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Role of copper interstitials in CulnSe,: First-principles calculations
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Formation enthalpies and migration barriers of copper interstitials and Frenkel pairs in CulnSe, (CIS) are
determined by first-principles calculations within density functional theory using the nonlocal screened exchange
Heyd-Scuseria-Ernzerhof (HSE06) functional. Interstitials occur on four symmetrically inequivalent sites with
formation enthalpies of 0.17-0.38 eV, which are much lower than previously reported values based on local
approximations. A direct interstitial and indirect interstitialcy diffusion mechanism with migration barriers as
low as 0.22 and 0.34 eV are identified. The results provide evidence that the fast interstitial diffusion of copper
is important for understanding metastabilities, Fermi-level pinning at interfaces, electric-field-induced creation
of p-n junctions, and widely varying experimentally measured diffusion coefficients in CIS devices.
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Understanding and controlling copper diffusion in
CulnSe;-based solar cells is essential for optimizing photo-
voltaic devices based on this absorber material. Copper redis-
tribution at the CulnSe,/CdS interface has been proposed to be
responsible for the voltage-bias-induced metastable behavior
of CulnSe, solar cells." A model in which copper interstitials
exhibit long-range field-induced drift from an interface into
the bulk leaving negatively charged vacancies behind was
formulated by Herberholz et al.,' but direct evidence for
this mechanism is still lacking today. Copper migration from
the interface into the bulk has also been observed during
the deposition of the CdS buffer layer on CulnSe, at a
certain Fermi pinning level.>* Finally, external electric fields
induce p-n junctions in p-type CulnSe, which is due to
copper migration.* For all of these phenomena, however,
the atomistic details are not thoroughly understood and the
experimentally measured copper diffusion coefficients scatter
over seven orders of magnitude from 107" to 1077 cm?/s
at room temperature.>'%-!3 The fact that the copper vacancy
diffusion mechanism cannot account for fast ion conductivity
and is insensitive to drift from electric fields due to its
rather high migration barrier of 1.26 eV (Ref. 14) suggests
that alternative copper diffusion mechanisms, such as copper
interstitial diffusion, are operational. However, local density
functional theory (DFT) calculations with static band-gap
corrections report formation enthalpies larger than 2 eV for the
copper interstitial,'>!® which makes a significant contribution
of interstitials to the copper diffusion unlikely.

In this Rapid Communication, much lower than previously
reported formation enthalpies are obtained by using the
screened-exchange hybrid functional of Heyd, Scuseria, and
Ernzerhof [HSEO6 (Refs. 17 and 18)] and two particularly fast
copper interstitial diffusion mechanisms are identified.

The calculations were carried out using the HSE06 and the
Perdew-Burke-Ernzerhof generalized gradient approximation
(PBE-GGA)" functional as implemented in the VASP code.?”
The Hartree-Fock screening parameter w of the HSE06 hybrid
functional has been adjusted to @ = 0.13 A=! in order to
give accurate band gaps, while the standard fraction of exact
exchange of 0.25 was used.?! The band gaps of CulnSe,
CuGaSe;, CulnS,, and CuGaS, are all very well described
using this single value for the screening parameter.'* We
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use projector augmented-wave potentials (PAWs) for the
description of the effective potential due to the nucleus and
the core electrons. A plane-wave energy cutoff of 350 eV is
used. The formation enthalpies and migration barriers have
been calculated using a tetragonal supercell with 64 atoms.
Brillouin-zone integrations for these cells were performed
using a ['-centered 4 x 4 x 4 k-point grid for the PBE
calculations and a 2 x 2 x 2 grid in the case of the hybrid
functional. The energy difference for both sampling grids is
only a few meV when using PBE-GGA and therefore we also
expect the formation enthalpies to be sufficiently converged
when using HSEQ6. In the case of the hybrid functional, ionic
relaxation has been carried out with a truncated Fock operator.
After full ionic relaxation, the wave functions were converged
using the full Fock operator. The correction to the formation
enthalpies when treating the same ionic configuration and
the reference cell with the full Fock operator as compared
to the truncated one adds up to a difference in the defect
formation enthalpies of not more than 15 meV, which shows
that truncation of the Fock operator is a safe approximation
for this defect due to good error cancellation. The Hellmann-
Feynman forces have been converged to values below
0.05 eV/A. The electrostatic correction has been carried
out within the scheme developed by Freysoldt et al.>> This
correction amounts up to 0.15 eV for single charged copper
interstitials. Migration barriers have been calculated by the
climbing-image nudge-elastic band method (CI-NEB)?? using
three images for the direct and indirect interstitial mechanism
and 11 images for the Frenkel pair formation process. The
defect formation enthalpies of the copper interstitials are
calculated as

