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Energetics and Electronic Properties of Interstitial

Chlorine in CdTe

Walter Orellana,* Eduardo Menéndez-Proupin, and Mauricio A. Flores

The role of interstitial chlorine in the electronic properties of CdTe is
addressed by density functional theory calculations including hybrid func-
tionals and large unit cells. The stability and diffusion energy barriers of the
impurity are analyzed as a function of the Fermi level position in the band
gap. Chlorine is found to be stable in at least five interstitial sites with rather
close formation energies, suggesting that they are all probable to be found.
In p-type CdTe, the most stable sites are at the center of a Cd—Te bond and
at a split-interstitial configuration, both acting as shallow donors. Whereas in
n-type CdTe, it is found at the tetrahedral site surrounded by Cd hosts, acting
as a shallow acceptor. We also find that chlorine can induce a deep acceptor
level in the bandgap after binding with three Cd host atoms, which can
explain the experimentally observed high resistivity in Cl-doped CdTe. The
energy barriers for chlorine diffusion in both p-type and n-type CdTe are also

performance radiation detectors also require
high electrical resistivity for a low leakage
current.®™? The latter property may be
achieved by controlled compensation
between donors and acceptors,™! but it is
very challenging in practice.'* In the case of
CdTe, native defects, grain boundaries, and
impurities may introduce electron or hole
traps, decreasing the concentration and
mobility of free carriers.

High resistivity CdTe can be prepared by
the incorporation of group IV elements such
as Ge or Sn.">"" These impurities intro-
duce deep energy levels in the bandgap,
pinning the Fermi level near midgap and
leading to a highly resistive material.

discussed.

1. Introduction

Cadmium telluride (CdTe) is a II-VI semiconductor of consider-
able technological importance for a wide range applications such
as photovoltaics, medical imaging, and high-energy astronomy.!'~
“ Due to its high atomic numbers and high mobility-lifetime
product (ut), CdTe is a very attractive material for x- and y-radiation
detection offering many advantages over other semiconductors,
such as silicon and germanium. Among photovoltaics, CdTe is one
of the most promising materials due its near-optimum band gap of
~1.5eV, high absorption coefficient, and low manufacturing
cost.”® In addition of good carrier transport properties, high-
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Moreover, they act as deep donors that

contribute to stabilize the compensation

condition by transferring their electrons

to uncompensated acceptors, commonly

associated to Cd vacancies (Vcq), which are
found to be abundant in CdTe.!"® However, the main drawback of
this procedureis that deeplevels are also traps for electrons or holes
and may act as effective recombination or lifetime killer centers,
drastically decreasing the pt product."*" Indeed, photolumi-
nescence (PL) measurements of CdTe:Sn and CdTe:Ge show an
intense energy peak near midgap, indicating a radiative
recombination activity.!**2*

Chlorine doping is another well-established route to obtain high
resistivity in CdTe."™>'**>™"! Studies on single-crystal CdTe:Cl
indicate a hole trap near midgap.**>* However, the compensation
mechanism responsible for the observed semi-insulating condi-
tion is still debated and remains as an open issue. An explanation
proposed by Biswas et al.'® suggests that the observed high
resistivity in CdTe:Cl is due to compensation between shallow
donors (Cly) and shallow acceptors (Vcq). However, it was argued
by Krasikov et al." that shallow defect levels alone, although
theoretically possible, are unlikely to cause high resistivity.

