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We studied the general chemical trends of defect formation in MgTe using first-principles band
structure methods. The formation energies and transition energy levels of intrinsic defects and
extrinsic impurities and some defect complexes in zinc-blende MgTe were calculated systematically
using a new hybrid scheme. The limiting factors for p-type and n-type doping in MgTe were
investigated. Possible solutions to overcome the doping limitation of MgTe are proposed. The best
p-type dopant is suggested to be N with nonequilibrium growth process and the best n-type dopant
is suggested to be I with its doping complex VMg+4ITe.

PACS numbers: 61.72.Bb, 61.72.uj, 71.23.An, 71.55.Gs

I. INTRODUCTION

MgTe is a wide gap semiconductor which can ex-
ist either in NiAs or zincblende structure. Its ternary
zinc-blende alloys such as MgCdTe and MgZnTe have
been considered as potential candidates for low-cost, high
efficiency, multi-junction thin film solar cell materials
to complement existing CdTe and Cu(In,Ga)Se2 solar
materials1–3. The use of these alloys for high efficiency
solid-state light-emission devices has also attracted much
attention4–6. However, to be successful in these opto-
electronic device applications, it is important to under-
stand the defect properties of MgTe and its alloys be-
cause all these applications require that these alloys can
be doped so sufficiently that carriers can be introduced
at working temperature7–9. For CdTe, theoretical study
has been systematically carried out to study its defect
properties10. Based on the theoretical study, solutions to
improve both n-type and p-type doping have been pro-
posed. For MgTe, studies on DX centers and AX cen-
ters have been done in the past16,17 and nitrogen doping
was also investigated in MgTe-related alloys19. However,
there is still no systematic theoretical study on its dop-
ing properties. Because of the large band gap of MgTe
(3.49 eV) compared with that of CdTe (1.59 eV) and
the different band alignment between CdTe and MgTe11,
we expect that its defect properties of MgTe will be quite
different from that of CdTe, which is the only II-VI semi-
conductor that can be relatively easily doped both n-type
and p-type.

In this work, using first-principles band structure
methods, we have systematically calculated the forma-
tion energies and transition energy levels of intrinsic de-
fects and extrinsic impurities. Some defect complexes
were also studied. Our calculations show that for p-type
doping in MgTe, one of the limiting factors is not having
a dopant with both high solubility and shallow accep-
tor levels: MgTe:N and MgTe:P have relatively shallow
acceptor levels but high formation energies. P doping

in MgTe is also limited by the formation of AX centers.
Moreover, p-type doping in MgTe is also limited by the
spontaneous formation of compensating defects. When
the Fermi energy is close to the VBM, the intrinsic donor
defect Mg2+i can form spontaneously at the Mg-rich con-
dition, thus limiting the p-type doping process. For the
cases of MgTe:Na and MgTe:Cu, the doping process is
also limited by the formation of compensating interstitial
defects Nai and Cui. The n-type doping is mainly limited
by the spontaneous formation of intrinsic compensating
defect V2−

Mg. Another limiting factor is that most of the
donor levels are too deep except for MgTe:I. Besides, DX
centers are also found to spontaneously form in most of
the n-type doping cases. To see if the defect complexes
can improve the doping properties, we have also studied
some defect complexes. However, we find that for p-type
doping, the defect complexes in general do not lower the
defect ionization energies. For n-type doping, the de-
fect complexes can reduce the donor transition levels to
some extent. Based on our study, we proposed that the
best p-type dopant should be N incorporated using non-
equilibrium growth process and the best n-type dopant
is I and its complex with VMg .

II. CALCULATION METHODS

Calculations were performed using the first-principles
density functional theory20,21 (DFT) based on local den-
sity approximation22 (LDA), as implemented in the
VASP code23,24. The electron and core interactions are
included using the frozen-core projected augmented wave
(PAW) approach25. The cut-off kinetic energy for the
plane wave basis wave functions is chosen to be 300 eV
for all the calculations. For pure zinc-blende MgTe, the
lattice constant and bulk modulus are 6.380 Å and 390
kbar, respectively, in good agreement with experimental
values of 6.414 Å and 376 kbar26. The calculated band
gap at the theoretical lattice constant is 2.38 eV, 1.11 eV
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less than the experimental value of 3.49 eV, typical in
LDA calculations.
A defect or defect complex is modeled by putting the

