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The behavior of cation substitutional hole-doping in GaN and ZnO is investigated using hybrid
density functional calculations. Our results reveal that Mg substitution for Ga (Mgga) in GaN can
assume three different configurations. Two of the configurations are characterized by the formation
of defect-bound small polaron (i.e., a large structural distortion accompanied by hole localization
on one of the neighboring N atoms). The third one has a relatively small but significant distortion
that is characterized by highly anisotropic polaron localization. In this third configuration, Mgga
exhibits both effective-mass-like and non-effective-mass-like characters. In contrast, a similar defect
in ZnO, Liz,, cannot sustain the anisotropic polaron in the hybrid functional calculation, but un-
dergoes spontaneous breaking of a mirror symmetry through a novel mechanism driven by the hole
localization. Finally, using Naz, in ZnO as an exmaple, we show that the deep acceptor levels of
the small-polaron defects could be made shallower by applying compressive strain to the material.

PACS numbers: 71.38.Ht, 61.72.Bb, 61.72.uj, 85.60.Jb

I. INTRODUCTION

In strongly coupled systems, the potential induced by
lattice polarization could be strong enough to trap car-
riers to within a length scale that is comparable to the
lattice constant, resulting in small or lattice polarons,
which are to be distinguished with the large polarons.!
Even though the two types of polarons may not always
have a clear classification, small polarons can be viewed
as atomic localization of carriers with local lattice dis-
tortions, while large polarons are a result of dielectric
lattice polarization that leads to renormalization of ef-
fective mass states. While self-trapping of charge carri-
ers is well known in insulating materials with very large
band gaps, it is less common in semiconductors because
of the strong screening and high kinetic energy penalty
to confine carriers. Wide band gap (WBG) (E; > 3
eV) semiconductors, however, are at the borderline where
charge trapping could occur. Both oxide?? (e.g., TiOs
and ZnO) and nitride*® (e.g., AIN and GaN) semicon-
ductors have been reported to exhibit charge trapping
either in an otherwise perfect lattice or at a lattice de-
fect. The latter is often called a defect-bound small po-
laron.® The concept of defect-bound polaron is a natural
extension to the conventional small polaron picture.”®
Considering the importance of WBG semiconductors in
optoelectronics, power electronics and photocatalysis ap-
plications, it is of great interest to develop a thorough
understanding on the polaronic defects in these materi-
als because such defects play a critical role in controlling
their electrical and optical properties.

GaN is currently the most successful WBG semi-
conductor for short wave-length light-emitting devices
largely owing to the successful p-type doping with Mg.
Zn0O, a promising low-cost alternative to GalN, has at-
tracted significant research attention in recent years.’

However, stable p-type doping of ZnO is still a major
technical obstacle towards its widespread applications.!?
This problem is often referred to as the doping bottleneck
problem. The p-type cation-site dopant in ZnO (e.g.,
Li or Na) is spontaneously displaced away from one of
the four neighboring oxygen atoms in the neutral charge
state,!!*!2 resulting in defect-bound small polarons. This
polaronic effect significantly stabilizes the neutral charge
state of these defects, making them deep acceptors with
a large hole binding energy of about 0.8 eV.3

Recently, similar polaronic hole trapping effects have
been discussed for the Mg-on-Ga (Mgg,) defect in
GaN.4514 However, the atomic and electronic structures
of this defect are still less certain compared with the cor-
responding defects (e.g., Liz,) in ZnO. Earlier experi-
ments by Glaser et al. showed both effective-mass-like
and non-effective-mass-like behaviors for the Mgg, de-
fect.'®16 Monemar et al. provided evidence for two ac-
ceptor transition levels related to Mggaa, which were orig-
inally suggested to be arising from the Mggq, defect itself
and a Mg-H complex, respectively.>'” Lany et al. pro-
posed a dual-nature model for the Mg, defect and con-
cluded that the two acceptor transition levels are both
originated from the Mgg, defect, but in two different
configurations: One is called deep ground state (DGS)
and another shallow transient state (STS).* A more re-
cent study by Monemar et al. does not seem to support
the original assignment that the second acceptor state
be Mg-H complex related.'® An analysis of the existing
EPR data by Davies'* favors the dual-nature model.