Regarding the stable sites and diffusion pathways of Cl
interstitials in CdTe (Cl)), there are also controversial results.
First-principles calculations including hybrid functionals have
reported that Cl; is stable in the middle between two neighboring Cd
atoms in neutral charge state and at the tetrahedral site surrounded
by Cd atoms in the single negative charge state, acting as a shallow
donor and shallow acceptor, respectively.*** In addition, diffusion
barriers for neutral and single negative Cl are estimated in 0.3 and
0.9 eV, respectively.>*! Other works have reported that Cl in positive
charge states is found stable in the bond center site, in the middle ofa
Cd—Te bond,”™ where diffusion energy barriers are estimated
around 1.2eV. On the other hand, experimental results have
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established activation energies between 0.63 and 1.32 eV measured
in the temperature range of 200-700 °C.1*")

In this work, we study the stability, electronic properties and
minimum energy pathway of interstitial Cl in CdTe by first-
principles calculations including hybrid functionals. In order to
minimize size effects, large supercells with 250 atoms were
used. We find that chlorine is stable in at least five interstitial
sites with close formation energies, showing different electronic
properties. It can act as shallow acceptor, shallow donor, and also
as a deep-level recombination center, depending on the site into
which it is introduced. The latter case would be responsible for
the high resistivity observed in Cl-doped CdTe. Minimum-
energy path and formation energy calculations suggest that Cl;
diffuses through bond-center sites in p-type CdTe preferentially
in single positive and neutral charge states, with activation
energies of 0.50eV. Whereas, in n-type CdTe, Cl; diffuses
through tetrahedral interstitial sites, preferentially in neutral
charge state, with activation energies of 0.65eV.

2. Theoretical Approach

Our calculations were performed in the framework of density-
functional theory (DFT), using the Vienna Ab Initio Simulation
Package.® Hybrid functional was used to describe the exchange
correlation term as proposed by Heyd, Scuseria and Ernzerhof
(HSE06),” in which 25% of the Hartee-Fock exchange is mixed
with 75% of the Perdew-Burke-Ernzerhof semi-local functional
(GGA-PBE). The core-valence interactions are included by using
the projected augmented wave approach.”®! Equilibrium
geometries and formation energies were obtained with 250-
atom supercells. The band structures were obtained with smaller
128-atom supercells due to the great computational cost that
these calculations require. For both supercells, the self-
consistent calculations were performed using the I' point for
the Brillouin zone sampling. Convergence tests for neutral Cl; in
CdTe using the 128-atom supercell and a 2 x 2 x 2 k-point mesh
were performed. Our results show that the difference in total
energy between both k-point samples is less than 0.02eV
atom™ ", while the band structures show negligible variations.
Wave functions were expanded in a plane-wave basis set with a
cutoff energy of 285 eV. With these parameters, the bandgap and
lattice_constant of CdTe are calculated to be of 1.44eV and
6.566 A, respectively. Increasing the cutoff energy up to 400eV
shows variations less than 1% in the lattice constant and
negligible variation in the bandgap. The systems were fully
relaxed until the residual force on each atomic component was
less than 0.025eVA~'. The minimum energy path for the
chlorine diffusion in CdTe in different charge states were
calculated using the climbing-image nudged elastic band (NEB)
methods.*? As the diffusion barriers depend on different atomic
configurations involved in the process of diffusion,*”! with the
NEB method we have obtained the lowest bound for the
diffusion barrier. The calculations were performed with a 128-
atom supercell with all atoms left free to relax. First, we use the
GGA-PBE functional to obtain the minimum-energy geometries
of ten intermediate images and then we re-evaluate the single-
point energy of each image using the HSE06 functional.

The formation energies and thermodynamic transition-
energy levels of interstitial chlorine in CdTe are calculated
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according to the well-established scheme discussed in
ref. [41]. For interstitial chlorine in charge state g (ClY), the
formation energy (AHj as a function of the Fermi level (Ep) is
obtained as

AHy (ClY) = E(Cd,Te,Cl; q) — E(Cd,Te,) — Uq
+ q(Evem + Er) (1)

where E(Cd,Te,) is the total energy of a supercell containing n
primitive cells of CdTe. E(Cd,Te,Cl; q) is the energy the same
supercell with one Cl and g electrons removed. Moreover, ) is
the chemical potentials of Cl, and Eypy is the energy of the
valence band maximum (VBM).

