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P type doping is often difficult in nitrides due to the high electronegativity of nitrogen. Beryllium (Be)
is isovalent but more electronegative than Mg, so it is hoped that if Mg is replaced by Be as the dopant
in nitride semiconductors, the acceptor level would be shallower. However, surprisingly, it is observed
that the Be acceptor level is actually much deeper than that of Mg in nitride semiconductors. Based on
the density functional theory (DFT) calculations with a hybrid functional, we systematically investigate
the doping behaviors of Be and Mg acceptors in GaN and AIN. We reveal that the large local structural
distortion around the Be dopant, as well as the large covalency of the Be—N bonds, are responsible for
the deeper acceptor-transition-energy level of Be than that of Mg acceptors in GaN. Our results, therefore,
provide a comprehensive understanding of chemical trends of p type doping in nitride semiconductors.
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I. INTRODUCTION

The achievement of p type doping in nitride semi-
conductors, such as GaN and related alloys, has set the
foundation for an entire semiconductor industry produc-
ing blue light-emitting diodes (LEDs) and lasers [1]. Mg
is so far the only known effective p type dopant that can
be realized in GaN. However, the doping efficiency in
Mg-doped GaN is still limited, partially because of the
relatively high-acceptor-transition-energy levels (approx-
imately 250 meV), which has become the major bottle-
neck for the further development of nitride-based lighting
devices. Therefore, searching for potentially shallow p
type dopants in GaN or other nitride semiconductors, alter-
native to Mg, is of great importance and has attracted
enormous attention for the past few decades.

Because Be 25 and 2p orbital energies are much deeper
than the respective Mg 3s and 3p orbital energies (see
Table I) and the acceptor wavefunction is more localized
around the dopants, it is hoped that when Mg is replaced by
Be, the acceptor level would be shallower in Be-doped sys-
tem, that is, closer to the valence band maximum (VBM).
Indeed, early theoretical calculations confirmed that Be
doping in GaN exhibits a comparable solubility and an
even shallower defect level than Mg [2,3]. Experimentally,
a series of studies have also been carried out and some
early studies have suggested that the ionization energy of
Be acceptors in GaN(Beg,) could be less than 250 meV
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[4-8]. However, recent theoretical and experimental
investigations [9—11] have challenged the early experi-
mental results by suggesting that the Beg, acceptor level
is actually much deeper (approximately 550 meV), and
of note, so far, no practical lighting devices have been
made based on Be-doped GaN. Also, the previous theoret-
ical calculations that predicted Beg, as a shallow acceptor
in GaN were based on density functional theory (DFT)
with the local density approximation (LDA) functional,
which is known to severely underestimate the band gaps
of semiconductors and fail to accurately describe the
localized hole states [2,3]. Actually, recent DFT calcula-
tions employing more sophisticated methods beyond the
LDA have indicated that hole localization would occur
for Beg, in GaN, which yields an acceptor level that is
approximately 300 meV deeper than the corresponding Mg
dopant (Mgg,) [9,10]. These calculations are supported
by recent photo-induced electron paramagnetic resonance
(EPR) measurements, which showed that the acceptor
level of Beg, in GaN is approximately 700 meV above
the VBM, that is, approximately 450 meV higher than that
of Mgg, [11]. It seems that the expectation that Be doping
can achieve efficient p type conductivity in GaN is not sub-
stantiated, but the physical origin behind the deep acceptor
level of Beg, is still unclear. To further improve p type
doping in GaN and related nitride alloys, which is impor-
tant for a variety of potential applications, such as white
light converters in monolithic white LEDs [12], it is impor-
tant to understand the origin of this puzzling behavior.

In this work, based on first-principles calculations and
detailed analysis, we show that the deep acceptor level
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TABLE I. The valence s and p orbital energies € (e¢V) for Be,
Mg, Al, Ga, and N.

