermal activation in GaN: Mg epitaxial layers. Modern Electronic 

Materials 2016, 2 (2), 45-47. 

[31] Nakashima, T.; Kano, E.; Kataoka, K.; Arai, S.; Sakurai, H.; Narita, T.; Sierakowski, K.; Bockowski, 

M.; Nagao, M.; Suda, J.; Kachi, T.; Ikarashi, N., Enhanced activation of Mg ion-implanted GaN at 

decreasing annealing temperature by prolonging duration. Applied Physics Express 2021, 14 (1). 

[32] Hull, B. A.; Mohney, S. E.; Venugopalan, H. S.; Ramer, J. C., Influence of oxygen on the activation 

of p-type GaN. Applied Physics Letters 2000, 76 (16), 2271-2273. 

[33] Activation of Hydrogen-Passivated Mg in GaN-Based Light Emitting Diode Annealing with 

Minority-Carrier Injection. Chinese Physics Letters 2009, 26 (1), 249-251. 

[34] Wen, T. C.; Lee, S. C.; Lee, W. I.; Chen, T. Y.; Chan, S. H.; Tsang, J. S., Activation of p-type GaN in 

a pure oxygen ambient. Japanese Journal of Applied Physics Part 2-Letters 2001, 40 (5B), L495-L497. 

[35] Kuo, C. H.; Chang, S. J.; Su, Y. K.; Wu, L. W.; Sheu, J. K.; Chen, C. H.; Chi, G. C., Low temperature 

activation of Mg-doped GaN in O-2 ambient. Japanese Journal of Applied Physics Part 2-Letters & 

Express Letters 2002, 41 (2A), L112-L114. 

[36] Aluri, G. S.; Gowda, M.; Mahadik, N. A.; Sundaresan, S. G.; Rao, M. V.; Schreifels, J. A.; Freitas, 

J. A., Jr.; Qadri, S. B.; Tian, Y. L., Microwave annealing of Mg-implanted and in situ Be-doped GaN. 

Journal of Applied Physics 2010, 108 (8). 

[37] Matlock, D. M.; Zvanut, M. E.; Wang, H. Y.; Dimaio, J. R.; Davis, R. F.; Van Nostrand, J. E.; Henry, 

R. L.; Koleske, D.; Wickenden, A., The effects of oxygen, nitrogen, and hydrogen annealing on Mg 

acceptors in GaN as monitored by electron paramagnetic resonance spectroscopy. Journal of Electronic 

Materials 2005, 34 (1), 34-39. 

[38] Strite, S.; Pelzmann, A.; Suski, T.; Leszczynski, M.; Jun, J.; Rockett, A.; Kamp, M.; Ebeling, K. J., 

Efficient optical activation of ion-implanted Zn acceptors in GaN by annealing under 10 kbar N-2 

overpressure. Mrs Internet Journal of Nitride Semiconductor Research 1997, 2 (13-15), art. no.-15. 

[39] Hu, X.-L.; Wang, H.; Zhang, X.-C., Fabrication and characterization of GaN-based light-emitting 

diodes without pre-activation of p-type GaN. Nanoscale Research Letters 2015, 10. 

[40] Burchard, A.; Haller, E. E.; Stotzler, A.; Weissenborn, R.; Deicher, M.; Collaboration, I., Annealing 

of ion-implanted GaN. Physica B-Condensed Matter 1999, 273-4, 96-100. 

[41] Suvkhanov, A.; Parikh, N.; Usov, I.; Hunn, J.; Withrow, S.; Thomson, D.; Gehrke, T.; Davis, R. F.; 

Krasnobaev, L. Y., Influence of annealing conditions on dopant activation of Si+ and Mg+ implanted 

GaN. In Silicon Carbide and Related Materials - 1999 Pts, 1 & 2, Carter, C. H.; Devaty, R. P.; Rohrer, 

G. S., Eds. 2000; Vol. 338-3, pp 1615-1618. 

[42] Horng, R. H.; Wuu, D. S.; Lien, Y. C.; Lan, W. H., Low-resistance and high-transparency Ni/indium 

tin oxide ohmic contacts to p-type GaN. Applied Physics Letters 2001, 79 (18), 2925-2927. 

[43] Chen, C. C.; Yen, J. L.; Yang, Y. J.; Ieee, I., The effect of Mg diffusion on the contact resistance of 

low doped p-GaN. 2001; p 536-537. 

[44] Jan, J. C.; Asokan, K.; Chiou, J. W.; Pong, W. F.; Tseng, P. K.; Chen, L. C.; Chen, F. R.; Lee, J. F.; 

Wu, J. S.; Lin, H. J.; Chen, C. T., X-ray absorption spectroscopy investigations on oxidized Ni/Au contacts 

to p-GaN. Journal of Synchrotron Radiation 2001, 8, 827-829. 

[45] Maruyama, T.; Hagio, Y.; Miyajima, T.; Kijima, S.; Nanishi, Y.; Akimoto, K., Effects of annealing 

on the interface properties between Ni and p-GaN. Physica Status Solidi a-Applications and Materials 

Science 2001, 188 (1), 375-378. 