defect at or near the center of a periodic supercell. All
the calculations are performed with a 64 atom supercell
using 4×4×4 Monkhorst-Pack special k-point meshes27.
In some cases, dense k-point meshes are used to check the
convergence. For a charged defect, a uniform background
charge is added to keep the global charge neutrality of the
periodic supercell. All the internal structural parameters
of the supercell are optimized by minimizing the total
energy and quantummechanical forces until the Hellman-
Feynman forces acting on every atom become less than
0.01 eV.
To determine the defect formation energies and defect

transition energy levels, we calculated the total energy
E(α, q) for a supercell containing the relaxed defect α in
its charge state q. We also calculated the total energy
E(MgTe) for the same supercell in the absence of the
defect, as well as the total energies of elemental solids or
gases at their stable phases. The defect formation energy
∆Hf (α, q) as a function of the electron Fermi energy28

EF as well as the atomic chemical potentials29,30 µi is as
follows:

∆Hf (α, q) = ∆E (α, q) + Σniµi + qEF (1)

where ∆E (α, q) = E (α, q) − E (MgTe) +
∑

niE (i) +
qEV BM . EF is referenced to the valence band maxi-
mum (VBM) of MgTe. µi is the chemical potential of
constituent i referenced to elemental solid or gas with
energy E (i). The n’s are the number of Mg, Te, and
extrinsic defect, and q is the number of electrons trans-
ferred from the supercell to the reservoirs in forming the
defect cell. The defect transition energy level ǫα (q/q′) is
the Fermi energy EF in Eq. (1) at which the formation
energy ∆Hf (α, q) of defect α and charge q is equal to
that of another charge q′ of the same defect,i.e.,

εα (q/q′) = [∆E (α, q)−∆E (α, q′)] / (q′ − q) (2)

To get fast convergence on total energy and transition
energy levels and good descriptions on the symmetry of
the defect state, a mixed scheme31,32 was used. In this
scheme, for an acceptor (q < 0), the ionization energy
level with respect to the VBM is given by:

ε (0/q) =
[

εΓD (0)− εΓV BM (MgTe)
]

+
[

E(α, q) − (E (α, 0)− qεkD (0))
]

/ (−q) (3)

For donor levels (q > 0), the ionization energy referenced
to the conduction band minimum (CBM) is given by:

εΓg (MgTe) − ε (0/q) =
[

εΓCBM (MgTe)− εΓD (0)
]

+
[

E(α, q) − (E (α, 0)− qεkD (0))
]

/q (4)

where εkD (0) and εΓD (0) are the defect levels at the spe-
cial k points (averaged) and at the Γ-point, respectively;
and εΓV BM (MgTe) and εΓCBM (MgTe) are the VBM and

CBM energy, respectively, of the pure MgTe supercell at
the Γ-point. The first term on the right-hand side of Eq.
(3) gives the single-electron defect level at the Γ-point.
The second term determines the U energy parameter (in-
cluding both the Coulomb contribution and atomic re-
laxation contribution) of the charged defect calculated
at the special k points, which is the extra cost of energy
after moving (−q) charge to the neutral defect level with
E = εkD (0). The formation energy of a charged defect is
then given by:

∆Hf (α, q) = ∆Hf (α, 0)− qε (0/q) + qEF (5)

where ∆Hf (α, 0) is the formation energy of the charge-
neutral defect and EF is the Fermi level with respect to
the VBM. This approach has been used successfully for
studying defects in various semiconductors.

III. ORIGINS OF DOPING LIMITS

Generally speaking, three main factors could cause the
doping limits: (i) the formation energies of desirable
dopants are relatively large, thus limiting their solubility;
(ii) the desirable dopants have sufficient solubility, but
they produce deep levels, which are not ionized at work-
ing temperatures; and (iii) their compensating defects
could form spontaneously, stopping the doping process
or changing the doping type, like forming AX and DX
centers15–18. The first factor depends highly on the se-
lected dopants and growth conditions. The second factor
only depends on the selected dopants. These two fac-
tors can be suppressed by selecting appropriate dopants
and controlling the growth conditions. The third factor
is an intrinsic problem for semiconductors and usually
very difficult to overcome. We will discuss these factors
one by one in detail and try to understand the doping
properties of MgTe in the following sections.