€ (eV) Be Mg Al Ga N
s-orbital =57 —4.9 -7.9 -9.2 —18.5
p-orbital 2.2 —1.5 -29 —2.8 -73

of Beg, actually comes from a synergetic contribution of
both the strain and chemical effects. Similar to previous
calculations [10], we find significant asymmetric lattice
distortions for both Beg, and Mg, in their neutral charge
states, while the distortions largely recover in their charged
states when the valence p orbitals of the dopants are fully
occupied, which leads to the deep transition energy levels,
especially for Beg,. On the other hand, our calculations
also indicate that the single-particle energy level of Beg,
has a similar or even higher energy than that of Mgg,
even without the lattice relaxation. This surprising result
can be understood by noticing that due to the higher cova-
lent Be—N bond, the reduced N 2p components of the
defect states of Beg, below that of Mg, will lead to a
higher acceptor level. Our results, therefore, provide an
alternative and comprehensive understanding of Be doping
in GaN and other nitride semiconductors.

II. COMPUTATIONAL METHODS

Our calculations are carried out using the Heyd-
Scuseria-Ernzerhof (HSE06) hybrid functional [13] and
the projector augmented wave (PAW) method as imple-
mented in VASP code [14,15]. A cut-off energy of 520 eV
is used for the plane-wave basis set. For all the calcula-
tions, the atomic positions are relaxed until the Hellman-
Feynman force on each atom is less than 0.01 eV/A. For
HSEO06 calculations, we choose the Hartree-Fock exchange
parameter o =0.31 for GaN to produce a band gap of
3.43 eV and o =0.33 for AIN to produce a band gap of
6.1 eV. Table II collects the calculated lattice parameters
and band gaps of GaN and AIN in the wurtzite (WZ)
structures together with the experimental data [16—18].
Our calculated lattice parameters for both GaN and AIN
are in good agreement with experiments. In addition, the
bond lengths of GaN and AIN, which consist of one axial
bond (R)) and three planar bonds (R), are also given in
Table II. We find that for the WZ structure, the axial bond
length is slightly larger than the planar bond length in both
compounds.

TABLE II.

For defect calculations, we construct a 96-atom super-
cell with a I"-centered 2 x 2 x 2 Monkhorst—Pack k mesh,
where one Ga (or Al) atom is replaced by a single element
dopant (Be or Mg). The spin-polarized calculations are car-
ried out when there are unpaired electrons in the system.
For the case of GaN, the formation energy AH; («, q) for
a defect « in the charge state ¢ is calculated by [19]

AHy (a,q) = AE(a, q) + nGaltGa + INUN + piip + qEF,
(1)

where AE(«,q) = E(a,q) — E(GaN) + ng,E(Ga) + ny
E(N) + npE(D) + gevem(GaN). E(GaN) is the total
energy of the supercell and E(«,q) is the total energy of
the same supercell but with a defect «. n; is the number of
elements and ¢ is the number of electrons transferred from
the supercell to the reservoirs in forming the defect cell.
evpm(GaN) is the VBM energy of GaN and D (D is Mg
or Be) is the single elemental dopant. w; is the chemical
potential of atom i with respect to energy E£(i) for the bulk
element 7 in the ground state.

Equation (1) show that the formation energy of a defect
depends on the choice of chemical potentials. Consider, for
instance, Be substitution on a Ga site, where the chemical
potentials (g, and wy vary over a range corresponding to
the formation enthalpy of GaN[AH, (GaN)],

UGa + un = AHr (GaN), (2)

where the calculated AH (GaN) is —1.47 eV compared to
the experimental value of —1.69 eV. [20]. Additionally,
the chemical potentials are limited by the formation of
elemental dopants and host elements,

HUGa < (Ga) =0, (3)
pun < n(N2) =0, “4)
uge < (Be) = 0. (5)

Finally, to avoid phase separation into BesN,, we need to
have

3uge +2un < AHy (BesNy). (6)

Here, the calculated formation energy of BesN, is
—6.77eV (¢ =0.31),0or —6.81 eV (o = 0.33), compared to

Basic material properties for WZ GaN and AIN calculated using the HSE06 functionals: lattice parameters (a, c/a, and

u), band gap (£, ), axial bond length (R;), and planar bond length (R;). Experimental values listed in the brackets for lattice parameters

are from Ref. [18] and are from Refs. [16,17] for the band gaps.

a(A) c/a u Ey (eV) Bond length (A)
GaN 3.19(3.19) 1.63 (1.63) 0.38 (0.38) 3.43 (3.50) R1=1.975, R, =1.966
AIN 3.11 (3.11) 1.60 (1.60) 0.38 (0.38) 6.10 (6.19) R, =1902,R,=1.891
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FIG. 1. Calculated chemical potential region for Be-doped
GaN. The light pink shaded area is forbidden under the equi-
librium growth condition.

the experimental value of —6.11 eV [10]. Using the equa-
tions above, we obtain the achievable chemical potential
region, as shown in Fig. 1.

