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Solar energy is a reliable energy source to meet the fast-growing energy
demand of today’s world. An absorber layer is the core of the solar cell
device which absorbs sunlight and transports the resulting charge carriers
to the electrical contacts. The kesterite Cu;ZnSnS, (CZTS) is a promising
candidate which consists of earth abundant and non-toxic elements. CZTS
has attracted much interest due to its high absorption coefficient of about
~1x10"*cm!and optimal bandgap of 1.4 eV. It is challenging to however,
understand the electronic properties of this complex quaternary structure.

The aim of this work is to understand the electronic properties of CZTS.
X-ray absorption near edge structure (XANES) is a powerful tool for this
purpose. Interpreting XANES of complex materials is nontrivial and thus
requires theoretical modeling. Here, all the calculations are performed
using an all-electron full-potential augmented plane-wave method as im-
plemented in the exciting code. The accurate description of the core level
excitations are performed by a two-step procedure. First, the electronic
structure is calculated by solving the Kohn-Sham (KS) equation of density-
functional theory (DFT). The absorption spectra including elecron-hole
(e-h) is described by the solution of the Bethe-Salpeter equation (BSE) of
many-body perturbation theory (MBPT) using the KS states as starting
point.

Hereby, the excitations from the sulfur 1s and 2p core states in CZTS and
their related by-products like secondary phases (ZnS and SnS,) and defect
complexes (Vcy+Zncy and Cuzn+Zncy,) are studied. First, the spectral
signatures of the single-phase CZTS are obtained. The character of the
individual atomic contributions is studied to analyze the obtained spectra.
There were however, significant differences between the spectral features of
pristine CZTS and experiments. In comparison with the absorption spectra
of binary phases, it can be understood that the lowest spectral features
of CZTS resemble SnS, and the features at higher energy resemble ZnS.
The discrepancies between the calculated and measured spectra in CZTS
however, remain an open question. For this purpose, we demonstrate the
influence of defect complexes on the excited state properties of CZTS. First,
the core level shifts upon the defect formation is understood as they are
sensitive to chemical environment. The spectral signatures are obtained for
the selected inequivalent sulfur sites. A detailed analysis of the impact of
the local chemical environment is performed. From the insight gained from
this analysis, the nature of the defects dominating the measured spectra are
determined.



Solarenergie ist eine verldssliche Energiequelle, die zur Deckung des schnell
wachsenden Energiebedarfs der heutigen Welt beitragt. Das Kernelement
einer Solarzelle ist die Absorptionsschicht, welche das Licht absorbiert
und die dabei entstehenden Ladungstrdger zu den elektrischen Kontakten
transportiert. Der Kesterit CuyZnSnS, ist ein vielversprechender Kandidat,
bestehend aus hdufig auf der Erde vorkommenden, nicht toxischen Elemen-
ten. CZTS hat aufgrund seines hohen Absorptionskoeffizienten von rund ~
1 x10~%*cm~! und der optimalen Bandliicke von 1.4 eV viel Beachtung ge-
funden. Es ist indes eine Herausforderung, die elektronischen Eigenschaften
von dieser komplexen quaterndren Struktur zu verstehen.

Das Ziel dieser Arbeit ist, die elektronischen Eigenschaften von CZTS zu
verstehen. Ein leistungsfahiges Werkzeug zu diesem Zweck ist die Rontgen-
Nahkanten-Absorptions-Spektroskopie (XANES). Die Interpretation von
XANES-Spektren komplexer Materialien ist nicht trivial und erfordert daher
theoretische Modellierung. Alle Rechnungen in dieser Arbeit wurden mit-
tels der im exciting Code implementierten Linearized-Augmented-Plane-
Wave-Methode, welche alle Elektronen gleichberechtigt behandelt, durchge-
fiihrt. Die genaue Beschreibung der Anregungen von Kernzustdnden wird
durch ein zweistufiges Verfahren erreicht. Zunéchst wird die elektron-
ische Struktur berechnet, indem die Kohn-Sham-Gleichungen (KS) der
Dichtefunktionaltheorie (DFT) gelost werden. Die Absorptionsspektren
unter Bertiicksichtigung der Elektron-Loch-Wechselwirkung (e-h) werden
durch die Losung der Bethe-Salpeter Gleichung (BSE) der Vielteilchen-
Storungstheorie (MBPT) unter Einsatz der KS-Zustonde als Ausgangspunkt
beschrieben.

Auf diese Weise werden die Anregungen der Schwefel 1s und 2s Kernzustande
in CZTS und ihre verwandten Nebenprodukte wie Sekundéarphasen (ZnS
und SnS;) sowie Defektkomplexe (Vcy+Zncy, und Cuz,+ZnCu) untersucht.
Zuerst werden die spektralen Signaturen des ungestdrten CZTS berech-
net. Um die erlangten Spektren zu analysieren, wird der Charakter der
individuellen atomaren Beitrdge untersucht. Es gibt jedoch erhebliche Un-
terschiede zwischen den Spektralmerkmalen des reinen CZTS und den
experimentellen Ergebnissen. Der Vergleich mit den Absorptionsspektren
der Bindrphasen offenbart, dass die niedrigsten spektralen Charakteristika
von CZTS denen von SnS, dhneln, wohingegen die Merkmale bei einer
hoheren Energie denen von ZnS dhneln. Die Frage nach der Herkunft der
Abweichungen zwischen den berechneten und den gemessenen Spektren
in CZTS bleibt dagegen offen. Zu diesem Zweck zeigen wir den Einfluss
von Defektkomplexen auf die Eigenschaften des angeregten Zustands von



CZTS. Zunichst werden die Verschiebungen der Kernniveaus bei der De-
fektbildung untersucht, die empfindlich auf die chemische Umgebung
reagieren. Die Anregungsspektren der symmetrisch indquivalenten Schwe-
felatome werden berechnet und die Auswirkung der lokalen chemischen
Umgebung wird im Detail untersucht. Aus den so gewonnenen Erkenntn-
issen konnen Riickschliisse tiber die Art der Defekte gezogen werden, die
gemessenen Spektren dominieren.
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Solar energy is a source of renewable energy with the potential to meet
the global energy challenges faced in today’s world. With increasing at-
tention on carbon-neutral energy production, solar energy provides a safe
and clean alternative unlike, conventional fossil fuels like coal and gas for
power production that causes air, water, and land pollution. The Interna-
tional Energy Agency (IEA) has estimated that for reaching the level of
Sustainable Development Scenario (SDS) by 2030, the energy production
has to be increased by 16% annually. To increase solar-cell deployment
cost-effectively, research and development have focused on lowering manu-
facturing costs and improving the efficiency of photovoltaic technologies.
Crystalline silicon-based solar cells dominate above 90% of the present
world market [1]. Despite their high efficiency, the production costs and the
necessity of a thick Si crystalline layer lead to high prices compared to the
power production. As a result, the search for new materials and technology
is essential for large-scale solar electricity deployment to keep up with the
increasing energy demand.

Thin-film technology has been proven to be the most cost-effective alternat-
ive to silicon-based solar cells. Thin-film technology uses multinary semi-
conductors made of II-VI or I-1II-VI, compounds as optical absorbers. An
absorber layer with 1um thickness is sufficient to absorb all the photons in
the solar wavelength spectrum. As of now, thin-film technologies based on
copper indium gallium selenide (CIGS) and cadmium telluride (CdTe), are
the widely commercialized solar absorbers. CIGS and CdTe exhibit prom-
ising conversion efficiency of about 22.3 and 22.1%, respectively [2]. Despite
their efficiency, the limited supply of In and Ga makes CIGS costly, and the
toxicity of Cd in CdTe is an obstacle for their large-scale production. In re-
cent years, solar cells based on perovskites attracted much attention because
of the rapid improvement in efficiency from 3.8% to 25.2% [3]. Though the
perovskite solar cells achieved high efficiencies in laboratory-scale over the
other thin-film absorber materials, they have stability issues lowering their
commercial potential [4]. Ideally, solar cell technologies should consider
the use of environmentally friendly and earth-abundant materials without
compromising on efficiency and lifetime.

In this respect, kesterite CupyZnSnS, (CZTS) has attracted much interest as an
absorber layer for thin-film solar cells. CZTS is composed of earth-abundant,
non-toxic, and eco-friendly elements. Over the years of extensive research,
CZTS compounds have proven to be promising materials as absorber layers
for solar cells. CZTS is a p-type semiconductor, with a direct band gap of
1.45 eV, and absorption coefficients exceeding 10* cm ! in the visible range



[5, 6, 7]. The maximum conversion efficiency recorded is 11.0% [8] which
falls far below the predicted efficiency from the Shockley-Queisser limit. For
CZTS to be a viable absorber material and for production on the industrial
scale, it requires further extensive research.

One factor limiting the performance of the solar cell is the electronic prop-
erties, which mainly depend on the chemical composition of the absorber
material. Thus, it is necessary to grow samples of good quality to be incor-
porated into the devices. CZTS being a quaternary compound can manifest
imperfections like secondary phases and defects. These imperfections lead
to, for instance, bandgap fluctuations. It is essential to study the chem-
ical composition and electronic characteristics of the material including
imperfections, to optimize the performance of the CZTS compound. X-ray
absorption near edge structure (XANES) represents a powerful tool for
this purpose. It is an element-specific and local geometry sensitive spec-
troscopic analysis that sheds light on the electronic characteristics of the
material. Interpretation of XANES is nontrivial and thus requires theoretical
modeling.

