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Four-electron negative-U vacancy defects in antimony selenide
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The phenomenon of negative-U behavior, where a defect traps a second charge carrier more strongly than
the first, has been established in many host crystals. Here, we report the case of four-carrier transitions
for both vacancy defects in Sb,Ses;. A global structure searching strategy is employed to explore the defect
energy landscape from first principles, revealing large atomic reconfigurations which facilitate a major charge
redistribution. A thermodynamic analysis of the accessible charge states reveals a four-electron negative-U
transition (Ag = 4) for both Vs, and Vs, which, combined with previous calculations for antisites and interstitials,
now demonstrates amphoteric behavior for all intrinsic point defects in Sb,Se;, with an impact on its usage in
solar cells. The unusual behavior is facilitated by valence alternation, a reconfiguration of the local bonding

environments, characteristic of both Se and Sb.

DOI: 10.1103/PhysRevB.108.134102

I. INTRODUCTION

Point defects play a decisive role in the performance of
semiconductor devices [1]. They are localized in real space
and can act as charge traps. A defect can capture two charge
carriers of the same type with a larger binding energy for the
second than the first, if the stabilization energy (e.g., from
structural relaxation and exchange interactions) compensates
the on-site Coulomb repulsion energy between the two car-
riers [2,3]. This energy cost of trapping an additional charge
carrier is defined as the Hubbard correlation energy (U) [4],
and such a defect with negative correlation energy is termed
a negative-U center. The concept of negative U was proposed
by Anderson [5] to explain the preference of paired electrons
in chalcogenide glasses and expanded by Street and Mott [6]
to defects in the same materials. Kastner et al. [7] then pro-
posed a valence-alternation model to account for the atomic
reconstructions arising from dangling bonds. They noted that
valence alternation is applicable to both amorphous and crys-
talline chalcogenides as well as materials with group-V atoms
(e.g., As, Sb, Bi). Since then, negative-U behavior has been
widely reported in systems including oxides, carbides, and
compound semiconductors such as GaAs and CdTe. [8—12].

Antimony selenide (Sb,Ses;) has emerged as an earth-
abundant absorber layer for thin-film solar cells due to its
promising electronic and optical properties [13]. Despite re-
markable progress made in improving its power conversion
efficiency (PCE) over the last decade, the record efficiency
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is 10.57% [14], which is still far from the detailed-balance
limit of ~30% and performance of other commercial solar
cells. A key inhibitor of device performance in Sb,Ses is
defect-assisted recombination [15]. Point defects in Sb,Se;
have been widely studied by experimental measurements
[16-19] and first-principles calculations [20-24]. Defect-
detection techniques such as thermal admittance spectroscopy
(TAS), deep-level transient spectroscopy (DLTS), and optical
deep-level transient spectroscopy (ODLTS) can provide infor-
mation on defect density and energy levels, whereas the iden-
tification of defect atomic identity relies heavily on the theo-
retically calculated thermodynamic transition level (TL) [25].
Thus, an accurate prediction of defect behavior is essential.

Within the standard procedure of simulating point defects
in solids, defect structures are generated by removing, adding,
or substituting one atom in an otherwise pristine supercell.
Starting from an initial configuration, gradient-based struc-
tural relaxation is performed to obtain the defect geometries.
However, this approach will find the local minimum configu-
ration closest to the initial structure on the potential energy
surface (PES), which may not be the ground-state defect
structure [26-28]. Metastable structures are thus obtained and
the predicted properties are severely affected. The widespread
prevalence of this issue has recently been demonstrated
[27], and is expected to be exacerbated for systems such
as SbySe; with low-symmetry crystal structures and flexible
bonding environments, which yield complex PESs with many
local minima [29].

In this paper, motivated by the observations of valence
alternation in chalcogenide semiconductors and advances in
global structure searching, we have reinvestigated the accessi-
ble charge states and structures of vacancies in Sb,Ses. Going
beyond previous theoretical studies, which considered a more
limited range of charge states and configurations [20-24], we
reveal that both Vs, and Vs, are amphoteric, with unconven-
tional stable positive charge states for Vs, and negative charge
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FIG. 1. (a) Crystal structure (Pnma space group) of Sb,Ses;. The unit cell is represented by a cuboid. (b) Defect formation energy
diagram of Vs, and Vs, under Sb-rich equilibrium growth conditions. The slope of the solid line represents the charge state which
is shown adjacent to the line. The thermodynamic transition level corresponds to the Fermi-level position where two charged de-
fects have the same formation energies and is given by the solid circle. The valence band maximum (VBM) is set to 0OeV, and the
conduction band minimum (CBM) is obtained from the calculated fundamental (indirect) band gap of 1.42 eV by the HSE06 DFT

functional.

states for Vs.. We predict four-electron negative-U transitions
for both Sb and Se vacancies.

