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Co-doping is an important method to improve doping properties in semiconductors, which is expected to
lower the defect formation energy through the Coulomb interaction or covalent coupling between co-dopants
and reduce the transition energy level through the level repulsions. However, the effectiveness of co-doping is
sensitive to the type of co-dopants, and in some cases, negative effects can exist. Here, using p-type doping in
CdTe as an example, we systematically investigate different dopant combinations based on first-principles hybrid
functional calculations. We show that the complex of one donor + one double acceptor, e.g., ClTe + VCd, can
cause a decrease in defect formation energy and a reduction in acceptor level, thus improving the dopability,
especially when the Cl treatment is done at low temperature. The combination of two acceptors + one donor,
e.g., ClTe + 2CuCd, has little or even negative effects because of the coexistence of the acceptor-acceptor and
donor-acceptor coupling. More importantly, we show that the combination of one deep acceptor + one shallow
acceptor, e.g., SbTe + PTe, produces a much deeper acceptor level because the nominal deep acceptor SbTe acts
as a donor with respect to the shallow one, and then the deep acceptor state will be pushed even deeper due
to the level repulsion. Thus, we should avoid this type of acceptor-acceptor co-doping to achieve high hole
concentration. Our general understanding of the co-doping approach, therefore, provides a guideline for the
future design of shallow defect complexes in CdTe and other semiconductors.

DOI: 10.1103/PhysRevB.104.245202

I. INTRODUCTION

Co-doping is a promising strategy to enhance the dopa-
bility by lowering the defect formation energy and ionization
energy level through the coupling of the dopants [1,2], which
has been successfully applied to some wide-gap semicon-
ductors. For example, because the wave function of VZn is
mostly localized on the neighboring O atoms in ZnO, the
co-doping of more electronegative F substitution on the O site
forming VZn + FO could pull down the VZn level, thus making
the acceptor level shallower. In CdTe, previous theoretical
calculations based on the local density approximation show
that the defect complex composed of a single donor and a
double acceptor such as VCd + ClTe helps to improve p-type
doping in CdTe [3]. However, the co-doping strategy does not
always work. Some studies have shown that donor-acceptor
defect complexes have no or even negative effects on decreas-
ing the formation and ionization energies [4]. For example,
Cu is often used as a p-type dopant in CdTe because CuCd

is relatively easily ionized [5,6]. Considering that CuCd is a
single acceptor, two of them are needed to combine with the
single donor ClTe to form an acceptor complex 2CuCd + ClTe.
However, it is not guaranteed that such a complex (two ac-
ceptors + one donor) is effective on p-type doping due to the
coupling between the two acceptors.

CdTe is one of the most promising absorber materials in
thin film solar cells due to its direct bandgap of ∼1.5 eV and
large optical absorption coefficient [7]. Specifically, CdTe is
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the only II-VI semiconductor that can relatively easily achieve
both p- and n-type doping [8], making it an attractive material
in optoelectronic device applications [9,10]. However, effi-
cient p-type doping has been a challenge for CdTe due to the
high transition energy levels and self-compensation of its in-
trinsic defects. Great efforts have been made so far to increase
its hole carrier density and power conversion efficiency, but
the solar cell efficiency has reached only to 22.1% [11], which
is still much lower than the maximum theoretical efficiency
(∼32%). In CdTe, typically, the samples are grown under
Cd-poor conditions to facilitate the formation of VCd or CuCd,
but recent theoretical and experimental studies [12,13] show
that, under Cd-poor conditions, some detrimental defects such
as Te on Cd antisites TeCd are also easy to form, which have
been identified as the main nonradiative recombination cen-
ters in CdTe. Therefore, it has been proposed that group-V (P,
As, and Sb) substitution on Te sites under Cd-rich conditions
should be a more effective approach [14–19]. Thus, here, we
will test to see if the complex 2XTe + ClTe (X = P, As, Sb)
can also be as effective as VCd + ClTe in reducing the tran-
sition energy levels. Moreover, acceptor SbTe has a relatively
deep transition energy level due to its high p orbital energy
[18,20,21], whereas acceptor PTe has a shallow transition en-
ergy level. One may think that, if we co-dope CdTe with both
PTe and SbTe, the hole carrier concentration could add up so
that the hole carrier density would increase compared with
that if only one type of acceptor is doped. However, we will
show that such a concept of mixed doping is misleading, and
this type of acceptor-acceptor co-doping should be avoided.

