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1. Introduction

Cadmium telluride (CdTe) is a useful semiconductor due to its
high absorption coefficient[1] and bandgap of 1.49 eV,[2] which
allows applications for gamma-ray detectors and solar cells.[3,4]

The CdTe solar cell is the most commercially successful thin-film
technology achieving a record 22.1% efficiency.[5] Increased effi-
ciency could be achieved by introducing dopants that generate a
partially occupied band with energies in the fundamental
bandgap. This is called intermediate band (IB). This concept
may allow to overcome the theoretical Shockley–Queisser effi-
ciency limit.[6] The promotion of electrons from the valence band
(VB) to the conduction band (CB) can be enhanced by means
of two-step transitions VB!IB!CB energized by sub-bandgap
photons, thus increasing the photogenerated current. This con-
cept is known as intermediate band solar cell (IBSC).[6,7]

Several doped semiconductors have been proposed as IB
materials such as ZnTe:Cr,[8] ZnTeO,[9,10] V-doped SnS2,

[11]

V-substituted In2S3,
[12] and GaNAs,[13] among others. To obtain

the IB, it is necessary to control doping accurately because there
is a minimum and maximum doping concentration required to
induce the IB. The IB capability to enhance photogeneration is

determined by photogeneration and recom-
bination probabilities. Low doping can
cause radiative and nonradiative recombina-
tion centers. Recombination can be reduced
if in-gap impurity states become delocalized,
which requires a relatively high dopant
concentration. High doping concentration
can lead to agglomerations of doped mate-
rial, which can compensate the doping
effect inducing carrier degradation.[14–16]

Furthermore, an experimental study[17]

has shown an increase in short-circuit cur-
rent when CdTe solar cells are doped with
bismuth. Such increase has been attributed

to an IB. A theoretical study[18] also pointed out the presence of
an IB in Bi-doped CdTe using the HSE06 screened hybrid func-
tional, associated with several complex defects, such as Bii–VCd,
BiCd–OTe, and 2BiCd. Ríos-González et al.[19] have shown that
calculations including the spin–orbit coupling (SOC) predict that
simple substitutional defects, BiCd, and BiTe, can also generate an
IB. In this work, the role of interstitial Bi has been included and
compared with substitutional Bi. The obtained electronic struc-
ture supports the hypothesis that Bi can generate an IB in CdTe.

2. Methodology

2.1. Electronic Structure Calculations

Density functional theory (DFT) has been used to calculate the
energy bands of Bi-doped CdTe. The plane-wave projector aug-
mented wave (PAW) scheme has been used,[20,21] as implemented
in the Vienna Ab Initio Simulation Package (VASP).[22] The
exchange and correlation effects have been included using the
hybrid functional proposed by Heyd, Scuseria, and Ernzerhof
(HSE),[23] When SOC is included in calculations with the HSE
functional, a bandgap of 1.2 eV is obtained for CdTe. To match
the CdTe experimental bandgap of 1.5 eV, the range-separation
parameter ω in the HSE functional has been modified to
ω¼ 0.0811 Å�1, referring to this functional as HSE(ω)þ SOC
(see Appendix 1). It is known that defect states and host states
may need different screening parameters, and fake in-gap states
may appear due to supercell size effect with hybrid function-
als.[24,25] Hence, it was verified that with our setup, the perfect
CdTe supercell with either an extra hole or an extra electron
(charge 1þ and 1�) does not show in-gap states. The wavefunc-
tions have been expanded in plane waves with cutoff energy
of 265 eV, obtaining converged forces and total energies with
the library of PAW potentials for many-body GW calculation.
To verify that the structural properties and the total energies of
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CdTe are well described, the lattice parameter and bulk modulus
were obtained by fitting the Birch–Murnaghan equation of state.
The obtained values of 6.54 Å and 41.05 GPa are close to experi-
mental values of 6.481 and 44.5 GPa, respectively.[26]

In our model, the Bi impurity was placed at Cd or Te positions
or at interstitial sites in a CdTe 64-atom supercell (SC64). The sys-
tem was sampled in the reciprocal space with Γ-centered 2� 2� 2
k-point grid. Each impurity model was relaxed using the general-
ized gradient approximation (GGA) exchange-correlation func-
tional as proposed by Perdew, Burke, and Ernzerhof (PBE).[27]