IV. FORMATION ENERGIES OF THE

NEUTRAL POINT DEFECTS

Table I shows the calculated formation energies
∆Hf (α, 0) of neutral tetrahedrally coordinated point de-
fects at µi = 0, from which we can deduce the defect for-
mation energies at different chemical potentials through
Eq. (1). The non-tetrahedrally coordinated point defects
such as AX and DX centers will be analyzed later in this
paper. For donors, the difference between the calculated
gap and the experimental gap multiplying the number of
electrons at the donor level has been added to the forma-
tion energies. We notice that there are two interstitial
sites in the zinc-blende structure, one site is surrounded
by anions (a) and the other is surrounded by cations (c).
For charge neutral Te, Mg, and Na interstitial, we find
that the cation site has lower formation energies than the
anion site. For charge neutral Cu interstitial, the anion
site has a slightly lower formation energy. However, when
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TABLE I: The formation energies ∆E (α, 0) of neutral tetra-
hedrally coordinated point defects at µi = 0. For donors, the
formation energies have been corrected by adding the differ-
ence between the calculated gap and the experimental gap
multiplied by the number of electrons on the donor levels.

Defect ∆E (α, 0) (eV) ∆E (α, 0) (eV)
VMg 4.30 MgTe 7.70
VTe 5.89 TeMg 6.48
Teai 3.33 Mgai 4.85
Teci 2.94 Mgci 4.34

NaMg 1.63 AlMg 2.95
CuMg 2.73 GaMg 3.13
AgMg 2.68 InMg 3.18
AuMg 2.82 FTe -2.21
NTe 2.07 ClTe 1.61
PTe 1.94 BrTe 1.86
AsTe 1.95 ITe 2.31
SbTe 2.42 Cua

i 3.46
BiTe 2.92 Cuc

i 3.48
Naai 2.04 Naci 1.95

these defects are charged, the order could be reversed for
intrinsic defects. This will be seen later in this paper.
From this table, we can see that the formation energies
of charge neutral intrinsic defects are relatively large.

V. THE EFFECT OF CHEMICAL

POTENTIALS

From Table I and Eq. (1), we can derive the defect for-
mation energies, and consequently, the solubility of the
dopants, as a function of the atomic chemical potentials.
Therefore, theoretically, we can control the dopant solu-
bility by adjusting the chemical potential of the dopant.
However, there are some thermodynamic limits on the
achievable values of the chemical potentials µi under
equilibrium growth conditions. First, the precipitation
of Mg, Te, and the elemental dopant A (A = Na, Cu, In,
Cl, etc.) should be avoided, which demands

µMg ≤ 0, µTe ≤ 0, µA ≤ 0 (6)

Secondly, the compound MgTe should maintain stable,
so

µMg + µTe = ∆Hf (MgTe) (7)

where ∆Hf (MgTe) is the formation energy of the solid
MgTe. The calculated ∆Hf (MgTe) = −2.09 eV is in
good agreement with the experimental value −2.18 eV19.
Finally, to avoid the formation of the secondary com-
pounds between the dopants A and the host elements, it
requires

nµA +mµMg ≤ ∆Hf (MgmAn) (8)

or

nµA +mµTe ≤ ∆Hf (AnTem) (9)

For example, in the case of NaMg, to avoid the for-
mation of Na2Te (with a calculated formation energy
of −2.98 eV), the achievable µNa at Mg-rich condition
[µMg = 0, µTe = ∆Hf (MgTe) = −2.09 eV] should be
less than −0.45 eV. At Te-rich condition (µMg = −2.09
eV, µTe = 0), µNa should be less than −1.47 eV. Above
these chemical potential limits, secondary Na2Te com-
pound will form and the doping process is limited. An-
other example is the codoping of 2CuMg+ClTe. In this
case, the chemical potentials of Cu, Cl, Mg, and Te are
limited by the formation of CuCl, MgCl2, and Cu2Te.
The calculated formation energies of CuCl and MgCl2
are −1.12 and −6.35 eV and the formation energy of
Cu2Te is almost zero. So the highest possible Cl chemical
potential is −2.13 eV at Mg-poor condition. This indi-
cates that the formation of ClTe will be not easy. Possible
proposed solutions to overcome the solubility problem in-
clude increasing the dopant chemical potential through
non-equilibrium process such as epitaxial growth33 and
using metastable compounds such as NaTe, CuTe, or
plasma sources34 in which Na and Cu have higher chem-
ical potentials. In general, it is necessary to consider all
the chemical potential limits in searching for the lowest
possible formation energy of a defect or defect complex
and one may have to go beyond thermodynamic equilib-
rium to enhance dopant solubility.