The chemical potentials of the atomic species are defined as

px = Ex + Auy, with X = Cd, Te, or Cl (2)

where Exis the energy per atom of species Xin a reference state,
which are the solid bulk phases of Cd and Te, and the gas phase
Clz.

In addition, thermodynamics imposes some restrictions to
the chemical potentials,

Agg < 0, Apre < 0, Al < 0 (3)
Alcq + Alte = AH(CdTe) =—-1.17eV (4)
281 + Mgy < AH(CACL) = —3.59 €V 5)

Inequalities (3) represent the conditions for pure compounds
not to segregate. Aficy = 0 and Apr. = 0 are the so-called Cd-rich
and Te-rich conditions, respectively. Equation (4) accounts for
the presence of CdTe in equilibrium, while inequality (5) is the
condition for CdCl, phase not to segregate. AH(CdTe) and
AH(CdCl,) are the formation heats, with the numerical values
obtained from HSE calculations. Other inequalities similar to (5)
can be set to account for no formation of other compounds like
TeCly, and TesCl,, but in practice (5) sets the maximum possible
value for Apg in equilibrium with CdTe. E(Cd,Te,ClL g) in
Equation (1) includes size corrections for image charge and
potential alignment as defined in refs. 1***}], Thus, according to
ref. [43], no correction for band-filling is needed, as we use only
the I point to sample the Brillouin zone.

3. Results and Discussion

As an isolated interstitial impurity in CdTe, chlorine (Cl) can
occupy a number of different lattice sites. To find their stable
positions we first locate the Cl atom at six points of high
symmetry in the lattice, namely at the two tetrahedral sites
nearest neighbor to Cd and Te atoms (T; and T), respectively); at
the center of the Cd—Te bond (BC); at the hexagonal site (H), and
at the middle of the line joining two nearest-neighbor Te atoms
and Cd atoms (C; and C,, respectively). After relaxation, Cl;
initially at C, and H sites moves toward the T site; C; at the C;
initial site moves toward a split-interstitial configuration, that is,
a Cl—Cd dimer occupying a Cd site surrounded by Te atoms
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(hereafter referred simply as C;). Finally, Cl; at Ty, T, and BC
initial sites remains approximately close to their original
positions, inducing some distortions the neighboring atoms.

Figure 1 shows equilibrium geometries and band structures
of Cl; at C; and BC sites. At the C; site, chlorine is found
threefold coordinated binding with one Cd atom and two Te
atoms with CI—Cd and Cl—Te bond distances of 2.57 and 2.71 A,
respectively. At the BC site chlorine locates in the center of a Cd-
Te bond with Cd—Cl and Cl—Te bond distances of 2.69 and
2.39 A, respectively, and Cd—Cl—Te angle of 134°. The band
structures show that Cl; at C; and BC sites acts as a single donor,
as the Fermi level locates at the bottom of the conduction band,
where impurity level (c;) is found resonant in the conduction
band. The charge density isosurfaces of the ¢, level indicate that
the impurity state has an antibonding character.

Figure 2 shows equilibrium geometries and band structures
of Cl; at T; and T; sites. At the Tj site, chlorine locates 2. 7 A from
the Cd atom along the (111) direction, almost without disturbing
the neighboring atoms. The distance between Cl and the other
Cd atoms is found of 2.90A. Figure 2(a) shows the band
structure, which indicate a shallow acceptor character as the
Fermi level locates at the top of the conduction band. The charge
density isosurfaces of the half-occupied v; level shows a
delocalization, characterizing the acceptor state. At the T site,
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Figure 1. Equilibrium geometry and band structure neutral Clin CdTe, (a)
at the C; site, and (b) at a BC site. The dashed line indicates the Fermi
energy. Charge density isosurfaces of the impurity level (c,) of C; and BC
are plotted for p=0.005eA >,
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Figure 2. Equilibrium geometry and band structure of neutral Cl in CdTe,
(a) atthe Ty site, and (b) at the T, site. The dashed line indicates the Fermi

energy. Charge density isosurface of the v, level of T; and the gap level of
T, are plotted for p=0.0008 and 0.005 e A2, respectively.