An accurate description and analysis of such excitations can be obtained
by ab-initio techniques. density-functional theory (DFT) permits obtaining
the ground-state properties of materials. To describe the electronic excita-
tions, it is necessary to go beyond DFT. This is realized in the framework of
Many-body pertubation theory (MBPT) [9]. Within this framework, one can
calculate single-particle excitations (i.e. electron addition and removal ener-
gies) using the GW approximation [10] and absorption spectra including
elecron-hole (e-h) interactions are well described by the solution of Bethe-
Salpeter equation (BSE) [11, 12]. To successfully interpret experimental
data it is important to include e-h interactions. The BSE approach has been
performed successfully to study excitaions from valence bands and core
levels from different edges in several materials [13, 14, 15, 16, 17].

In this work, we adopt the BSE of MBPT to calculate XANES using a fully
relativistic treatment of the core region [18, 14] as implemented in the
exciting code [19, 18]. By using the linearized augmented planewaves
(LAPW) basis set, all electrons can be treated in the same manner, and thus
also reliably describe excitations from the core region [20]. There have been
several studies reported on the electronic structure of CZTS, but precise
knowledge to quantify the defects is still missing. The focus of this work
is to compute XANES from sulfur K and L, 3 edges in CuyZnSnS, and
related secondary phases and defect structures. The latter is studied for
comparison to the single-phase CZTS, as we can learn about the origin of
specific spectral features and their effect on the absorption properties.



2 Cu,ZnSnS, - an overview

2.1. Historical overview

CupZnSnS, (CZTS) naturally occurs as kesterite mineral Cuy(Fe, Zn)SnSy
with some iron content. CZTS was first fabricated in 1967 by Nitsche et
al. [21] using chemical vapor deposition. The photovoltaic effect was
tirst characterized on thin-film synthesized by atom-beam sputtering on a
stainless steel substrate by Ito and Nakazawa in 1988 [22]. Early progress of
CZTS-based solar cells was reported by Katagiri et al. [23] with a conversion
efficiency of 0.66%. There have been steady improvements in conversion
efficiency, reaching 6.7% in 2007. Since then, research on CZTS-based solar
cells has attracted much attention. A wide variety of techniques are used
to develop CZTS solar cells. Currently, the highest efficiency is about
11.0 % [24] is reported. Alongside the improvement in the conversion
efficiency, the quaternary structure of CZTS is often compounded with
other elements. Most commonly, Se is mixed to form Cu;ZnSn(S,Seq_y)4
(CZTSSe) or CupZnSnSes (CZTSe). The intermixing of S and Se forming
CZTSSe was first introduced by IBM reporting conversion efficiency of
9.7% [25]. In 2013, they reported the world’s highest recorded efficiency
of 12.6% [26]. Despite these improvements, studies on the fundamental
characteristics of the material itself are limited.

2.2. CZTS as solar cell absorber

Figure 2.1.: The heterojunction thin-film solar cell structure.




An essential component of a solar cell device is the absorber layer, where
most of the incident photons are absorbed. A typical heterojunction photo-
voltaic device structure is depicted in Fig. 2.1. In the absorber layer, elecron-
hole (e-h) pairs are created by the absorbed sunlight, and the charge carriers
(electrons and holes) are transported to the electrical contacts to produce
electricity. The development of CZTS for its use as a photovoltaic absorber
initially started as a replacement for Culn,Ga;_,)Se; (CIGS) absorbers.
CIGS has the disadvantage of containing expensive and rare elements, In
and Ga. By replacing In and Ga with Zn and Sn, CZTS has attracted much
interest as an alternate absorber layer. CZTS also have similar optoelec-
tronic properties as CIGS. CZTS is a p-type semiconductor with a direct
bandgap of 1.45 eV and has a high absorption coefficient of ~ 10* cm~!
[27, 6,5, 7]. Owing to the similar optoelectronic properties like CIGS, the
development of CZTS-based solar cells uses a similar device architecture
and growth methods as in CIGS solar cells [28]. CZTS absorber layer is fab-
ricated using both vacuum-based methods like evaporation and sputtering
of CZTS precursors and non-vacuum based methods like electrochemical
deposition and hot-injection methods. As mentioned before, the highest
efficiency acheiced so far is 11.0 %. The performances are still far away from
the Shockley-Queisser limit [29]. For CZTS to become a viable absorber
material for production on an industrial scale, it is important to improve
the device performance.

2.3. Current challenges

As mentioned in the previous section CZTS adopts the CIGS-based solar cell
architecture. Though this device structure helped in the rapid development
of CZTS based solar cells, the efficiency falls below that of CIGS solar cells
[30]. The record efficiency of the device is increased steadily until a stag-
nation point a few years ago. The key factor for this fall is the open-circuit
(Voc) deficit, which is a long-lasting challenge. The major factor contribut-
ing to this deficit is the poor phase purity. An efficient CZTS photovoltaic
device requires a single-phase CZTS absorber layer. The complex nature
of the quaternary compound, however, opens up the possibilities of lattice
defects.

Possible intrinsic defects include vacancies (Vcy, Vzn, Vsn, Vs), anti-sites
(Cugzy, Cugpn, Zncy, Zng, Sncy, Snzy,) and interstitials (Cu;, Zn;). From all
the point defects, it has been reported that Cuy,, Cusy, Zng,, Ve, and
Vzn have a formation energy lower than 1.0 eV. The existence of V¢, is
reported to be beneficial that enhances p-type conductivity. Cuz, reduces



the bandgap. Charge-neutral defect complexes are formed when the point
defects with opposite charges are in close spatial proximity, e.g. Vcu+Cuz,
and Cuzy+Znc,. These defect complexes can be detrimental as they reduce
the bandgap [31].

Because of the narrow single-phase CZTS region, the formation of second-
ary phases is another potential problem. Secondary phases like ZnS, SnS,,
and CuS are reported to be formed during the synthesis of CZTS [32]. The
highest efficiency reported so far on CZTS based solar cells are under Cu-
poor, and Zn-rich condition [24]. Under this condition, several theoretical
studies reported that defect pairs like Vc,+Znc,, and Cuz,+Znc, and sec-
ondary phases (ZnS and SnS;) have lower formation energy than the other
phases [33, 34, 31]. As the binary phases and defect complexes influence the
optoelectronic properties and lower the device performance, it is necessary
to identify and understand the influence of these phases.

The crystal structures of CZTS and ZnS exhibit similar lattice parameters.
Thus their X-ray and neutron diffraction peaks overlap. Synchrotron-based
high resolution X-ray absorption near edge structure (XANES) is a powerful
tool to address this challenge. The measured spectra can be used as a
tingerprint for structural characterization and for identifying the byproducts
formed during the synthesis. The interpretation of XANES of complex
materials is nontrivial and therefore requires theoretical modeling. Ab-
initio calculations helps to interpret such experimental data. Many-body
pertubation theory (MBPT) offers a state-of-the-art formalism to calculate
such neutral excitations. In this work, the XANES are calculated from
MBPT by treating elecron-hole (e-h) interaction through the solution of
Bethe-Salpeter equation (BSE) as implemented in the exciting code [19, 18].
The theoretical concepts required to calculate XANES are introduced in the
next Chapter.






3 Methodology

3.1. X-ray absorption fine structure
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Figure 3.1.: Schematic view of the X-ray absorption spectrum over a broad energy range.
Figure taken from [35].

The X-ray absorption spectroscopy measures the absorption coefficient y(E),
which gives the probability of X-rays that will be absorbed. According to
Beer’s Law, u(E) is expressed as

I;(d) = Ipe #E)M (3.1)

where Ij is the intensity of the incoming X-ray beam, d is the sample thick-
ness, and I; is the transmitted intensity.

A schematic view of the X-ray absorption coefficient y#(E) as a function
of incident photon energy E is shown in Fig. 3.1. It can be observed that
there is a decrease in y(E) with the increase in energy which is due to
the well-known background absorption of the atoms [35]. The sharp rise
in the spectrum is called absorption edge, which is followed by a small
oscillatory structure. The absorption edge is a unique feature related to a
specific atom present in the material, which is formed due to the excitation
of inner-shell electrons to unoccupied states. The absorption edges are
named according to the initial atomic states in the transition, as listed in
Table 3.1. The series of oscillations above the absorption edge is known
as X-ray absorption fine structure (XAFS). The XAFS is divided into two
distinct regions: X-ray absorption near edge structure (XANES), typically
within 40 eV of the absorption edge, and the extended x-ray absorption fine
structure (EXAFS) which is a few hundred eV beyond the absorption edge.
The EXAFS is used to identify the local geometrical structure of samples




Absorption edge Initial atomic state

K 1s1 /7
Lq 2512
L, 2p1/2
Ls 2p3/2

Table 3.1.: Notation of three absorption edges.

[35]. XANES is an element-specific spectroscopic analysis that determines
the electronic structure of the absorbing atom. Theoretical spectroscopy in
combination with experiments unfolds the local geometric and electronic
structure of the CZTS. The First-principles approach represents an accurate
tool for this purpose. density-functional theory (DFT) yields high-quality
results limited to ground-state properties. The theoretical description of
XANES spectra requires describing the quasi-electron and quasi-hole also
their interaction simultaneously. A description of such excitations can be
described by the effective two-particle Green’s function formalism known
as Bethe-Salpeter equation (BSE). Such a theoretical model is comparable to
measured spectra.