The transition energy level of a defect o between charge
states ¢ and ¢', g,(q/q), with respect to the VBM, is
calculated from the formation energies by

AE(a,q) — AE(at,q")
9 —q

ea(q/q) = — eypm(GaN). (7)

Our convergence tests indicate that the 192-atom and 96-
atom supercells yield very similar results. Therefore, we
expect that the 96-atom cell is adequate to accurately
describe the defect behaviors of Be and Mg in GaN.

III. RESULTS AND DISCUSSION

Figure 2 illustrates the calculated formation energies for
Be and Mg acceptors in GaN and AIN, as functions of
the Fermi level (FL). Both Ga-rich and Ga-poor (thus N-
rich) conditions are considered. The range of the FL is
from the VBM to a conduction band minimum (CBM),
that is, from 0 to 3.43 eV for GaN and from 0 to 6.1 eV
for AIN, respectively. In GaN, as shown in Figs. 2(a) and
2(b), the formation energies of Mg, are lower than that
of Beg, at both the Ga-rich and N-rich conditions, which
should be ascribed to the smaller atomic size difference
between Mg and Ga than that between Be and Ga. We find
that both Beg, and Mg, can form more easily under the
N-rich condition than under the Ga-rich condition, which
can be easily understood from Eq. (1). The (0/—1) tran-
sition level (which determines the ionization energy) of
Mg, is calculated to be approximately 0.26 eV above the
VBM, in good agreement with previous calculations and
experiments [10,21,22]. While for Beg,, a much deeper
(0/—1) transition level of approximately 0.65 eV is found,
which also falls in line with recent experimental results
[10,11]. To address the optical properties of these defects,

we show in Fig. 3 the calculated configuration coordinate
diagrams for the optical processes of Mg and Be in GaN.
The optical transition levels correspond to the absorption
and emission energies between the defect levels and the
CBM. From our calculations, we estimate an optical emis-
sion peak at 2.59 eV for Mg, , which is consistent with the
theoretical values and experimental observed peak in GaN
(approximately 2.7-2.9 eV) [21,22]. The predicted optical
transition level of 1.67 eV for Beg, is apparently smaller
than the observed PL lines in some early papers [22],
but in agreement with recent theoretical and experimen-
tal results (approximately 1.8-2.2 ¢V) [10,11]. Apparently,
more accurate experimental measurements and theoreti-
cal predictions are needed. Furthermore, to validate our
results, we also perform the constrained DFT calculation
[23]. Although the calculated acceptor levels using con-
strained DFT for Mg, (approximately 0.20 eV) and Beg,
(approximately 0.60 eV) are slightly smaller compared
with the conventional method because they contain the
exciton binding energy, we find the transition energy level
of Beg, is still much deeper than that of Mg, in GaN.

For comparison, we also calculate the Be and Mg dop-
ing in AIN, as shown in Figs. 2(c) and 2(d). As in GaN,
we find that the formation energies of Mg,; are smaller
than that of Bex; under both the Al-rich and N-rich condi-
tions and the formation of Mg,; and Bea; both favor the
N-rich condition. The (0/—1) transition levels for Mg,,
and Bey; in AIN are calculated to be 0.71 and 1.10 eV,
respectively, both of which are much deeper than those
in GaN. This is due to the fact that AIN has a lower
VBM energy (approximately 0.80 eV) than GaN because
of the absence of the occupied semicore 3d orbitals and
thus the lack of p—d repulsion in AIN, which acts to
raise the VBM energy in GaN [24]. These results clearly
indicate that the Be doping would generally yield much
deeper acceptor levels in nitride semiconductors than Mg
doping, and therefore, cannot produce efficient p type con-
ductivity, which is in accordance with the fact that no
practical lighting devices based on Be-doped nitrides have
ever been produced. However, on the other hand, these
results apparently contradict the conventional understand-
ing that a more electronegative dopant (Be vs Mg) should
introduce a shallower acceptor level rather than a deeper
one [25].