chlorine moves from the initial tetrahedral site surrounded by Te
atoms, about 0.4 A along the (111) direction, binding with the
three Cd nearest neighbors. The formation of these bonds
induces a strong distortion in the neighboring Te—Cd bond,
which is desplaced from its lattice position by about 0.53 A along
the (111) direction. The bond distances between Cl and the three
Cd atoms is found of 2.97 A. Figure 2(b) shows the band
structure of Cl; at the T) site in the equilibrium geometry. We
find a single occupied defect level in the bandgap not previously
reported. The charge density isosurfaces of this level indicate
localization as well as an antibonding character, which
characterize the defect level. Therefore, at the T), site, chlorine
acts as a deep acceptor, which can be the origin of the high
resistivity observed in Cl-doped CdTe.

We also study another split-interstitial configuration for
chlorine previously reported by Yang et al.,!** hereafter referred
as Spl. According to ref. [33], positively charged Cl can lower its
energy by forming a Cl—Te bond, occupying the Te atomic site.
Our results show that the Spl site is stable with almost the same
energy than our BC site, however, it shows a slightly different
geometry. We find that neutral and positively charged CI do not
bind with the Te atom. Instead it binds with its three Cd nearest
neighbors, while the Te atom removed from its lattice sites,
binds with Te and Cd nearest neighbors. The calculations of

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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ref. [33] were performed including the HSE06 functional
within a 64-atom supercell, therefore the discrepancy with our
results can be attributed to size effects. In addition, Cl; at
the Spl configuration acts a shallow donor similar to Cl; at the
BC site.

The stability of the Cl; impurity at different equilibrium sites
is analyzed by comparing their formation energies as a function
of the Fermi level, according to Equation (1). Our results are
shown in Figure 3. We observe that chlorine at the stable sites
under study have close formation energies, within an energy
range of about 1 eV, suggesting that they are equally probable to
be found. According to Figure 3, Cl; at BC and Spl sites show the
lower formation energies in p-type CdTe, while C; at the T site
shows the lowest formation energy in n-type CdTe. Therefore,
they are likely to be found at higher concentrations inducing
shallow energy levels of donor and acceptor types, respectively.
In absence of native defects like Vg, the lower formation
energies of donor-acceptor systems suggest a self-compensation
between CII* (BC) and Cl'~ (Ty), and between Cl'" (Spl) and
ClI™ (Ty), with €(+/—) transition states at VBM +0.65 and
VBM +0.75 eV, respectively. The self-compensation is under-
stood as the response of an active impurity system to the
introduction of another active impurity, which tend to compen-
sate their electrical activity through the formation of opposite
charged defects.**'* Self-compensation by the same impurity
has been also suggested in P-doped CdTe.[*”!

Previous DFT-HSEOQ6 calculations have analyzed the role of
Cl;-related shallow donors and shallow acceptors in the self-
compensation property.”® The authors report a €(+/—) transi-
tion state at VBM 4- 0.8 eV associated to Cl; in CdTe, in close
agreement with our results. However, they proved that donor-
acceptor self-compensation is not a sufficient condition to
explain the experimentally observed high resistivity in Cl-doped
CdTe,”®3% proposing the deep-acceptor complex Clye—Cleq as
the possible reason for that. According to our results, Cl; at the T,

6 [ CL(BC) —— 1 6 c,BC) ——
Cl(C) —— Cl(C)) ——
S ClT) —— 1 5 o) ——
CI(Ty Cl(Ty) ——
o 41 cispn 1 4F sy ——
c
= 3 3
<
2 F 2
1 1
(a) Cd-rich (b) Te-rich
0 . . 0 . .
0.0 0.5 1.0 0.0 0.5 1.0
Ep(eV) Eg (eV)