3.2. Density-functional theory

density-functional theory (DFT) provides a viable theoretical framework
to address the complexity of the many-body problem. DFT allows us to
map the many-body problem onto a fictitious single-body problem. This
section provides an overview of DFT. A detail description can be found
in [36, 37]. The conceptual structure of DFT can be summarized by the
following sequence:

n(r) = P(ry, ... rn) = v(r), (3.2)

i.e., the electron density n(r) denotes the wavefunction ¢ and the potential
v(r). The formal justification for this is given by Hohenberg and Kohn in
1964 [38]. A year later, a practical foundation was proposed by Kohn and
Sham to obtain an effective single-particle Schrodinger equation based on
DEFT.



According to the Kohn-Sham (KS) approach, the original many-body prob-
lem is replaced by a fictitious system of non-interacting particles with the
same density as the real system [37], thus, reducing the problem of solv-
ing N interacting electrons to the problem of a single-particle Schrodinger
equation. The groundstate density can be obtained by solving the set of
following single-particle equations:

{—%W + Ueff(”)} pi = €, (3.3)

the density is obtained as:

N

n(r) =Y |pi(r)]* (3.4)

i=1

Here ¢;(r) are the wavefunctions and eigenenergies of the KS system. The
KS potential is given by the sum of the external potential v.y(r), the Hatree
potential vg(r), and the exchange-correlation potential vy(r)

Ueff(r) = Uext + UH(r) + ch(i’). (3.5)

The exchange-correlation potential is given as the functional derivative of
the exchange correlation energy E,. with respect to density

_ 0Ex[n]

() (3.6)

Uxe(7)

The equations 3.3 and 3.4 are known as the Kohn-Sham (KS) equations.
As the v,fr (3.5) depends on the density the KS equations has to be solved
self-consistently.

In practice, the KS equations are exact, provided vy, is known. The exact
expression for the exchange-correlation energy E,[n] is not known, and
has to be approximated. The accuracy of DFT in the KS approach depends
on finding the most accurate approximation for E,c[n]. There are different
types of functionals developed to approximate E,. with improved accuracy,
classified as Jacob’s ladder [39] were each rung represents the approxima-
tion which work better than the previous one. The approximation at the
bottom of the ladder depends only on the density whereas the next step
includes the modulus of the density gradient and in the higher rung, they
include unoccupied KS orbitals [40]. The first and simplest approximation



Eyc[n] is the local-density approximation (LDA) [41]. In this framework,
the exchange-correlation energy EXPA[n] is he integral over all space, as-
suming that ey.(n(r)) is the exchange-correlation energy per particle of a
homogeneous electron gas of density n(r).

EXPAn()] = [ exc(n(@)n(ndr, ©7)

Although, LDA has been very successful in the application to atomic and
condensed systems, it has limitations when it comes to atomization energies
and the nature of the chemical bonds.

An improvement to LDA is done in the generalized gradient approxim-
ation (GGA) by including the density gradient Vn. The GGA exchange-
correlation functional is expressed as:

EGGA[ / F(n(e), |Vn(e))n()dr, (3.8)

where, f is a function of n(r) and the density gradient Vn. Several forms
of the functions f have been proposed in the literature. Among all the
most widely used, including in this work, functional developed by Perdew,
Burke, and Ernzerhof parametrization (PBE) [42] is used.

3.3. Basis-set expansion

In this work we use the exciting code which uses the linearized augmented
planewaves (LAPW) method for solving the KS equations. For more details
see [19].

In practice, to solve the KS equation (Eq. 3.3) the wavefunctions are expan-
ded in a basis set ¢ as:

r) =) cudi(r). (3.9)
This gives a matrix equation
[H(k) — ;S(k)]é(k) = 0 (3.10)

which has to be solved for every k-point in the first BZ. The Hamiltonian



matrix H(k) is expressed as:

1
Hy(1l) = [ (gu(®) [—EVZ + veff(r)] pp(r)d’r, (31D
the overlap matrix S(k) with the elements

S = [ (@) (r)d. (3.12)

The Hamiltonian and overlap matrices have the size M x M. M is the
number of basis functions, and &(k) has the length of the basis functions for
a given k-point. () represents the volume of the unit cell. The eigenvalues
are obtained by diagonalizing the matrix in Eq. 3.10. The choice of the basis
set is important as the in computational cost and accuracy depends on it. In
the LAPW+LO basis set, the unit cell is separated into two regions: (1) the
mutffin-tin spheres around the nuclei and (2) the interstitial region between
the spheres (see Fig. 3.2). Atomic-like functions are employed to describe
the wavefunctions inside the muffin-tin spheres. In the interstitial region,
planewaves are employed. The basis functions in the APW are expressed
as:

Figure 3.2.: Partition into interstitial (I) and muffin-tin (MT) region of the unit cell.

Yim Aﬁjakula (ra; €)Y (ta) for ro < Ryt

\/Lﬁei(cﬂ‘)r for rel

PG k(r) = (3.13)

where R}t is the muffin-tin radius of the atoms « positioned at R,. The
coefficient Alcfntk ensure the continuity of the basis functions at the boundary
between the interstitial and muffin-tin regions. The basis functions within
the muffin-tin spheres are formed by the radial functions u;,(r,) which
depends on the energy €. This leads to the non-linear eigenvalue problem.

In order to linearize this, the LAPW method is introduced. In the LAPW



method, the radial function u;, () is expanded to first order around the
linearization energy ¢; as:

Uy (rtx}e) ~ uloc(rtxielzx) + (elnc - e)ulnc (1’,‘ €lth)' (3.14)

The resulting LAPW basis in the muffin-tin sphere are given by:

pcik(r) =) [Al(ﬂ;kuza(m;em) + Btk ula("tx}eloc)] Yim(Pa),  (3.15)

Im

where the coefficients AGmtk and are obtained by the continuity of the

basis functions and their first derlvatlves at the boundaries between the
interstitial and muffin-tin regions.

BG+k

An alternate approach to the linearization is given by the APW+LO ap-
proach [43] which is defined as:

¢l ZAlmoc Ule (T €10) Yim (Pa)- (3.16)

By introducing the additional basis functions the linearization error is re-
duced. The additional basis functions are called local orbitals (LO), ¢,
expressed as:

p (I‘) _ { 5aa},5lli,5mml, [ﬂyul“(ra}ela) + byula(ra}ela)] Ylm(f’a) for ry < Rymt
u(r) =

0 for rel
(3.17)
where the coefficients a, and b, are defined by the continuity condition of
¢u(r) and its normalization to one.

3.4. Many-body perturbation theory

The introduced formalism in the previous sections allow to compute the
properties of the system in the groundstate. However, to compute the
excited states as in the absorption experiment one has to go beyond DFT.
To understand the absorption experiments it requires to describe the cre-
ation of quasi-electron and quasi-hole also their interaction simultaneously.
Therefore, in this section the concepts of MBPT capable to describe the



neutral excitations is introduced. A more detail description of MBPT and
its applications can be found in [44, 45, 46].

3.4.1. Dielectric response

The general form of the dielectric tensor € is given by linearly connecting
the electric displacement D to the electric field E

D;(r,w) = /ei]-(r, v, w)E;(r,w)dr. (3.18)
The dielectric tensor € can be reformulated in terms of the polarization P:
e r, v, w)=6(r1) +/v(r, v \P(r, v, w)d®", (3.19)

where v(r,7’) is a bare Coulomb potential and the complete polarization P is
defined as the variation of the density with respect to the external potential.
The dielectric tensor for the materials with translational symmetries can be
Fourier transformed into reciprocal space and is expressed as:

e(r, v, w) -5 Z Y e atCre(q + G, q + G, w)e 9t (3.20)
4 GG

Here q is a vector from the first Brilloiun zone (BZ). G and G’ represent re-
ciprocal lattice vectors and () is the volume of the crystal. While discussing
optical spectroscopy, the interest is in the average response of the system to
the incoming light rather than the variation of the response on an atomic
scale. The average response is given by the macroscopic dielectric function
€(q,w), which is obtained via the G = G’ = 0 component of the inverse
microscopic tensor, expressed as € "1(q,q, w):

1

el w) = e 1(qq w)

(3.21)

From Eq. 3.19 the inverse microscopic dielectric function can be obtained
by calculating the complete polarization P.

3.4.2. Bethe-Salpeter equation

The key quantity in the calculation of two-particle excited states is the po-
larization P. The polarization P is connected to the two particle correlation



function L(1,1,2,2):
P(1,2) = —iL(1,1,2,2). (3.22)

The two-particle correlation function L is expressed as:

L(1,1,2,2") = G5(1,1,2,2) — G(1,2')G(1,2), (3.23)

where L is the part of two-particle Green’s function G, (describing the
propagation of electron and hole) which excludes the disconnected term
consisting of two single-particle Green’s functions G(1’,2')G(1,2). Note
that the function Ly is introduced describing independent motion of two
one-particle Green’s functions as

Lo(1,1,2,2") = G(1',2')G(1,2), (3.24)

The notation of (1) represents the particle is in position r1 at time t1 (r1,t1)
and similarly (2) represents the particle is in position 12 at time {2 (12, £2).
The Bethe-Salpeter equation (BSE) assumes the form of a Dyson’s-like equa-
tion for the function L:

L(1,1,2,2) = Lo(1,1,2,2') + /d(3,3’,4,4’)L0(1,1’,3,3’)3(3,3’,4,4’)L(4,4’,2,2’).
(3.25)

and the kernel = contains the effective two-particle interactions. It is given
by the derivative of the Hartree potential Vg and the self-energy ) :

5(3,3,4,4) = Vi (4a’é ()3+3%(4’4 )| (3.26)

The Hartree potential V} is expressed in terms of the one-particle Green'’s
function:

Vig(4,4') = —i6(4,4') / G(5,5%)0(5,4)d(5). (3.27)