Afterward, the relaxation was refined using the HSE(ω) functional
without SOC, and finally, one last relaxation was conducted with
HSE(ω)þ SOC. The relaxed structures are provided in the
Supporting Information. The CdTe heat of formation ΔH(CdTe)
calculated with PBE was �0.78 eV, whereas HSE(ω)þ SOC gave
a value of �1.19 eV. The latter value is close to the experimental
one of�1.04 eV.[28] The energy of bulk Cd has been found relaxing
the 2-atom crystallographic unit cell, sampling the Brillouin zone
with a 22� 22� 22 k-point grid. Similarly, the energy of bulk Te
has been obtained relaxing the crystallographic 3-atom unit cell
with the Brillouin zone sampled with a 9� 9� 9 k-point grid.
The energy of bulk Bi has been computed with an 8� 8�
8 k-points grid in the Brillouin zone using a 6-atom unit cell.

The formation energy of substitutional and interstitial
bismuth impurities, Bix (x¼Cd, Te, ic [interstitial surrounded
by cations] or ia [interstitial surrounded by anions]), has been
calculated as the difference between the global energy of a
SC64, and the energy of the same supercell with the impurity.
The chemical potentials of Bi, and the released Cd or Te (in sub-
stitutional case) must be included in the formation energy.
For example, the formation energy of BiCd is

ΔHf ðBiqCdÞ ¼ EðBiCdn�1TenÞ þ ½EðCdÞ þ ΔμCd�
� EðCdnTenÞ � ½EðBiÞ þ ΔμBi�
þ q½EV þ EF� þ ΔEsize

(1)

where n¼ 32 for the SC64 model. To obtain the formation
energy of interstitial Bi, it is enough to drop the term
[E(Cd)þΔμCd] in Equation (1) and change n� 1 by n. The for-
mation energy of BiTe is obtained by the exchange of Cd with
Te in Equation (1). The term E(Cd) is the energy of bulk Cd,
computed, as described earlier. ΔμCd is the chemical potential
relative to the reference state, which depends on the thermody-
namic equilibrium conditions. In Cd-rich condition ΔμCd¼ 0,
whereas in Cd-poor conditions (or Te-rich conditions) ΔμCd
has the value of the heat of formation ΔH(CdTe).[29] For a
charged defect, q is the number of electrons donated to the
environment. EV þ EF is the electron chemical potential, where
EF is the Fermi level relative to the VB maximum EV. For dilute
impurities, it is necessary to include size corrections (included
in Appendix 2), ΔEsize, that are described in a previous
study.[30] Appendix 2 shows that the size-corrected formation
energies computed at PBE level with SC64s closely approximate
the results obtained with 512-atom supercells. Thermodynamic
conditions to prevent precipitation of Bi or Bi2Te3 are included
by means of the following restrictions on chemical potentials:

ΔμBi ≤ 0 (2)

2ΔμBi þ 3ΔμTe ≤ ΔHðBi2Te3Þ (3)

Here, the calculated Bi2Te3 heat of formation has a value
of ΔH(Bi2Te3)¼�0.90 eV. The expressions in Equation (2)
and (3) implies that in Te-rich condition, ΔμBi≤�0.45 eV,
whereas in Cd-rich conditions, ΔμBi≤ 0. The equalities have
been considered for the results shown in Section 2.3, under-
standing that the reported formation energies are minimum
values.

2.2. Electronic Structure

This section corresponds to the analysis of the band structure
of different defects, BiCd, BiTe, Biic, and Biia, which is shown
in Figure 1, along with the projected density of states
(PDOS). The band diagrams and density of states (DOS) have
been calculated for SC64 models with the HSE(ω)þ SOC
formalism.

2.2.1. BiCd

The BiCd impurity assumes a configuration with Td symmetry,
where the bonds Te—Bi have a length of 3.09 Å (Figure 2b).
A defect complex VCdþ Bii results in the relaxation of Bi atom
into the position of the vacancy of cadmium. Figure 1b shows the
band structure calculated for BiCd defect. The impurity creates a
flat band below the conduction band minimum (CBM). This in-
gap band is nondegenerate, and it is occupied in the neutral state.
In the Γ point, the IB is 0.23 eV below the CBM. The charge state
1þ is also possible, therefore, the defect BiCd is a donor. To take
advantage of the IB solar cell, it is necessary to obtain a half-filled
IB.[6] This can be achieved in combination with acceptor impu-
rities or intrinsic defects, e.g., VCd.