Figure 3. Formation energy (AHj) as a function of the Fermi level (Ef) in
the bandgap for interstitial chlorine in CdTe in their different equilibrium
geometries performed within a 250-atom supercell: (a) for Cd-rich
conditions, and (b) for Te-rich conditions. The slopes of the formation
energy indicate the charge states of the impurity (+1, 0, —1), while
changes in its slopes indicates defect transition states.
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site induces a strong lattice distortion, leading to a negative-U
behavior where the neutral charge state is never stable. The
€(+/—) transition state, as obtained from Figure 3, is found at
VBM + 0.55 eV, indicating that interstitial chlorine can introduce
a deep level in the bandgap. We believe that this deep acceptor
can be responsible for the Fermi level pinning that could explain
the high resistivity in Cl-doped CdTe.

We now turn to examine the minimum-energy path of
positive, neutral, and negative chlorine diffusing between two
neighboring T; sites (as it would happen in n-type CdTe) and
between BC sites (as it would happen in p-type CdTe), using
the NEB method.?®! Figure 4 shows the minimum-energy
path for Cl; diffusing between T; sites for negative, neutral,
and positive charge states, as obtained with GGA-PBE and
HSEO06 functionals. We include both calculations to stress the
difference between XC functionals. We observe that HSE06
functional strengthened the interaction of Cl; with the host
atoms by increasing the steric repulsion. For CI'* we observe
that the T; site is a local minimum and the intermediate
geometry, which correspond to the C; sites previously found,
is the global minimum. The energy barrier is found to be of

100 -
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_ osE i O HSE06 B
> C ]
L . ]
Z 0.0¢r -
3 L ]
A . .
-0.5 -
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S L ]
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23 0.5 .
o) L 4
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L (© cll O GGAPBE| -
r i O HSE06 1
5 2.0 r ]
=~ ]
G 1o 7
0.0c &
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1

Figure 4. Minimum energy path for the chlorine diffusion between
neighboring Ty sites in n-type CdTe as calculated with GGA-PBE and
HSEO06 functionals in (a) positive, (b) neutral, and (c) negative charge
state.
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1.15 eV. The initial, intermediate and final geometries of the
minimum-energy path are shown in Figure 5. For CI and Cl!~
the intermediate geometry is higher in energy than the T; site,
showing barriers of 0.65 and 2.15 eV, respectively. According
to the formation energies shown in Figure 3, chlorine is most
stable at T; sites for n-type CdTe. Therefore, in this condition,
it would diffuse preferentially in neutral charge state with an
activation energy of 0.65 eV. Previous calculations performed
with the local functional (LDA) have reported a global
minimum for neutral Cl; in CdTe at the T; site and
minimum-energy path between neighboring T sites showing
a plateau with a maximum energy of 0.68eV.*® It is
interesting to note that this LDA result differs from those
of GGA, while approaching to the HSE06 one, as shown in
Figure 4. We believe that the coincidence between LDA and
HSEO06 results is fortuitous and might be attributed to a
cancelation error.

For p-type CdTe, formation energy calculations indicate that
BC is one of the most stable sites for chlorine. Thus, we
calculate the minimume-energy path for positive, neutral, and
negative Cl; diffusing through neighboring BC sites in CdTe.
Our results are shown in Figure 6. We find that Cl; would
diffuse in positive and neutral charge states with almost the
same activation energy of 0.49 and 0.52eV, respectively,
whereas in negative charge state the energy barrier is much
more larger, of about 2.5 eV. The initial, intermediate and final
geometries of the minimum-energy path are shown in Figure 7.
Therefore, in p-type CdTe, chlorine would diffuse preferentially
in neutral or positive charge states through BC sites with an
activation energy of about 0.5eV. In ref. [26] is suggested that
the CL diffusion through the BC sites evolves through two
steps: 1) by breaking Cl—Cd bond and rotating around Te atom
with an energy barrier of about 1.25eV; and 2) by breaking
Cl—Te bond and rotating around Cd atom with an energy
barrier of about 0.55 eV. Although our minimum energy path
agree well with the step (1), we found lower activation energy
for this diffusion path.