It is worth pointing out that in the dual-nature model,
which was proposed for both Mgg, in GaN and Liz, in
ZnO, the DGS is a fully localized (i.e., non-effective-mass-
like) state whereas the STS state is an effective-mass-like
delocalized state.* However, since it is understood that
there are two localized polaronic acceptor states asso-



ciated with Liz, in ZnO,'™19 the existence of an addi-
tional delocalized state would suggest that there be three
acceptor states for these defects, instead of two. Interest-
ingly, recent experiments indicate a third acceptor state
(or defect transition level) related to Mgg, and possibly
Liz,y.29722 Local structures associated with these levels
remain to be identified.

In this paper, we show that the Mgg, defect in GaN
produces three acceptor transition levels with distinct lo-
cal distortions. Two of them are similar to the polaronic
states of Liz, in ZnO,'19 albeit with much shallower
transition levels and smaller local structural distortions.
The third one exhibits rather peculiar properties. It ap-
pears to be an effective-mass-like defect along the [1120]
direction, but a tightly confined polaronic defect in per-
pendicular directions. The atomic structure associated
with this acceptor level also displays an unconventional
local distortion. This third acceptor state, however, is
found to be unstable for the Liz,, defect in ZnO within the
hybrid functional method due to spontaneous breaking
of the C5 symmetry through a novel localization-driven
mechanism. Finally, using Nagz, in ZnO as an exmaple,
we show that compressive strain could bring the deep
acceptor levels closer to the valence band.

II. COMPUTATIONAL METHOD

Our density functional theory (DFT) calculations are
based on the hybrid functional scheme of Heyd, Scuse-
ria, and Ernzerhof (HSE)?? as implemented in the VASP
package.?* The mixing parameter « for controlling the
amount of the screened exchange energy is 0.275 for GaN
and 0.375 for ZnO. These parameters best reproduce the
experimental band gap of these materials. For ZnO, it
has also been shown that the change of o from the de-
fault value 0.25 to 0.375 improves the overall description
of bulk properties of ZnO.?> For GaN, the small change
of a would not change our results and conclusion qualita-
tively. The ion-cores are described within the projector
augmented wave method.?6 Planewaves with a cutoff en-
ergy of up to 30 Ry are used as the basis set. Supercells of
two different sizes are used to model the defects. One is a
hexagonal 5x5x 3 supercell containing 300 atoms and the
other is an orthorhombic cell containing 96 atoms. The
theoretically optimized lattice constants (a=3.249 A and
¢=5.218 A for ZnO and a=3.181 A and ¢=5.159 A for
GaN) were used to set up the supercells. These parame-
ters, combined with the o values mentioned above, yield
a band gap of 3.42 eV for ZnO and 3.46 eV for GaN.
For the 96-atom supercell, a non-shifted Monkhorst-Pack
(2x2x2) k-grid?7 is used to carry out the Brillouin zone
integration. For the 300-atom supercell, only the I'-point
is used. For charged defects, the excess charge is compen-
sated by an opposite uniform charge background. The
atomic structures were relaxed until the residual forces
on all atoms were smaller than 1 mRy/Bohr.
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FIG. 1: Schematic showing the structural distortion of the
cation dopant (D¢) defect in ZnO or GaN. The structure
shown is the non-distorted structure in the pseudo-Ty sym-
metry, which is the structure of these defects in the nega-
tively charged state. The blue arrows show possible direc-
tions of the displacement of the dopant atom in the neutral
state, which lead to distorted structures. (a) Axial distor-
tion along A1 — D¢ maintaining the Cs, symmetry as in the
wurtzite structure. (b) Non-axial distortion along A2 — D¢,
which lowers the symmetry to Cs. If starting from a real
Taq symmetry as in the zinc-blende structure, this distortion
is equivalent to that in (a). For this reason, this distortion
can be considered as a pseudo-Cs, distortion. (c¢) Distortion
along the direction bisecting the A1—Dc—A2 angle, which also
lowers the symmetry to Cs. Similarly, we name this distor-
tion pseudo-Cay because this distortion will lead to the Coay
symmetry if starting from a real Ty symmetry.

III. RESULTS AND DISCUSSION
A. Fully localized small polarons

We start our discussion with the results for Liz, in
7Zn0O, which has been actively studied since the very early
attempts to realize p-type ZnO.?® It is found that the
hole introduced by Liy, in the neutral charge state (i.e.,
Li) ) can be trapped at one of the oxygen atoms near
the Li atom.!!"!? This hole trapping is accompanied with
significant distortions of the local structure and a dra-
matic displacement of the Li atom from its ideal position,
as shown in Figs. 1(a) and 1(b). In contrast, the local
structure of the negatively charged state (Liy, ) is nearly
unchanged from that of the perfect bulk ZnO structure.
For the sake of clarity, we define in Fig. 1 the notations
that will be used in the later discussions.