II. METHOD

The equilibrium geometric and electronic structures of
vacancy defects in SbySe; were calculated within the frame-
work of Kohn-Sham density functional theory (DFT) [30,31]
as implemented in the Vienna ab initio simulation pack-
age (VASP) [32]. The projector augmented-wave method
[33] was employed with a converged plane-wave energy
cutoff of 350 eV. The Heyd-Scuseria-Ernzerhof hybrid func-
tional (HSE06) [34,35] and D3 dispersion correction [36]
were used for both the structural relaxation and the static
calculation of total energy. The atomic positions were opti-
mized until the Hellman-Feynman forces on each atom were
below 0.01eV/atom. Trial defect configurations were ob-
tained using SHAKENBREAK [27,37]in 3 x 1 x 1 (11.86A X
11.55A x 11.93 A) supercells of the 20-atom conventional
unit cell. Here, chemically guided local bond distortions
around the defect were employed, alongside random perturba-
tion to all atoms in the supercell, in order to sample the defect
PES and identify potential energy-lowering reconstructions.
The workflow and comparison to conventional local mini-
mization are provided in Secs. S1, S2, and S4 [38]. The crystal
structures were plotted using BLENDER [39] and BEAUTIFUL
ATOMS [40]. The formation energy of a defect D in charge
state ¢ is defined as [25,41]

AEI];JI = Equ — Ehost + Z nip; + qEF + Ecorr, (1)

1

where Ep , and Ly are the total energies of the supercell
with and without the defect D, respectively. n; and u; indicate
the number and the chemical potential of added (n; < 0) or
removed (n; > 0) atom of type i, respectively. Er is the Fermi
level and E.,; is a correction term for spurious interactions
between charged defects under periodic boundary conditions.

The correction scheme developed by Kumagai and Oba [42]
which includes anisotropic dielectric screening is used in this
work, which has been widely shown to be both accurate and
robust [43,44].

III. ACCESSIBLE VACANCY CHARGE STATES IN Sb,Se;

As shown in Fig. 1(a), the ground-state crystal structure
of Sb,Ses is orthorhombic with quasi-one-dimensional (1D)
[SbsXs], ribbons stacked together via weak interactions [13].
The unique crystal structure makes it more tolerant to large
local lattice deformation compared to conventional crystals
with three-dimensional (3D) connectivity. Due to the low
crystal symmetry, there are two inequivalent Sb sites and
three inequivalent Se sites [shown in Fig. 1(a)], with all sites
considered in this work. The defect formation energy diagram
in Fig. 1(b) plots the thermodynamically stable charge state
as a function of Fermi level in the band gap for vacancy
defects in SbySe;. As expected, the multiple inequivalent
sites with different local environments lead to small but sig-
nificant differences in the properties of defects of the same
type. Anion vacancies are typically positively charged, as
the removal of the negatively charged ion from the lattice
induces a positive site charge, which can often additionally
trap electrons and adopt less negative/neutral charge states.
The opposite holds for cation vacancies. In line with previ-
ous studies [20-24], 0 and 42 charge states are found to be
stable for Vs, and —3 for Vg,. On the other hand, however,
abnormally stable negative charge states of —2 for Vs, (an-
ion vacancy) and positive +1 for Vg, (cation vacancy) are
also found, revealing strong amphoteric behavior for both
VSe and VSb-

A (41/-3) charge transition level is observed lying in the
middle of the gap for Vg, regardless of Sb site, indicating that
a change in Fermi level will lead to capture or release of four
electrons per vacancy. Likewise, a four-electron (+2/—2) TL
is found for Vse(z), while Vse) and Vses) have (4-2/0) and
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(0/—2) TLs. Thus both Vg, and Vg, are amphoteric negative-U
centers, with more typical two-electron negative-U levels in
Vse(1y and Vse3) (though exhibiting two such levels each),
but rare four-electron transfer levels for Vsp), Vsn), and
Vse2). We note that our calculated fundamental (indirect) band
gap of 1.42 eV is slightly larger than experimental values
(1.0-1.2 eV [45-47]), likely due to temperature renormaliza-
tion [45,48]. However, this should not qualitatively influence
our conclusions as all TLs are deep (i.e., near the middle of
the band gap). Notably, amphoteric behavior has previously
been reported for antisite and interstitial defects in Sb,Ses
[21,24], but not for vacancies due to the requirement of
structure-searching methods as mentioned above. Thus, our
results show that all intrinsic defects in Sb,Ses are in fact
amphoteric, having the ability to capture both electrons and
holes, and yield strong ionic charge compensation.

