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CdS is a well-established buffer layer for Cu(In, Ga)(S, Se)> (CIGS)-based thin film solar cells.
However, because of its toxicity, low quantum efficiency at blue-wavelength region, and the
drawbacks of the chemical bath deposition technique used for its growth, looking for an al-
ternative buffer material has been a matter of debate in recent years. In this context, 3-InyS3
is considered as a promising substitution for CdS. (3-In,S3 crystallises in an ordered vacancy
spinel-like structure, which can accommodate impurities diffusing from the absorber and/or
front contact layers. Due to the existence of structural vacancies in its crystalline matrix, the
electronic and optical properties of 3-InyS3 can be effectively tuned through (un)intentional
doping with a third element. In this contribution, we will report on the origin of n-type con-
ductivity of 3-In2S3, the influence of Cu and Na incorporation, the thermodynamic stability
and electronic properties of 3-In2S3, and the influence of O and Cl on electronic properties of
3-InyS3.

1 Introduction

[-In,S3 is an n-type semiconductor which crystallises in a defective spinel-like structure': 2
with four structural tetrahedral vacancies per unit cell. The interesting properties of this
chalcogenide semiconductor, such as light transmission in the blue wavelength region, high
open circuit voltage and fill factor qualify 3-In,S; for photovoltaic applications.? To date,
the highest reported efficiencies* for copper indium gallium diselenide (CIGS)-based thin
film solar cells have been achieved through the deposition of cadmium sulphide (CdS)
as buffer layer. The major drawbacks of CdS buffer layers are: toxicity of cadmium, its
conventional chemical bath deposition method, which is difficult to combine with the depo-
sition techniques for CIGS, and its low external quantum efficiency in the short wavelength
region.’ Thus, there is an interest in replacing CdS by a transparent buffer system, which
can be deposited by various techniques and has a wider band gap than CdS. This is why,
there is a strong focus on 3-In,S3 which can be deposited by various techniques® and has
a band gap in the range of 2.0 to 2.9eV.":3 7

Due to the existence of structural vacancies, the electronic and optical properties of
[3-In, S5 can be effectively engineered and optimised through (un)intentional doping with
selected atom types. Several studies have documented an intermixed In,S3;/CIGS inter-
face'®"'2 mainly containing Na, Cu, O, and Cl impurities. Therefore, a detailed knowledge
of the role of point defects and impurities in this material is of key importance. In this
contribution, we present a complete assessment of intrinsic and extrinsic point defects in
II’I2 S3.13_15
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Figure 1. Crystal structure showing the unit cell of 3-In2S3. Green and yellow spheres represent In and S atoms
respectively. The tetrahedral structural vacancies are shown as white spheres (taken from Ref. 13).

2 Methodology

All calculations were carried out within the framework of density functional theory (DFT)
using a hybrid functional approach'® as implemented in the Vienna Ab initio Simulation
Package (VASP).!”-'® For an accurate description of the formation energies, as well as
atomic and electronic structures, 25% of non-local Hartree-Fock screened exchange (also
known as mixing parameter, «) has been added to 75% of the semi-local exchange en-
ergy of PBE functional. The screening range of the electron interaction has been treated
by adjusting the Thomas-Fermi screening parameter (w) to 0.13 A~'. The Kohn-Sham
equations were solved through employing the projector augmented-wave method,' % ex-
panding the wave functions up to a cut-off energy of 300 eV. Spin-polarised calculations
have been performed for systems with unpaired spins. Defect properties were investigated
using a 2x2x 1 supercell containing 320 atoms, and the Brillouin-zone sampling was per-
formed using a I'-centred tetragonal mesh of 2x2x 1.

Point defect formation energies have been calculated at theoretical equilibrium volume
as

E¢[d]) = AE[d?] & Xinp; + q[Evem + tte] + Ecorr 9]

Since the changes in volume and entropy are tiny in the dilute regime, the effects of forma-
tion volume and formation entropy have been skipped in this study. In all calculations the
Hellmann-Feynman force convergence was reached only when the largest residual force
component on each atom falls below 0.05eV/A. AFE[d9] is the energy difference between
defect-free and defect-containing structures. n; corresponds to the number of atoms added
or removed from the system. p; = uzef + Ay, is the chemical potential of the constituent
7 in the reservoir, where uzef denotes the chemical potential of the constituent elements in
their stable elemental phases. Evpy is the energy of the valence band maximum (VBM)
of the ideal supercell and p. is the chemical potential of electrons with respect to Expu,
also known as Fermi level. E.,,.,. stands for the artificial electrostatic interactions of point
defects with their periodic images and the introduced background charge, which are cor-
rected using FNV scheme provided by Freysoldt, Neugebauer, and Van de Walle.?> >
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Figure 2. The calculated formation energies of indium and sulphur vacancies as a function of the chemical poten-
tial of the electrons, E'¢, where Ey=0eV and E¢=2.1¢eV correspond to p-type and n-type conditions, respectively
(taken from Ref. 13).