VI. SINGLE-ELECTRON LEVELS OF

INTRINSIC DEFECTS AT Γ-POINT

For intrinsic defects, due to sometimes large pertur-
bation, it is not always easy to say whether a defect
is an acceptor or a donor. It depends on the position
of the defect electron energy level. Figure 1 shows the
single-electron energy levels of tetrahedrally coordinated
charge neutral intrinsic defects. Generally speaking, if a
low-valence atom substitutes a high-valence atom (e.g.,
MgTe) or the site becomes a vacancy (VMg), the defect
states can be considered as created from the host valence
(v) band states that move upward in energy and consist
of a low-lying singlet av1 state and a high-lying threefold-
degenerate tv2 state. If a low-valence atom is replaced by
a high-valence atom (e.g., TeMg) or if a dopant goes to
an interstitial site ( e.g., Cdi and Tei), the defect states
av1 and tv2 will remain inside the valence band while the
ac1 and tc2 states are created from the host conduction
(c) band states that move downward in energy. These
states are occupied by the nominal valence electrons of
the defect plus the valence electrons associated with the
neighboring atoms and their positions depend on the po-
tential difference between the dopant and host element
and decide whether the defect is an acceptor or a donor.
For example, for charge neutral VMg , the defect center
has a total of 0 + 6 = 6 electrons. Two of them will oc-
cupy the av1 state and the remaining four electrons will
occupy the tv2 states just above the VBM, so VMg is an
acceptor. For charge neutral VTe, there are 0 + 2 = 2
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FIG. 1: (Color on line)Calculated single-electron defect levels
for the tetrahedrally coordinated charge neutral intrinsic de-
fects. The solid dots and the open dots give the occupation
of the states.

electrons associated with the defect center and they will
fully occupy a1 Mg dangling bond state, which is found
to be above VBM. Because the a1 state is fully occupied
and the t2 dangling bond states are found to be above
CBM, VTe can only be a donor. For the antisite defect
MgTe, the defect center has 2 + 2 = 4 electrons. Two of
them occupy the av1 state and the other two occupy the tv2
states. The partially occupied tv2 states move up and be-
come close to the CBM due to the large electronegativity
difference between Mg and Te, so MgTe is a donor. For
TeMg, there are 6 + 6 = 12 electrons associated with the
defect center. Eight of them will fill av1 and tv2 states, two
will fill ac1 state, and the remaining two will occupy the
tc2 states. The partially occupied tc2 states are close to the
CBM, so TeMg is also a donor. For the interstitial defect
Mgi, two electrons will fully occupy the ac1 state and is
expected to be a donor. Tei has six electrons and two of
them will fill ac1 state while the remaining four electrons
will occupy the tc2 states. Because the partially occupied
tc2 states are close to the VBM, Tei is expected to be a
deep acceptor. Figure 1 shows that the state of Mgai is
higher in energy than that of Mgci . Table I also shows
for charge neutral Mg interstitial, the anion site has a
higher formation energy. However, when removing two
electrons from the defect state and the defect becomes
doubly charged Mg2+i , we find that the order is reversed
and Mgai has a lower formation energy. This is because
the energy gain in Mgai is more than that in Mgci dur-
ing the process of electron-removing. Similar situation
happens in Tei and the order is also reversed. This illus-
trates that the stable position of a defect could depend
sensitively on its charge state.