In this paper, the three kinds of co-doping combinations
in CdTe, as discussed above, are studied using first-principles
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hybrid functional calculations. We discuss the general trends
and the underlying mechanisms behind them. Our calculations
show that only the combination of one double acceptor +
one donor has beneficial effects on p-type doping in reduc-
ing the acceptor formation energy due to the charge transfer
from donor to acceptor and subsequent Coulomb interaction
between the co-dopants and in reducing the ionization energy
through the level repulsion due to the reduced symmetry of
the defect pairs. The combination of two acceptors + one
donor has small or even negative effects on dopability due to
the coexistence of the acceptor-acceptor and donor-acceptor
coupling. The combination of one deep acceptor + one shal-
low acceptor will in general lead to a defect transition energy
level even deeper than the deep one unless the deep acceptor
is not occupied because the deep acceptor acts as a donor
compared with the shallow one if the deep level is partially
occupied by electrons. Our results show that, in general, the
mixed acceptor-acceptor co-doping should be avoided to keep
the shallowness of the acceptor level. Our general understand-
ing of the co-doping, therefore, provides critical insight for
designing useful defect complexes to achieve better p-type
doping in CdTe and can be used as a guideline for co-doping
in other semiconductors.

II. METHODS OF CALCULATION

First-principles calculations were performed using den-
sity functional theory [22] with the frozen-core projector
augmented wave approach [23] as implemented in the VASP

code [24]. The Heyd-Scuseria-Ernzerhof 2006 (HSE06) hy-
brid functional [25] with α = 0.25 was employed because
it could reproduce the correct lattice constant and bandgap
of semiconductors [26]. The valence electron configurations
were Cd(4d105s2), Te(5s25p4), Cl(3s23p5), group-V(s2 p3),
and Cu(3p63d104s1), respectively, where the Cu 3p orbital
is considered as a semicore state for better description. All
calculations adopted a cutoff energy of 350 eV, except for
Cu-related calculations with cutoff energy of 400 eV. Our
calculated lattice constant and bandgap for pure CdTe were
6.56 Å and 1.52 eV, respectively, in good agreement with
the experimental values of 6.48 Å and 1.56 eV [27]. For the
defect calculations, a 216-atom zinc blende supercell was con-
structed, and we used only the �-point for k-point sampling
[28]. The lattice constants of supercells were fixed to that
of pure CdTe, and all the atoms in the supercells were fully
relaxed until the Hellmann-Feynman force on every atom was
<0.05 eV/Å.

The defect formation energy is a function of the electron
Fermi energy EF and the atomic chemical potentials μi, which
is determined by [28]

�Hf (α, q) = �E (α, q) +
∑

i

niμi + qEF , (1)

where �E (α, q) = E (α, q) − E (host) + ∑
i niEi + qEVBM.

Here, E (α, q) is the total energy of a supercell with a defect α

in charge state q, and E (host) is the total energy of the same
supercell without defect. Here, ni is the number of atoms, and
q is the number of electrons transferred from the supercell
to the reservoirs in forming the defect cell. Here, Ei is the
total energy of elemental solid or gas, and μi is the chemical

potential of constituent i with respect to Ei. Here, EF is
referenced to EVBM(host), i.e., the valence band maximum
(VBM) of the host. The eigenvalues of the defect-containing
and defect-free cells are aligned using the core level of the
atom away from the defect. The defect transition energy level
εα (q/q′) is the Fermi energy in Eq. (1) at which the defect α

has the same formation energy in two different charge states
q and q′:

εα (q/q′) = �E (α, q) − �E (α, q′)
q′ − q

. (2)

A 512-atom supercell was used to test the convergence, and
we found that the defect transition energy levels were well
converged to within 0.1 eV.

Under equilibrium growth conditions, the chemical poten-
tials μi in Eq. (1) are limited by several conditions. Consider,
for example, the case of CdTe: 2XTe + ClTe (X = P, As, Sb).
Firstly, to avoid the precipitation of elemental dopants and
host elements, we should have

μi � 0. (3)

Secondly, the stable CdTe compound should be main-
tained, thus,

μCd + μTe = �Hf (CdTe), (4)

where �Hf (CdTe) is the formation energy of bulk CdTe, and
the calculated value is −1.16 eV, consistent with the previous
HSE06 results [6,29] and close to the experimental value of
−0.96 eV [30]. Finally, to avoid the formation of the possible
secondary phases between the dopants and host elements, μi

are bound by

μCd + 2μCl � �Hf (CdCl2), (5)

mμCd + nμX � �Hf (CdmXn). (6)

The calculated formation energy of CdCl2 is −3.61 eV, in
good agreement with previous calculations [21,29,31]. Here,
Cd3P2, Cd3As2, and Cd3Sb2 were taken as the limiting sec-
ondary phases because they are the most stable ones in CdmPn,
CdmAsn, and CdmSbn compounds [32,33]. The calculated for-
mation energies of Cd3P2, Cd3As2, and Cd3Sb2 are −0.60,
−0.82, and −0.37 eV, respectively.

