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defects of the wurtzite MnO, and CoO. For intrinsic MnO, it shows tunable p-type and n-type conductivity
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semiconductors under O rich condition, but hard for n-type. We expect that the tunable p/n conductivity
of MnO could open a new application prospect for the wurtzite semiconductor materials.
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1. Introduction

Most of the transition metal (TM) monoxides have their ground
states of rock salt (RS) structure, while few were found to be sta-
ble at wurtzite (WZ) structure [1,2]. In addition to the well-known
ZnO, only two other TM monoxides, CoO in 1962 [3], and MnO
in 2012 [4] were reported to be stabilized at WZ structures. Al-
though ZnO have attracted much attention for several decades for
its many remarkable properties including large band gap, high ex-
citon binding energy, etc. [5-7], it is well known that a problem of
p/n doping asymmetry often exists in such wide band gap (WBG)
semiconductors [8-11]. Many researches reveal that the easy com-
pensated dopants (or defects) and the deep defect level should
mainly correspond to this issue [12-17]. Wei et al. are dedicated
to reduce the ionization energies of dopants through proposing an
impurity band model [12,14,18]. On the other hand, CoO and MnO,
are applicable for electronic devices with ZnO, as they can be stabi-
lized at WZ phase, though having relative lower band gaps around
1.6 eV [4,19]. The relative low energy gap helps avoiding the well-
known doping asymmetry problem in WGS, and thus it holds a big
promise to realize both n- and p-type conductivities in transition
metal oxides of WZ structure.
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As most of the ionic compounds have anion-derived valence
band and cation-derived conduction band, anion vacancies and in-
terstitial cations often act as donor defects, while cation vacancies
and interstitial anions often act as accepter defects [15,16,20,21].
Despite the fact that the intrinsic lattice defect has critical influ-
ence on the p/n doping properties, no comprehensive discussion is
available for CoO and MnO, the rare WZ transition metal monoxide
besides the intensively studied ZnO.

In this work, we have evaluated the formation energies of var-
ious intrinsic defects for WZ CoO and MnO systems. We find that
the WZ CoO is relatively easy to realize p-type conductivity, but
hard for n-type conductivity. Interestingly, the WZ MnO can dis-
play both p- and n-type conductivities, as long as proper growth
conditions are chosen (O-rich and Mn-rich for p- and n-types, re-
spectively).

2. Computational details

First-principles calculations were performed using the projector-
augmented wave method [22]| as implemented in the Vienna ab
initio simulation package (VASP) with based on density functional
theory (DFT) [23-25]. The spin-polarized generalized gradient ap-
proximation (GGA) of the Perdew-Burke-Ehrenkof formulas (PBE)
[26] and the effective Hubbard potentials with U =4 [27] and 6 eV
[4] for Co and Mn, respectively, are used through the calculations.
For the 96-atom supercell, a regular k-mesh of 3 x 3 x 3 and an
energy cutoff of 400 eV are adopted to ensure an energy precise in
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Fig. 1. (Color online.) Defect formation energies of CoO under Co rich (a) and O rich
(b) conditions. The vertical dotted lines denote the corresponding calculated Fermi
level at 300 K.

1 meV per formula for CoO and MnO. The defect formation ener-
gies are obtained with the definition proposed in previous works
[28,29]. No extra correction is included since the errors related to
the periodic boundary condition (PBC) are well converged in such
a large supercell. Self-consistent calculation [30,31] are carried out
for the Fermi level estimation.

3. Results and discussion

It is widely accepted that the GGA approach often fails to de-
scribe the exact structural and electronic properties related to the
strongly correlated systems, such as TM monoxides [32,33]. In par-
ticular, theoretical description of the ground state of CoO and MnO
is still an open question [34]. In this work, the relative total en-
ergies of CoO and MnO in zincblende structure (ZB) and wurtzite
(WZ) structure with respect to corresponding rock-salt (RS) struc-
tures are calculated within GGA and GGA+U approaches for com-
parison. According to the GGA approaches, both CoO and MnO are
energetically favored by —0.257 eV and —0.244 eV per formula in
zincblende structure, while —0.178 eV and —0.201 eV in wurtzite
structure, respectively, with respect to the well-established ground
state of RS structure. Within GGA+U approach, the ground state
of MnO turns to be NaCl-type structure with its relative energies
of 0.089 eV and 0.093 eV for zincblende and wurtzite structure,
respectively. However, GGA+U approach cannot describe CoO well
as its relative energies decrease to —0.862 eV and —0.870 eV for
zincblende and wurtzite structure, respectively. Within GGA+U ap-
proach, the calculated band gaps of 1.30 eV and 1.60 eV for CoO
and MnO are in a reasonable range. Since neither GGA nor GGA+U
could describe the ground state of MnO and CoO well, we do not
consider their RS structure as competing phases in the determi-
nation of the chemical potential ranges, though some related dis-
cussions are given when necessary, such as the comment for the
negative formation energy of Vo. Nevertheless, the calculated tran-
sition level of the defects is independent of the adopted chemical
potentials.