AH™ (Apca.€r) = AEget = picu + qlevem +€r). (1)

where A Eqr is the calculated energy difference between the
system with and without the copper interstitial, j1cy = &t +
Apcy is the chemical potential of copper, ¢ is the charge
state of the interstitial, eygy is the energy of the valence-band
maximum obtained from the calculation, and € is the Fermi
energy.

The copper interstitial in CulnSe, can occur in distinct
stable configurations on four different crystallographic sites
(see Figs. 1 and 2). These positions are the octahedral (with

©2011 American Physical Society

Urheberrechtlich geschiitzt / In Copyright



http://dx.doi.org/10.1103/PhysRevB.84.121201
https://rightsstatements.org/page/InC/1.0/

JOHAN POHL, ANDREAS KLEIN, AND KARSTEN ALBE

FIG. 1. (Color online) The copper interstitial atom (black) can
relax in four different configurations. The octahedral (with respect
to the cations) site A, which is the ground state using HSEQ6, the
tetrahedral site B, which is the saddle-point configuration of the direct
migration mechanism, and the two trigonal planar sites C and D. Site
C is the ground state within GGA. Compare also Fig. 2. Copper:
(red/light gray); indium: (blue/dark gray); selenium: (yellow/white).
Images created with OVITO (Ref. 24).

respect to the cations) site A, the tetrahedral site B, and the
two trigonal planar sites C and D, where an interstitial at site
C has two nearest copper neighbors and one nearest indium
neighbor, and the interstitial at site D has one nearest copper
neighbor and two nearest indium neighbors. Sites A and B
have been treated in Ref. 16, while calculations for sites C and
D have not yet been reported, to the best of our knowledge.
In the following, the formation enthalpies of the single pos-
itively charged and neutral copper interstitial at the different
sites are quoted for Auc, = 0 and a Fermi-level position at
the valence-band maximum (er = 0) as the reference state
(Table I). The chosen values may be translated to other
conditions using Eq. (1). With the GGA functional the trigonal
planar site C is actually the ground state of the single positively
charged copper interstitial (see Table I). Its formation enthalpy,
however, is only 0.03 eV lower compared to the octahedral
site A. The GGA values without band-gap correction for sites
A-D are all very similar and close to 1 eV. When adding the