In the previous work, Lyons et al. [10] speculated that
the deeper acceptor level of Beg, than Mg, is due to
the smaller atomic size of Be than Mg, which results in
a larger lattice distortion around the Beg, in its neutral
state Bel , and also a greater hole localization. Indeed, the
local lattice distortion and hole localization for both Bel,,
and Mg(()ia in GaN are also found in our calculations, as
shown in Figs. 4(a) and 4(c). We find that due to the large
size difference between Be and Ga, the local lattice distor-
tion of BeOGa is much larger than that of MgOGa._In the BeOGal
case, the Be atom is displaced along the [0001] direction,
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forming a much shorter in-plane Be—N bond, whereas
the Be—N bond along the axial direction is increased by
38% compared to the bulk Ga—N bond length, that is, it
is essentially broken [Fig. 4(a)]. For MgOGa, a similar dis-
placement is observed, but to a lesser degree [Fig. 4(c)].
The Mg—N bond along the axial direction is increased by
17%. This displacement is the main reason that the defect
charge is localized on a single N next to the impurity. For
the full-shell negatively charged states Bea; and Mga; , the
local trigonal lattice distortions are largely recovered and
the hole localization disappears, as shown in Figs. 4(b) and
4(d). In this case, only breathing relaxation of the lattice
is observed, with the nearest-neighbor N atoms all moving
away from the dopant by 5% for Mga; and moving close to
the dopant by 6% for Begi, respectively. As a result, large

(@ (b) AE =0.60 eV
Mgga + el AE = o,isev/ Bega +e =0.60 e
s >
0 2
> >
o 3.42 eV 2.59 eV 2 3.39 eV 1.67 eV
o [
c < /
wi / w
= Be_.. =
M Ga AE =1.12eV
Bca AE = 0.58 eV
Configuration Coordinate Configuration Coordinate
FIG. 3. Configuration coordinate diagrams for the optical pro-

cesses of (a) Mg and (b) Be in GaN.

Fermi Level (eV)

relaxation-energy differences between the neutral and neg-
atively charged states are obtained (1.6 eV for Be(}; and
0.95 eV for Mga;), which indicate that the strain effect
plays an important role in determining the defect levels of
Be and Mg acceptors in GaN.

Beside the lattice distortion, however, other possible
factors that could influence the defect levels of Be and
Mg acceptors in GaN have rarely been discussed, although

“o.®.0 “0.®.0
6.3 6 646
696 6.6

“o. .0 Y09 .0

P,

090 6.6
086 6.%.0!

FIG.4. The local relaxed geometry and three-dimensional (3D)
partial charge density (yellow: isosurface 0f0.01e~/Bohr?) for
neutral defect states of (a) BeOGa, () Mg%a, and negatively
charged states of (b) Bea; and (d) Mggi in GaN. The green-
colored circle is for Ga, the gray one is for N, the red one is for
Be, and the purple one is for Mg.
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FIG. 5. The single-particle levels of Mg%,, Mg, Bel,, and
Begi calculated under the fixed (a) host structure, (b) fully-
relaxed structure of Bel,_, and (c) Mg, .

these factors may also be significant. Figure 5 plots the
calculated single-particle-energy levels for the neutral and
negatively charged states for both Be and Mg acceptors in
GaN. To climinate the influence of the strain, we fix the
structural parameters to the values of the host structure,
the fully relaxed structures of Be‘éa and Mg%a, respec-
tively, and perform no further structural relaxation when
the defects are either in neutral or charged states. As shown
in Fig. 5(a), for both neutral and negatively charged states
in the host structure, we find that the single-particle level
of the Be acceptor has almost the same energy as that of
the Mg acceptor with an energy difference of the order of
only a few meV. This is because in the host structure, the
defect wavefunction is less localized, thus the energy level
does not depend very much on the dopants. However, in

O o
(b) . 0.050
: 0.040
O 0.030
O 0.020
Q 0.010
0.000

the fixed Be, and Mg, structures, the single-particle lev-
els of both Bel, and Beg. are shown to be deeper than
the corresponding Mg counterparts, especially for the fixed
Be?, structure, as shown in Figs. 5(b) and 5(c). Given the
fact that Be is more electronegative than Mg, these results
are quite surprising and cannot be simply explained by the
stain effect, which is already turned off.