3.1 CoO

The formation energies of various intrinsic defects of CoO sys-
tem were shown in Fig. 1. Under O rich condition, the formation
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Fig. 2. (Color online.) (a) Projected density of states of O near V¢, as well as in the
perfect CoO system. (b) Charge density difference of Vgo, Veor and Vg;- The red and
blue balls stand for the O and Co ions, respectively.

energies of the acceptor defects obviously get prevailed over that
of the donor defects by at least 3 eV. The calculated effective
masses at VBM and CBM are 2.44 and 5.81 me for hole (m}) and
electron (m;), respectively. Consequently, the self-consistent cal-
culated Ef is pinned at 0.05 eV above VBM at 300 K, as it is
dominated by the defects of Vo, Oj, and Oco. All the compensated
donor defects hardly exist since their formation energies are higher
than 4 eV. The corresponding carrier calculated concentration is
as high as 1.4 x 10'° cm™3, showing good p-type conductivity.
However, under Co rich condition, the calculated Er is pinned
at 0.64 eV from VBM, with an obvious deviation from the low-
est cross point of the donor and the acceptor defects (Fig. 1(a)).
This is understandable since the formation energy of the donor
and acceptor at the lowest cross point is nearly above 2 eV, which
leads to relatively low defect concentrations. As a result, the corre-
sponding carrier concentration significantly influences the position
of balanced Fermi level, though the net electron carrier concentra-
tion is only 3.02 x 107 cm~3. Taking into account of the balanced
Fermi level under both Co-rich and O-rich, we find that the WZ
CoO system is relatively easy to be p-type doping, but hard for
effective n-type doping, indicating that the issue of doping asym-
metry exists in CoO system.

We have calculated the projected density of states (PDOS) as
well as the charge density difference of V¢, as shown in Fig. 2.
Compared to the perfect CoO, V¢, induces the levels of dangling
electrons of adjacent oxygen ions be more localized around the
Fermi level. The defect levels are distributed near the VBM as shal-
low acceptor levels, in line with the results from the analysis of
the defect formation energies as in Fig. 1. Significant band gaps
are found in those four cases. From Fig. 2(b), we find that the oxy-
gen ions around the V¢, are relaxed outward for all the three cases.
The defect induced charge transfer occurring mainly in the vacancy
site and also slightly in the first neighbor O sites, while it is also
found in the first neighbor Co sites for Vgo. The relative localized
charge transfer may be in corresponding to the appearance of the
shallow acceptor levels.

3.2. MnO
The defect formation energies of MnO are shown in Fig. 3(a)-(c).

Generally, the Mn rich condition is beneficial for the formation
of donor defects, while the O rich condition favors the acceptor
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Fig. 3. (Color online.) Defect formation energies of point defects under Mn rich (a)
and O rich (b) conditions, and defect complexes (c) of MnO under both Mn- and
O-rich conditions. The formation energies of Vo + Mn; and Vyu, + O; are displayed
with Mn rich and O rich, respectively, while that of other defect complexes are in-
dependent from the chemical potential conditions. The vertical dotted lines denote
the corresponding calculated Fermi level at 300 K with both the point defects and
the defect complexes are considered.

defects as no any remarkable compensative defects. As shown in
Fig. 3(c), defect complexes of Vg + Mn; and Vy, + O; are easily
formed with low formation energies under Mn rich and O rich
conditions, respectively. Other defect complexes are hardly formed
due to their large formation energies. We notice that, the calcu-
lated formation energy of Vg is always negative as the Fermi level
shifts from VBM to CBM under the Mn rich condition. It may re-
sult from the fact that the rock salt MnO is not considered as the
competing phases here, and it implies that the extreme Mn rich
condition may not be suitable for the preparation of WZ MnO.