3 The Origin of the n-Type Conductivity of In,S;

For obtaining a comprehensive understanding of the role of point defects in indium sul-
phide, we have calculated formation energies of vacancies (Vs and Vy,), self-interstitials
(Si and In;) and anti-sites (S, and Ing) defects as a function of the Fermi level under In-rich
and S-rich growth conditions, as shown in Fig. 2. The formation energies shown in Fig. 2
are plotted for the entire range of possible Fermi levels representing various doping con-
ditions. Charge transition levels are positions at points, where the slope of the calculated
formation energy changes.

There are three non-equivalent crystallographic environments for indium and sulphur
atoms in the 3-phase of In,S3. The indium substitutional sites in the crystalline matrix of
In,S; are tetrahedral 8e (denoted In in the following), octahedral 8¢ (denoted In’), and oc-
tahedral 16A (denoted In”’). In a similar fashion, the three different sulphur sites are shown
by S (four-fold coordinated to one In, two In’, and one In”), S’ (three-fold coordinated to
one In and two In”"), and S” (four-fold coordinated to one In and three In"’).

We can see from Fig. 2 that for In-rich samples, there is a strong preference for cre-
ation of sulphur vacancies over indium vacancies under both p-type and n-type conditions.
However, for S-rich samples, as the Fermi level raises towards the conduction band mini-
mum (CBM), the formation energies and consequently the concentrations of vacant sulphur
and vacant indium sites follow a reverse trend. In In-rich samples, the indium interstitial
located on the position of a tetrahedral structural vacancy (In;) has the lowest formation
energy at the VBM, lower than all other intrinsic defects. The formation energy of the
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Figure 3. Calculated defect charge transition energies formed in the band gap of B-InyS3 using the HSE06!3
functional.

sulphur vacancy (Vg) under the same condition is 0.82 eV. Accordingly, In; and Vg may
play a significant role under thermodynamic equilibrium conditions.

In order to reveal the influence of defects on the electronic structure of the buffer layer,
we now discuss the position of charge transition levels as shown in Fig. 3. We see from
Fig. 3 that indium vacancies create acceptor levels. However, none of the induced acceptor
levels are shallow enough to ionise at room temperature. In S-rich samples, indium atoms
need to attain less energy in order to form a vacancy. Consequently, the introduced acceptor
levels can be destructive for carrier transport through producing p-conductive acceptor
levels. In contrast to indium vacancies, which adopt an acceptor configuration, sulphur
vacancies produce donor levels acting as hole killers.

The hybrid functional calculations show that indium in the Ing configuration produces
a very shallow (3+/+) donor level at 2.01 eV and a (+/0) level at 0.21 eV above the CBM.
Therefore, these intrinsic donor levels can get easily ionised and donate electrons to the
conduction band. In; has also (2+/4) and (+/0) donor levels at 0.03 eV and 0.95eV above
the CBM, which are both resonant within the host bands and can ionise spontaneously,
releasing electrons to the system. In consequence, excess indium on anti-sites and tetra-
hedral vacancies are the main electron-producers, which can effectively dope the material
n-type. Besides Ing and In;, Vg contributes to the n-type conductivity of the system via
creating a shallow (+/-) donor-to-acceptor transition level at 0.03 eV below the conduction
band. The shallow nature of the (+/-) level allows it to release the two captured electrons
at very low temperatures and further boost the free-electron population in the 3-In,S;.
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Figure 4. The calculated formation energies of sodium (upper-left), copper (bottom-left), oxygen (upper-right),
and chlorine (bottom-right) as a function of the chemical potential of the electrons g, where p.=0eV and
pe=2.1eV correspond to p-type and n-type conditions, respectively (taken from Refs. 14, 15).

4 Influence of Impurities on Thermodynamic Stability and
Electronic Properties of In,S;

When indium sulphide is deposited on CIGS, interdiffusion of Na and Cu from the absorber
into the buffer layer leads to the formation of an intermixed absorber-buffer interface in-
volving a high concentration of Na and Cu. Depending on the preparation technique, the
presence of O atoms in In,S; may, for instance, stem from side reactions involving de-
composition of indium acetylacetonate (used as precursor in the atomic layer deposition
(ALD) technique)?® or high amounts of hydroxide formed during chemical bath deposition
(CBD).?*?* A significant amount of Cl in In,S3 is also detected in the films grown using
a Cl-containing precursor (for instance InCl3). In order to put these experimental findings
into the context of our theoretical calculations, we have studied the formation enthalpy of
Na, Cu, O, and Cl in substitutional and interstitial sites of In,S;.'* 13 Fig. 4 shows the
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Figure 5. The calculated thermodynamic charge transition levels of O and Cl in different lattice sites of the In,S3
(taken from Ref. 15).

calculated formation energies of extrinsic defects in various lattice sites of In;Ss.