Selenium
tetrahedron

Cation
Octahedron

FIG. 2. (Color online) The octahedral copper interstitial atom on
site A (central black) can migrate via a direct mechanism (straight
arrow) and an indirect interstitialcy mechanism (dashed arrows). On
the cation octahedron indium (blue/dark) is displayed larger than
copper (red/light gray).
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value of the band gap of 1.04 eV, the interstitial formation
energies within GGA are comparable to the value of 2.04 eV
given in Ref. 15. Using the hybrid functional HSE06 with an
adapted screening parameter, however, we find significantly
lower formation enthalpies from 0.17 to 0.38 eV. The hybrid
functional values reverse the energetic order between site
A and C, i.e., the octahedral site A is the ground state for
HSEOQ6, while the trigonal planar sites C and D are 0.04 eV
higher in energy. Although these energy differences are small,
an accurate treatment of the exchange-correlation energy
therefore is important for obtaining the correct ground state in
the case of the copper interstitial. The very similar formation
enthalpies of sites A, C, and D show that the octahedral copper
interstitial has significant freedom to move within the selenium
tetrahedron (see Fig. 1). The low formation enthalpies obtained
from the hybrid functional compared to the uncorrected GGA
values originate from two sources: First, the use of the hybrid
functional leads to a downshift of the valence-band maximum,
while the static band-gap correction basically assumes that
only the conduction band shifts upward. Second, the more
accurate treatment of the exchange-correlation energy in the
hybrid approach leads to a smaller difference in the total
energies. The dominating first effect enters Eq. (1) via eyppy,
while the second effect enters via AEgs. Comparing the
formation enthalpies of the positive copper interstitial from
the uncorrected GGA functional and from HSE06, we can
split up the difference into the contribution of the valence-band
shift Aeygm = 0.51 eV and the difference in the total energies
of the defects containing the exchange-correlation energy
difference A Eqs = 0.32 eV. For comparison, in Ref. 25 a
valence-band shift of Aeygy = 0.37 eV has been determined
when using LDA + U vs local density approximation (LDA),
but the formation enthalpy of the copper interstitial has not
been determined. The copper interstitial formation enthalpy of
2.04 eV obtained from LDA in Ref. 15 suffers from an
inappropriate static correction, which is not equivalent to
Eq. (1) and the corresponding expression in Ref. 25 and
uses the position of the conduction band as the reference for
donors. Therefore, it results in particularly large errors for
donor defects in all charge states, which are approximately
the band gap times the dominating charge state in magnitude.
This explains the large difference in formation enthalpies of
the Inc, antisite defect in Ref. 15 obtained from LDA with
the static band-gap correction as compared to Ref. 25 using an
LDA + U corrected position of the valence-band maximum,
which amounts up to 2.53 eV for the charge state 42 and is of
similar magnitude for other charge states.

The formation enthalpies as well as the analysis of the
eigenvalues show that the copper interstitial is a shallow donor,
which does not create deep states in the band gap. The shallow
donor behavior and the rather small k-point grid make a
relatively large band-filling correction necessary (Table I, see
Ref. 25 for a discussion of the band-filling correction). This
is only necessary for the neutral charge state, for which the
conduction band is populated.

Two possible migration mechanisms of the copper intersti-
tial were identified. A direct mechanism, where the octahedral
copper interstitial (site A) migrates via the tetrahedral saddle-
point site (site B), and an indirect interstitialcy mechanism,
where the octahedral interstitial knocks out a copper atom
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TABLE I. Copper interstitial and Frenkel pair formation enthalpies AH (Aucy = 0,6 = 0) [see Eq. (1)] in eV. The values in brackets
do not include the band-filling correction. All reported values include the electrostatic correction. The GGA values for the neutral defect are
reported with and without a static band-gap correction to the conduction band (GGA + band gap), but without band-filling correction.

This work References
Cu; " HSEO06 GGA LDA + static (Ref. 15)
Site A 0.17 0.94 2.04*
Site B® 0.38 1.07 —
Site C 0.20 0.91 —
Site D 0.21 0.96 —
Cuy;° HSEO6 GGA GGA + band gap GGA (Ref. 16) GGA + band gap (Ref. 16) LDA + static (Ref. 15)
Site A 1.21(1.68) 1.52 2.56 1.67 2.67 2.88*
Site B? 1.41(1.88) 1.67 2.71 1.76 2.76 —
Site C 1.25(1.72) 1.52 2.56 — — —
Site D 1.24 (1.71) 1.55 2.59 — — —
Frenkel pair® 1.45 1.21

¥We assume that the value is for the octahedral site A.
bSite B is a saddle-point configuration.