Figure 7(b) shows the atomic geometry for the energy
maximum in the reaction coordinate of neutral and positively
charged chlorine diffusing through BC sites. Here the Cl atom is
in the middle of two nearest-neighbors Cd atoms close to a Te
atom. However, previous GGA calculations,! report that this
geometry would be stable, being only 2 meV higher in energy

Figure 5. Atomic structure of Cl; at neighboring T; sites (a) and (c), and at
the intermediate geometry between T sites in the minimum-energy path
(b), which in this case corresponds to the stable C; site previously found
(see Figure 1a).
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Figure 6. Minimum energy path for the chlorine diffusion between
neighboring BC sites in p-type CdTe as calculated with GGA-PBE and
HSEO06 functionals in (a) positive, (b) neutral, and (c) negative charge
state.

than the T site. In the present work, the stable site reported in
ref. [31] is not found. According to our results, when neutral Cl is
located between two neighboring Cd atoms, it moves to the
tetrahedral site T7, lowering its energy by 0.48 eV. We believe that
the discrepancy may be originated in the semilocal GGA-PBE

Figure 7. Atomic structure of Cl; at neighboring BC sites (a) and (c), and
at the intermediate geometry between BC sites in the minimum-energy
path (b).
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functional used in ref. [31]. In addition, concerning the
exchange-correlation functional, we note that GGA-PBE and
HSEO06 results show quite close minimum-energy paths when
chlorine strongly interacts with the host atoms through BC sites
(Figure 6), contrasting with those found for the diffusion
through T; sites (Figure 4), where the interaction with the host
atoms is much weaker. This opens some doubt about the
effectiveness of semilocal functionals to describe diffusion
energy barriers.

4. Summary

In summary, we investigate the chlorine impurity in CdTe using
DFT calculations including the hybrid HSE06 functional and
large supercells, containing up to 250 atoms. For interstitial
chlorine we find five stable sites with rather close formation
energies, suggesting that they are all probable to be found in the
CdTe lattice. The most stable sites are the bond center (BC) and
the split-interstitial (Spl) in p-type CdTe, and the tetrahedral site
surrounded by host Cd atoms (T;) in n-type CdTe. Therefore,
they are likely to be found at higher concentrations inducing
shallow energy levels of donor and acceptor types, respectively.
In addition, Cl; at the tetrahedral site surrounded by host Te
atoms (T5) exhibits a strong lattice distortion after the formation
of CI-Cd bonds, that induces a deep level in the bandgap with
transition state of €(+/—)=0.55eV. In addition, our results
suggest donor-acceptor self-compensation mechanisms, that
may lead to the Fermi-level pinning near midgap, can be
associated solely to Cl interstitials. Models assuming self-
compensation in heavily Cl-doped CdTe crystals support our
finding.*”) However, recent calculations indicate that donor—
acceptor self-compensation cannot explain the experimentally
observed high resistivity in Cl-doped CdTe.[* We propose that
Cl; at the T, site, a deep acceptor impurity, would be the origin of
the high resistivity observed in Cl-doped CdTe. Finally, we study
the chlorine diffusion in CdTe considering the position of the
Fermi level. Our results suggest that chlorine diffuses in p-type
CdTe preferentially in single positive and neutral charge states
through the bond-center BC site with an activation energy of
about 0.5eV, whereas in n-type CdTe, it would diffuse
preferentially in neutral charge state through tetrahedral
interstitial sites surrounded by Cd hosts (T;), with an energy
barrier of 0.65eV. Our results are in close agreement with
available experimental data that report activation energies for
chlorine diffusion between 0.63 and 1.32eV measured in the
temperature range of 200-700°C."? 3]
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