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Mg acceptor energy levels in Al,In,Ga;_,_,N quaternary alloys: An approach to overcome
the p-type doping bottleneck in nitrides
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The Mgg, acceptor energy levels in GaN and random Algln,Ga,oN3, quaternary alloys are calculated using
the first-principles band-structure method. We show that due to wave function localization, the Mgg, acceptor
energy level in the alloy is significantly lower than that of GaN, although the two materials have nearly
identical band gaps. Our study demonstrates that forming AlIn,Ga;_,_,N quaternary alloys can be a useful
approach to lower acceptor ionization energy in the nitrides and thus provides an approach to overcome the

p-type doping difficulty in the nitride system.
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GaN and related nitride semiconductor alloys are cur-
rently among the most important materials for short-
wavelength optoelectronic device applications, such as blue
and ultraviolet light-emitting diodes and laser diodes, and
for high-temperature and/or high-power electronic device
applications.! This is because these nitride materials have
many unique physical properties such as a large direct band
gap and a high thermal conductivity.”? Despite the tremen-
dous progress in these fields in the last decade, further im-
provements in the performance of GaN-based devices are
contingent on solving the doping asymmetry problem in the
nitride system.>* As in most wide-band-gap nitride and oxide
materials, GaN can be easily doped n type but is difficult to
dope p type. This is because nitrogen is strongly electrone-
gative with a deep 2p atomic orbital; thus, the valence band
maximum (VBM) of the nitrides, which contains mostly
N 2p orbital, is low in energy. This leads to a relatively deep
acceptor energy level and is liable for charge compensation.’
Among all the dopants, magnesium is one of the best p-type
dopants in GaN,® because its size is close to Ga, so when it
substitutes on the Ga site, it has a small formation energy and
causes only a relatively small perturbation on the VBM.
Moreover, Mg has no occupied d orbital, so the Mg, accep-
tor level is relatively shallow.” However, even in this case,
the measured Mgg, (0/—) acceptor level in GaN is still too
high, around ~0.20 eV.>3 Therefore, various approaches
have been sought to lower the acceptor levels in GaN with-
out significantly altering the band structure of the host mate-
rial.

Recently, the quaternary nitride alloys AlInGa;_,_,N
have attracted much attention®~'° because they could be good
candidates to achieve easier p-type doping.!! Unlike in the
AlGaN, GalnN, and AlInN ternary alloys, the band gap, band
edge energy level, and lattice constant of the quaternary alloy
can be individually tuned. Therefore, one could find a qua-
ternary Al,In,Ga;_,_ N alloy with the same band gap as in
pure GaN but with a higher VBM, so it could be doped more
easily p-type by lowering the acceptor ionization energy
level and lowering the charge compensation.'?
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In this work, to test this idea, we have calculated the
acceptor levels (Mgg,) in GaN and Al In,Ga,_,_,N quater-
nary alloys using the first-principles band-structure method.
The alloy in this study is represented using the special qua-
sirandom structures approach,'>!# in which the cations are
distributed in a way that its atomic correlation functions are
closest to that of the random alloy. We find that the calcu-
lated Mgg, acceptor transition energy level in random
AlIn,Ga,_,_ N quaternary alloys with the same band gap as
GaN is about 20—60 meV lower than that in GaN, depending
on the location of the Mg atom in the alloy. Therefore, p-type
doping in Al,In,Ga,_, ;N quaternary alloys indeed should be
easier than that in GaN with the same band gap, consistent
with our expectations.

The first-principles band-structure and total-energy calcu-
lations in this study are performed using the density func-
tional theory in the local density approximation (LDA)' as
implemented in the plane wave VASP code.'® The electron
and core interactions are included using the frozen-core pro-
jected augmented wave approach.!”'® The Ga 3d and In 4d
electrons are explicitly treated as valence electrons. An en-
ergy cutoff of 400 eV is used in all cases. For the Brillouin
zone integration, we used the k points that are equivalent!® to
the 4 X 4 X 4 Monkhorst-Pack special k-point meshes?’ in the
zinc-blende (ZB) Brillouin zone. In all calculations, all the
atoms are allowed to relax until the quantum mechanical
forces acting on them become less than 0.01 eV/A. For
computation convenience, our calculations are performed for
cubic ZB nitride alloys. Because the band structures of the
ZB compounds and the wurtzite (WZ) compounds are very
similar near the band edge at I", we expect that our results for
the ZB alloy are also applicable for the ground state WZ
alloys.?!-23

