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Dislocation causes a leakage current
position of dislocation

(etch pit)

have a larger Burgers vector form larger etch pits. However,
Weyher et al. experimentally showed that screw dislocations
form larger pits than a mixed one.27 Therefore, there must be
other factors that accelerate the etching of screw disloca-
tions. In this work, etching was performed by dipping the
diodes into molten KOH at 470 !C for 3 min. The obtained
etch pit shapes and the histogram of the etch pit diameters
are shown in Fig. 5. As shown in the histogram, three sizes
of etch pits were clearly observed on this substrate, namely,
large, medium, and small. The densities of large, medium,
and small etch pits were 3.1" 105 cm#2, 8.1" 105 cm#2, and
6.6" 106 cm#2, respectively, and the total etch pit density
(EPD) was 7.7" 106 cm#2. The total EPD was lower than
the CL dark-spot density. This means that there are disloca-
tion types for which no etch pits were formed. Figure 6
shows the positional relationship between the leakage spots
[Fig. 6(a)] and the etch pits [Fig. 6(b)]. It was found that all
the medium pits correspond to leakage spots. In contrast,
large pits and small pits do not match leakage spots. The cir-
cular mesa became hexagonal during the etching. The results
revealed that the specific dislocation component that consti-
tutes the medium pits is related to the reverse leakage.

The Burgers vector of the dislocations under the leak-
age spots was quantitatively analyzed by the large-angle
convergent-beam electron diffraction (LACBED) method.31,32

When the Laue reflection line of the reciprocal lattice vector
ghkil crosses a dislocation line having the Burgers vector buvtw,
the number of nodes, n, satisfies the relation ghkil $ buvtw% n.
Figures 7(a)–7(c) show the bright-field LACBED patterns
for various reciprocal lattice vectors obtained from areas con-
taining threading dislocations. D and L in the figures denote
the dislocation and Laue reflection lines, respectively. The
LACBED pattern in Fig. 7(a) was taken using the 000!6 reflec-
tion, and six nodes were observed. (A bright interval between
neighboring dark fringes was counted as one node.) The sign
of n was determined from the sense of the bend of the reflec-
tion line.31,32 Similarly, six and five nodes were observed from
the LACBED pattern using the 11!2!6 and 21!35 reflections in

FIG. 4. Positional correlation between the leakage spots and CL dark spots.
The leakage spots are observed at#600 V, and almost all the leakage spots
could be matched with CL dark spots. This indicates that the dislocations
cause the leakage current. The dashed line denotes the mesa edge, and
circles indicate leakage spots.

FIG. 5. Etch pit shapes and histogram of etch pit size. The histogram clearly
shows the presence of three types of etch pits. Each type of etch pit has a dif-
ferent diameter and different wall angle. These differences are caused by the
difference in dislocation components.

FIG. 6. Positional correlation between leakage spots and etch pits. Almost
all medium pits correspond to leakage spots. In contrast, large (white
arrowed) pits and small pits do not match the leakage spots. This result indi-
cates that the dislocations formed in the medium pits play a crucial role in
the reverse leakage. The rough morphology at the center of the mesa was
formed by the electrode residue. The circular mesa shape became hexagonal
during the KOH etching. The dashed line denotes the (previous) mesa edge,
and circles denote leakage spots.

FIG. 7. Bright-field LACBED patterns for several reciprocal lattice vectors
obtained from the areas containing TDs: (a) g% 000!6, (b) g% 11!2!6, and (c)
g% 21!35. D and L denote the dislocation and Laue reflection lines, respec-
tively. (d) The cross-sectional TEM image of a large pit.
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• The leakage and the dislocations are strongly correlated.

present

absent

3



Mg condensation at the threading screw dislocations
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• Does impurity interact with the dislocations?
4



Contents

p-type

n-type

転位

Mg

Si

H
1. dislocation + Mg
2. dislocation + Mg + H

3. dislocation + Si

これらから以下を考察

• band structure of complex of dis.+Mg
• leakage current model



• VASP
Ø Generalized Gradient Approximation (GGA)

Ø Heyd-Scuseria-Ernzerhof (HSE) hybrid functional

Models of TSD-Mg complexes

• To avoid distortion 
at cell boundary,
Ø supercell,

Ø vacuum,
Ø fictitious hydrogen

termination,
are used.

49Å

41Å

GaN

Fictitious hydrogen

Dislocation line

Vacuum

~900 atoms

Threading screw dislocation
(TSD)Schematic of a supercell

• Structure optimization.

6

T. Nakano, Y. Harashima, et al., 
APL, 117, 012105 (2020).



Energetics of TSD
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stable core structures



Interaction with Mg

• Binding energy:

D(0|2) S(0|6)

S(0|3)

Eb =
�
Edis + Ebulk/Mg

�

�
�
Edis/Mg(d) + Ebulk

�
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• Mg condensation at TSD.

Ø Formation of Mg—TSD complexes.

bound
strongly
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Electronic levels derived from dislocations
• Density of States

• A level is present in the gap.
• This state is fully occupied and this is the highest occupied state.