In practice the exact form of the kernal & is unknown. To calculate X it is
necessary to approximate the self-energy. The standard approximation is to
use the self-energy in the GW-approximation [10]:

Y (1,2) =iG(1,2)W(1,2), (3.28)



where W(1,2) is the dynamically screened Coulomb interaction which is
expressed as

W(1,2) = / e1(1,3)0(3,2)d(3), (3.29)
with the dielectric matrix € expressed in the random-phase approximation
(RPA):

€(1,2) =4(1,2) +i/v(l,S)G(2,3)G(3,2)d(3). (3.30)

The interaction kernal = can be obtained by inserting Eq. 3.29 and Eq. 3.30
into Eq. 3.26:

5(3,3,4,4') = —i5(3,3')6(4,4')v(3,4) +i5(3,4)5(3,4YW(3,3)
IW(4,4') (331)

+iG(4,4)) GG

The first term contains the repulsive and unscreened exchange interaction
and the second term describes the electron-hole attraction given by screened
interaction W defined in Eq. 3.29. The contribution of the last term is small
in comparison with the other two terms. Therefore, the latter term can
be neglected in the numerical evaluation of the BSE. Thus, the interaction
kernal E can be expressed as:

£(3,3,4,4') = —i5(3,3')6(4,4')v(3,4) +i5(3,4)5(3,4YW(3,3'). (3.32)

3.4.3. Reformulation of the BSE

To simplify the numerical evalution of BSE (Eq. 3.25), this section shows how
the BSE can be reformulated from an integral equation into an eigenvalue
problem. A detailed treatment can be found in [45, 47].

The four-point functions L, Ly, and & must obey the transnational symmetry
of the crystal for a given lattice vector R

Lin+R i+ R+ R 1, +R) =L(r, 1), 1,15). (3.33)

Therefore, the four-point functions can be expressed as a sum over functions
Lq, where q is a vector from the first BZ expressed as:

L(r, 1), 12,15) =Y Lq(r1,1],12,15). (3.34)
q

The vector q can be identified as the momentum of the external perturbation.



The interest of this work lies in the optical limit of X-ray spectroscopy,
q—0. Thus, only the Ly contribution is considered, and it is indicated as
L(1,71,2,2"). Therefore, this functions can be expanded in the basis of the
quasi-particle wavefunctions which can be approximated by the KS orbitals

ll)nk:
L(rl’rl’rz’ I'z 2 ll)l] I ll)lg (rl)lplg, (rz)lpl4 (rZ)L 1112 1314) (335)

11 12 13 14

With this the correlation function can be expressed as the matrix equation:

1
0 0
i) iy ]Z] - L@E] o Do (3.36)
3/4

As mentioned before (Eq. 3.24) the independent-particle correlation function
Ly is the product of two-single particle Green’s functions describing the
independent motion of an electron and the hole. Therefore, the function L°
can be expressed as

0 __i(flz f11) (i13),(inig)

(i1i2),(i3ig) — €i, — €j; — —i5

(3.37)

where f represents the Fermi-distribution, and € are the single particle
energies. The excitonic Hamiltonian is introduced to the matrix equation
using this basis representation which is expressed as:

H o) Gsia) = (€0 = €815 8ajs) — il = F11)E i) Gsj) (3.38)

and L can be expressed as

L(iliz)(i3i4)(w) =i[H — w] (_11112) (i3iy) (fl4 fis)- (3.39)

Now, the two-particle correlation function L is obtained by an inversion of
the excitonic Hamiltonian for each frequency w.

Due to the various orbital-index combinations the structure of the e-h
Hamiltonian (Eq. 3.39) is complicated. However for core spectroscopy
Eq. 3.39 can be simplified as all excitations occur from occupied core states
¢ (fc=1) to unoccupied states u (f,=0). A detailed analysis of H, is given in
[46], the reduced block structure H, is:

e e
H, = Hclu1k1/C2”2k2 H61M1k1,M2€2k2 (3.40)

7
e e

uqc1ky,counko uyc1ky,uzcoks



with
¢ = =
crurky,couoky T (6“1k1 — €¢;)0c10,0mu, + Sequrky,cotinky (3.41)
e -
cruky upcoky — Perunky upcaky (3.42)
g = — |H; ' (3.43)
uyci1ky,counky cqur Ky, upcoko .
*
e _ e
urcrky upcoky T [Hclulkl,czuzkz} . (3.44)

By the Tamm-Dancoff approximation (TDA) [48], the matrix size can be fur-
ther reduced by neglecting the off-diagonal blocks (Eqs: 3.42 and 3.43). This
approximation is justified in the optical limit only if the binding energies
are small compared to the band gap [48]. In this study, X-ray absorption
spectroscopy is considered in the optical limit where the binding energies
are in the range of few eV thus, the TDA is considered. Now, the Hamilto-
nian H, takes block-diagonal form, and the eigenvalues and eigenvectors of
Eq. 3.42 uniquely define the eigenvalues and eigenvectors of Eq. 3.44. The
eigenvalue problem is expressed as:

BSE A A
Z chkc’u/k/A Wk T =E Acuk (3.45)

cu'k

The eigenvectors A? | are the expansion coefficients of the excitonic wave-
function ®*(r, ') with transition energy E* in the single-particle wavefunc-
tion of an electron and the hole:

CD)\ I'e, I'h ZAcuklPMk re)gbck(rh) . (346)
cuk

where, 1. and r;, are the positions of the excited electron and the hole,
respectively. With the solution to the eigenvalue problem and using the
spectral theorem, the correlation function L can be expressed in terms of
eigenvalues and eigenfunctions as:

Ante [Aie]
. crurk cousk
Lok eatgh =~ ——pr— (3.47)
A

The transistion coefficient t* can be obtained as:

(3.48)

where, (ck|p|uk) is the momentum matrix element. €, and €. are the
single-particle energies of the conduction and core state respectively. In



all-electron calculation the core states are accurately treated by considering
the relativistic effects. The relativistic corrections including the spin-orbit
splitting can be obtained if the electron energies and wavefunctions are
determined Dirac equation. The conduction states are treated in the zero-
order regular approximation (ZORA) to the Dirac equation without the
spin-orbit coupling term, thereby taking into account relativistic effects
within the muffin-tin spheres. A detailed description of the core and the
conduction states can be found in [20].

Using Eq. 3.48, the imaginary part of the dielectric tensor can be obtained

as:
8%,
Imep(w) = ﬁ|t/\| O(w — Ey). (3.49)

3.5. The effective electron-hole Hamiltonian

The effective Hamiltonian HB5F can be obtained by using Eq. 3.41:
ngk,c/u’k’ - (euk—ec)écc’éuu’ + iE‘cuk,C’u’k’r (3.50)

where the interaction kernel is defined by Eq.3.35:

[x]

(i), (inig) = / P ridrid®rad gy (r1) P ()5, (12) i, (1) E(ry, 1, 12, 15).

(3.51)
As discussed in previous section, the two-particle correlation function are
expanded in single-particle wavefunctions 1, (r), where the spin characters
of these single-particle states are neglected as the spinorial states are used
to include the spin-orbit coupling of the core states. To treat the spin-orbit
coupling of the core states, the spin index (¢ = 1, 2) for spin-up and spin-
down state is introduced in the following.

The effective Hamiltonian has three terms

HBSE _ Hdiag + HY + H°. (3.52)
given by
i
c:;(g,c’u’k’ - (euk - 66)5cc’5uu’5kk’/ (3.53)

(J:Cuk,c’u’k/ = / d37’d31’/ ; lPCkU(r) ¢Zka(r)ﬁ(r’ I‘/) Z/ w:/k/g’/ (r/)¢u’k/0’ (1‘/),
§ (3.54)
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(3.55)
The diagonal term H%“8 contains the differences between the quasi-particle
energies of the electron and the hole which gives the independant particle
approximation (IPA) spectrum. The exchange term H* contains the repuls-
ive exchange part of the e-h pairs given by the short-range part of the bare
Coulomb potential ¢. The third term H contains the attractive part of the
e-h interaction and contains the screened Coulomb interaction W.

In X-ray absorption spectroscopy, the BSE Hamiltonian can be separated
into individual atomic contributions [20]. Therefore, the imaginary part
of macroscopic dielectric function can also be expressed as a sum of the
different atomic contributions

Imey = Zlme%/l. (3.56)

o

In this work, the individual atomic contributions is calculated for all calcu-
lations. For more details see [20].






The accurate description of the core electrons in exciting code is obtained
by a fully relativistic treatment with spinor wavefunctions. Using the
exciting code, the core level excitations can be computed preciously by
the following procedure:

1. The electronic structure is calculated by solving the Kohn-Sham (KS)
equation of density-functional theory (DFT).

2. The solution of BSE is obtained using step 1 as starting point. Note
that the calculated absorption onset is underestimated. Therefore, a
scissors operator is applied to the calculated spectra to compare with
measured spectra.

The XANES of CZTS is calculated using a supercell with 32 atomsin2x2x 1
kesterite unit cell. The supercell is fully relaxed until the residual forces are
smaller than 0.06 eV/A. As a starting point for the BSE , the KS electronic
structure is calculated within the GGA with PBEsol parametrization cite.
For ground-state calculation of CZTS a k-point mesh of 6 x 6 x 6 is used to
sample the Brilloiun zone (BZ). For the basis function, a plane-wave cut-off
Rm1Giax = 7 bohr is applied. Muffin-tin (Rpsr) spheres of radii 2.28 bohr
are used for Cu, Zn and Sn and 1.87 bohr are considered for S. The core
spectra are calculated using a 4 x 4 x 4 k-grid. To solve the BSE equation,
250 unoccupied bands are considered for screening and diagonalization of
the BSE Hamiltonian.