The defect calculation is performed using the supercell
approach. The ionization energy of an acceptor (¢ <<0) with
respect to the VBM in the impurity limit is calculated fol-
lowing the procedure described in Ref. 5,
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TABLE I. Calculated formation energy AH/{«,0) at u;=0 and
the transition energy level £(0/—) for AllnGaN:Mg and GaN:Mg.
The nNN denotes that there are n In atoms in the fcc nearest neigh-
bor sites centered around the defect Mg atom in the AlglnyGa,oN3,
quaternary alloys. The formation energy of the g=-1 charged Mgg,
defect can be obtained using Eq. (2).

AH{a,0) £(0/-)
4NN 1.282 0.184
3NN 1.240 0.163
2NN 1.234 0.153
INN 1.206 0.147
ONN 1.201 0.139
GaN 1.272 0.198

(0/q) ={E(a,q) - [E(,0) — gep(0)H(~ q)
+ [85(0) - SEBM(host)], (1)

where E(a,q) and E(«,0) are the total energies of the super-
cell at charge state g and neutral, respectively, for defect «,

8%(0) and s,l;(O) are the defect levels at the special k points
(averaged) and at the T point, respectively, and &%y, (host) is
the VBM energy of the host supercell at the I' point and is
aligned using core electron energy levels away from the de-
fect. The first term on the right-hand side of Eq. (1) deter-
mines the U energy parameter (including both the Coulomb
contribution and the atomic relaxation contribution) of the
charged defects calculated at the special k points, which is
the extra cost of energy after moving (—¢g) charge from the
VBM of the host to the neutral defect level. The second term
gives the single-electron defect level at the I" point.
The formation energy of a charged defect is given by

AH{(a,q) = AH{,0) - g&(0/q) + qEF, (2)

where E is the Fermi level with respect to the VBM and
AH{(a,0) is the formation energy of the charge-neutral de-
fect and is a function of the atomic chemical potential.> The
chemical potentials for N(uy), Mg(uy,), and Ga(ug,) are
referenced to gaseous N,, fcc Mg, and a-Ga. Our calculated
value for AH/{GaN) is —1.58 eV.

Table I presents the calculated Mgg, acceptor formation
energies and (0/-) transition energy levels for GaN and the
random Algln,Ga,(N3, quaternary alloys. We chose this alloy
because our previous study'' has shown that when Al and In
have a ratio x/y~ 1.8, the alloy band gap is close to that of
GaN. Our direct LDA calculation shows that the band gap of
the random Algln,Ga,,N3, quaternary alloys is only 0.01 eV
smaller than that of GaN. For the Algln,Ga,)N3, alloy, we
have calculated Mg, at different sites. The nNN in Table I
denotes that there are n In atoms in the fcc nearest neighbor
(NN) sites centered around the Mg atom. Figure 1 shows the
crystal structure of the random AllnGaN quaternary alloys
doped with Mg, in the ONN site; i.e., there are no In atoms
in the fcc nearest neighbor sites centered around the Mg
atom. Our results show the following trend.
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FIG. 1. (Color online) Crystal structure of the random AllnGaN
quaternary alloys doped with Mgg,. (The gray, pink, red, blue, and
green balls are Al, In, Ga, N, and Mg atoms, respectively.)

(i) The formation energy of the neutral Mgg, defect in the
quaternary alloys decreases slightly when the neighboring
sites contain decreasing number of In atoms. This is because
the strain associated with the Mgg, substitution is slightly
smaller in the (Ga,Al)-rich region than in the In-rich region.
Moreover, as an acceptor defect, Mgg, also prefers to be at a
low charge-density region to reduce the electron-electron
Coulomb repulsion (see below). The formation energy of
Mgg, in the GaN is slightly larger than that in the alloy. This
is because the volume of GaN is about 0.8% smaller than
that of the Algln,Ga,oN3, alloy, thus Mgg, in pure GaN ex-
periences a slightly larger strain.