It has been shown experimentally that for Li)  the ax-
ial (or C3y) distortion is more stable than the non-axial
(or pseudo-C3,) distortion by 15-34 meV.'%¥ The Lig,
defect in ZnO has also been studied recently with sev-
eral hybrid functionals.?2? 3! The polaronic structural
distortion due to hole trapping has been reproduced in
these studies. These results are a significant improvement
over previous calculations using local density functionals.
No theoretical studies, however, have been able to repro-
duce the correct relative stability of these two configura-
tions. In this work, we also obtained both the Cs, and
pseudo-Cs, distortions for Li . Our calculations show
that the C3, configuration is about 4-8 meV more stable
than the pseudo-Cjs, one, in qualitative agreement with
experiment. 119

The key structural parameters of the Liz, defect (i.e.,



(b) pseudo-Csy, (c)

pseudo-Cs,

R

TTT

§ (1711
DESSS
T L LI

X
o

. l )
v
A
.

m—p [0001]
o

T

FIG. 2: Charge density of the acceptor state (i.e., the lowest unoccupied state of the minority-spin at the I-point) of MgQ, in
GaN in the O3y (a), pseudo-Csy (b) and pseudo-C2y (c) configuration. The upper panels show the view along the c-axis (or the
[0001] direction). The lower panels show the view along the [1120] direction. The plots were obtained from calculations using

the 300-atom supercell.

TABLE I: Bond lengths (in A) between the cation dopant
(D¢) atom and the neighboring anion atoms (A1—Ags) of Lizn,
Naz, and Mgg, in neutral and negatively charged states. The
results for Lizn, and Mgg. are obtained using the 300-atom
supercell, while the results for Nagz, are obtained using the 96-
atom supercell. For each configuration in the neutral state,
the corresponding (0/—) transition energy, £(0/—), which is
measured from the VBM of the bulk material, is also given.
The unit of €(0/—) is in eV. A Madelung correction of 0.14 eV
and 0.22 eV is appied to the £(0/—) obtained from the 300-
atom and 96-atom supercells, respectively.

Dc—Aq Dc—As Dc—As E(O/—)
Li%n
Csy 2.674 1.894 1.894 0.75
pseudo-C'sy 1.899 2.617 1.888 0.75
pseudo-Chay 1.908 1.906 2.094 0.31
Li,, 2.011 1.996 1.996
Csy 2.369 2.142 2.137 0.68
pseudo-Cs, 2177 2.344 2.143 0.73
pseudo-Coay 2.196 2.171 2.241 0.49
Na,, 2.203 2.179 2.174
Mgda
Csy 2.235 2.004 2.004 0.21
pseudo-Cjy 2.027 2.144 2.018 0.23
pseudo-Coay 2.045 2.033 2.045 0.22
Mgg. 2.049 2.036 2.036

the bond lengths between Li and its neighboring O
atoms) are listed in Table I. The Cs5, configuration ex-
periences the greatest local distortions with the axial Li-
O distance (bond length) being about 41% longer than
the ideal bond length. Therefore, this axial Li—O bond is

practically broken after the distortion. This result agrees
well with experiment.!' Table I also lists the calculated
(0/—) transition energy, £(0/—), of Liz, with the Cs, and
pseudo-Cjs,, distortions. Considering a Madelung correc-
tion of 0.14 eV to the finite-size error for charged su-
percells, 3?33 we estimate £(0/—) for Liz, to be 0.75 eV
above the valence band maximum (VBM). Experimen-
tally, €(0/—) for Liz, was estimated to be about 0.8 eV
above the VBM.!3

For Mg, in GaN, one would expect the existence of
both local structures, namely, Cs, and pseudo-Csy, sim-
ilar to those for Li) . Our calculation using both the
96-atom and 300-atom supercells indeed suggests that
both configurations are stable (or metastable) for Mg, .
Table I lists the Mg—N bond lengths in these configura-
tions. Although less striking compared with the case of
Li), in ZnO, the local distortion of Mg, in GaN is still
significant. The longest Mg—N distance is about 11.5%
and 6.2% longer than the shortest one in the Cs, and
pseudo-C',, configurations, respectively. The charge den-
sity plots in Figs. 2(a) and 2(b) show clearly that both
configurations lead to localized hole trapping states, sim-
ilar to LiJ_ . The calculated (0/—) transition energies for
Mg, in GaN (see Table I) are, however, much shallower
than the corresponding ones for Liz, in ZnO.