The XANES of defect complexes Cuz,+Znc, and Vcy+Znc, in CZTS are
calculated using a supercell with 32 atoms. The defect complexes are intro-
duced in2x2x 1 and 2 x 1 x 2 supercells were the point donor Znc,, and the
acceptor V¢, and Cuyy, are placed closely to each other. Starting from the
lattice parameters [49] the geometry is relaxed until residual forces per atom
are smaller than 0.05 eV /A. For the groundstate and excited state calcula-
tion the parameters used to obtain the absorption spectra of single-phase
CZTS are used.

As a starting point for the BSE the KS electronic structure is computed within
the GGA with PBEsol parametrization cite. For ground-state calculation a
k-point mesh of 10 x 10 x 6 and 10 x 10 x 10 is used to sample the BZ for SnS;
and ZnS respectively. A plane-wave cutoff of Ry;7Gay = 7 is applied for
both the materials. Muffin-tin (Ry7) spheres of radii 2.0 bohr are considered
for Zn and Sn and 1.45 bohr are considered for S. The BSE spectra from the
Kand L, 3 edges are calculated using k-mesh of 10 x 10 x 6 is used for SnS;



and 10 x 10 x 10 for ZnS. 65 conduction bands for screening and 45 empty
bands are used in BSE Hamiltonian for both ZnS and SnS,.

22



23



—

The quaternary semiconductor CuZnSnS, (CZTS) is formed in two types
of tetragonal crystal structures: the one is kesterite-type with the space
group [4 and the stannite-type structure with space group [42m. It has been
reported that the kesterite structure has the lowest total energy and is more
stable than the stannite-type [50, 51, 52]. In this work, the focus lies on the
kesterite-type CZTS. The crystal structure of CZTS is shown in Fig. 5.1.
In kesterite structure, Cu, Zn, Sn and S occupy 21, 2¢, 2b, and 8¢ Wyckoff
positions, respectively. The cations Cu, Zn, and Sn are tetrahedrally bonded
to the S anions. Likewise, each S ion coordinates with two Cu, one Zn, and
one Sn ions.

Starting from the experimental lattice parameters and atomic positions [53]
structure optimization were performed within the KS DFT framework as
implemented in the exciting code [19]. The structure optimization yields
the lattice parameters a = b = 5.46 A and ¢ = 10.92 A which is in good
agreement with experiment [6].

Figure 5.1.: Conventional unit cell of the body-centered kesterite structure CuyZnSnSy
(CZTS) having two copper (brown), two zinc (blue), two tin (green), and eight sulfur
(orange) atoms per unit cell.
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5.1. Electronic Structure

In this section, the analysis of the electronic structure is discussed. The
quantum-mechanical selection rules determine the dipole allowed trans-
itions from the core to conduction states to generate the spectral features.
Therefore, the analysis of electronic properties is of key importance to under-
stand the x-ray absorption spectra. Starting from the optimized structure,
the electronic structure is calculated by solving the KS equation of DFT (see
Chapter 3). All the electronic structure calculations were performed on the
GGA-PBE level. For more computational details, see Chapter 4.

Figure 5.2.: a) The Brilloiun zone (BZ) of CZTS showing the locations of the high-symmetry
points. c) Band structure of CZTS and projected density of states for the energy region
between -2 and 5 eV.

In Fig. 5.2(a), the Brilloiun zone (BZ) of the body-centered tetragonal struc-
ture and the location of the high-symmetry points used to calculate the band
structure is shown. The band structure and the partial density of states



(PDOS) calculated on the GGA-PBE level is shown for the energy region
between -2 and 5 eV in Fig. 5.2(b). CZTS crystals have a direct bandgap
at the I'-point. The computed KS gap is 0.43 eV. The bands around the
bandgap (-0.8 to 1.45 eV) are strongly dispersive. The bands at energies
above 2 eV are less dispersive. From the PDOS (right-panel), one can see
that the major contributions to the valance bands are from Cu and S states.
The low-lying conduction bands are dominated by contributions from Sn
and S. Zn states do not influence the bandgap region as they are located
deeper in energy. These results are in good agreement with previously
reported calculations of the electronic structure [54, 55, 56].

Figure 5.3.: Atomic s (left), p (middle) and d (right) characters projected on the band struc-
ture of CZTS in the conduction band region. The color code indicates contributions from
Cu (brown), Zn (blue), Sn (green), S (orange). The size of the symbols quantifies the weight
of s, p and d characters.

To understand the final states of the x-ray absorption spectra, the focus of
this section lies in the unoccupied region of the band structure. Figure 5.3
displays the atomic-orbital characters projected on the conduction band
structure. The majority of contributions to the low-lying conduction bands
up to 1.45 eV are from Sn-5s and S-3p states with minor contributions
from Cu-34 states. The bands in the energy range between 2.2 to 4 eV are
dominated by contributions from Zn-4s, S-3p, and Sn-4d states. Also, there
are notable contributions from Sn-4p states. At higher energies, one can see
contributions from Cu-4s states.

5.2. Sulfur K edge

The imaginary part of the macroscopic dielectric function of CZTS calculated
with (brown solid line) and without (black solid line) e-h interactions by
solving the BSE (see Section 3.4.2) is shown in Fig. 5.4. The transitions



from the 1s core state (K-edge) are dipole-allowed to p-states and f-states (if
available). The IPA is proportional to the DOS, weighted by the momentum
matrix elements between the core and conduction bands that reflect the
p-character. The IPA spectra is characterized by a peak at 2471.90 eV which
is followed by a broad peak at 2473.85 eV.

Figure 5.4.: Core-level absorption spectra from the sulfur K edge in CupZnSnS, in com-
parison with experiments. The brown line indicates the BSE result and the black line the
IPA spectrum. The dashed lines indicate the experimental data, sample-1 (cyan) [57] and
sample-2 (magenta) [58]. The dashed line represents the independent-particle onset. The
calculated spectrum is shifted by 70.8 eV for comparison with experiments.

While the inclusion of e-h interaction red-shifts the absorption onset and
redistributes the spectral weight with respect to the IPA, the main peaks
are already visible in the IPA spectrum. Excitonic effects enhance the peak
intensities at lower energies. The absorption onset at 2470.68 eV is attributed
to a bound e-h pair with intense oscillator strength with a binding energy
of 0.41 eV. Excitons with weak oscillator strength occur at 2473.45 eV, and
the oscillator strengths decrease with increasing energies. Above 2476.45
eV, the IPA and BSE spectra exhibit similar features due to the weak e-h
interaction.

The spectral features at 2470.68 and 2473.3 eV can be further analyzed by
looking into the character of excitons that constitute the peaks. Figure 5.5
displays the excitonic weights (see Eq. 3.48) projected on top of the KS band
structure together with the real-space representation of the excitons for the
fixed hole position (see Eq. 3.46). From the band contributions, it can be
observed that the onset peak at 2470.68 eV arises from excitations to the
conduction bands up to 1.4 eV (Fig. 5.5(a)). Though the excitonic weights
are distributed over the entire BZ most of the contributions come from the



Figure 5.5.: Contribution of individual bands to the lowest-energy excitations (peaks at
2470.68 and 2473.3 eV). The size of the brown-colored circles quantifies the weight of
the respective electronic state in the excitonic eigenstate. The bottom panel shows the
real-space representation of the electron distribution. The position of the hole is marked by
a black circle. Cu atoms are displayed in brown, Zn atoms in blue, Sn atoms in green, S
atoms in orange.

I'-point. The spectral feature at 2473.3 eV is formed by transitions to the
conduction bands at 2 eV (Fig. 5.5(b)). As observed in the previous case,
the excitonic weights are distributed over the entire BZ, and the dominant
contributions come from the I' point. The energy bands taking part in these
excitations are dominated by contributions from S p-states (Fig. 5.3). The
distribution of the excitonic weights in the reciprocal space reflects the
localized character of the e-h wavefunction in real-space.

To further complement this analysis of the excitons, the distribution of the
e-h wavefunctions in real-space for a fixed hole position (see Eq. 3.46) is
displayed in Figs. 5.5(c) and (d). The exciton wavefunction corresponding
to peak at 2470.68 eV (Fig. 5.5(c)) is not completely localized at the excited
S atom but significantly reaches out to the neighboring Sn atoms and the
S atoms surrounding it. The electron distribution corresponding to peak
at 2473.3 eV (Fig. 5.5(d)) is found mainly between the S and Zn atom and
spreads out to the nearest and the second-nearest S and Sn atoms.

For comparison with experimental data, the calculated spectra are shifted to
70.8 eV (Fig. 5.4). The IPA spectrum does not reproduce the spectral shape
of the experimental data. The BSE spectrum exhibits the essential features
in comparison with experiments, confirming the importance of including



e-h to describe the absorption spectra. Though the spectral features of the
calculated and measured spectra are similar, they are far from satisfactory.
However, there are also differences observed between the two measured
spectra. These discrepancies will be discussed in Chapter 7.

5.3. Sulfur L, edge

In this section, a detailed description of excitations from the S L, 3 edge
is presented jointly with an in-depth analysis of the origin of the spectral
features. The L3 spectral lines illustrates transitions from 2p states to d
and s states. For an accurate description, it is necessary to include spin-
orbit splitting between the L, and L3 edge. The S 2p5,, (L3 edge) and 2p; /»
(L edge) core-states are separated by spin-orbit splitting of about 1.2 eV.
Because of the small splitting, the transitions from S 2p;,, and 2p; /, initial
states have to be considered simultaneously. The employed approach in
this work allows us to treat spin-orbit coupling precisely (see Chapter 3).

