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Electronic structure and optical properties
of Al and Mg co-doped GaN*
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The electronic structure and optical properties of Al and Mg co-doped GaN are calculated from first principles using
density function theory with the plane-wave ultrasoft pseudopotential method. The results show that the optimal form of
p-type GaN is obtained with an appropriate Al:Mg co-doping ratio rather than with only Mg doping. Al doping weakens
the interaction between Ga and N, resulting in the Ga 4s states moving to a high energy region and the system band gap
widening. The optical properties of the co-doped system are calculated and compared with those of undoped GaN. The
dielectric function of the co-doped system is anisotropic in the low energy region. The static refractive index and reflectivity
increase, and absorption coefficient decreases. This provides the theoretical foundation for the design and application of

Al-Mg co-doped GaN photoelectric materials.
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1. Introduction

GaN is a photoelectron material used in blue light-
emitting diodes, blue lasers, and ultraviolet detectors.[1-0]
It has promising applications in the field of electronic

[7-9]

devices, such as radioresistant, high-frequency, high-

temperature, high-power, and optoelectronic devices. Pure
GaN is an n-type conductive material.['” Doping is an effec-
tive means of improving the photoelectric properties of mate-
rials, and the use of Mg as an effective p-type dopant was first
reported by Akasaki et al.!''l The molecular structure, elec-
tronic properties, optical properties, and magnetic resonance
characteristics of GaN and the polarity reversal of GaN sur-
faces after Mg doping were then investigated experimentally

12-16] The band gap widens and the emis-

and theoretically. !
sion wavelength spans from visible light to part of the ultra-
violet region after GaN film has been doped with Al. The
electronic structures and optical properties of Al,Ga;_,N het-
erojunctions grown on a GaAs substrate using molecular beam
epitaxy have been studied by As et al.!'”l The Al,Ga;_,N in-
termediate buffer layer with different doping concentrations
was produced by Jang et al.!'8] using the metalorganic vapour
phase epitaxy method, and they found that the Al composi-
tion had a large influence on the crystal lattice. Lil'®! theoreti-
cally studied Al-doped blende GaN compounds with different
doping concentrations, and found that the lattice constant lin-
early decreased with the increase in doping concentration of
Al Lee et al.*"! obtained the hole concentration of Mg-doped
Al Ga;_,N experimentally. In the present paper, wurtzite GaN
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with different Mg—Al co-doping concentrations are calculated,
and the optimum co-doping proportion with which the optimal
form of GaN can be obtained is determined. The electronic
structure and optical properties of the optimal co-doped GaN
form are analyzed, and its mechanism is investigated.

2. Theoretical model and calculation method

The wurtzite GaN structure has P63mc symmetry. With
the symmetry of C¢,_4, the lattice parameters can be described
by a = b = 0.3189 nm, ¢ = 0.5185 nm,>"! « = B = 90°,
and y = 120°, where c/a is 1.626.
performed with the Cambridge Serial Total Energy Package
(CASTEP). The Broyden—Fletcher—Goldfarb—Shanno (BFGS)
algorithm is used to relax the structure of the crystal model.

All calculations are

Exchange and correlation effects are treated with the gen-
eralized gradient approximation (GGA) implemented using
the Perdew—Burke—-Ernzerh (PBE) functional?? and ultrasoft
pseudopotentials.?*! Using periodic boundary conditions, the
valence electronic wave functions are expanded in a plane
wave basis set up to an energy cutoff of 400 eV. The inter-
action between the ion core and valence electrons is described
by the ultrasoft pseudopotential method. The convergence ac-
curacy is set to be a change in energy of less than 2 x 107% eV
per atom, forces less than 0.005 eV/nm, the convergence tol-
erance of a single atomic energy below 1 x 107> eV per atom,
the stress less than 0.05 GPa, and the change in displace-
ment less than 0.0001 nm in the iterative process. The inte-
gral in the Brillouin zone is sampled with the Monkhorst—Pack
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e!>*! and special k-points of high symmetry. The num-

schem
ber of k points used is 9 x 9 x 9 after a series of tests and con-
sulting the literature,>~271 which is sufficient for the conver-
gence of the electronic and optical properties. All of the calcu-
lations are carried in reciprocal space with Ga: 3d'%4s?4p!, N:

2522p3, Al: 3s? 3p!, and Mg: 2p®3s? as the valence electrons.