B. Anisotropic Polaron Localization

We now discuss a third configuration for Li) —and
Mg%a other than the Cs, and pseudo-C3, configura-
tions. Depending on the starting local geometry in the
relaxation process, one could end up with a pseudo-Ty
symmetry with small local distortion, as in the nega-
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FIG. 3: Band structure of Mgga in GaN in the pseudo-Chy
configuration. Only the minority-spin component is shown
because it contains the acceptor state discussed in the text.
The acceptor state is highlighted in red color. The plots are
shown for the three orthogonal directions labeled in Fig. 2.
The dashed lines indicate the highest occupied energy level,
which is taken to be zero in the plot.

tively charged state. The hole state associated with this
pseudo-Ty structure is a delocalized (i.e., effective-mass-
like) state and resonant with the valence band, as de-
scribed in Ref. [4]. However, this pseudo-Ty configura-
tion is not stable for Lij  and Mg, . In addition to the
C3y and pseudo-Cjs, distortions discussed above, there
is another mode of distortion that can break the local
pseudo-Ty symmetry as shown in Fig. 1(c), where the
system undergoes a distortion with the dopant atom dis-
placed along the direction bisecting the A;—Dc—As angle.
The structural parameters after relaxation are listed in
Table I. In a structure with an ideal T3 symmetry such as
the zinc-blende structure, such a distortion would result
in a Cy, symmetry. For this reason, we name this third
configuration pseudo-Cy,,.

This pseudo-Cs, distortion leads to a new acceptor
transition level, which is associated with an acceptor
state exhibiting a highly anisotropic localization behav-
ior. Figure 2(c) shows the charge density plot for the
acceptor state (i.e., the lowest unoccupied state of the
minority-spin at the I-point) of Mg, with the pseudo-
Cs, distortion. The state is delocalized along the [1120]
direction, but becomes highly localized along the perpen-
dicular directions. To better illustrate this anisotropic
localization behavior, we plotted the band structure
(Fig. 3) for this defect calculated with a 96-atom super-
cell. As can be seen from the figure, the defect band
displays a large dispersion (analogous to a traditional
effective-mass-like defect) along the [1120] direction. On
the other hand, the defect state shows a typical disper-
sionless feature for a localized state along perpendicular
directions.

Our results thus suggest that there should be three
acceptor transition levels associated with Mgga, which

provide a complete picture for this important defect. In
previous works, Lany et al. discussed the pseudo-Cjs,
and the pseudo-Ty configurations and proposed that the
pseudo-Cs, configuration was the ground state,* while
Lyons et al. suggested that only the C3, and pseudo-
Cs, configurations are stable and the Cs, configuration
is the ground state.® Table I lists the calculated (0/—)
transition energies with respect to the VBM of GaN.
The most stable configuration corresponding to the deep-
est transition level is found to be pseudo-Cj,, consistent
with Ref. [4]. As discussed above, however, the pseudo-
Tq configuration is unstable and undergoes a dirtortion
into the pseudo-Cs, configuration. The pseudo-Cs, and
Cs, configurations have transition energies slightly shal-
lower by about 6 meV and 20 meV, respectively, than
the pseudo-Cj3, configuration. Taking into account the
Madelung correction of 0.14 eV, the transition energies
for the Mgg, defect are calculated to be about 0.21-
0.23 eV, in reasonable agreement with the experimen-
tally measured values.203436 Tt should be noted that,
given the small energy difference, the precise ordering of
the three states could depend on the particular energy
functional used in the calculation and other factors such
as ionic potential and the size of the supercell. The find-
ing of the existence of three acceptor transition levels,
however, could provide an important guidance for exper-
imental study of the Mgg, defect.

C. Spontaneous Symmetry Breaking

One may expect that Li be similar to Mg, and be
metastable in this third configuration. Indeed, if we im-
pose the C5 symmetry in the structural relaxation, we
obtain a pseudo-Cs, configuration for Li) , where the
acceptor state is also anisotropically delocalized similar
to that shown in Fig. 2(c). The (0/—) transition ener-
gies are also significantly shallower (about 0.31 eV above
the VBM) than the C3, and pseudo-Cj, configurations.
However, we find that when the Li atom is displaced away
from the mirror plane, as illustrated in the inset of Fig. 4,
the potential energy surface (PES) of Li)  goes downhill
(see Fig. 4). Tt is rather surprising that a simple substi-
tutional defect in semiconductors may break the simplest
symmetry like Cs. Typical distortion mechanisms, such
as Jahn-Teller type, rely on higher symmetry that results
in level degeneracy. The driving force here for the sym-
metry breaking is the tendency of complete localization of
the acceptor state, instead of having semi-delocalization
along the [1120] direction. In contrast, a similar displace-
ment of the Mg atom in Mgq, increases the total energy
of the system. We have also performed a phonon calcula-
tion for the Mgg, defect in the pseudo-Cs, configuration
and found no signature of dynamical instability.