2.2.2. BiTe

The band structure of BiTe in the SC64 model is shown in
Figure 1c. This defect is a deep acceptor with charge states
0 and 1�, and it can create a nondegenerate IB. The IB energy
at the Γ point is 0.80 eV below the CBM. The PDOS shows that
the contribution to the IB comes from Bi and Te atoms. These
are the second neighbors of Bi as the first neighbors are
Cd atoms. The top of the VB is also modified by the impurity.
The Te 5p orbitals give the largest contribution to the upper part
of the VB in pure CdTe.[31] The presence of the impurity
splits the valence band maximum (VBM) and originates a com-
plex band structure with dispersion, due to Bi and Te orbitals.
This effect is expected to disappear for a lower Bi concentration,
which can be modeled with a larger supercell.[30]

2.2.3. Biic

As shown in Figure 1d, bismuth in a cation interstitial site
generates a double band inside the CdTe bandgap. According
to the PDOS, both bands arise from bismuth interaction
with tellurium second neighbors (recall that the bismuth is sur-
rounded by cadmium atoms). These bands are 0.66 and 0.89 eV
above the VBM, and they are completely occupied in the neutral
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state. The Bi—Cd bond distances are 2.99 and 3.07 Å (Figure 2d),
respectively. This defect is stable; however, near a cadmium
vacancy, it is unstable. In our calculations, the complex defect
VCdþ Bii relaxes to a BiCd defect. Although the size of the Bi
atom may prevent its diffusion across the lattice, diffusion of
Cd vacancies may lead to annihilation of this defect.

2.2.4. Biia

As shown in Figure 2e, the distance between Bi and its first
neighbor (Te) is greater than for Biic. This causes a considerable
distortion in the CdTe lattice. As shown in Figure 1e, two bands
appear near the bandgap center, as well as another flat band that

Figure 2. The structural model shows the atomic distance in each case after relaxation with HSE(ω)þ SOC. Black, yellow, and blue balls represent
Te, Cd, and Bi atoms, respectively. a) Perfect CdTe, b) BiCd, c) BiTe, d) Biic, and e) Biia.

Figure 1. Band structures and PDOSs of a) CdTe, and the defects b) BiCd, c) BiTe, d) Biic, and e) Biia, performed with a SC64. All band structures
for the defective SC64 were calculated in neutral charge state.

www.advancedsciencenews.com www.pss-b.com

Phys. Status Solidi B 2020, 1900693 1900693 (3 of 7) © 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

http://www.advancedsciencenews.com
http://www.pss-b.com


is degenerate with the CBM at the Γ point. The bands inside
the bandgap are totally occupied. Therefore, this is a deep donor.
The PDOS shows the main Bi character of these bands.

2.3. Formation Energy of Isolated Defects

Using the SC64 model, the formation energies have been calcu-
lated (Figure 3). For BiCd, the stable charge states for Fermi level
inside of the CdTe bandgap are neutral and 1þ, with the transi-
tion level ε(1þ/0)¼ 1.30 eV. The stable charge states for BiTe
are 1þ, 0, and 1�. The transition levels are ε(1þ/0)¼ 0.25
and ε(0/1�)¼ 0.64 eV. For Biic, the stable charge states are
2þ and 1þ. The transition level for this defect is ε(2þ/1þ)¼
0.45 eV. Finally, the defect Biia is stable in 3þ, 2þ, and
1þ charge states with transition levels ε(3þ/2þ)¼ 0.32 and
ε(2þ/1þ)¼ 0.66 eV.

The Cd- or Te-richness modifies the relative stability of the
defects as described by the chemical potential terms in
Equation (1). Figure 3 shows that in Cd-rich condition BiTe
has the lower formation energy, it means that this is the most
plausible defect in thermodynamic equilibrium. In contrast,
for Te-rich condition, BiCd is the most plausible defect. For this
reason, by controlling the Cd- and Te-rich conditions the defect
can be changed.