- Screw dislocation D(0|2)
- no dislocation

bandgap

highest occupied state
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Highest occupied levels and Mg

• The highest occupied level is elevated 
towards the conduction band as the Mg 
approaches the dislocation.

Ø Although Mg is an acceptor, 
the complex acts as a donor.

Ø A local n-region
in a p-type semiconductor.Valence band

Conduction 
band
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Hole passivation by H
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Shallow versus Deep Nature of Mg Acceptors in Nitride Semiconductors

John L. Lyons, Anderson Janotti, and Chris G. Van de Walle
Materials Department, University of California, Santa Barbara, California 93106-5050, USA

(Received 19 October 2011; published 13 April 2012)

We investigate the properties of Mg acceptors in nitride semiconductors with hybrid functional

calculations. We find that although the thermodynamic transition level is relatively close to the valence

band in GaN (260 meV), MgGa exhibits key features of a deep acceptor: the hole is localized on a N atom

neighboring the Mg impurity, inducing a large local lattice distortion and giving rise to broad blue

luminescence. We show that the ultraviolet photoluminescence peak attributed to Mg acceptors in GaN is

likely related to Mg-H complexes, explaining the results of photoluminescence and electron paramagnetic

resonance experiments. Predictions for Mg acceptors in AlN and InN are also presented.

DOI: 10.1103/PhysRevLett.108.156403 PACS numbers: 71.55.Eq, 61.72.uj, 71.15.Mb, 78.55.Cr

The low efficiency of p-type doping in GaN is an
unresolved issue in nitride semiconductors [1,2]. Mg is
the only known effective p-type dopant in GaN, making
it an essential ingredient in all nitride-based solid-state
lighting and electronic devices. While the reports on the
electrical properties of Mg-doped GaN are fairly consis-
tent, optical and magnetic resonance measurements indi-
cate intriguing and complex behavior that depends on the
growth, doping level, and thermal treatment of the samples
[3–9]. Advancements in doping often rely on diagnostic
techniques for assessing the presence and properties of
dopants, and the lack of consensus on the interpretation
of various observed signals currently impedes progress.

Mg-doped GaN exhibits two main luminescence peaks
that are directly related to the presence of the Mg dopants:
a peak at 3.27 eV, which we will refer to as the ultraviolet
luminescence (UVL) [10], and a broader luminescence
peak centered at 2.8 eV, which has been labeled the blue
luminescence (BL). The UVL is usually observed in as-
grown Mg-doped GaN and has commonly been attributed
to a transition from a shallow donor to the supposedly
shallow Mg acceptor [4–7]; other origins have been sug-
gested, though [10]. Annealing or electron-beam irradia-
tion aimed at activating the Mg acceptors by removing
hydrogen impurities leads to a significant decrease in the
intensity of the UVL [4,6,7]; simultaneously the deep,
broad BL emerges [3,4,7]. The microscopic origins of
this line have long been debated. Because the BL appears
at much lower energy than the band gap of GaN (2.8 vs
3.5 eV), deep centers have traditionally been invoked to
explain its origin [5,7,11]. In particular, it has often been
ascribed to recombination from deep donors to shallowMg
acceptors, yet the donor centers have never been experi-
mentally identified [8].

Based purely on the evolution of photoluminescence
(PL) and conductivity upon annealing, Occam’s razor
would assign the UVL to Mg-H complexes, and the BL
to the MgGa. Such an interpretation has been disregarded,
however, because it seems to conflict with accepted

notions. Indeed, Mg behaves as a shallow acceptor from
an electrical point of view (ionization energy around
200 meV [4]), so how would it be able to emit BL? And
Mg-H complexes are supposed to be electrically neutral, so
should emit no light at all. In this Letter, we will show that
these suppositions are incorrect, and that accurate calcu-
lations produce results that explain all of the features that
have been reported but largely misinterpreted in the
literature.
We find that although MgGa gives rise to an acceptor

level at 260 meVabove the valence band, it leads to a broad
luminescence peak at 2.70 eV, consistent with the observed
BL. The luminescence peak is significantly shifted from
the expected value for a shallow acceptor because of the
large charge-state-dependent lattice relaxations around the
Mg impurity [see Fig. 1(a)]. Furthermore, we propose that
the UVL generally assumed to be associated with the
isolated Mg acceptors is instead due to Mg-H complexes
[Fig. 1(b)]. We will show that these assignments are
consistent with the experimental data, and also offer
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FIG. 1 (color online). (a) Local structure showing the distor-
tion around a neutral Mg acceptor in GaN. The localization of
the hole on the axial nitrogen neighbor is illustrated by the spin-
density isosurface (yellow), set to 5% of the maximum.
(b) Structure of the Mg-H complex in GaN in the positive charge
state. The spin density shows the more delocalized nature of the
complex. Large green spheres denote Ga atoms, medium light
blue spheres N atoms, and the orange (darker) sphere denotes
the MgGa.
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• H passivates Mg acceptors in GaN.
Ø Does H affect the properties of Mg-dislocation complexes?
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5ˍΙΡř̻É| 5007501000 hPaίȇÔЃϛʗÐ pn ϥόϑВϬί͘Ǐĺ 100 µm

