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Polarization effect on p-type doping efficiency in Mg-Si codoped wurtzite GaN
from first-principles calculations
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The electronic structures of two Mg-Si codoped configurations in wurtzite GaN were calculatedalby an
initio “mixed-basis+ norm conserving nonlocal pseudopotential” method. The results show that the charge
densities redistribute and concentrate in the N-Mg bonds for the configuration with a local polarized field
component that strengthens the polarizability. The tops of the valence bands are thus split widely and shifted
up towards the conduction band. The N atoms bonding to the Mg atom are found to be as important as the Mg
atom for the formation of the tops of the valence band. These electronic structure shifts can enhance the hole
concentration about $Gimes higher than that of Mg-doped GaN.
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I. INTRODUCTION tio “mixed-basis+ norm conserving nonlocal pseudopoten-

The wide, direct energy band gap and good thermal stat-ialn method, which has been well tested in solid-state phys-
bility of GaN make it suitable for short wavelength emitters Ics calculations. The Ceperly-Alder formula was adopted to

detectors, high-temperature and high-power electrdis. form the exchange and correlation energy. The plane-wave

. . . : cutoff energy was set to 17 Ry, and other parameters were
The highly conductive property gi-type GaN is especially oo o "some as our previous calculafin.
important for optical and electrical devicédMagnesium is As a basis for Ma-Si codoped GaN. the equilibrium lat-
an effective acceptor impurity for group-IIl nitrid&€s’ Ex- 9 b ’ q

erimental results, however, show that as the Mg concentr fice constant of the undoped wurtzite GaN supercell was
fi)on in the films is,increased’ the hole concentra?ion eventlﬁ‘—Ound to bea;=0.303 nm by using a first-principles total-
ally saturates and decreadesEurthermore, the high energy calculation, anch/a, ratio was taken as equal to the

activation enerav of Ma mav also limit the formation of ideal value, 1.63299. The charge density distribution and the
9y 9 y total density of state€DOS) of undoped and Mg-doped GaN

9 i ;
acceptors:® Theoretical and experimental research has be?\r}vere then calculated with and without lattice relaxations.

Fr)ne;{:?]g?sdrrfohgghbaer:ecr?cgihs?:Ssoglggjgr;eerr]]ttrlatlméizzlglah(;?/(tjeopmﬂ]e acceptor level does not appear in the energy band gap,
Y, : and the Mg-nearest-neighbor N bonds relax 5.22% and

. . . 9 3
%?/f/a;r::ii a;of;|g?ti\r2§:5):c;r;lceerntrefuu?{1 OrgglN (l:amint?gddug- 4.67% outward along the axis and the rest bonding direc-
P gy 1gEYP y tions, respectively. These results agree with previous litera-

ing Mg and Si sources altgrng_tivé‘lyﬂowever, the reason o s 1died 1013 The Mg-Si codoped calculations are per-
the codoping method can significantly enhance the hole conimed as b.elow

centration still awaits clarification.
One important difference of wurtzite GaN from the tradi-
tional 111-V semiconductors is the polarization of the struc- IIl. RESULTS AND DISSCUSSIONS

ture. Mg and Si impurities usually substitute for the Ga host The charge density distributions of different layers for

atoms, and their Va'e'f‘ce difference will change the '.OCa_' polboth confirations | and Il were calculated and compared with
larity. The local polarity then depends on the substitutiona

configuration of the Mg-Si codopants. Therefore, it is nec-

essary to investigate the polarity effect priype doping ef- S ?? ?9 I 5 g ?? I :
ficiency in Mg-Si codoped wurtzite GaN. g 5,00 g O, 002 -
PP [P 2
Ll LO0[2 o045 §
Il. CALCULATION DETAILS = § g :% g
) Um 5 &
Two substitutional configurations in a 32-atom wurtzite g% ? E z)% g’g‘
supercell were constructed to simplify calculation. The two o0 4 QO s

configurations are a substitution of Si into a Ga site as the

second-neighbor above and below Mg, denoted as | and Il in *H @O 1@

Fig. 1, respectively. The Mg impurity is fixed in one of the  F|G. 1. Crystal structures of supercells of Mg-Si codoped

16 substitutional Ga sites. Therefore, the local polarized fielgyurtzite GaN for configurations | and II. The polarization orienta-

in configuration | strengthens the polarizability, but it is tion in the host crystals is marked with a solid arrow, and the local

weakened for configuration II. polarization components induced by Mg and Si codoped configura-
The calculations were performed by employingamini-  tions are marked with the dashed ones.
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FIG. 3. Energy band structures of the Mg-doped GaN, configu-
rations | and Il. The dashed line in the band gap is assumed to be an
Mg-related acceptor level.