VII. DOPANTS SELECTION

For intrinsic defects, we can estimate whether they are
acceptors or donors through the analysis above. For sim-
ple extrinsic impurities, by counting the number of the
valence electrons of the dopants and the host elements,
we can easily predict whether a dopant is a donor with a
single-electron energy state close to the CBM or an accep-
tor with a single-electron energy state close to the VBM.
For example, we can expect that group-I elements substi-
tuting on the Mg siteXI

Mg (X
I =Na, Cu, Ag, and Au) or

group-V elements substituting on the Te site YV
Te (Y

V =
N, P, As, Sb, and Bi) give acceptors, whereas group-III
elements substituting on the Mg site XIII

Mg (XIII = Al,

Ga, and In) or group-V II elements substituting on the
Te site Y V II

Te (Y V II = F, Cl, Br, and I) or group-I inter-
stitial (Cui and Nai) give donors.
Figure 2 shows our calculated acceptor transition en-

ergy levels using Eq. (3) and Figure 3 gives the donor
transition energy levels calculated through Eq. (4). Us-
ing the charge neutral formation energies in Table I and
these data, we can get the formation energies of charged
defects as a function of the Fermi energy and chemical
potentials using Eq. (5). A good dopant is expected to
have a relatively shallow transition energy level.

A. Acceptor Selection

Figure 2 shows the acceptor transition energy levels.
For Tei, its transition energy levels (0/-) and (-/2-) are
at 0.80 and 0.84 eV above the VBM. For VMg , its tran-
sition energy levels (0/-) and (-/2-) are at 0.28 and 0.39
eV above the VBM. Because their transition energy lev-
els are too high, neither Tei nor VMg is a good intrinsic
acceptor for MgTe.

For XI
Mg, where X=Cu, Ag, and Au, the calculated

(0/-) transition energy levels are at 0.41, 0.31, and 0.47
eV above the VBM, respectively. Because group-IB d
orbitals couple strongly to Te p orbitals, these transition
energy levels are relatively deep. As Ag has the lowest d
orbital energy and the largest atomic size, the p − d re-
pulsion is the weakest among the three group-IB atoms.
This can explain why AgMg has a shallower (0/-) tran-
sition energy level than CuMg and AuMg. If we further
reduce p−d repulsion by replacing group-IB atoms with
group-IA atoms, the transition energy levels should be
further shallowed. Considering this, we find that the (0/-
) level of NaMg is 0.10 eV above the VBM and it could
be an important acceptor.
For YV

Te, where Y=N, P, As, Sb, and Bi, the calculated
(0/-) transition energy levels are at 0.10, 0.12, 0.19, 0.42,
and 0.60 eV above VBM, respectively. We can see the
transition energy level increases as the atomic number of
Y increases. This is because the defect level has strong
YV p character and as the atomic number increases, its
p atomic orbital energy also increases, thus, increasing
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0.39

0.10
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0.28 (0/-)
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FIG. 2: (Color on line) Calculated acceptor transition energy
levels for the tetrahedrally coordinated point defects.

the energy of defect state. From the data, we can see
N and P could be important p-type dopants for MgTe.
We also find that N induces a sizable lattice distortion
because of its small ionic radius. The Mg-N bond length
is about 27% shorter than a normal Mg-Te length, in
good agreement with previous calculation16.

B. Donor Selection

For most intrinsic donors, the transition energy levels
are relatively deep, as shown in Figure 3. The shallowest
level is MgTe (2+/0) transition energy level, which is 0.19
eV below the CBM. However, the formation energy of
MgTe is really large, as shown in Table I, so this intrinsic
defect is not a good donor. MgTe, Mgi, and VTe are all
found to be negative-U systems, i.e., the q=+1 charged
states are unstable with respect to dissociating into the
q=+2 and q=0 states.
For XIII

Mg, where X=Al, Ga, and In, the calculated

(+/0) transition energy levels are at 0.19, 0.65, and 0.56
eV below the CBM, respectively. Because the defect state
has mostly the cation s character and the Ga 4s orbital
is lower in energy than the Al 3s and In 5s orbital, GaMg

has a deeper transition energy level than AlMg and InMg.
Moreover, we find that these three defects are easy to
form DX centers (see below). Because their transition
energy levels are all relatively deep, they are not good
n-type dopants.
For YV II

Te , where Y=F, Cl, Br,and I, the calculated
(+/0) transition energy levels are at 0.92, 0.29, 0.21, and
0.06 eV below the CBM, respectively. Because the defect
state has a largely anion s character and the s orbital of
group-V II atom increases with the atomic number, the
donor level gets shallower from F to Cl to Br to I. These
data shows that I could be a good n-type dopant.
For Cui and Nai, the calculated (+/0) transition en-

ergy levels are at 0.14 and 0.04 eV below the CBM. We

Mgi

VTe
TeMg (+/0)