The computed formation energies constitute rough estima-
tions for the limit of isolated defects. The bismuth concentration
in SC64s is higher than the nominal concentrations reported in
experimental works.[17,32] Regretfully, the high cost of the calcu-
lation with SOC and hybrid functional has not allowed us to use
larger supercells. The size-effect corrections mitigate the error,
but one cannot discard the effect of excessive Bi concentration
on the quantum state obtained, as has been shown for the tellu-
rium vacancy.[30] In any case, the calculation in this work makes
clear that substitutional Bi is energetically favored over interstitial
Bi. The relatively high values of Biic and Biia energies indicate the
low stability against the substitutional defects, as well as high
barriers for Bi diffusion.

For an IB absorber material, it is necessary to achieve high
dopant concentration, and the whole material must be neutral.
Therefore, the impurities must be neutral or must be compen-
sated by another highly concentrated impurity. The formation

energies of neutral BiTe and BiCd are rather high, hence the mate-
rial is not thermodynamically stable. However, the large size of
Bi implies that it should have low diffusion coefficient, allowing
the material to be stable kinetically. It remains to be determined
what is the real concentration of bismuth, in opposition to the
reported nominal concentration.[17,32]

The implantation of bismuth can be favored in a charge state
of low formation energy. This could be attained using a co-dopant
with the opposite charge. For example, substitutional chlorine
(ClTe) is a well-known donor[33,34] that favors the presence of
compensating acceptors like VCd, or BiTe. The extended practice
of CdCl2 treatment may explain the successful reports of
Bi implantation in CdTe.[17,32] Alternatively, BiCd could be
favored by codoping with an acceptor group I[35,36] or group V
element.[37–40] Diffusion of these species out of the material[36]

would let BiTe in neutral charge state.
Let us stress that the role of IBs is not to modify the n- or

p-type character, but to increase the carriers in the VB and CB
taking advantage of sub-bandgap photons. The IB material must
be confined within regions lacking IB, and the charge carriers
must be able to reach these regions before recombination.
While the latest issue cannot be assessed from our research,
the issue of confining the IB region seems feasible because
the large size of the Bi atoms should hinder its diffusion.

Another interesting issue is the delocalization of the
Bi-induced deep levels. Localization arises for low impurity
concentration induced by disorder (Anderson transition) by elec-
tronic correlation (Mott transition). The minimal concentration
to have delocalized states cannot be directly obtained from our
periodic DFT calculations, which provide delocalized band states
by construction for any impurity concentration. Hence, the
bands presented in this report are meaningful, and useful for
IBSC, if the Bi concentration is higher than the, still unknown,
threshold concentration. Furthermore, the IB states may not
necessarily grant efficient optical transitions. These questions
merit further investigation. To the best of our knowledge, the
results obtained in the study by Vigil-Galán et al.[17] are the sole
experimental evidence of the IB effect in Bi-doped CdTe.

3. Conclusions

To obtain accurate band structures of CdTe doped with Bi,
an adapted HSE hybrid functional has been used. The
HSE range-separation parameter was adjusted to the value
ω¼ 0.0811 Å�1, which allows to reproduce the CdTe experimen-
tal bandgap. This adjusted functional was used to study different
simple defects such as bismuth impurities in interstitial and
substitutional positions to show active levels inside the CdTe
bandgap. The results indicate that the presence of Bi in different
positions in the CdTe lattice can cause deep levels in its bandgap.
Interstitial Bi is less stable than substitutional Bi in the CdTe
lattice, as confirmed by energy calculations. According to the
formation energy, the thermodynamically more stable defects
are BiTe and BiCd for Cd-rich and Te-rich conditions, respectively.
Usually, CdTe is deposited with close space sublimation
technique, allowing Cd-rich conditions.[41,42] For this reason,
the most important defect is BiTe, which can induce an
IB at 0.8 eV below to the CBM. The in-gap position of the

Figure 3. Formation energies of BiCd, BiTe. Biic, and Biia, as a function of
the Fermi level.
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IB is achieved only when the SOC is included in the calculations.
The results using the hybrid functional HSE(ω) without SOC do
not show the contribution in the levels inside of CdTe bandgap
for the simple defects considered. BiTe also causes the least
distortion in the CdTe lattice. The increase in the short-circuit
current presented in the study by Vigil-Galán et al.[17] for
Bi-doped CdTe solar cells could be explained with our results.