3. Form of doped system
3.1. GaN compounds doped respectively with Mg and Al

In the calculations, 2 x 2 x 2 supercells of wurtzite GaN
are constructed. One Ga atom is replaced by a Mg or Al atom
in the center of the supercells. The GaN supercells before and
after doping with Mg(Al) are optimized, and the lattice pa-
rameters of GaN before and after Mg(Al) doping are shown in
Table 1.

Table 1. Lattice parameters of GaN before and after Mg(Al) doping.

GaN GaN:Mg GaN:Al
a 3.2248 3.2422 3.2113
b 3.2248 3.2422 3.2113
c 5.2535 5.2869 5.2264

It can be seen from Table 1 that the lattice parameters
increase after Mg doping, while they decrease after Al dop-
ing. This is mainly due to the covalent bonds between N and
Al atoms being stronger than those between N and Ga atoms,

therefore, the lattice parameters decrease after Al doping. Af-
ter Mg doping, the ionic bonds between N and Mg atoms are
enhanced, and the lattice parameters increase. Therefore, co-
doping should give a more stable crystal form.

3.2. GaN co-doped with Mg and Al

The lattice contraction coefficient is defined as[?®!

i dao
ap dNp’

ey

where ag is the lattice constant, Np is the doping concentra-
tion, and the effective lattice constant, ar = (v/3a%c)'/3, is
used for ag. The values of a.¢ for GaN doped with Mg and Al
are 0.0262 and —0.0206 compared with that of pure GaN, so
the best co-doping proportion of Mg:Al is 1:1.27.

The volumes of the 2 x 2 x 2-GaN supercells doped with
different Mg and Al concentrations are shown in Table 2. With
the increase in the Mg—Al doping concentration, the crystal
volume gradually increases, and is close to the pure GaN su-
percell volume when the Mg:Al doping ratio is 1:1.27, i.e.,
it is almost the same when three Mg and four Al atoms take
the place of seven Ga atoms. Thus, the optimum ratio of
Al:Mg:Ga is 4:3:9 in the 2 x 2 x 2-GaN supercell. GaN co-
doped with Mg and other co-dopants has been studied exper-
imentally and theoretically,[?7>°3%1 and the ratio of Al:Ga in
experiment reached 7:3,[*!1 therefore, the above result is con-
sistent with the experimental result.

Table 2. Values of volume, final energy, formation energy, and band gap for different compounds.

System GaN GayN: Mg Al; GajpN: Mgy Al GajoN: Mgz Aly GagN: Mg3Aly GajN: Mg4Als
Volume/nm? 0.3785 0.37905 0.38005 0.38105 0.3785 0.38015
Final energy/eV -37197.4 -34122.8 -31048.1 -27973.4 -25978.9 -22904.2
Formation energy/eV —0.686 -1.294 -1.775 -3.627 —4.202
Bottom of the conduction band 1.664 2.004 2.304 2.496 2.654 2.907
Top of valence band 0 0.207 0.268 0.307 0.258 0.245
Energy gap/eV 1.664 1.797 2.036 2.189 2.395 2.662

The final energy is expressed by the Mermin finite tem-
perature in CASTEP as

E=Egs—TS, 2

where Exg is the Kohn—Sham energy, which ignores the en-
tropy, T is the temperature, and S is the Mermin entropy due
to the different ways in which the partially filled bands can be
occupied.

The formation energy of the doped system is defined as

Ef[X] = Eiot[X] — Eiot[GaN, bulk] — Y~ nju;, 3)

where Ey[X] is the total energy of the GaN supercell doped
with X, Ey[GaN, bulk] is the total energy of the equivalent
pure GaN supercell, n; is the number of atoms of i, where
n; > 0 when atoms are added to the supercell and n; < 0 when

atoms are removed from the supercell, and L; is the chemical
potential of atom i.

The formation and final energies of different doped sys-
tems are shown in Table 2. The formation energy decreases
with doping concentration, which suggests that it is easier to
dope as the doping concentration increases. The final energy
increases with doping concentration increasing, which sug-
gests that the doped system becomes increasing less thermo-
dynamically stable as the doping concentration increases.