(2+/0)
(2+/+)

(2+/0) ClTe
BrTe

0.92

0.65
0.56
0.29

1.06

Nai Cui

ITe

FTe

0.04
0.14

GaMg

AlMg

InMg

0.06 0.19
0.21

Tei
(2+/0)0.19

0.46

0.81TeMg

VBM

CBM

1.01

FIG. 3: (Color on line) Calculated donor transition energy
levels for the tetrahedrally coordinated point defects.

can see Nai could be a good n-type dopant but we also
need to keep in mind that NaMg is also a relatively good
p-type dopant. Similar case happens to Cui.

VIII. COMPENSATION DEFECTS

Through the analysis above, we have already selected
some candidate shallow acceptors and donors. NaMg,
NTe, and PTe could be good p-type dopants while ITe,
Nai and Cui could be good candidates for n-type dop-
ing. None of the intrinsic defects are good for either
p-type or n-type doping of MgTe. However, as an in-
trinsic problem for semiconductors, compensating defects
could form spontaneously, thus limiting the doping pro-
cess or changing the doping type. These compensation
defects include intrinsic compensation defects, impurity
self-compensation defects, AX centers and DX centers,
etc.. We will discuss each of these factors as follows.

A. Intrinsic compensation defects

The calculated formation energies of intrinsic defects
as a function of the Fermi energy are shown in Figure 4,
where the slope of the energy line gives the charge state
of a defect at that EF and the inflexions are calculated
transition energy levels. From this Figure, we can see
that for undoped MgTe, at Mg-rich condition, EF tends
to be near the middle of the gap. This is because if
EF is below the mid-gap, the compensating donor defect
Mg2+i will easily form, thus pushing EF upward. On the
other hand, if EF is above the mid-gap, the compensating
acceptor defect V2−

Mg will become the dominant intrinsic
defect and pull EF downward. Thus, the Fermi energy
will more or less be pinned in the middle of the band gap.
Similarly, at Te-rich limit, EF tends to be pinned more
close to the VBM for undoped MgTe and makes MgTe
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FIG. 4: (Color on line) Calculated formation energies of in-
trinsic defects as a function of Fermi levels at (a) Mg-rich
condition and (b) Te-rich condition, respectively.

p-type. Through the analysis, we could expect undoped
MgTe to be either semi-insulating or slightly p-type under
equilibrium growth condition.
We also need to notice that at Mg-rich condition, when

EF is close to the VBM, the defect Mg2+i can form spon-
taneously. Therefore, if we want to get p-type MgTe, the
growth should be carried out under Te-rich limit. At this
condition, we can expect that YV

Te will have the highest
formation energies, thus limiting the solubility of group-
V elements in MgTe. For NTe and PTe, considering the
formation energies of Mg3N2 (-3.35 eV) and Mg3P2 (-
3.81 eV), the lowest possible formation energies are 2.07
and 1.94 eV, respectively, at Te-rich limit using equilib-
rium growth process. Although they have shallow ac-
ceptor levels, they are still not good acceptors except we
can increase their solubility, which might be carried out
using non-equilibrium growth process. For NaMg, at Te-
rich condition, it will have the lowest formation energy.
However, it’s still not a good acceptor due to impurity
self-compensation, as we will see below.
When EF is close to the CBM, the defect V2−

Mg can form
spontaneously whether Mg is rich or Te is rich. This is
an intrinsic limit on the possible n-doping in MgTe and
explains why MgTe is very difficult to be doped n-type.

B. Impurity self-compensation defects

Impurity self-compensation might happen for impu-
rity doping and will limit the doping process. As we
have mentioned above, NaMg might be a good acceptor.
However, we should also remember Nai might be a good
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FIG. 5: (Color on line) Calculated formation energies of Nai,
NaMg, Cui, and CuMg as a function of Fermi levels at (a)
Mg-rich condition and (b) Te-rich condition, respectively.

donor. Figure 5 shows the formation energies of NaMg,
Nai, CuMg, and Cui as a function of the Fermi energy
at the Mg-rich and Te-rich conditions, respectively. We
can see that Na is not a good dopant. This is because if
NaMg is used as an acceptor, the Fermi energy level will
be lowered as the concentration of NaMg increases and
the defect Na+i becomes more stable. Thus, more and
more Na will move to the interstitial site, compensating
the p-type dopant NaMg. This occurs under both the
Mg-rich and Te-rich conditions. This self-compensation
effectively changes the shallow NaMg (0/-) transition en-
ergy level and the shallow Nai (+/0) transition energy
level to a deep negative U [NaMg(−)/Nai(+)] transition.
Similar situation happens for Cu doping.