Figure 5.6.: Core-level absorption spectra from the S L, 3 edge in CupZnSnS, (CZTS). The
solid brown line shows the BSE result, and the solid black line shows the IPA spectrum.
The oscillator strengths of the individual transitions are shown by the vertical bars, as
obtained from the BSE calculations. The dashed line represents the IPA onset. The cyan
vertical bars represent excitations from the L3 edge, and the magenta vertical bars represent
mixed transitions from the L, and Lz channels.

The XANES from the S L 3-edge of CZTS is shown in Fig. 5.6 with (BSE)
and without (IPA) e-h interaction. The IPA spectrum is characterized by
a peak at 164.3 eV followed by another peak at 166.32 eV and a broad



spectral feature at 169.1 eV. The IPA spectral shape reflects the unoccupied
S 3d states as well as their hybridization with Sn-5s and Cu 3d-states. The
inclusion of e-h interaction in the BSE formalism red-shifts the absorption
onset and redistributes the spectral weight with respect to the IPA. In BSE,
the spectrum starts at 163.1 eV followed by a shoulder at 164.3 eV and a
broad peak at 165.3 eV. The absorption onset is attributed to a bound exciton
with binding energy of 0.34 eV.

Figure 5.7.: Contribution of individual bands to the excitation of peaks A, B, C, and D
marked in Fig. 5.6. The size of the brown-colored circles quantifies the weight of the
respective electronic state in the excitonic eigenstate. Their respective bottom-panel shows
the real-space representation of the electron distribution. In all cases, the position of the
hole is marked by a black circle. Cu atoms are displayed in brown, Zn atoms in blue, Sn
atoms in green, S atoms in orange.



The height of the brown vertical bars shows the oscillator strength of the
excitons contributing to the corresponding peaks. The spectral features can
be separated depending on the transitions that originate from L, and L3
absorption edges, as well as by their mixing. The first peak is formed by
excitations from the 2p3,; level (L3 edge). The second feature at 164.3 eV is
formed by mixed transitions from the L, and L3 channels. The peak at 165.3
eV originates again from excitations from the 2ps/, core-state. Above 167 eV,
a continuum of excitations with low intensity characterizes the spectrum.

To analyze the excitonic character corresponding to peaks A, B, C, and D
marked in Fig. 5.6, the band contributions to these excitons are shown by
projecting the excitonic weights onto the KS band structure in Fig. 5.7. The
peaks A and B stem from transitions to the conduction bands up to 1.4 eV.
Though the excitonic weights are distributed over the entire BZ, dominant
contributions come from the region around the conduction band minimum.
The peaks C and D arise from excitations to the conduction bands at 2 eV.
As observed in the previous case, the excitonic weights are distributed over
the entire BZ, and here the dominant contributions come from the I' — X
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Figure 5.8.: S L, 3-edge spectra of CZTS in comparison with experiment. The calculated
spectra is shifted by 12.8 eV and a Lorentzian broadening of 150 meV is applied. The cyan
lines indicates measured data of three samples (sample-1 [57], sample-3 [59], and sample-4
[57]).

To complement this analysis, Fig. 5.7 also displays the distribution of the
e-h wavefunction in real-space (see Eq. 3.46). The exciton wavefunctions
corresponding to peaks A and B are similar. They are not fully localized at
the excited S atom but extend to the neighboring Sn atom and the surround-
ing S atoms. Likewise, the exciton wavefunctions corresponding to peak



C and D are similar to each other. They are not localized at the S atom but
also spread out to the nearest Sn and Zn atoms and second-nearest S and
Zn atoms.

In Fig. 5.8, comparison of the calculated BSE spectra with experimental
spectra is shown. The calculated spectrum is shifted by 12.8 eV. The absorp-
tion onset of all three measured samples appears at 162.7 eV followed by a
shoulder at 163.8 eV and a peak at 164.9 eV. Like in the case of the S K-edge
(Fig. 5.4), the comparison of the calculated and measured spectra reveals
some discrepancies. The origin of these discrepancies will be discussed in
detail in Chapter 7.

5.4. Summary

In this chapter, a detailed analysis of the electronic structure and excitations
from the S K and the L; 3 edge in CZTS has been presented. The inclusion of
the attractive Coulomb interaction red-shifts the absorption onset leading
to the formation of bound excitons with binding energies of 0.41 eV and
0.34 eV for K-edge and L, 3-edge, respectively. The lowest spectral features
are formed from excitations into the low-lying conduction bands in both
S edges. However, the excitation from the K-edge probes the p like states
whereas the L, 3 edge probe s and d like states. The more intense spectral
features of the K-edge spectra in comparison with L, 3 edge reflects the
dominant p character to the conduction states. Detailed analysis of the
character of the first and second feature reveals that the exciton distribution
for the first peak is along the Sn-S bond. In the second peak, the excitons
are distributed along the Zn-S bond in both edges. For both edges, there
are discrepancies between the calculated and the measured spectra. In the
upcoming chapter, a comparison with the binary phases ZnS and SnS, will
be presented to understand whether these discrepancies can be related to
binary phases that may be present in the measured material.



6 Binary phases: SnS; and ZnS

The focus of this chapter is to present XANES of the sulfur K- and L, 3-edge
in the binary phases ZnS and SnS; to understand the discrepancies between
the calculated and the measured CZTS spectra discussed in the previous
chapter.

6.1. SI‘ISQ

Figure 6.1.: Conventional unit cell of SnS;. Sn atoms are in blue, and S atoms in orange.

SnS; naturally occurs as a mineral berndtite. SnS; crystallizes in the hexagonal
closely-packed structure with space group P3m1 symmetry. The crystal
structure of SnS; is displayed in Fig. 6.1. The crystal has a layered structure,
where each Sn atom is octahedrally surrounded by six S atoms. The struc-
ture optimization yields the lattice parameter a = 3.75 A which is in good
agreement with experiment [60].

6.1.1. Electronic Structure

The analysis of the electronic properties is important as the x-ray absorption
spectra strongly depend on the local electronic structure of the absorbing
atom. The electronic structure calculations were performed starting from
the optimized structure on the GGA-PBE level. For more computational
details, see Chapter 4. The BZ of the hexagonal close-packed lattice structure
and the location of the high symmetry points used to calculate the band
structure is displayed in Fig. 6.2 (top-panel). The calculated bandstructure
and the PDOS are shown for the energy region between -4 to 8 eV in Fig.
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Figure 6.2.: a) Brilloiun zone (BZ) of SnS, showing the location of the high-symmetry
points. b) Band structure and partial density of states (PDOS) of SnS, for the energy region
between -4 and 8 eV.

6.2 (bottom-panel). SnS, crystals have a indirect bandgap. The VBM is
at the I'-point and the CBM is between L and M points. This shows that
SnS; has an indirect bandgap. The computed KS band gap is 1.91 eV. From
the PDOS (right-panel), one can see that the major contributions to the
valence bands are from S states, whereas conduction bands are dominated
by contributions from both Sn and S states. These results are in good
agreement with previously reported calculations of the electronic structure

[61].

To understand the final states of the absorption spectra, the focus of this
section lies on the conduction band region of the band structure. Figure 6.3
displays the atomic characters projected on the conduction band structure.
The majority of the contributions to the first conduction bands up to 2.3 eV
are from Sn-5s and S-3p states. The bands in the energy range between 3 to
7 eV are dominated by contributions from Sn-5p and S-3p states with minor
contribution from S-34 states. At higher energies, there are contributions
from Sn-4d and S-3d states.



Figure 6.3.: Atomic s (left), p (middle), and 4 (right) characters projected on the bandstruc-
ture of SnS; in the conduction band region. The color code indicates contributions from
Sn (green) and S (orange). The size of the symbols quantifies the weight of s, p, and d
characters displayed in the three panels.

6.1.2. Sulfur K edge

Figure 6.4.: Core-level absorption spectra of the sulfur K-edge in SnS;. The green-solid line
indicates the BSE result of SnS, and the black-solid line indicates independent-particle
(IPA) spectrum. The dashed green line indicate the experimental data [58]. The dashed
vertical line represents the independent-particle onset. The calculated spectrum is shifted
by 74.9 eV for comparison with experiments.

The imaginary part of the microscopic dielectric function of SnS; calcu-
lated with (green-solid line) and without (black-solid line) e-h interaction by
solving the BSE is shown in Fig. 6.4. The IPA is proportional to the DOS,
weighed by the momentum matrix elements between the core and conduc-
tion bands that reflects p-character. The IPA spectrum is characterized by
two sharp peaks at 2471.63 and 2475.31 eV, followed by another peak at
2479.22 eV. The inclusion of e-h interaction red-shifts the absorption onset



and redistributes the spectral weight with respect to IPA. Excitonic effects
enhance the peak intensities at lower energies. In BSE (solid green line), the
absorption onset at 2470.65 eV is attributed to a bound e-h pair with intense
oscillator strength with a binding energy of 0.89 eV. Excitons with weak
oscillator strength occur at 2473.44 eV, and the oscillator strengths decrease
with increasing energies. The calculated spectra is in excellent agreement
with the experimental data [58].

Figure 6.5.: Contribution of individual bands to the lowest-energy excitations at 2470.65
and 2473.44 eV (Fig. 6.4). The size of the green-colored circles quantifies the weight of
the respective electronic state in the excitonic eigenstate. The bottom panel displays the
real-space representation of the electron distribution. The fixed hole position is marked by
a black circle. Sn atoms are displayed in green and S atoms in orange.