To determine whether the defect pair (e.g., 2XTe + ClTe) is
stable, the binding energy is defined as

Eq
b (EF ) = �Hq

f ,complex(EF ) −
∑

i

�Hqi

f ,defect(i)(EF )

+
(

q −
∑

i

qi

)
EF , (7)

where �Hq
f ,complex(EF ) and �Hqi

f ,defect(i)(EF ) are the formation
energies of the complex and isolated defects, respectively, in
their most stable charge state q and qi, respectively, given the
Fermi energy EF . Generally, in a wide range of the Fermi
energy, the charges of the isolated defects add up to the charge
of the complex, so the binding energy is a constant. Other-
wise, the binding energy could depend on the Fermi energy.
Negative binding energy indicates that the defect complexes
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FIG. 1. (a) and (b) Local atomic structures for VCd and VCd +
ClTe, respectively, where the brown sphere represents Te, the green
one represents Cl, and the black dash-dotted circle represents the Cd
vacancy. (c) Schematic diagram to show the effects of co-doping
on defect transition energy levels in the formation of VCd + ClTe.
The first and second columns exhibit the transition levels before
and after the donor-acceptor coupling, respectively. (d) Calculated
defect formation energies of VCd + ClTe and the corresponding in-
dividual defects, as functions of the Fermi levels, under Cd- and
Te-rich conditions, where the slope of formation energy gives the
charge state of the defect, and the turning point gives the defect
transition energy level. Here, the chemical potentials are bound by
μCd + μTe = −1.16 eV and μCd + 2μCl < −3.61 eV. (e) Calculated
binding energy of the complex VCd + ClTe as a function of the Fermi
level.

tend to bind with each other when both are present in the
system.

III. RESULTS AND DISCUSSIONS

A. One double acceptor + one donor

Figure 1(a) plots the defect structure of VCd after relax-
ation, where the large local Jahn-Teller distortion happens:
two Te atoms neighboring a Cd vacancy move toward each
other, and the other two Te atoms move away from each other,
thus splitting the original threefold degenerate state into a
twofold degenerate fully occupied state below the VBM and
an empty state above it. Our total energy calculation shows
that VCd has a negative-U behavior, i.e., the neutral defect
prefers to accept two electrons from the VBM rather than one
electron, which is caused by the large local atomic relaxation
around the neutral defect. Thus, the (0/−2) transition energy
level of VCd is relatively deep due to the large atomic relax-
ation, ∼0.35 eV above the VBM, as shown in Fig. 1(d), in
good agreement with previous HSE06 calculations [12,34].

To lower the defect transition level, Cl is usually co-doped
in CdTe to form the defect complex VCd + ClTe (A center),
which consists of one double acceptor and one single donor.
The structure of the A center is shown in Fig. 1(b), where Cl
moves toward its three Cd neighbors, i.e., away from the Cd
vacancy site to form stronger Cl-Cd bonds. Our calculation
of VCd + ClTe is compared with that of VCd + ITe, which
confirms that the displacement of the Cl is mainly due to its

small size compared with Te. The calculated defect formation
energies and transition energy levels are shown in Fig. 1(d),
where the A center has a (0/−) transition level of 0.10 eV
above the VBM, much shallower than that of VCd, which
agrees well with previous theoretical studies [6,31,35]. This
can be understood as follows. As shown in Fig. 1(c), to form
the A center, the donor ClTe donates one electron to its near-
est neighbor VCd which serves as an acceptor, and then the
symmetry-reduction-induced coupling between them pushes
the acceptor level down and the donor level up, thus greatly re-
ducing the acceptor ionization energy. The calculated binding
energy of the A center is shown in Fig. 1(e), which indicates
that the complex VCd + ClTe is stable within the entire Fermi
level region inside the bandgap. This large binding energy
results from the energy gain caused by charge transfer from
ClTe to VCd and the strong Coulomb attraction between the
positively charged Cl donor and negatively charged VCd ac-
ceptor. The A center has a much shallower acceptor level
and a lower formation energy than VCd. This is consistent
with the experimental observations that Cl treatment helps to
improve p-type doping in CdTe [10,36,37]. However, it should
be noted that the amount of Cl needs to be controlled because
too much Cl will overcompensate the complex and turn the
system into n type [6,35,38,39].