=0.791 eV of configuration | is much larger than 0.409 eV

FIG. 2. Charge density distribution differences onamplane of configuration 1. The energy differences AFE for con-

containing the Mg atonta) and on a cross section containing Mg

, . : . figurations | and II, respectively, shift€, by values
and Si atomgb), obtained by subtracting the charge density of Mg o ' LY
doped from those of configurations | and Il, respectively. The nega-o'423 eV and 0.192 eV higher than that in Mg-doped GaN at

tive and positive data are shown by the dashed and solid curvegher point. Meanwh”e* the bOttO_mS of the conduction bands
respectively. E.) of configuration | and Il shift lower than that of Mg-
o doped GaN, which might be induced by the Si dop&gtof
those of Mg-doped GaN. To reveal their difference, we subconfiguration | is 0.03 eV higher than that of configuration
tracted the charge density distribution of Mg-doped GaNi, indicating that the effect of the-type Si dopant is weaker
from that of both confirations | and Il. The results are shownfor configuration 1. If there is a Mg-related acceptor level
in Fig. 2(a) for an ab plane containing the Mg atom. The nearE,, its activation energy will be lower for configuration

subtracted values are negative in the central regions aboyeTherefore, thep-type doping efficiency of configuration |
the N atoms bonding to Mg atom. In the outer regions, byis pejieved to be higher than that of configuration II.

contrast, they are positive for all three N atoms in configu-  gacause thab initio “mixed-basis+ norm conserving
ration | and for two of the three in configuration Il. This oniocal pseudopotential” method does not take the spin-

indicates the redistributions of the electron clouds for the Nyt interaction into account, the difference of the splitting
atoms bonding to Mg. In particular, the electron clouds CONenergy nearE, is related to the crystal field difference be-

centrate on the sides near the Mg atom. This shows that thg,een configuration | and 1. It is known that there is a lack
codoped crystals favor strengthening some N-Mg bonds. ot gne valence electron around Mg in the substitutional Ga
The strengthening effect is more obvious by comparingsjte and a local positive center is formed. On the other hand,
the N atoms with the Si impurities above and below, denote; i the substitutional Ga site has one additional valence
as Ny in Fig. 2@). Figure 2b) displays the difference of gjeciron and forms a local negative center. The local negative
charge density distributions of a Mg-doped crystal from a3 positive centers generate a local polarized field. The lo-
cross section containing Mg and Si atoms. This shows the,| polarized field can be decomposed into two components,
influence of_the S|_ impurity. The charge densme_s (_)f Siatomgyne along the axis and the other perpendicular to thaxis.
are much higher in both codoped crystals. This is not onlyrhe grientations and magnitudes of the perpendicular com-
because the valence of Si is one larger than that of Ga, bifsnents are nearly the same for configurations I and II. How-
also because the electronegatiityf Si (1.8) is larger than vy thec-axis component is parallel and antiparallel to the
that of Ga(1.6). This leads to sparse electron distributions atpolarized field of the host crystal for the two cases, respec-
the N ends of the bonds with Si atorfsich as hNband N6 jyely, as indicated in Fig. 1. The parallel component
of configuration I, N and N; of configuration I). At the  qyrengthens the polarizability and the antiparallel component
same time, the electrons distribute more densely in othefcakens it. Based on the above analysis, we conclude the
directions. In configuration I, this means that more electrons}:arger energy differencAE is mainly attributable to the in-
concentrate at the N ends of the bonds with Mg and furthegease of the polarizability for configuration |I.
enhance the local polarized field around the Mg atom. In" |, order to understand the contributions of different atoms
configuration I, the cloud changes are less around Mg. 4 the shits ofE,, the total and partial DOS were calculated
Because the s_ymmc_etry of the electron clouds around, compared. As the total DOS results show in Fig),4
Mg for both configurations | and Il changes, the energyyhe splitting band produces dense states around the valence
band structures are clearly influenced. The calculated resulis;q edge for configuration I. This enhances the electron
(Fig. 3) show t_he ba_nd structure contrast between MQ'dOpeﬂansition probability from the Mg-related acceptor level to
an_d both configurations | and Il, especially the splitting andipe valence band. Generally,patype Mg dopant is consid-
shifts of the tops of the valence bands,). Thle doubly de-  greq responsible for the formation of the states around the
generatds, level nearE, splits intol'y, andI'};) levels. The  valence band edge. This does not occur in Mg-doped GaN
singly degeneratE, level is labeled™\”). The energy differ-  but does occur ifp-type Mg andn-type Si codoped GaN. It
ence between’y, level andF(fV) level AE:E(FQV)—E(I’%)) is therefore necessary to examine the role of each atom by
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@ E, E_ proximate the Mg-related acceptor activation energy
| Undoped GaN AE,=0.060 eV, measured in Mg-Si codoped GaN
(Ref. 4 as the energy difference between the level
and the top of the valence band of configuration I.