The spectral features at 2470.65 and 2473.44 eV can be further analyzed
by looking into the character of the excitons that make up the peaks. The
excitonic weights (see Eq. 3.48) projected on top of the KS band structure
together with the real-space representation of the excitons for the fixed hole
position (see Eq. 3.46) is shown in Fig. 6.5. From the band contributions, it
can be observed that the onset peak at 2470.65 eV arises from excitations to
the conduction band up to 1.4 eV (Fig. 6.5(a)). Though the excitonic weights
are distributed over the entire BZ, most of the contributions come from L
and M points. The spectral feature at 2473.44 eV is formed by transitions
to the conduction bands between 3 to 5 eV (Fig. 6.5(b)). As observed in
the previous case, the excitonic weights are distributed over the entire BZ,
and the dominant contributions come from the A-point. The energy bands
taking part in these excitations are dominated by contributions from S
p- and Sn p-states (Fig. 6.3). The distribution of the excitonic weights in
reciprocal space reflects the localized character of the e-h wavefunction in



real-space.

To further complement this analysis, the distribution of the e-ih wavefunction
in real-space for a fixed hole position is displayed in Figs. 6.5(c) and (d). The
exciton wavefunction corresponding to peak at 2470.65 eV (Fig. 6.5(c)) is
not completely localized at the excited S atom but significantly reaches out
to the neighboring Sn atoms and the S atoms surrounding it. The electron
distribution corresponding to peak at 2473.44 eV (Fig. 6.5(d)) is found
mainly between the excited S atom and the neighboring Sn atoms.

6.1.3. Sulfur L2,3 edge

Figure 6.6.: Core-level absorption spectra from the S L, 3 edge in SnS,. The green-solid
line shows the BSE result, and the black-solid line shows the IPA spectrum. The dashed
green line indicate experimental data [59]. The calculated spectrum is shifted by 12.0 eV
for comparison with experiments. The oscillator strength of the individual transitions
is shown by the vertical bars, as obtained from the BSE calculations. The dashed line
represents the IPA onset. The cyan vertical bar represent excitations from the L3 edge, and
the magenta vertical bars represent mixed transitions from the L, and Lz channels.

The XANES from the S L, 3-edge of SnS; is shown in Fig. 6.6 with (BSE)
and without (IPA) e-h interaction. The IPA spectrum is characterized by a
broad peak at 161.8 eV followed by the peak at 163.1 eV and another peak
at 164.9 eV. The IPA spectral shape reflects the unoccupied S -34 and Sn-5s
states. The inclusion of e-h interaction in the BSE formalism red-shifts the
absorption onset and redsitributes the spectral weight with respect to the
IPA. In BSE, the spectrum starts at 161.8 eV followed by another peak at
163.1 eV and a broad peak at 164.9 eV. The absorption onsent is attributed
to a bound exciton with a binding energy of 0.24 eV.



Figure 6.7.: Contributions of individual bands to the peaks at A, B, C, and D marked in Fig.
6.6. The size of the green- colored circles quantifies the weight of the respective electronic
state in the excitonic eigenstate. Their respective bottom panel displays the real-space
representation of the electron distribution. In all cases, the position of the hole is marked
by a black circle. Sn atoms are displayed in green and S in orange.

The green vertical bars show the oscillator strength of the excitons contrib-
uting to the corresponding peaks. The spectral features can be separated
depending on the transition from L, and L3 absorption edges, as well as by
their mixing their mixing. The first peak is formed by transitions from the
2ps, state (L3 edge). The feature at 163.1 eV is formed by mixed transitions
from the L, and L3 channels. The peak at 164.9 eV again originates from
excitations from the 2p;/, core-state. Above 166 eV, a continuum of excita-
tions with low intensity characterizes the spectrum. The calculated spectra
is in good agreement with the experimental data [59].



To analyze the excitonic character corresponding to peaks A, B, C, and D
marked in Fig. 6.6, the band contributions to these excitons are shown in
Fig. 6.7 by projecting the excitonic weights onto the KS band structure. The
peaks A and B arise from excitations to the conduction band up to 1.4 eV.
The dominant contributions of the excitonic weights come from the region
around the conduction band minimum. The peaks C and D stem from
excitations to the conduction bands at 3 eV. The dominant contributions of
the excitonic weights come from M point.

To complement this analysis, Fig. 6.7 also displays the distribution of
the e-h wavefunction in real-space for a fixed hole position. The exciton
wavefunctions corresponding to peaks A and B are similar. The exciton
wavefunctions are not fully localized at the excited S atom but extend to the
neighboring Sn atoms and S atoms surrounding it. Likewise, the exciton
wavefunctions corresponding to peaks C and D are similar to each other.
They are not localized at the excited S atom but also spread out to the nearest
Sn and S atoms.

6.2. ZnS

Figure 6.8.: Conventional unit cell of ZnS. Zn atoms are in blue, and S atoms in orange.

ZnS occurs in two types of crystal structures, zincblende or sphalerite and
wurtzite. Zincblende has a face-centered cubic lattice with space group
F43m, whereas wurtzite has a hexagonal closet packed lattice with space
group P63mc symmetry. In this work, the focus lies on zincblende ZnS.
The crystal structure of ZnS is shown in Fig. 6.8, where the sulfur anions
occupy the face-centered cubic lattice sites, and zinc cations are present
in the tetrahedral voids. As a first step to obtaining absorption spectra
starting from the experimental lattice parameters, structure optimization is
performed. The structures optimization yields the lattice parameter a = 5.36
A which in good agreement with experiment [62].



6.2.1. Electronic structure

In Fig. 6.9(a), the BZ of the face-centered cubic lattice structure and the
location of the high-symmetry points used to calculate the band structure
is displayed. The band structure and the partial density of states (PDOS)
calculated on the GGA-PBE level is shown for the energy region between
-4 and 8 eV in Fig. 1.2(b). The bands around the bandgap are strongly
dispersive. ZnS has a direct bandgap at the I'-point. The computed KS gap
is 2.23 eV. The bands at higher energies above 4 eV are strongly dispersive.
From the PDOS (right-panel), one can see that the major contributions
to bands between the energy range -4 to 4 eV are from Zn and S. The
conduction bands at higher energy between 4 to 7 eV are dominated by
contributions from Zn states.

Figure 6.9.: a) Brilloiun zone (BZ) of ZnS showing the locations of the high-symmetry
points. c) Band structure of ZnS and projected density of states for the energy region
between -4 and 8 eV.

The atomic characters projected on the conduction band structure of ZnS
are shown in Fig. 6.9. The conduction bands in the energy range 1.0 to 4.5
eV are dominated by contributions from Zn-4s, S-3s, and Zn-34d states. At
higher energies above 5.2 eV are dominated by contributions from S-3p and
Zn-3p states. Also, there are notable contributions from Zn-34 states.



Figure 6.10.: Atomic s (left), p (middle), and d (right) characters projected on the bandstruc-
ture of ZnS in the conduction band region. The color code indicates contributions from Zn
(blue) and S (orange). The size of the symbols quantifies the weight of s, p, and d characters
displayed in the three panels.

6.2.2. Sulfur K edge

Figure 6.11.: Core-level absorption spectra of the sulfur K edge in ZnS. The blue-solid line
indicates the BSE result of ZnS and the black-solid line indicates independent-particle (IPA)
spectrum. The dashed blue line indicate the experimental data [58]. The dashed vertical
line represents the independent-particle onset. The calculated spectrum is shifted by 75.2
eV for comparison with experiments.

The imaginary part of the microscopic dielectric function of ZnS calculated
with (blue solid line) and without (black solid line) e-h interaction by solving
the BSE is shown in Fig. 6.11. The IPA spectra are characterized by a double
peak at 2472.54 eV and 2474.13 eV followed by another double peak feature
at 2475.58 eV and 2476.72 eV. The inclusion of e-h interaction red-shifts the
absorption onset and redistributes the spectral weight with respect to IPA.



In BSE (blue solid line), the absorption onset is at 2474.34 eV with intense
oscillator strength followed by a broad peak at 2476.25 eV.

Figure 6.12.: Contribution of individual bands to the lowest-energy excitation peaks at
24724 and 2474.2 eV in Fig. 6.11. The size of the blue-colored circles quantifies the weight
of the respective electronic state in the excitonic eigenstate. The bottom panel displays the
real-space representation of the electron distribution. The position of the hole is marked by
a black circle. Zn atoms are displayed in blue, and S atoms in orange.

The spectral features at 2472.4 and 2474.2 eV can be further analyzed by
looking into the character of excitons that constitute the peaks. Figure 6.12
displays the excitonic weights projected on top of the KS band structure,
together with the real-space representation of the excitons. From the band
contributions, it can be observed that the peak at 2472.4 eV stems from
transitions to the conduction band up to 4.5 eV (Fig. 6.12(a)). Most of
the exciton weights are observed close to the points L and I'. Like in the
previous case, the spectral features at 2474.2 eV also arise from excitations to
the conduction band up to 4.5 eV (Fig. 6.12(b)). The majority of the exciton
weights is observed between the L and I' points and close to the X point.
The bands taking part in these excitations are dominated by contributions
from S p states.

To complement this analysis, the distribution of the e-h wavefunction in
real-space is displayed in Fig. 6.12(c) and (d). The exciton wavefunction
corresponding to peak at 2472.4 eV (Fig. 6.12(c)) is not completely localized
at the excited S atom but also reaches out to the Zn atoms surrounding it.
The electron distribution corresponding to peak at 2474.2 eV (Fig. 6.12(d))
is found mainly between the excited S and Zn atom.