B. Two acceptors + one donor

For Cu and Cl co-doping in CdTe to form a p-type com-
plex, two Cu atoms and one Cl atom are combined to form the
acceptor 2CuCd + ClTe because Cu and Cl are single accep-
tor and single donor, respectively. Considering the repulsion
between acceptors and the attraction between acceptor and
donor, to lower the Coulomb energy of the complex, the two
Cu atoms should be close to the Cl atom but far apart from
each other, as shown in Fig. 2(b). Figure 2(d) displays the
calculated binding energy of 2CuCd + ClTe, indicating that it
is stable within the entire Fermi level region. Compared with
the complex VCd + ClTe, the binding of 2CuCd + ClTe is weak
in general due to the repulsion between the two CuCd. We
calculate the (0/−) transition energy level of the complex and
find that it is 0.11 eV above the VBM compared with CuCd

of 0.08 eV above the VBM, but the defect formation energy
is significantly higher than that of CuCd, as seen in Fig. 2(c).
Therefore, Cl co-doping with Cu shows only little help on the
improvement of p-type doping [3,21].

For the complex 2XTe + ClTe (X = P, As, Sb), it is plausible
that the structure (2XTe + ClTe)-II shown in Fig. 3(c) is more
stable, where the two group-V atoms are more separated,
leading to lower Coulomb repulsion energy than the structure
(2XTe + ClTe)-I shown in Fig. 3(b). Our calculations show that
it is indeed the case for 2PTe + ClTe and 2AsTe + ClTe but not
for 2SbTe + ClTe. The calculated transition energy levels and
formation energies for relevant defects are listed in Table I.
As we can see, the structure shown in Fig. 3(b) is more
stable for 2SbTe + ClTe, with a deeper acceptor level than the
structure in Fig. 3(c). This can be understood as follows. Note
that the difference between the structures in Figs. 3(b) and
3(c) is the Sb-Sb distance. Figure 3(b) suggests that it has
stronger coupling between the two Sb atoms. To confirm this
idea, we performed the defect calculations of 2SbTe with two
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FIG. 2. (a) and (b) Local atomic structures for CuCd and 2CuCd +
ClTe, respectively. (c) Calculated defect formation energies of
2CuCd + ClTe and the corresponding individual defects, as functions
of the Fermi levels, under Cd- and Te-rich conditions. Here, the
chemical potentials are bound by μCd + μTe = −1.16 eV, μCu +
μTe < −0.26 eV, and μCd + 2μCl < −3.61 eV. (d) Calculated bind-
ing energy of the complex 2CuCd + ClTe as a function of the Fermi
level.

structures (2SbTe)-I and (2SbTe)-II and compared them with
that of 2PTe. Our results show that (2SbTe)-I has a (0/2−)
transition level of 0.61 eV above the VBM, much deeper than
that of 0.30 eV above the VBM for (2SbTe)-II, which indicates
that the strong coupling between the two Sb defect states in the
structure of (2SbTe)-I leads to a large energy gain, as shown
in Fig. 4(a). Thus, (2SbTe)-I is more stable than (2SbTe)-II,
like the case of 2SbTe + ClTe. Our calculations show that the
neutral (2SbTe)-I is 0.09 eV lower in energy than the neutral
(2SbTe)-II, but the 2− charged (2SbTe)-I is 0.12 eV higher in
energy than the 2− charged (2SbTe)-II. This is because the
defect state of 2SbTe in the 2− charged state is fully occupied;
therefore, there is no energy gain due to the covalent coupling,
as seen in Fig. 4(b). In this case, the Coulomb repulsion en-
ergy between the negatively charged Sb−

Te leads to the higher
energy of the 2− charged (2SbTe)-I than the 2− charged
(2SbTe)-II. The case of 2SbTe + ClTe is like that of 2SbTe. As
for P-doped complexes, because the localized orbital of the P
element leads to weak acceptor-acceptor coupling and small
energy gain, the Coulomb repulsion between the two nega-
tively charged acceptors is dominant, which makes the two P
atoms tend to move away from each other. Figure 5(a) plots
the calculated defect formation energies for group-V doped
defect complexes and individual defects. It shows that, for the

FIG. 3. Local atomic structures for (a) XTe, (b) (2XTe + ClTe)-I,
and (c) (2XTe + ClTe)-II, where X = P, As, Sb.