As it can be seen in Fig. 4, the formation enthalpy of Na in the tetrahedral vacancy is
negative under both p-type and n-type conditions; this finding unfolds the instability of the
system when it comes into contact with a Na reservoir. By Na diffusion into In,S3, the
system releases energy, and consequently there is a major driving force that triggers the
occurrence of side reactions and formation of a Na-containing, interfacial secondary phase
on the buffer-side. As a result, the CIGS-In,S3 interface is thermodynamically unstable if
a Na supply exists in the structure of the multilayer system (e. g. Na-containing substrate).

For Cu a slightly different scenario emerges. As long as the Fermi level lies close to
the CBM, In,S3 can take up a considerable amount of Cu without forming any secondary
phases, such as CulnsSg; note that the formation energy of Cu; is positive close to the
CBM. However, then the system becomes unstable with respect to Cuy, antisite formation,
and there is only a small stability window for In-rich conditions, which are experimentally
not met. Thus, in the presence of a Cu reservoir, i. e. the absorber layer, there is a strong
driving force to chemical modifications of the buffer layer. Thus, we can conclude from
our data that a thermodynamically stable CIGS-In, S5 interface cannot be formed.

Oxygen atoms prefer to occupy S sites rather than In sites. Under n-type conditions, the
formation energies of Os, Oy and Og~ are 0.76 eV, 0.49 eV, and 1.0 eV respectively. The
very low formation energies of O on different S sites indicates that O substituting anionic
sites can occur in In,S3 as intrinsic defects. On the CI side, we see from Fig. 4 that the
formation of Cl on sulphur sites is energetically favourable, allowing for a high solubility
of Cl in the anionic sub-lattices of In,S;. For n-type In,S3, the isolated Cl ions on different
S sites have formation energies below 1.0eV, implying that significant concentrations of
Cl on S lattice sites can be obtained. Clg~ forms an extremely deep (2+/+) donor state at
1.53 eV below the CBM, and a shallow resonant (+/0) level at 0.65¢eV above the CBM,
which can readily release electrons to the system.

Fig. 5 shows the calculated charge transition levels for O- and Cl-related point defects.
It is seen that O on all S sites induces an extremely deep (+/0) donor level close to the VBM.
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The (+/0) level for all three substitutional O on S sites have ionisation energies of around
2.0eV. In order to effectively dope electrons to the system, donor levels are expected to
form near the CBM. However, these deep lying (+/0) levels can neither deliver electrons
to the CB nor trap the free holes. In principle, impurity levels close to the valence band
can capture free holes. However, since In,S3 is an n-type material, the Fermi level lies
in the upper part of the band gap. Therefore, the (+/0) levels cannot remove a hole from
the valence band. Clg and Clg’ induce slight resonances in the conduction band continua,
giving rise to a hydrogenic-like (+/0) transition level. The fact that Cl on S sites acts as
a shallow donor, suggests that Cl is a suitable n-type dopant in In,S;. Therefore, while
O on S sites is electrically inactive, Cl on S sites plays a beneficial role in enhancing the
concentration of free electrons. This finding allows us to conclude that under low sulphur
pressure, intentional doping of In,S; with Cl is an effective way to achieve high levels of
n-type conductivity.

S5 Concluding Remarks

The formation enthalpy, equilibrium defect transition levels and doping behaviour of a
series of native defects and impurities have been studied for bulk 3-In,S3. Our calculations
were done for 2x2x1 supercells containing 320 atoms by means of hybrid functional
calculations. Based on our calculations, we identify Ing, In;, and Vg as dominant sources
of n-type conductivity in (3-In,S3. To understand the stability of the In,S3-CIGS interface,
we studied the inclusion of extrinsic defects in the In,S; buffer layer. We found that there
is a massive driving force for the occurrence of side reactions leading to the formation of
Na-containing and Cu-containing interfacial secondary phases. Accordingly, we conclude
that the absorber-buffer interface is thermodynamically unstable against the diffusion of
Na and Cu into In,S;. With regard to the positive formation energies of O- and Cl-related
impurities in the crystalline matrix of In,S3, we conclude that these anionic impurities do
not form secondary phases in the buffer side of the pn-junction. Therefore, the absorber-
buffer interface is stable against O and Cl. We found that incorporation of O and Cl on the
S sites are energetically favourable. However, while O on S sites creates nonconducting
(+/0) impurity levels, Cl on S sites induces hydrogenic-like conductive states, which can
actively assist in raising the number of free electrons in the Cl-doped samples.
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