IV. ELECTRONIC AND STRUCTURAL
RECONFIGURATIONS

Negative-U behavior at defects is closely related to lattice
distortion and structural reconstruction [6,8,49]. Before ex-
amining the defect configurations in detail, let us understand
the electronic structure of Sb,Ses;. In pristine Sb,Ses, the
oxidation states of Sb (55?5p®) and Se (4s>4p*) are 43 and
—2, respectively, as each Sb cation donates three electrons
to the neighboring Se anions, and each Se anion accepts two
electrons from the neighboring Sb cations on average. Upon
formation of a neutral vacancy defect by removing an atom
and its valence electrons, dangling bonds with excess charge
in the form of electrons/holes are introduced. Specifically,
the removal of Sb with its three donated electrons to create
Vg results in three holes on three Se dangling bonds, while
removing Se leaves behind its two accepted electrons with
two Sb dangling bonds in VS%. In the fully ionized state (i.e.,
Vs3b’ and Vsze+), electrons are added/removed from the defect
site to remove the excess charge and compensate the dan-
gling bonds, stabilizing this charge state. Other charge states
can also be stabilized, by localizing the excess charge (e.g.,
bound small polarons) and/or through atomic rearrangements
to form compensating bonds and accommodate the excess
charge [49].

Taking Vsp as an example, due to the flexibility of the
crystal structure and the tendency to electron pairing for Se
species [7], alternative Vs, charge states can be stabilized
by the migration of Se anions to form compensating Se-Se
bonds at the vacancy. By eliminating the excess holes with
this sharing of electrons between dangling bonds, the system
energy is lowered. As shown in Fig. 2, the two excess holes
in Vg, are filled by the formation of a Se-Se dimer, while a
Se-Se-Se trimer is formed in Vg to pair all electrons and fill
the four excess holes for this species. VST) can thus be thought
of as a ij-Segb complex. Such structural reconstruction
and negative-U behavior due to paired dangling bonds has
previously been termed valence alternation [7], with similar
rebonding behavior reported in lone-pair chalcogenide sys-
tems [2,6,7,50]. Similarly, a Sb-Sb-Sb trimer is also found in
Vsze_, regardless of Se site (Fig. S1 [38]). The formation of
an antisite originated from a vacancy in Sb,Se; is also sup-
ported by experimental evidence [51], which has found that
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FIG. 2. Local defect geometry of Vs, as a function of charge
state. Subscripts (1) and (2) refer to two inequivalent sites. The Se-Se
bond lengths are shown in A, and the vacant Sb site is denoted by a
dotted circle.

postannealing treatment facilitates the transformation from
Vse to Sbse by the migration of neighboring Sb cations. All
calculated defect structures are shown in Fig. S1 [38].

V. MANY-ELECTRON NEGATIVE-U BEHAVIOR

The difference between positive- and negative-U behav-
ior can be understood through the thermodynamic charge
transition levels (TLs). The level €(q;/q>) is defined as the
Fermi-level position where charge states g; and ¢, have the
same defect formation energies:

AE} (Er = 0) — AE},(Er = 0)
92— q1 .

Let us first assume one defect which can be charged Q + 1,
Q, or Q — 1 depending on the position of the Fermi level,
where Q is an arbitrary reference. Two TLs of ¢(Q + 1/0Q)
and ¢(Q/Q — 1) which define the borders between different
charge states are thus considered. The energy separation of the
e(Q+1/Q)and e(Q/Q — 1) levels from the conduction band
minimum (CBM) are the thermodynamic binding energies of
the first and second electron to the defect, considering the cap-
ture process: D2 4+ 2¢~ — DC 4 ¢~ — D!, The energy
difference between these two levels therefore determines the
effective correlation energy U, (cost of trapping an additional
charge carrier) [3]:

Uett = £(Q/Q — 1) — e(Q + 1/0). 3

Consequently, the sign of Ut depends on the ordering of
these TLs. For a typical positive-U center (Ueg > 0) [left-
hand side of Fig. 3(a)], the position of e(Q + 1/Q) lies below
£(Q/Q — 1), and so D2*!, D2, and D?~! are each thermody-
namically stable for some Fermi level. On the other hand, for
a negative-U center (U < 0) [right-hand side of Fig. 3(a)],
the ordering of ¢(Q 4+ 1/Q) and ¢(Q/Q — 1) is inverted, re-
sulting in a metastable D¢ which would emit charge and
decay into D2*! or D?~!, depending on Er. £(Q + 1/Q) and

e(q1/q2) = 2)
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FIG. 3. Schematic diagrams of thermodynamic transition levels
for (a) positive- and negative-U centers with three charge states,
and (b) two-electron negative-U and (c) four-electron negative-U va-
cancy centers in Sb,Se; with five charge states. Stable and metastable
levels are indicated by solid and dashed horizontal lines, respectively.
DX is the stable defect state under equilibrium conditions at a certain
Fermi energy. Ec, conduction band minimum. Ey, valence band
maximum.

e(Q/Q — 1) are no longer thermodynamically stable TLs, and
asingle e(Q + 1/0Q — 1) level appears at the midpoint of these
metastable TLs, such that

_ @+ /D) +e(@Q/Q—1)
5 .