4. Electronic structure of the Mg—Al co-doped
system

The band structures and density of states (DOS) of GaN
before and after optimum Mg—Al co-doping are shown in
Figs. 1-4. The dotted lines indicate the Fermi level. There
is a deep acceptor level at —39.50 eV after Mg doping, but this
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is not discussed here as it is so far away from the Fermi level.
The DOS curve becomes smoother after AlI-Mg co-doping by
comparing Fig. 2 with Fig. 4, which means that the effective
mass of carriers decreases and the nonlocality is enhanced.
There is a direct transition band gap at the G point after doping
at 2.39 eV (Fig. 3), and GaN retains a direct band gap semi-
conductor after AI-Mg co-doping. The DOS of the optimum
Mg-Al co-doped GaN has contributions from N 2p, Ga 4s,
and Ga 4p states, and slight contributions from Al 3s, Al 3p,
N 2s, Mg 2p, and Mg 3s states in the lower electronic energy
region (—7 eV-2 eV), while it mainly has contributions from
the Ga 4s, Ga 4p, N 2p 2s, Al 3p, and Mg 2p states and slight
contributions from Al 3s and Mg 2s states in the higher energy
region (2 eV-5 eV). The top of the valence band is determined
by the N 2p state electrons, while the bottom of the conduction
band is determined by the Ga 4s state electrons. The band gap
of co-doped GaN increases by 0.73 compared with that of pure
GaN (1.66 eV, Fig. 1), this phenomenon is the same as that in
Ref. [32]. The replacement of Ga by Al reduces the peak of
the Ga partial DOS, the peak position changes, the bottom of
the conduction band becomes smoother, and the Ga 4s states
move to a higher energy, resulting in an increase in band gap.
The system shows p-type conductive characteristics, mainly
because of the excess carriers-holes at the top of valence band
introduced by Mg doping. N 2p states move to a high en-
ergy for the hybridization of N 2p and Mg 2p states, so that
the Fermi level moves into the valence band. The top of the
valence band increases with doping concentration increasing
when the same Mg:Al doping proportion is maintained, while
it decreases with doping concentration increasing when the Al
doping concentration is greater than the Mg concentration (see
Table 2). This illustrates that the appropriate control of the Al
doping concentration can overcome the repulsive interactions
between acceptors produced by Mg doping only, and reduce

the acceptor level. This is of significance in improving GaN
p-type doping.
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Fig. 1. Energy band structures of GaN.

30
20|
10

9

— total DOS

—_
)
T

—_
lonvkowoo o

Density of states/eV~!

L AU R I, ! L
20 —15 -10 -5 O 5 10 15
Energy/eV

Fig. 2. Partial and total DOSs of GaN.
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Fig. 3. Band structures of Al4MgzGagN.

30
10 F
0 .
1.5¢ A Als
. 05 IR ye h o Al-p
|
% i .. — Mg-s
Q 1 7 n\‘ """" Mé'p
8 0 AN L LN |
e 13 — N-s
IV D
0 L — WSS | o
10 . — Ga-s
N Ga-
>f R A o / ; Ga—g
—-20 —-15 —-10 =5 0 5 10
Energy/eV

Fig. 4. Partial and total DOSs of Al;Mg3GagN.

Figure 5 shows the charge differential densities of the
(0001) direction before (Fig. 5(a)) and after (Fig. 5(b)) opti-
mum Mg—Al co-doping. After doping, the properties of the
bonds between the atoms change, the interactions between the
atoms are different, and the charges are redistributed. The
electron cloud of the N atoms is uniformly distributed in three
directions, joining Ga atoms in the plane parallel to the ¢ axis
as shown in Fig. 5(a). The overlap population and the bond
length of pure GaN in the direction parallel to the c axis are
different from those in the direction vertical to the ¢ axis (Ta-
ble 3), which indicates that the covalent bonds between Ga and
N atoms are directional and contain ionic bond characteristics.
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For co-doped GaN, there is a large change in charge distribu-
tion around the doping atoms. The distribution characteristics
of the charge between the doping atoms and its adjacent atoms
can be seen in Fig. 5(b). When Mg atoms replace Ga atoms,
the electrons of the adjacent N atoms move towards Ga atoms
and away from the Mg atoms, the overlap population becomes
negative, and the bond length increases between the Mg and
N atoms (Table 3). This is because the electronegativity of
Mg is lower than that of N, and Mg and its adjacent N atoms

form strong ionic bonds. When Al atoms replace Ga atoms,
the electrons of the adjacent N atoms move towards the Al
atoms, the overlap population between the Al and N atoms in-
creases, and the covalent bond of Al-N is stronger than that of
Ga-N. In addition, Al doping makes the interaction between
Ga and N weaker, thus the overlap population decreases, the
bond length increases, the Ga 4s states move to a high energy,
and the system band gap widens. The directivity of the band
is enhanced after Mg—Al co-doping.

Fig. 5. Electron density differences in the (0001) plane (a) before and (b) after doping.