Within a tetrahedral like crystalline field, the 3d electrons will
split into an energetically lower triplet state of t; and a higher
doublet state epg. According to the analysis in our early work [35],
Mn and Co have an open tyg and close epg structures in electronic
configuration, respectively. The calculated cohesive energy of MnO
(—5.615 eV) is much lower than that of CoO (—3.826 eV). This may
be correlated to the fact that e;g is much localized than t,g, lead-
ing to a relative weak ionic interaction in CoO compared to that in
MnO system. For MnO, the stronger interaction between Mn and
O push the VBM into a deeper level than CoO system. As a re-
sult, at VBM, the formation energies of positive charged defects
will decrease while that of negative charged defects will increase
accordingly. This may mainly correspond to the difference of de-
fect formation between CoO and MnO systems, i.e. the formation
energy of V¢, is much lower than that of Vy,. In addition, one
needs to keep in mind that the formation energies are closely cor-
related to the chemical potentials of metals and the Fermi levels
of the defect contained systems.

For a clearer description, the formation energies of different in-
trinsic defects with neutral charge state are chosen to display with
respect to the chemical potential of oxygen (cf. Fig. 4). It is clear
that the O poor condition is beneficial for the formation of the
donor preferred defects, while the O rich condition is beneficial
for the acceptor defects. In both extreme conditions, the corre-
sponding compensative defects are well restrained due to their
high formation energies. Near the O poor side, Vg is the dominate
defect with a low formation energy. Other donor defects of Mn;,
Mng, and Vo + Mn; have relative high formation energies of about
2 eV, but are still much lower than that of the acceptor defects,
such as Oj (5.301 eV at O poor point) and Vi, (6.339 eV at O poor
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Fig. 4. (Color online.) The formation energies of various neutral charged defects with
respect to the chemical potential of oxygen.

point). The concentrations of the defects of Oy, and Vy + O are
negligible, since their formation energies are higher than 10 eV.
Similar situations could be found in the O rich end. In the mid-
dle region, neither hole nor electron carrier would be significantly
abundant since the donor and acceptor defects are rather balanced.

The Fermi levels determined by the self-consistent calculations,
with consideration of both the point defects and the defect com-
plexes, are denoted for Mn rich (Fig. 3(a)) and O rich (Fig. 3(b))
conditions, respectively. The m} and mj at VBM and CBM are
calculated to be 2.43 and 0.61 me, respectively. Under Mn rich
condition, Ef is pinned at 0.14 eV below CBM, a relatively shal-
low level for n-type conductivity. Around this region, the main
defect is Vo, followed by Mnp and Mn;. In contrast, under O rich
condition, Er is pinned at 0.21 eV above VBM, a relatively shal-
low level for p-type conductivity, as O; is the dominant defect,
followed by Opp and V. For both of those two extreme condi-
tions, the corresponding compensated defects are unlikely formed
as their formation energies are greater than 3 eV. Obviously, the
Fermi level could be regulated separately as shallow levels from
both VBM and CBM through adjusting the chemical potentials of
the growth condition, showing excellent controllable p/n doping
properties.

The calculated carrier concentrations of MnO with considera-
tion of the varied chemical potential conditions as well as the
measuring temperature are shown in Fig. 5. Regions with n-type
or p-type conductivity are clearly defined with respect to wo. At
the O poor condition, the donor defects prevail in the defects, and
thus leading to an n-type conductivity. As o increasing from O
poor to O rich condition, the Fermi level falls deep into the band
gap, and the corresponding carrier concentration decreases conse-
quently. When Ao is located at the region in —3.53 to —1.53 eV,
the carrier concentration falls down to below 107 cm™3. As uo
gets closing to the O rich side, the acceptor defects get prevailed
to the donor defects and the Fermi level is located close to the
VBM. A p-type conductivity is then highlighted. In certain degree,
the measuring temperature would influence the carrier concentra-
tion by more than an order of magnitude. For instance, under O
poor, the carrier concentrations change from 10'! to 10'> cm—3 as
the temperature increasing from 50 K to 100 K, and even reach
to 10'® cm~3 at 600 K. Obviously, through regulating the chemical
potential environment, we could expected a feasible controlling of
p-type or n-type conductivity for MnO.
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Fig. 5. (Color online.) The calculated net carrier concentrations in intrinsic MnO with
respect to the chemical potential of oxygen and temperature.