Academic Journal of Materials & Chemistry 

ISSN 2616-5880 Vol. 2, Issue 1: 13-19, DOI: 10.25236/AJMC.2021.020103 

Published by Francis Academic Press, UK 

-19- 

[46] Miyachi, M.; Tanaka, T.; Kimura, Y.; Ota, H., The activation of Mg in GaN by annealing with 

minority-carrier injection. Applied Physics Letters 1998, 72 (9), 1101-1103. 

[47] Miyachi, M.; Ota, H.; Kimura, Y.; Watanabe, A.; Tanaka, T.; Takahashi, H.; Chikuma, K., GaN-

based laser diodes processed by annealing with minority-carrier injection. Japanese Journal of Applied 

Physics Part 2-Letters 1999, 38 (11A), L1237-L1239. 

[48] Lee, I. H.; Joo, B. S.; Kim, H. J.; Yun, Y. S.; Jang, S. Y.; Kang, M. G.; Kang, C. Y.; Park, B.-G.; Han, 

M.; Chang, Y. J., Excimer laser annealing effects on AlGaN/GaN heterostructures. Current Applied 

Physics 2016, 16 (6), 628-632. 

[49] Kim, D. J.; Kim, H. M.; Han, M. G.; Moon, Y. T.; Lee, S.; Park, S. J., Activation of Mg acceptor in 

GaN : Mg with pulsed KrF (248 nm) excimer laser irradiation. Physica Status Solidi B-Basic Research 

2001, 228 (2), 375-378. 

[50] Chang, S. J.; Su, Y. K.; Tsai, T. L.; Chang, C. Y.; Chiang, C. L.; Chang, C. S.; Chen, T. P.; Huang, 

K. H., Acceptor activation of Mg-doped GaN by microwave treatment. Applied Physics Letters 2001, 78 

(3), 312-313. 

[51] Tsai, T. L.; Chang, C. Y.; Chiang, C. L.; Chang, C. S.; Jong, C. S.; Chen, T. P.; Huang, K. H.; Ipap; 

Ipap, I., Acceptor activation of Mg-doped GaN by microwave treatment. 2000; Vol. 1, p 744-745. 

[52] Lee, H. H.; Hong, G. C.; Kim, B. J.; Sadasivam, K. G.; Lee, J. K.; Ryu, S.-W.; Son, S. J.; Kwon, K.-

W.; Kim, Y.-H., p-GaN Activation by Electrochemical Potentiostatic Method. Electrochemical and Solid 

State Letters 2010, 13 (4), H122-H124. 

[53] Kaufmann, U.; Kunzer, M.; Maier, M.; Obloh, H.; Ramakrishnan, A.; Santic, B.; Schlotter, P., 

Nature of the 2.8 eV photoluminescence band in Mg doped GaN. Applied Physics Letters 1998, 72 (11), 

1326-1328. 

[54] Obloh, H.; Bachem, K. H.; Kaufmann, U.; Kunzer, M.; Maier, M.; Ramakrishnan, A.; Schlotter, P., 

Self-compensation in Mg doped p-type GaN grown by MOCVD. Journal of Crystal Growth 1998, 195 

(1-4), 270-273. 

[55] Kaufmann, U.; Merz, C.; Santic, B.; Niebuhr, R.; Obloh, H.; Bachem, K. H., Origin of the Q = 11 

meV bound exciton in GaN. Materials Science and Engineering B-Solid State Materials for Advanced 

Technology 1997, 50 (1-3), 109-112. 

[56] Jiang, L.; Liu, J.; Tian, A.; Ren, X.; Huang, S.; Zhou, W.; Zhang, L.; Li, D.; Zhang, S.; Ikeda, M.; 

Yang, H., Influence of substrate misorientation on carbon impurity incorporation and electrical 

properties of p-GaN grown by metalorganic chemical vapor deposition. Applied Physics Express 2019, 

12 (5). 

[57] Wu, S.; Yang, X.; Zhang, Q.; Shang, Q.; Huang, H.; Shen, J.; He, X.; Xu, F.; Wang, X.; Ge, W.; Shen, 

B., Direct evidence of hydrogen interaction with carbon: C-H complex in semi-insulating GaN. Applied 

Physics Letters 2020, 116 (26). 

[58] Liu, S.-T.; Zhao, D.-G.; Yang, J.; Jiang, D.-S.; Liang, F.; Chen, P.; Zhu, J.-J.; Liu, Z.-S.; Li, X.; Liu, 

W.; Xing, Y.; Zhang, L.-Q., The residual C concentration control for low temperature growth p-type GaN. 

Chinese Physics B 2017, 26 (10). 

[59] Zhang, Y.; Liang, F.; Zhao, D.; Jiang, D.; Liu, Z.; Zhu, J.; Yang, J.; Liu, S., Hydrogen Can Passivate 

Carbon Impurities in Mg-Doped GaN. Nanoscale Research Letters 2020, 15 (1). 

 