Then let us move on to vacancy defects in Sb,Ses. Since
the stable TLs within the band gap are (4+2/0) and (0/—2),
or (+2/-2) for Vs, and (+1/—3) for Vs, [Fig. 1(b)], five
charge states (+1, 0, —1, —2, and —3 for Vg, and +2, +1,
0, —1, and —2 for Vs.) and four corresponding single-electron
TLs are possible for both Vs, and V.. The single-electron TL
positions are given in Fig. S2, Tables S2 and S3 [38], with
the relative ordering matching that of Fig. 3(b) for the two-
electron negative-U centers and Fig. 3(c) for four-electron
centers. Here, Q+2, 0+ 1, O, O — 1, and Q — 2 are used
for convenience to explain the general pattern, where Q equals
—1 for Vgp and O for Vs.. As shown in Fig. 1(b) and depicted
in Figs. 3(b) and 3(c), for all cases in Vg, and Vg, the tran-
sitions of D2+? — D2+ — DC (shown in blue dashed lines
in Fig. 3) and D¢ — D?~! — D22 (shown in orange dashed
lines) show negative-U ordering and thus a two-electron tran-
sition for both D212 — D2 and D¢ — D22, Here, for such

e@+1/0-1) “

cases with double two-electron TLs, we define an effective
electron-pair correlation energy U pair—analogous to U for
single-electron correlation—which corresponds to the energy
cost of trapping an additional charge carrier pair:

Uetipair = £(Q/Q —2) — e(Q +2/0). &)

The relative positions of the ¢(Q/Q —2) and ¢(Q +2/0)
negative-U levels then dictate whether the defect is a two-
electron or four-electron center. If ¢(Q +2/Q) lies below
e(Q/0Q — 2) [Fig. 3(b)], a center with two typical two-electron
negative-U levels (Uettpair > 0) is formed. This is the case
for VSe(l) and VSe(3) with Ueffypair of 0.27 and 0.11 eV, re-
spectively. If on the other hand the ordering of these two
levels are inverted once again [Fig. 3(c)], the defect would
show a four-electron transfer behavior (Uefrpair < 0) with
the largest binding energy for the fourth electron, result-
ing in only two thermodynamically stable charge states
D22 and D22 within the band gap. This is the case
for VSb(l), VSb(2)» and VSe(2), with negative Ueff!pair values
of —0.28, —0.09, and —0.04 eV, respectively, thus show-
ing four-electron negative-U behavior. However, we note
that the prediction of four-electron transfer behavior here
is based on a thermodynamic perspective. The kinetics of
each single-electron transition are discussed in more detail in
Sec. S5 [38].

Substantial structural relaxation is necessary to realize
negative-U behavior [2,5]. While a four-electron negative-U
transition is found for both sites in Vgp, in Vs, it depends
on the Se site. Only Vse(2) shows a four-electron negative-U
behavior and the other sites show a two-electron one. The two-
or four-electron negative-U behavior (i.e., the sign of Ueff pair)
of vacancies in Sb,Se; depends on the thermodynamic sta-
bility of the middle point D¢ with respect to the extremal
charged defects (D9*?). To quantify the effect of structural
deformation on defect stability, we calculate the relaxation
energy of each charge state in Vg, and Vs, (Sec. S6 [38]),
which is defined as the energy difference between unrelaxed
and relaxed defect configurations. Larger relaxation energies
for D22 than D? are more likely to yield a metastable D
and thus a four-electron negative-U level, as witnessed for
Vse (Table S8 [38]). This indicates the key role of structural
reconstruction in determining the negative-U properties of
these defect species.

VI. SUMMARY

In summary, structural configurations and electronic prop-
erties of vacancy defects in Sb,Se; have been systematically
modeled using a global search procedure. Both types of va-
cancies are amphoteric, with strong self-charge compensation,
and show either two- or four-electron negative-U behavior
depending on the atomic site. These phenomena are linked
to structural reconstruction in VSJg and Vsze’, facilitated by
the formation of Se/Sb trimers to pair electrons and com-
pensate dangling bonds. The ability to reconstruct and thus
stabilize unusual defect charge states is attributed to the
structural flexibility of Sb,Se; and the valence alternation
of Se and Sb species, and thus could be present in related
low-dimensional chalcogenide semiconductors such as SbSel
or CuSbSe,.
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