°The distance between the copper interstitial and the vacancy within the supercell was 5.46 A.

from a lattice site to the next octahedral site (see Fig. 2). The
hybrid functional gives a migration barrier of AH,, = 0.22 eV
for the direct mechanism and a barrier of 0.34 eV for the
indirect mechanism in the case of the positive charge state
(see Table II). Similar to the copper vacancy migration,'*
the GGA functional gives slightly lower migration barriers.
Note, however, that the reported GGA migration barriers are
measured from a different ground-state configuration (site C).

As photoenhanced copper diffusion may occur, it is also
interesting to compare the migration barriers for different
charge states. We find that the migration barriers of the
neutral charge state are only reduced by at most 0.04 eV in
comparison to the positive charge state, which is unlikely to
account for a significant enhancement of copper diffusion.
However, illumination-enhanced copper diffusion may also
originate from space-charge-induced electric fields, when
the illumination changes the magnitude of the field. The
occurrence of direct and indirect diffusion paths is in line
with the finding of Cahen et al.,'' who stated that the better
than expected stability of p-n junctions in CulnSe, may
be explained by more than one active diffusion mechanism.
Activation energies of the two mechanisms are given by

E((Z:u,»+ — AH?u’j + AH’Suﬁ. Using Eq. (1), we can write
ESV = AHTY (0.0) = Apcu +er + AHS . (2)

For typical copper-poor p-type high-grade photovoltaic
material, the typical Fermi level is € &~ 0.25 eV and Apcy &
—0.5 eV,?® which gives an approximate activation energy of
1.14 eV for the direct and 1.26 eV for the indirect diffusion

mechanism, both being close to the activation energy of
1.26 eV for the vacancy mechanism.'* This shows that all
three mechanisms similarly contribute to the copper self-
diffusion in high-grade photovoltaic CulnSe;, which poses a
challenge to their experimental detection. The model proposed
by Herberholz et al.! for long-range copper migration at
interfaces requires atoms to leave their lattice sites close to the
interface, thereby creating Frenkel pairs. The activation barrier
for Frenkel pair formation for both a direct and an indirect
mechanism have been calculated only with the GGA functional
as these calculations are rather expensive due to the 11 images
used for this process in the CI-NEB calculation. Similarly
to the diffusion processes, a Frenkel pair can be created
via a direct mechanism, i.e., an atom is displaced from its
lattice position to an interstitial site, or an indirect mechanism,
i.e., it kicks out one of its nearest neighbor copper atoms.
The activation barriers of the direct and indirect Frenkel pair
formation process as obtained from the GGA-NEB calculation
are 1.26 and 1.43 eV. This barrier has to be thermally overcome
before copper interstitials may exhibit fast diffusion under the
influence of an interface space charge or external electric field.
For copper-poor samples, however, frequent recombination
with vacancies is expected to inhibit fast copper interstitial
diffusion to some degree.

In conclusion, we have calculated the formation enthalpies
and migration barriers of the copper interstitial and Frenkel
pairs from the screened exchange hybrid functional HSE06 and
the GGA functional. Both the rather low formation enthalpies
and the low migration barriers clearly show that not only the
copper vacancy but also the interstitial is an important defect

TABLE II. Migration barriers A H,, for the positive and neutral charge state of the copper interstitial diffusion mechanisms in CulnSe, and
the activation barrier of Frenkel pair formation (Frenkel pair GGA) in eV.

HSEO06 Cu;* HSE06 Cu;° GGA Cuy;* GGA Cuy,° Frenkel pair GGA
Direct mechanism 0.22 0.20 0.13 0.09 1.26
Indirect mechanism 0.34 0.30 0.30 0.26 1.43
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driving copper diffusion phenomena in CulnSe,. A direct and
an indirect migration mechanism with migration barriers as
low as 0.22 and 0.34 eV make the copper interstitial suscep-
tible to space-charge-induced drift. In contrast, a significant
dependence of the migration barriers on the charge state has
been ruled out. The formation enthalpies and energy barriers
for the migration and Frenkel pair formation processes are
consistent with a number of physical models that have been
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invoked for different phenomena related to copper diffusion in
the literature.
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