3.3. Electronic properties of MnO

Based on earlier discussion, we find that Vg and the O; are eas-
ily formed in MnO with low formation energies, and act as the
dominate defects, respectively. To understand the conductive prop-
erties of MnO, we further investigate the electronic and structural
properties of those two defects.

The band structures of Vg and O; with zero and monovalence
are calculated, as shown in Fig. 6. The solid and dashed lines
represent the band levels with spin up and down, respectively.
A well-defined direct band gap exists at the gamma point. In V2,
defect levels are found to be well-localized near the VBM, indicat-
ing large effective masses of the unpaired electrons contributing
by the dangling bonds. Four defect levels, which are two spin
up and two spin down, are well degenerated. In the case of V,
as one electron is removed, the unoccupied level experiences an
energy increasing and rises above the Fermi level, moving into
the deep region of the band gap. For the case of Oio, two unoc-
cupied defect levels derived from the interstitial O are created,
locating deep into the band gap. Both the occupied and unoc-
cupied defect levels are shown spin polarized. As the interstitial
O is ionized to be O; , one unoccupied defect level has captured
an electron, falling down below the Fermi level. In addition, the
well-localized defect levels imply a large effective mass for the
electrons, and thus corresponding for a weak conductive abil-
ity.

The spin charge densities of MnO with Vo and O; in neutral
and monovalent charged states are shown in Figs. 7(a) to 7(d). The
solid and dashed lines stand for the charge density contours with
spin polarized up and down, respectively. Ionic bonding was usu-
ally expected to prevail in strong interaction of TM monoxides, so
as in the MnO system. Comparing to that in V, more density con-
tours are found to distribute near the oxygen vacancy in Vg, ex-
plaining the corresponding local magnetic moment of 1 wp. Local
magnetic moments of ~0.46 and ~0.13 up are found to distribute
around the O sites for O; and O?, respectively. For O], a total
magnetic moment of 1 wp per supercell is left and contributed by
the defect induced magnetic polarization of O sites and the cation
Mn sites. However, the collective magnetism may not exists due to
the possible AFM coupling of different defects. No collective mag-
netic moment is found in the case of OiO since the defect induced
magnetic moment around the O sites and the interstitial sites is
canceled out by that in Mn sites.
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Fig. 6. The spin polarized band structures of MnO with defect of VO0 (a), Vg (b),
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Fig. 8. (Color online.) The relaxed local structures of Vg (a), Vg (b), O? (c), and
O: (d) in WZ MnO.

i

3.4. Structural properties of MnO

Figs. 8(a) to 8(d) illustrate the structural properties of those
two defects. As the oxygen vacancy formed, dangling bonds appear
at the four surrounding Mn ions. For Vg (Fig. 8(a)), the nearest-
neighbor Mn ions are relaxed inward by about 0.208 to 0.233 A.
For Vg (Fig. 8(b)), it undergoes a more complicated situation with
two nearest-neighbor Mn ions relaxed outward by about 0.02 A,
while another one moving inward by about 0.01 A. For O?, as
shown in Fig. 8(c), the interstitial oxygen is departed from the oxy-
gen octahedral center and interacting with three surrounded Mn
jons with the bond lengths be 1.195, 2.022 and 2.022 A, respec-
tively. In the case of O; (Fig. 8(d)), comparing to O?, the interstitial
oxygen continues to move away from the symmetric center and
forming four Mn-0 bonding with their lengths be 1.190 to 2.284 A,
respectively.

4. Conclusions

We have considered the formations of both point defect and de-
fect complexes in wurtzite CoO and MnO under O rich and O poor
conditions. The Fermi levels determined by the self-consistent cal-
culations show that MnO could easily realized p-type and n-type
conductivity under O rich and O poor condition, respectively, while
CoO could easily be p-type conductivity under O rich condition,
but hard to be n-type. The calculated carrier concentrations of
MnO are as high as 10'7 cm~3 under O-rich or poor condition at
room temperature. The good controllable p/n conductivity of MnO
implies a new promising wurtzite semiconductor materials.
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