TABLE I. Calculated defect transition energy levels ε(0/−)
and formation energies of neutral defects under Cd-rich condition
�H(Cd-rich) and under Te-rich condition �H(Te-rich) for group-V
(X = P, As, Sb) individual defects XTe and defect complexes with the
structures (2XTe + ClTe)-I and (2XTe + ClTe)-II, respectively. All the
energies are in electronvolts.

Defect ε(0/−) �H(Cd-rich) �H(Te-rich)

PTe 0.070 1.32 2.18
(2PTe + ClTe)-I 0.053 1.72 4.03
(2PTe + ClTe)-II 0.044 1.64 3.95
AsTe 0.079 1.27 2.02
(2AsTe + ClTe)-I 0.100 1.63 3.71
(2AsTe + ClTe)-II 0.069 1.57 3.65
SbTe 0.149 1.18 2.15
(2SbTe + ClTe)-I 0.342 1.38 3.91
(2SbTe + ClTe)-II 0.144 1.47 4.01

complexes 2PTe + ClTe and 2AsTe + ClTe, the acceptor levels
are shallower than PTe and AsTe, respectively, but the defect
formation energies are larger with respect to the correspond-
ing isolated defects. For the complex 2SbTe + ClTe, it has a
much deeper acceptor level and a higher formation energy
than SbTe. Figure 5(b) shows the calculated binding energies
of the complex 2XTe + ClTe (X = P, As, Sb), which indicate
that they are stable within the entire Fermi level region.

In general, our results show that the co-doping composed
of two acceptors and one donor has little and even adverse
effects on improving the doping effectiveness of the acceptors.
This is because the acceptor-acceptor coupling pushes the ac-
ceptor level up, although the acceptor-donor coupling pushes
the acceptor level down, as shown in Fig. 5(c). For group-V
and Cl co-doping, the acceptor level cannot be significantly
pulled down due to the large spatial distance and thus weak
acceptor-donor coupling. Furthermore, forming extra point
defects costs more energy, which is not adequately compen-
sated by the Coulomb interaction between co-dopants, thus
leading to an increase in the formation energy with respect to
the isolated defects.

C. One deep acceptor + one shallow acceptor

Finally, we study the effect of one deep acceptor plus one
shallow acceptor co-doping. Due to the similarity in size be-
tween Sb and Te, Sb substitution on Te in CdTe has a relatively
low defect formation energy with respect to other group-V
atoms, but it also has a rather deep defect level due to its high
5p orbital energy [18,20,21]. One may think, if we co-dope a

FIG. 4. Schematic diagram to show the coupling mechanism for
two group-V dopants (a) in the neutral state and (b) in the charged
state.
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FIG. 5. (a) Calculated defect formation energies of 2XCd + ClTe

(X = P, As, Sb) and the corresponding individual defects as functions
of the Fermi levels under Cd- and Te-rich conditions. (b) Calculated
binding energies of the complex 2XTe + ClTe (X = P, As, Sb) as
a function of the Fermi level. (c) Schematic diagram to show the
effects of co-doping on defect transition energy levels in the forma-
tion of 2A + ClTe, where A is the acceptor substituting on Cd or Te
atoms. The first column exhibits the acceptor levels without coupling,
the second column exhibits the acceptor levels with the acceptor-
acceptor coupling but without the donor-acceptor coupling, and the
third column exhibits the acceptor levels with the acceptor-acceptor
and donor-acceptor coupling.

shallow acceptor (e.g., PTe) with another acceptor SbTe, the
total hole concentration may increase due to the combined
effect. To check this idea, we construct the supercell with one
Sb atom and one neighboring P atom substituting on the Te
atom sites, as shown Fig. 6(a). From Fig. 6(d), the calculated
binding energy is negative (binding) only when the Fermi en-
ergy is close to the VBM due to the increase of the formation
energy of charged defects PTe and SbTe near the VBM. The
calculated acceptor level is 0.31 eV above the VBM, much
deeper than that of SbTe of 0.15 eV above the VBM, as seen
in Fig. 6(c). This is because the deep acceptor SbTe is acting
as a donor with respect to the shallow acceptor PTe. As shown
in Fig. 6(b), SbTe donates one electron to PTe and makes the
shallow state fully occupied and the deep state unoccupied.
Due to the level repulsion, the unoccupied state will be pushed
up, and the occupied state will be pushed down. Thus, the final
acceptor level is deeper than the isolated defects.