πβ 500 µmʄòχȸΊΧǜȾθςГʰ¶ȲДˡ;χ˃ΤΡ΄ΟτΠτί͘ǏĺΨˏƍʄòχ

϶ϧϖϊϧϹΙȑýΙΡʋǁχÆ 5.7άɝΛ΄ȑýΘτΡ̈́)͘Éΰʁ−900 VΨΉς˟˜ʣ

Éί 1500 V πςμãĤά0ΊGΩΫΤΡΏ�Âΰ 2.3 ɹάɝΛπά͜_ίϬϭВȟĬƁ

ρΑΏ�ÂΩʡΌρτσ΄−900 VͶ άΊΧЋВϖ͘ǼΏ 10-5 A/cm2%�ίμίχʰ¶ΩΙΧǜ

ȾθςχɷhΙΡ΄͘Ǐĺ 100 µmίʄòάɎɈΛσΩř̻É|ί�ƚά,ΊǜȾθςΏͬ

̆Ʌάª�ΙΧΊσΖΩΏφΎσ΄500 hPaΨΰʰ¶ 30%ΨΉΤΡΏ1000 hPaΨΰ 100%ά

̢Λσ΄͘Ǐĺ 500 µmΨΰ 100 µmάǤεΧWΧίř̻É|ΨǜȾθςί0�Ώ˓ρτΡ΄

ΛΫφΣΉσĄĬχůΤΡЋВϖȓΏõÊΙã�ĺʄòΨΰΟίЋВϖȓΏ¬θτσɚȲ

Ώ�ƚΛσΡλǜȾθςί0�χŬΊΡΩʡΌρτσ΄͘Ǐĺ 500 µmάΊΧμ 1000 hPař

̻ίǜȾθςΏƭμπΒΖίȢΎρ�ʰ¶ΰϹЎϡϟǘ͈άπσμίΨΫΊΖΩΏɝ¹Θτσ΄ 

Ǚάʰ¶Ω�ʰ¶ίЋВϖίĞχ˪ǄΛσΡλϏЁϧϝЉАͩŀ̺άπσЋВϖϟϿϧϫ˗

ąχ˃ΤΡ΄500 hPa ř̻ί pn ϥόϑВϬάΊΧÆ 5.7 ί̖ƕª IV ȬŊχȑýΙΡW

Χί 100 µmʄòχϏЁϧϝЉАͩŀ̺Ψ˗ąΙΡΩΖυÆ 5.8(a)(b)άɝΛπά�ʰ¶ά

ΰńΜ 1 Υ%�ίЋВϖϟϿϧϫΏ˗ąΘτʰ¶άΰЋВϖϟϿϧϫΏ�k˓ρτΫΎΤΡ΄

ʰ¶πβ�ʰ¶άćņΛσ IV ȬŊχÆ 5.8(c)άɝΛ΄ЋВϖϟϿϧϫΏ�Υ¬θτσΔ

ΨЋВϖ͘ǼΏ 3 ǊɨĬÛãΙΧςЋВϖ̪jΰǛģ̪άǤεȝΙΊ͘Ǽ͓�χ˿ΖΙΧ

ΊσΩʡΌρτσ΄ʣÉGάĞΏ˓ρτσΏÆ 5.8(b)ίʄòΨϬϭВȟĬΏʴĥ0�ΙΧ

 
Æ 5.6Ͷ 500hPaπβ 1000hPař̻ pnϥόϑВϬί SIMSjƿʋǁ 

1E+14

1E+15

1E+16

1E+17

1E+18

1E+19

1E+20

0 1 2 3 4 5

500 hPa
Mg
Mg
Fe
Si
H
C
O

1E+14

1E+15

1E+16

1E+17

1E+18

1E+19

1E+20

0 1 2 3 4 5

1000 hPa

D.L. (Atms/cm3) H�3e16, C�4e15, O�6e15, Si�7e14, Mg�1e15, Fe�1e15

2~3um��
H�3.1e16
C�6.24e15
O�6.2e15
Si�1.6e16
Mg�1.2e15
Fe�1.4e15

2~3um��
H�2.9e16
C�7.1e15
O�5.5e15
Si�2.1e16
Mg�2.4e15
Fe�1.2e15

Depth (µm) Depth (µm)

Co
nc
en
tra
tio
n 
 (A
to
m
s/
cm

3)
Mg

H

Si Si

H

Mg

Mg Mg

Fe Fe
C,O C,O

pGaN pGaN

S. Usami, PhD ThesisSIMS of GaN p-n diode



Summary

2. Electronic band structure of the cylindrical depletion region.
• The Fermi level in the local n-region is pinned at the dislocation level.

3. One dimensional hopping conduction model having two hopping levels.
• The sudden increase of the current due to reverse bias is reproduced.

1. First-principles calculations for TSD and Mg, H, Si in GaN

TSD: Threading Screw Dislocation
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