- C 1
° - /\/\/J Then the energy differences between the level dhd

W are AE,;=(0.423+0.06DeV-0.192 eV=0.291 eV for

-
w

-
no

0S(states/eV Q)

-
S

/‘“f configuration Il and  AEpyy=0.423 eV+0.060 eV
=0.483 eV for Mg-doped GaN. The acceptor activation
energy is estimated to beAEpy,/2=0.241eV for
Mg-doped GaN, which agrees with the experimental
results in the literature$-°Assume the hole concentrations
are py, py, and pyg in configurations I, 1, and Mg-doped
GaN. Then their ratios at room temperature according to Egs.
(1) and (2) are approximatelyp,/pyg<exp(—AEy /kT)/
eX[i—AEAMg/ZKT) = 103 and p” / ng o eXF(_AEA” /kT)/
exp(—AEavg/2KT) =~ 0.1, whereT=300 K and the ionization
energies at room temperature have been corrected by Var-
FIG. 4. Total(a) and site-decomposed DAB) of the undoped nish’s law: Ey=3.427 eV-9.3% 104 T2/(T+772 eV.2 In
GaN, configurations I and II. practice, the hole concentration of the Mg-doped GaN is
about 187 cm317-29The hole concentration of configuration
studying the site-decomposed DOS. ThesPates of Mg and | can thus be enhanced up to?i@m™ even the Si-related
its bonding N atoms are found to be much denser than othatonor level concurs. This agrees with the experimental pro-
atoms around the valence band edge, as a typical sit@ess where Mg was supplied in one pulse and then followed
decomposed DOS shows in Figibt Furthermore, the 2 by a Si pulse during crystal growing in tfie001] direction?
states of the N and Mg atoms strongly shift toward the con-
duction band for configuration I. From this point of view, the IV. CONCLUSIONS
N atoms play an important role as well as the Mg atom in the . N )
formation of the energy states around the valence band edge. In conclusion, the charge densities were found to redis-
This is done by redistributing more electrons along N-Mgtribute and concentrate in the N-Mg bonds of configuration

bonds, strengthening their bonds due to an increase of lockl E» is thus split widely and shifted up towards the conduc-
polarizability, as mentioned above. tion band. This is mainly attributed to the increase of the

The hole concentration in a semiconductor with acceptopPolarizability strengthened by the parallel component of the
only near absolute zero is given by local polarized field of configuration I. The N atoms bonding
to Mg are found to be as important as Mg for the formation
P = (NaNy) 2 exp(— AEA/2KT), (1) of E,. The electronic structure shifts for configuration | can
enhance the hole concentration about fithes higher than
that of Mg-doped GaN.
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and with both acceptor and donor this is given by

(Na—=Np)Ny

P~ 2N eXp(— AENKT). @ ACKNOWLEDGMENTS
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