Appendix 1

Validation of the HSE(ω) Functional

By means of comparison with GW calculations, the accuracy
of the functional in predicting the VB and CB edges can be
assessed. Figure A1 shows the bandgap, the CBM, and the
VBM, computed using the functional HSE(ω)þ SOC for differ-
ent values of the range separation parameter ω, as well as with
the PBE0 method and the G0W0 approximation. The G0W0 cal-
culation was carried out starting from wavefunctions computed
with the HSE06 functional, including SOC, for the 2-atom
primitive cell. The number of bands was studied up to 1600
(18 occupied), but 800 were found enough to obtain the quasi-
particle energies within 0.01 eV. An 8� 8� 8 k-point grid, a
169.4 eV cutoff for the response function, and 96 frequencies
were used. The obtained bandgap was 1.56 eV, which is very
close to the experimental bandgap at low temperature.[43]

The HSE functional has two parameters, the fraction of exact
exchange α, and the range-separation parameter ω. In the stan-
dard HSE06, α¼ 0.25 and ω¼ 0.2 Å�1, the latter being the result
of fitting for a group of semiconductors.[27] In contrast, for ω¼ 0
one obtains the PBE0 functional, which in its standard form has
α¼ 0.25. As shown in Figure A1, PBE0 (with α¼ 0.25) gives a too
large bandgap of 1.86 eV. All calculations are including SOC.
In contrast, HSE06 gives a too small bandgap of 1.2 eV. It is
widely practiced adjusting the parameter of exact exchange
α in HSE, or PBE0 to fit the bandgap. For PBE0, it has been
argued that α must be equal to the inverse of the high-frequency
dielectric constant 1/ϵ∞.

[44] However, this leads to a too small
bandgap in CdTe. PBE0 with α¼ 0.20 fits the bandgap,

as well as HSE with α¼ 0.25 and ω¼ 0.0811 Å�1. The latter,
HSE(0.25, 0.0811), can be regarded as an interpolation between
HSE06 and PBE0. The energies of the VBM and CBM are
0.26 eV above the G0W0 values. Regarding the band edges, the
G0W0 VBM energy is best approximated by the PBE0 functional,
whereas the CBM is best approximated by the HSE06 functional.
The bandgap is best approximated by HSE(0.25, 0.0811) and
PBE0(0.20).

Appendix 2

Size Corrections

Table A1 shows the different size corrections applied to obtain
the formation energies in the dilute limit. The size correction is
obtained as the sum

ΔEsize ¼ ΔEb:f : þ ΔEp:a: þ ΔEL�Z: (A1)

All the terms have been calculated as described in the study by
Menéndez-Proupin and Orellana.[30] The first term is the band-
filling correction, applied for charge states that contain electrons
in the CB or holes in the VB. The second term is the potential
alignment correction, needed to align the energy scales of the
defect supercells and the pristine CdTe. This correction is
applied to the energies of non-neutral supercells. The last term

Figure A1. Bandgap, VB maximum, and CB minimum of CdTe,
with different parameters of the HSE and PBE0 functionals, compared
with G0W0.

Table A1. Size corrections to the formation energies (in eV) using the
HSEþ SOC functional for SC64. The blank spaces correspond to
values not required in the energy formation calculation.

Correction Charge state

1� 0 1þ 2þ 3þ
Defect: BiCd

ΔEb.f. 0 0

ΔEp.a. 0 0.14

ΔEL-Z 0 0.08

ΔEsize 0 0.22

Defect: BiTe

ΔEb.f. 0 0 0

ΔEp.a. 0.09 0 0.04

ΔEL-Z 0.08 0 0.08

ΔEsize 0.17 0.12

Defect: Biic

ΔEb.f. 0 0 0

ΔEp.a. 0.07 0.52 1.02

ΔEL-Z 0.08 0.34 0.76

ΔEsize 0.15 0.86 1.78

Defect: Biia

ΔEb.f. 0 0

ΔEp.a. 0.22 0.55 0.93

ΔEL-Z 0.08 0.34 0.76

ΔEsize 0.30 0.89 1.66
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corrects the interaction of the charges localized at the defects
with its periodic images, following the scheme proposed by
Lany and Zunger.[45] To assess the accuracy of this size correc-
tions, the formation energies have been computed with the effi-
cient PBE functional with a 512-atom supercell, and they have
been compared with the results from the SC64 in the same
approximation.