(ii) For Mgg, in GaN, the calculated Mgg, (0/-) acceptor
level is at 0.198 eV. This agrees well with previous first-
principles calculations® and experimental observations.?> For
the AlglnyGa,(N3, alloy, we find that the position of the
Mg, (0/-) acceptor level depends on the position of the Mg
defect. It decreases from 0.184 eV when Mg has four In fcc
NN atoms to 0.139 eV when there are no In atoms in the fcc
NN. This indicates that for the Algln,Ga,,N3, alloy, which
has nearly the same band gap as GaN, the acceptor ionization
energy is about 20—60 meV lower than that in GaN. Com-
bined with (i) above, which shows that Mg prefers to be at a
ONN position, we see that forming the random alloy is ex-
pected to enhance the p-type dopability significantly. The
origin of the above-observed trends can be understood as
follows: Due to the large coupling between the N 2p orbital
and the In4d orbital and the larger In-N bond length, the
VBM of InN is 1.11 and 2.39 eV higher than that of GaN
and AIN, respectively. Similarly, due to the large In-N bond
length, the conduction band minimum (CBM) of InN is also
much lower than that of GaN and AIN. Because of the
unique band alignment, when the AllnGaN quaternary alloy
is formed, the VBM as well as CBM wave function are more
localized on the InN site. Figure 2 plots our calculated
charge density of the alloy VBM and CBM states in different
planes containing the Ga-N-In bond and Ga-N-Al bond. We
can see from the plots that the VBM state [Figs. 2(a) and
2(b)] shows strong antibonding p-d character in the Ga-N
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FIG. 2. Charge-density plot of [(a) and (b)] VBM and [(c) and
(d)] CBM states in the planes of Ga-N-In bonds and Ga-N-Al bonds
in the random AlInGaN quaternary alloys.

and In-N bonds and is more localized on the In-N site. Be-
cause Al has no active d orbital, the VBM contains only a
negligible Al state. Similarly, the CBM states [Figs. 2(c) and
2(d)] also show some localization on the In-N site. The de-
gree of the localization in the CBM is smaller than that in the
VBM because the CBM band has smaller effective mass. We
have shown that due to this wave function localization, the
VBM of the AlglnyGa,)N3, alloy is higher than that of
GaN.!" Because of this, the Mgg, defect level is closer to the
VBM, so the acceptor ionization energy is smaller. Also,
because the potential for the VBM-derived defect level is
high near the InN site, when the Mg atom moves away from
the In site, the defect level decreases relative to the VBM, so
the acceptor ionization energy also decreases.

It is important to point out that these wave function local-
ization and reduction in the acceptor ionization energy are
realized naturally when the distribution of cation atoms in
the quaternary alloy is random. Therefore, it is not necessary
to have In clustering as a precondition of the wave function
localization, although In clustering is expected to enhance
the effect of wave function localization.

Another consequence of the band edge wave function lo-
calization is the increased overlap of the VBM and CBM
wave functions (Fig. 2) and, thus, enhanced optical transition
intensity. To confirm this, we have calculated the real (g)
and imaginary (g,) components of the complex dielectric
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FIG. 3. (Color online) The real (g;) and imaginary (e,)
components of the complex dielectric function for GaN and
AlglngGa,(N3,. The inset shows the &, near the band gap.

function for pure GaN and the AlgIn,Ga,oN3, alloy using the
optical package?® in the WIEN2K code.”® The results are
shown in Fig. 3. To compare directly with experiment, a rigid
shift is made in the plot to correct the LDA band-gap error.
We find that the calculated results are consistent with experi-
mental results for the cubic GaN.?6 We also see that, near the
band edge, the &, for the quaternary alloys is larger than that
for GaN, consistent with our expectation and experimental
observations.'?

In summary, we have calculated the Mgg, acceptor energy
level in AlgInyGa,oN3, quaternary alloys and GaN using the
first-principles band-structure method. The calculated Mgg,
acceptor energy level is significantly lower (about
20-60 meV) than that of GaN, although the two materials
have nearly identical band gaps, indicating that forming
AlIn,Ga,_,_,N quaternary alloys can be a useful approach to
lower acceptor ionization energy in the nitrides, thus improv-
ing their p-type dopability. We also show that because the
wave function is more localized in the InN site, the optical
transition near the band edge is enhanced in the alloy.
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