Table 3. Overlap populations and bond lengths.

System Undoped Co-doped
Bond N-Ga vertical N-Ga parallel N-Ga vertical N-Ga parallel N-Mg vertical N-Mg parallel N-Al vertical N-Al parallel
to ¢ axis to ¢ axis to ¢ axis to ¢ axis to ¢ axis to ¢ axis to ¢ axis to ¢ axis
Overlap population 0.66 0.58 0.60 0.59 -0.69 -0.71 0.67 0.67
Bond length /nm 0.1979 0.1971 0.1963 0.2015 0.2076 0.2068 0.1891 0.1898

5. Optical properties of the co-doped system

We also calculate the complex dielectric function, reflec-
tive index, refractive index, and extinction coefficient of GaN
after optimum Mg—Al co-doping. The band gap of GaN is cal-
culated to be 1.66 eV, which is smaller than an experimental
value of 3.39 eV. The underestimation of the calculated band
gap is a problem of the local density approximation (LDA)
and GGA; however, this does not affect the results of the the-
oretical analysis. A scissor-operator correction of 1.73 eV is
adopted in the co-doped system. The optimum Mg—Al co-
doped GaN system is a direct band gap semiconductor. Its
spectra are generated by electronic transitions between energy
levels, and its dielectric function peaks can be explained by
the band structure and the DOS. Figure 6 shows the real part
(&1) and imaginary part (&;) of the dielectric function changing
with incident photon energy (E). Figure 6(a) shows the case
where E is vertical to z axis in the xy plane, and figure 6(b)
displays the case where E is parallel to z axis. The static di-
electric constant is calculated to be €;,,(0) = 18.97. In the low
energy region, €1y, increases with photon energy increasing,
and rapidly decreases in the energy region 1.20 eV-2.70 eV,
corresponding to the reflection peak at 3.85 eV. The two peaks
of the imaginary part &y, corresponding to the photon ener-

gies of 1.93 eV and 8.22 eV, indicates that there appears light

absorption in the energy region compared with the case of the
undoped system. The peak corresponding to the photon en-
ergy of 1.93 eV is generated by the interaction between Al 3p
and N 2ps states, while the peak at 8.22 eV is generated by the
interaction between Al 3p and Ga 3d states. In the direction
parallel to the z axis, €1z(0) = 15.79. The dielectric function
in the xy plane and the dielectric function in the direction par-
allel to the z axis have the same locations of peaks. However,
the sizes of the peaks are different in the low energy region,
although they are identical when the photon energy is greater
than 4.26 eV. Thus, the co-doped system shows anisotropy in
the 0 eV—4.26 eV energy range.

Figure 7 shows the refractive index n(®) and extinction
coefficient k(@) of the co-doped system. The static refrac-
tive index ng = 4.35, is bigger than that of undoped sys-
tem(1.75 eV),1" n(w) has its peak and valley on the ris-
ing and falling edges of k(w), k(w) has its peak and val-
ley at the maximum gradients of & (®) rising and & (@)
falling, respectively, and the corresponding photon energies
are 2.10 eV, 4.84 eV, 8.46 eV, and 14.99 eV. In the low energy
region 2.10 eV—4.84 eV and the high energy region 8.46 eV—
14.99 eV, &1y, (@) < 0, k() > n(w), and the reflection coeffi-
cients (Fig. 8) are 0.80 eV, 0.87 eV, at 3.85 eV, and 14.51 eV,

respectively, greater than those of the undoped system. The
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absorption coefficient (Fig. 9) has a minimum less than that of

the undoped system, and co-doped GaN shows metal reflective

properties.
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Fig. 6. Dielectric functions in the cases where (a) E is vertical to z axis
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Fig. 9. Absorption versus frequency of Al;Mg3GagN.

6. Conclusions

The electronic structure and optical properties of AlI-Mg
co-doped GaN are calculated using density functional theory.
The results show that an appropriate concentration and ratio of
Al and Mg can give an optimal co-doped system. The mutual
exclusion function between acceptors produced by Mg dop-
ing can be overcome and the acceptor level can be reduced
by controlling the concentration of Al. After optimum co-
doping, the bonds between the atoms and the optical proper-
ties are anisotropic, the band gap widens, the refractive index
increases, the absorption coefficient decreases, and the metal
reflection characteristics are enhanced. Thus, a p-type semi-
conductor with a wide band gap, large refractive index, and a
small absorption coefficient can be obtained by doping GaN
with an appropriate concentration and ratio of Al and Mg.
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