Recalling Equation (1), we can define the difference between
the formation energies computed with both supercell models, as

ΔHf ð512Þ�ΔHf ð64Þ¼EðCd256Te256þXÞ�EðCd256Te256Þ
�½EðCd64Te64þXÞ�EðCd64Te64Þ�

(A2)

Or, including the size effect corrections

ΔHf ð512Þ�ΔHf ð64Þ¼EðCd256Te256þXÞ�EðCd256Te256Þ
�½EðCd32Te32þXÞ�EðCd32Te32Þ�
þΔEsizeð512Þ�ΔEsizeð64Þ

(A3)

For 512-atom supercell, only the Γ point is used, therefore
ΔEb:f ð512Þ ¼ 0. ΔEL�Zð512Þ is half ΔEL�Zð64Þ.

It is known[30] that different functionals can lead to different
atomic arrangements around defects. Hence, the PBE formation
energiesΔHf ð64Þ have been computed with the atomic positions
obtained with HSE(ω)þ SOC, without further relaxation.
To obtain ΔHf ð512Þ, Bi-centered clusters were built from the
SC64s and were embedded in perfect 512-atom supercells.
The atomic positions of the atoms that remain out of the clusters
were relaxed. The size corrections with both 64- and 512-atom
models are shown in Table A2. Comparing values of Table A1
and A2 for the 64-atommodel, one can appreciate significant dif-
ferences that are due to the change of functional. For example,
the band-filling corrections for BiCd in neutral charge state are
completely different with HSE(ω)þ SOC and PBE. This happens
because with PBE, there is no IB like with HSE(ω)þ SOC, and
the highest occupied level is the CB. For this state, the size cor-
rection in the 64-atommodel is�0.614 eV, whereas for 512-atom
model there is no correction. The difference of formation
energies is �0.638 eV when evaluated by Equation A(1), but
when the size effect correction is included with Equation A(2),
the difference reduces to �0.024. For the other impurities
and charge states, the difference is also small. The biggest dif-
ference is for Biia(0), for which no size correction is applicable.
At PBE level, Biia(0) has the CB resonant with the defect bands,
resulting in three electrons occupying four bands. No band
filling correction was applied, as done with the hybrid functional.
If the band filling correction is applied to these bands, �1.28 eV
is obtained. If only the top three bands are considered, contain-
ing one electron, a correction of �0.50 eV is found. In this
case, the explicit calculation with a large supercell is the
only safe approach. However, the difference of �0.215 eV is
reasonably small. Therefore, we believe that the formation
energies obtained at HSE(ω)þ SOC with the small SC64s are
meaningful.
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Table A2. Size corrections to the formation energies (in eV) using the PBE
functional for both SC64s and 512-atom supercells. The blank spaces
correspond to values not required in the energy formation calculation.
In the size corrections (ΔE), the values correspond to 64-atom/
512-atom supercell. In the ΔHf box, the upper value corresponds to
the difference without size corrections and the one below corresponds
to the difference including the size correction.

Correction Charge state

1� 0 1þ 2þ 3þ
Defect: BiCd

ΔEb.f. �0.614/0 0/0

ΔEp.a. 0/0 0.134/0.051

ΔEL-Z 0/0 0.085/0.042

ΔEsize �0.614/0 0.219/0.093

ΔHf ð512Þ
�ΔHf ð64Þ

�0.638
�0.024

0.059
�0.067

Defect: BiTe

ΔEb.f. 0/0 �0.031/0 �0.097/0

ΔEp.a. 0.076/0.037 0/0 �0.053/0.006

ΔEL-Z 0.085/0.042 0/0 0.085/0.042

ΔEsize 0.161/0.079 �0.031/0 �0.065/0.048

ΔHf ð512Þ
�ΔHf ð64Þ

0.070
0.012

0.058
0.089

0.045
0.158

Defect: Biia

ΔEb.f. 0/0 0/0

ΔEp.a. 0/0 0.855/0.396

ΔEL-Z 0/0 0.765/0.382

ΔEsize 0/0 1.620/0.778

ΔHf ð512Þ
�ΔHf ð64Þ

�0.215
�0.215

0.875
0.033
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