C. AX centers

In MgTe, p-type doping can also be limited by the for-
mation of AX centers. The AX center forms through a
double bond breaking (DBB) mechanism17,18, where two
next neighbor anions move towards each other, break-
ing two neighboring anion-cation bonds and forming an
anion-anion bond, as shown in Figure 6. If the defect
states tv2 have two holes, the DBB-like lattice distortion
might break the local Td symmetry into C2v, moving
the a1 state up and the e state down, thus lowering the
electronic energy, as shown in Figure 6(c). If the energy
gain by forming a new anion-anion bond is larger than
the energy increase caused by breaking two cation-anion
bonds, the AX center might become a stable state. How-
ever, in this case, a negatively charged shallow acceptor
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Cu

N

(c)

Mg

Te

(a) (b)

FIG. 6: (Color on line) A schematic plot of the double bond
breaking (DBB) model of the AX center for (a)anion substi-
tutional defect and (b) cation substitutional defect. Panel (c)
shows schematically how the AX center can be stabilized by
lowering the electronic energy.

can be converted to be a positively charged deep donor,
thus limiting the doping process. To see whether AX cen-
ters are stable in MgTe, we calculated the AX formation
energy defined as the energy difference

∆E (AX) = E (AX, q)− E (α, q) , (10)

where E(AX, q) is the total energy of an AX center with
charge state q and E(α, q) is the total energy of the corre-
sponding tetrahedrally coordinated defect α at the same
charge state q. Our calculated results show that for N+

Te,

P+
Te, As+Te, and Sb+Te, ∆E (AX) are 0.51, -0.23, -0.29,

and -0.35 eV with the dopant-Te bond lengths 2.17, 2.60,
2.71, and 2.89 Å at the AX center state, respectively.
These results show that for N doping, the AX center is
unstable, thus does not limit the doping process. This is
different from Chadi’s work17, where he found N doped
MgTe was stable at the AX center state with a formation
energy of -0.30 eV. However, for other group-V elements
doping, AX centers might be a limiting factor as they are
more stable. Thus, although PTe creates relatively shal-
low acceptor level when P is tetrahedrally coordinated,
it’s not a good p-type dopant for MgTe because the ef-
fective negative-U (α−/AX+) transition energy level is
deeper. We also calculated ∆E (AX) of Cu+Mg and Ag+Mg

and the results are 0.34 and 0.35 eV, respectively. This
indicates AX centers are not limiting factors for the dop-
ing of Cu and Ag, but the deep transition energy levels
and impurity self-compensations are.

D. The DX centers

In MgTe, except by the intrinsic defect V2−
Mg , n-type

doping can also be limited by DX centers. The DX center
forms through a single bond breaking (SBB) model15,16,

Cl e

a1

a1

a1

t2

Al

(d)

MgTe

(a)

Al

(a)
Br

(c)

Al

(a)

Al

(a) (b)

FIG. 7: (Color on line) A schematic plot of the single bond
breaking (SBB) model of the DX center for (a) cation sub-
stitutional defect with cation displacement, (b) anion substi-
tutional defect with cation displacement, and (c) anion sub-
stitutional defect with anion displacement. Panel (d) shows
schematically how the DX center can be stabilized by lowering
electronic energy.

where a cation-anion bond breaks along the < 111 >
direction, changing the local symmetry from Td to C3v.
The defect states tc2 will split into an a1 state and an e
state. The a1(t

c
2) will couple with a1(a

c
1), pushing one of

them down, thus lowering the electronic energy as shown
in Figure 7(d). If the energy gain is larger than the energy
increase caused by breaking the one bond, the DX center
becomes a stable state. In this case, a positively charged
shallow donor can be converted to a negatively charged
deep acceptor, thus limiting the doping process. To see
whether DX centers are stable in MgTe, we calculated the
DX formation energy defined as the energy difference