D. Solid solubility limit

In the following, we will discuss under what conditions
the defect complexes can form. In the dilute doping limit, the
defect concentration is given by

N (D) = NsitegDexp

[
−�H (D)

kBT

]
, (8)

where N(D) is the number of defects D, Nsite is the number of
available sites per volume that may be occupied by the defect,
gD is the degeneracy factor per site, �H(D) is the formation
energy, and T is the growth temperature. Taking the double-
acceptor + single-donor co-doping case, i.e., VCd + ClTe co-

FIG. 6. (a) Local atomic structures for SbTe + PTe. (b) Schematic
diagram to show the effects of co-doping on defect transition energy
levels in the formation of SbTe + PTe. The first and second columns
exhibit the transition levels before and after the acceptor-acceptor
coupling, respectively. The inset shows the local atomic structures
of SbTe + PTe. (c) Calculated defect formation energies of SbTe + PTe

and the corresponding individual defects as functions of the Fermi
levels under Cd- and Te-rich conditions. (d) Calculated binding en-
ergies of the complex SbTe + PTe as a function of the Fermi level.

doping as an example, the concentrations of VCd, ClTe, and
VCd + ClTe are given by

N (VCd) = Nsiteexp

[
−�H (VCd)

kBT

]
,

N (ClTe) = Nsiteexp

[
−�H (ClTe)

kBT

]
,

N (VCd + ClTe) = 4Nsiteexp

[
−�H (VCd + ClTe)

kBT

]
, (9)

where the prefactors 1, 1, and 4 consider the site degeneracy.
The total number of Cl atoms in the system is, thus, given by

N tot
Cl = N (ClTe) + N (VCd + ClTe). (10)

We can rewrite Eq. (9) as

[N (VCd + ClTe)/N (ClTe)] = 4[N (VCd)/Nsite]exp
(
− Eb

kBT

)
,

(11)
where Eb = �H (VCd + ClTe) − �H (VCd) − �H (ClTe) is
the binding energy of the defect pair and has been calculated
in Fig. 1(e). Note that ClTe is a donor; therefore, to have an
effective p-type doping, the ratio of [N (VCd + ClTe)/N (ClTe)]
should be > 1, i.e., we need to have high defect concentration
N (VCd)/Nsite and high (negative) binding energy Eb and/or
low Cl treatment temperature.

Assuming N (VCd)/Nsite is ∼ 10−6 and the Cl treat-
ment temperature is at 600 K, the calculated ratio of
[N (VCd + ClTe)/N (ClTe)] over the corresponding binding en-
ergy range is shown in Fig. 7. We can see that the ratio
becomes >1 as the magnitude of the binding energy becomes
larger than 0.65 eV. It means that, under realistic growth con-
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FIG. 7. The calculated ratio of N (VCd + ClTe)/N (ClTe) over the
corresponding binding energy range, assuming N (VCd )/Nsite is ∼
10−6, and the Cl treatment temperature is at 600 K.

ditions, it is possible to use Cl treatment to enhance p-type
doping in CdTe by forming the VCd + ClTe (A center) com-
plex if there are enough Cd vacancies in the sample and the Cl
treatment temperature is relatively low.

IV. CONCLUSIONS

In conclusion, the effectiveness of the co-doping concepts
in semiconductors is carefully investigated. Taking p-type
doping in CdTe as an example, based on first-principles hybrid

functional calculations, we demonstrate that not all co-doping
approaches are beneficial for p-type doping. We show that
the combination of one single donor + one double acceptor
(e.g., VCd + ClTe) is usually most beneficial to the p-type
doping due to the strong Coulomb binding between the donor-
acceptor pairs, especially when the system contains enough
Cd vacancies and the Cl treatment temperature is relatively
low. The combination of two acceptors + one donor (e.g.,
2CuCd + ClTe) helps very little in improving the shallowness
of acceptor levels due to the coexistence of acceptor-acceptor
and donor-acceptor coupling and will usually lead to an in-
crease in defect formation energy because the energy cost of
forming extra point defects is not adequately compensated
by the Coulomb interaction between co-dopants. Co-doping
one deep acceptor + one shallow acceptor (e.g., PTe + SbTe)
will produce an even deeper acceptor level because the deep
acceptor is acting as a donor with its energy level pushed
up by the shallow level. Our results, therefore, broaden the
understanding of co-doping and provide a guideline for the
future design of shallow defect complexes in CdTe, which can
also be extended to other semiconductors.
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