To clarify this ambiguity, we carefully investigate the
bonding properties between the dopants and the nearest-
neighbor N atoms. Figure 6(a) plots the deformation
charge density for the chemical bonds between the dopant
and the N atoms within the basal plane for both Bel,, and
Mg?, in the host structure. The deformation charge den-
sity is defined as the difference between the total charge
density in a solid and the superposition of independent
atomic charge densities placed at the atomic sites of the
same solid, and thus indicates the charge transfer when the
chemical bonds are formed. From Fig. 6(a), it is obvious
that a significant amount of charge transfer from the Mg
to N atoms occurs when the Mg—N bonds are formed,
reflecting the major ionic character of the bonds. While for
Be—N bonds, on the other hand, a large amount of charge
is found between the Be and N atoms, forming more direc-
tional and covalent bonds. Since the single-particle levels
shown in Fig. 5(a) are dominated by the N 2p orbitals
hybridized with some dopant (D) p orbitals, more covalent
D—N bonds mean larger contributions of D p orbitals on
these levels. Because the dopant p level has higher energy
than the N p level, this in turn raises their energy [26].
These can be understood by noticing that &5, is closer to

0.040 FIG. 6. The deformation charge
density in the plane of D—N bonds
0.032 for both Bel, and Mg, in the (a)
host and (b) Bel, structure, in units

of e/Bohr>.
0.024

0.016

0.008

0.000
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epe than to ey, (see Table I), so the Be—N bonds are
more covalent than Mg—N bonds. Thus, there is a larger
hybridization between Be 2p and N 2p orbitals, leading to
a higher contribution of the Be 2p orbitals to the defect
energy level than that of the Mg 3p orbitals. As a result,
in the host structure, although Be is more electronegative
than Mg, the effect is largely cancelled by the larger com-
ponent of Be 2p orbitals in the Beg, defect level, which
pushes its energy up. These results indicate that the chem-
ical effect or the covalency of D—N bonds also plays a
significant role in determining the doping behavior of Be
and Mg acceptors in GaN.

Figure 6(b) plots the deformation charge density of
D—N bonds for both Be(()ia and MgoGa in the Be(()ia structure.
It is clear to see that the structural distortion profoundly
changes D—N bonds. As shown in Fig. 4, when the doping
atom moves toward the center of the three N atoms within
the basal plane after the distortion, the D—N bond length
(R,) decreases from 1.966 to 1.730 A, which enhances the
hybridization between D and N p orbitals. We find that the
enhancement of the covalency of Be—N bonds is greater
than that of Mg—N bonds, as illustrated in Fig. 6(b). As a
consequence, the chemical effect pushes the single-particle
levels of Be acceptors further above that of Mg acceptors,
as shown in Fig. 5(b). These results imply an apparent
response of the chemical effect to the strain effect, both
of which then synergistically result in a deeper acceptor
level of Beg, than that of Mg, in GaN and other nitride
semiconductors. Although not explicitly given here, a sim-
ilar conclusion can also explain the results in other nitride
semiconductors, such as AIN and (Ga,AI)N alloys.

IV. CONCLUSION

In summary, we perform first-principles hybrid func-
tional calculations to systematically study the doping prop-
erties of both Be and Mg acceptors in GaN. Our results
show that the transition-energy levels of the Be acceptor
lie much deeper than those of Mg in GaN, which is con-
sistent with the recent experimental observations [11]. We
find that this unusual deep defect level of the Be accep-
tor originates from a synergetic combination of both the
strain and chemical effects. Moreover, the chemical effect
is found to be closely related to the covalency of the bonds
between the dopant atoms and host anions, which also has
a spontaneous response to the local structural distortion
and thus the strain effect. Our results, therefore, signifi-
cantly broaden the understanding of Be doping in nitride
semiconductors and provide a guideline for the further
control of the defect properties in nitride-based electronic
and optical devices.
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