It is worthwhile noting that the shape of the PES for
Liz, in the pseudo-Cs, configuration depends on the mix-
ing parameter a used in the hybrid functional. Fig. 4
shows the evolution of the PES as « is gradually reduced
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FIG. 4: The total energy of the Li}, and Nay, defects in the
pseudo-C5, configuration as a function of the displacement
d of the Li or Na atom, as illustrated in the inset, and the
mixing parameter o used in the HSE hybrid functional. The
dashed line in the inset shows the mirror symmetry that is
broken by the displacement.

from 0.375 to 0.25. It can be seen that when « is reduced
to 0.25, pseudo-Cs, becomes a metastable configuration
even though the bulk properties of ZnO, such as the band
gap and formation energy, are not well described with
this small . There is no qualitative change in our re-
sults for Mgg, when « varies from 0.25 to 0.275. These
results suggest that the strong ionicity of ZnO favors the
localization of the hole state. On the other hand, our
results also suggest that GaNN is right at the borderline
between polaronic materials and typical semiconductors,
facilitating the formation of effective-mass-like acceptor
states and the p-doping of GaN.

D. Perspective

Finally, we discuss the design of possible efficient p-
type dopants in ZnO. We consider the case of Na substi-
tution for Zn, which is experimentally found to exhibit a
shallower acceptor transition (about 0.6 V) energy than
Lizn.'2 Our results show that, similar to Mg%a in GaN,
Na9_ in ZnO could be stabilized in the pseudo-Cay, as
well as the (s, and pseudo-Cs, configurations. The cal-
culated (0/—) transition energies for the three config-
urations are listed in Table I. The ground state is the
pseudo-C13, configuration, consistent with experiment.!'?
The Cs, configuration is slightly higher in energy than
about 0.05 eV. For the pseudo-Co, configuration, with-
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FIG. 5: The (0/—) transition energies of Naz, in ZnO as
a function of the change in cell volume (V). Vu denotes the
unit cell volume at ambient condition. The transition energies
were obtained by using the 96-atom supercell. A Madelung
correction of 0.22 eV, which represents the upper limit of
the correction, was applied and the actual transition energies
should be shallower.

out applying a Madelung correction of 0.22 eV, the tran-
sition energy is 0.27 eV. Because for a semi-localized
state, the Madelung correction could overestimate the
transition energy significantly, we estimate that the ac-
tual transition energy is closer to the middle of the range
from 0.27 to 0.49 eV. A recent experiment3” observed
donor-acceptor pair photoluminescence at about 3.0 eV,
which is associated with the Na acceptor states in ZnO.
This transition energy, when combined with the mea-
sured band gap of ZnO (3.37 V) and the exciton binding
energy of ZnO (60 meV), gives an upper bound estimate
of the Na acceptor level to be 0.31 eV. Similar shallow Na
acceptor has also been observed in earlier experiments.?!

To lower the transition energies, we considered the
strain effect. Figure 5 shows the transition energies of the
three configurations of Naz, as a function of the change
in cell volume. It can be seen that as the cell volume de-
creases, i.e., under compressive strain, all the three tran-
sition energies become shallower, while the band gap is
increased. Also, as the transition energies become shal-
lower, their differences become smaller, similar to Mgga,
in GaN. It is interesting to note that such lattice strain
could be achieved by alloying ZnO with BeO.?® The ex-
periment showed that the lattice constants could be con-
tinously tuned from that of ZnO to that of BeO while
maintaining the wurtzite structure.



IV. CONCLUSIONS

In summary, using HSE hybrid density functional cal-
culations, we find that there are three acceptor transition
levels associated with the Mgg, defect in GaN. Two of
them are similar to the distorted configurations that have
been known for the Liz, defect in ZnO. The third state
is characterized by a highly anisotropic localization of
the acceptor state and exhibits features of both effective-
mass-like and non-effective-mass-like defects. On the
contrary, the Liz, defect in the third configuration un-
dergoes a spontaneous breaking of the mirror symmetry
in the hybrid functional calculation and, therefore, is un-
stable. Using Nay, in ZnO as an example, we show that

compressive strain could lower the deep acceptor transi-
tion energies associated with the small-polaron defects.
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