∆E (DX) = E (DX, q)− E (α, q) , (11)

where E(DX, q) is the total energy of an DX center with
charge state q and E(α, q) is the total energy of the corre-
sponding tetrahedrally coordinated defect α at the same
charge state q. We noticed that there are two cases of
bond breaking along < 111 > direction. Either cations
or anions can have displacement along < −1,−1,−1 >
or < 111 >. We considered these two DX states and de-
fined our E (DX, q) as the energy of the state which has a
smaller total energy. In the cases of Al−Mg , Ga−Mg, In

−

Mg,

Br−Te, and I−Te, the cations are displaced, while anions are

displaced in the cases of F−

Te and Cl−Te. We find that for

Al−Mg, Ga−Mg, and In−Mg, ∆E (DX) are -0.65, -0.32, and -

0.39 eV, respectively, compared to Chadi’s results16 -0.08
and -0.05 eV for Al−Mg and Ga−Mg. This indicates DX cen-
ters are all stable for group-III elements, thus limiting
the doping of the three elements. For group-V II ele-
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ments, ∆E (DX) are -0.52, -0.30, -0.15, and -0.34 eV for
F−

Te, Cl
−

Te, Br
−

Te, and I−Te, respectively. Thus the DX cen-
ters are also a limiting factor for the doping of group-V II
elements.

IX. THE DOPING COMPLEXES

From the above discussions, we can see that for most
dopants, either n-type or p-type, the transition energy
levels are relatively deep, thus limiting their doping abil-
ities. One suggested solution is trying to form defect com-
plexes to lower the transition levels through the coupling
between the donor-acceptor states. We have tested this
idea by studying some of the defect complexes. For the
p-type complexes, we tested VMg+ClTe, InMg+2SbTe,
2CuMg+ClTe, and VMg+Cui. The calculated (0/-) tran-
sition energy levels are 0.39, 0.44, 0.43, and 0.27 eV
above the VBM, respectively. Comparing to the corre-
sponding point defects, we find these p-type complexes
in general can’t lower the defect ionization energies. For
the n-type doping, we checked the complexes VMg+3ITe,
VMg+3BrTe. The calculated (+/0) transition energy
levels are -0.09 and 0.16 eV, respectively, relative to
the CBM. Also we find that for clusters VMg+4ITe and
VMg+4BrTe, the (2+/0) transition energy levels are 0.07
and 0.19 eV below the CBM. For CuMg+2BrTe, our cal-
culated (+/0) transition energy level is 0.15 eV below the
CBM. In general, we find that the defect complexes can
reduce the donor transition energy levels to some extent
for MgTe at high dopant concentrations.

X. CONCLUSIONS

The doping properties of MgTe have been systemati-
cally studied using first-principles band structure meth-
ods. The formation energies and transition energy levels
of intrinsic defects and extrinsic impurities are calculated
using a mixed scheme, as well as for some defect com-
plexes. We show that for p-type doping in MgTe, it’s
difficult to find a dopant with both high solubility and a
shallow accept level. This is the cases for MgTe:N and
MgTe:P, which have relatively shallow acceptor levels but
high formation energies. Another factor is the formation
of AX centers, which happens to MgTe:P. Besides, it is
also limited by the spontaneous formation of compensat-
ing defects. When the Fermi energy is close to the VBM,
the intrinsic donor defect Mg2+i can form spontaneously
at the Mg-rich condition, thus limiting the p-doping pro-
cess. For the cases of MgTe:Na and MgTe:Cu, the doping
process is also limited by the formation of the compen-
sating interstitial defects Nai and Cui. The n-type dop-
ing is mainly limited by the spontaneous formation of
the intrinsic compensating defect V2−

Mg . Another limit-
ing factor is that most of the donor levels are too deep
except for MgTe:I. Besides, the DX centers are also found
to be stable when the Fermi energy is close to CBM in

all the studied n-type doping cases. Overall, our calcu-
lations suggest that the best p-type dopant should be N
with a growth process incorporated by non-equilibrium
technique and the best n-type dopant should be I and its
defect complex VMg+4ITe at high dopant concentration.
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