6.2.3. Sulfur L,; edge

Figure 6.13.: Core-level absorption spectra from the S L, 3 edge in ZnS. The solid blue line
shows the BSE result, and the solid black line shows the IPA spectrum. The dashed green
line indicate experimental data [59]. The calculated spectrum is shifted by 12.8 eV for
the comparison with experiments. The oscillator strength of the individual transitions
is shown by the vertical bars, as obtained from the BSE calculations. The dashed line
represent the IPA onset. The cyan vertical bars represent the excitations from the L3 edge,
the orange vertical bars represent excitations from the L, edge, and the magenta vertical
bars represent mixed transitions from the L, and L3 channels.

The XANES from the S L, 3-edge of ZnS is shown in Fig. 6.13 with (BSE)
and without (IPA) e-h interaction. In the IPA spectrum, peak starts at 164.9
eV, followed by a second peak at 167.6 eV. The inclusion of e-h red-shifts the
absorption onset and redistributes the spectral weight. The BSE spectrum is
characterized by a shoulder peak at 164.2 eV, followed by a peak at 164.9 eV
and again a shoulder at 165.52 eV.

The height of the blue vertical bars shows the oscillator strength of the
excitons contributing to the corresponding peaks. The spectral features can
be separated depending on the transitions from L, and L3 absorption edges
and their mixing. The first shoulder and the peak is formed by transitions
from 2p3/, level (L3 edge). The second shoulder (165.52 eV) is formed by
excitations from the 2p; /, level (L, edge). The peak at 165.99 eV is formed by
mixed transitions from the L, and L3 channels. Above 166 eV, a continuum
of excitations with low intensity characterizes the spectrum.

To analyze the excitonic character corresponding to peak A, B, C, and D the
band contributions to these excitons are shown in Fig. 6.14 by projecting the
excitonic weights onto the KS band structure. From the band contribution,
it can be observed that the spectral features arise from transitions to the first



Figure 6.14.: Contribution of individual bands to the excitations of peaks A, B, C, and
D marked in Fig. 6.13. The size of the blue-colored circles quantifies the weight of the
respective electronic state in the excitonic eigenstate. Their respective bottom panel shows
the real-space representation of the electron distribution. In all cases, the position of the
hole is marked by a black circle. Zn atoms are displayed in blue and S atoms in orange.

conduction band. For peaks A and C, the dominant contributions come
from the I' point. In case of peaks B and D, the dominant contributions
come between the points L, 7, and X. To complement this analysis, Fig.
6.14 also displays the distribution of e-h wavefunction in real-space. The
exciton wavefunctions corresponding to all the peaks are similar. In all
cases, they are not fully localized at the excited S atom but also extend to
the surrounding Zn atoms and second-nearest S atoms.



Figure 6.15.: Core-level absorption spectra of the sulfur K (left panel) and L; 3 (right panel)
edge in the binary phases SnS; (green solid lines) and ZnS (blue solid lines). For compar-
ison, the calculated and measured spectra of core-level spectra of CZTS (see Chapter 5)
ares shown.

6.3. Comparison of CZTS and their binary phases
with experiment

In this section, the discrepancies between the calculated and measured
spectra of CZTS discussed in Chapter 5 are addressed in comparison with
the binary phases ZnS and SnS,. In Fig. 6.15, the calculated sulfur K (left)
and L, 3 (right) edge spectra of SnS; and ZnS as described in Sections. ??
and ?? are shown together with the calculated and measured spectra of
CZTS. For a detailed description of the latter, see Chapter 5. Like in CZTS, a
bound exciton is observed in both the edges in SnS, but not in ZnS. The peak
structure in the K edge in CZTS from 2468.5 to 2471.98 eV resembles SnS;
whereas, above 2472 eV, the spectral features resemble ZnS. The spectral
features may be the same, while the positions are not. This is attributed to
the difference in the bandgap of the three materials. It is also clear from the
analysis of the character of excitons constituting the former peak reveals
that the probability of excitation is strong in the excited S atom and extends
to neighboring Sn atom (see Fig. 5.5 (c)). Likewise, for the latter peak, the



probability of excitation is between S and Zn atom (see Fig. 5.5 (d)).

The right panel of Fig. 6.15 displays the calculated S L, 3 edge of SnS;
and ZnS together with CZTS. As mentioned before, the K and L, 3 edge
differ due to their different selection rules. The transitions from L, 3 reflect
s and d character. In comparison with CZTS, it can be observed that the
peak structures from 162.6 to 164.5 eV resemble those of SnS,. Above 165.5
eV, the spectral features are similar to ZnS. As observed in K edge, from
the analysis of the character of excitons constituting the peaks between
162.6 and 164.5 eV reveals that the probability of excitation is strong in the
excited S atom and extends to neighboring Sn atom (see Fig. 5.7 (top panel)).
Similarly, for the latter peak, the probability of excitation is between S and
Zn atom (see Fig. 5.7 (bottom panel)).

Overall in both edges, though the spectral features of the calculated and
measured spectra are similar, this does not solve the discrepancies observed
between the calculated and measured spectra of CZTS.

6.4. Summary

In this chapter, a detailed analysis of the electronic structure and excitations
from the S K and L, 3 edge in the binary phases SnS; and ZnS has been
presented. The inclusion of the attractive Coulomb interaction red-shifts the
absorption onset, and the spectral weights are significantly redistributed in
both SnS; and ZnS. A bound excitonic state is observed in SnS; but not in
ZnS. The more intense spectral features of the K-edge spectra in comparison
with L 3 edge reflects the dominant p character to the conduction states.
The calculated and measured spectra are in excellent agreement in both
edges. In comparison with CZTS, the lowest spectral features resemble
those of SnS,, and the spectral features at higher energy resemble those of
ZnS.

Though the origin of the spectral features can be understood, the discrepan-
cies between the calculated and measured spectra in CZTS remain an open
issue. To understand the origin of these differences, the studies are extended
to defect complexes, which will be discussed in the next chapter.



7 Defect complexes in CZTS

As mentioned before, the nature of the CZTS compound point defects are
formed, affecting the physical properties of the material. Defect complexes
are formed when point defects with opposite charges are close to each other.
Among the possible reported defect complexes, pairs like Cuz,+Znc,, and
Vcu+Cuz, have lower formation energy (see Section 2.3). In this chapter,
a detailed analysis of the defect complexes Cuzy+Znc, and Vcy+Zngy is
presented by examining core excitations from the sulfur K- and L, 3-edges.

7.1. CuZn+ZnCu in CZTS

Figure 7.1.: Atomic configuration of the defect complex Cuzn+Znc,, in CZTS. The acceptor
(Cuzp) and donor (Zncy,) defects are placed closely to each other to form a complex (red
oval lines). The inequivalent sulfur sites are labeled with their index ng. The unit cell of
single-phase CZTS is highlighted with the dashed line.

The atomic configuration of the defect complex Cuz,+Znc,, is shown in Fig.
7.1 as described by a 2 x 2 x 1 supercell with 32 atoms. The point defects
Cuz, and Zng, are placed close to each other to form a defect complex
marked by a dashed red oval lines. The low symmetry makes the sulfur
atoms inequivalent which is marked with their index ng. Starting from the
experimental lattice parameters of pristine CZTS, the atomic coordinates are
relaxed until residual forces per atom are smaller than 0.05 eV/A. For ease
of discussion, the acronym Cuz,+Znc,, is used to denote the material.

7.1.1. Electronic Structure

In Fig. 7.2(a) the BZ of the triclinic lattice structure and the location of
the high-symmetry points used to calculate the band structure are shown.
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Figure 7.2.: a) Brilloiun zone (BZ) of CZTS with the defect complex Cuz,+Znc, showing
the location of high-symmetric points. b) Band structure and PDOS for the energy region
between -2 and 5 eV.

The band structure and the PDOS calculated on the GGA-PBE level is
shown in Fig. 7.2(b). The bands around the bandgap region are strongly
dispersive. Cuzy+Znc, exhibits a direct bandgap of 0.04 eV at the I' point.
In comparison with pristine CZTS (see Sec. 5.1), the bandgap is decreased
by 0.09 eV. The PDOS of the pristine material and Cuz,+Znc, are similar.

It is essential to look into the unoccupied region to understand the final
states of the absorption spectra. In Fig. 7.3, the atomic-orbital characters
projected on the conduction band region are shown. Overall, the atomic
contributions to the conduction band region of the pristine CZTS (see Fig.
5.3) and Cugz,+Znc, are very similar . Most contributions to low-lying
conduction bands up to 1.5 eV are from Sn- 5s and S-3p states with minor
contributions from Cu-34 states. The conduction bands in the energy range
between 2.2 to 4 eV are dominated by contributions from Zn-4s, S-3p, and
Sn-4d states. Also, there are notable contributions from Sn-4p states. At
higher energies, one can see contributions from Cu-4s states.



Figure 7.3.: Atomic-orbital s (left), p (middle), and d (right) characters projected on the
band structure of Cuz, + Znc, in the conduction band region. The color code indicates
contributions from Cu (brown), Zn (blue), Sn (green), and S (orange). The size of the
symbols quantifies the weight of s, p, and d character.

7.1.2. Sulfur K edge
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Figure 7.4.: Core-level shifts (AE) of the S 1s states for the inequivalent sulfur atoms, marked
in Fig. 7.1 with respect to that of single phase CZTS. The shifts are calculated by taking the
VBM as reference.

In this section, the absorption spectra of the sulfur K-edge of the defect
complex Cuzy+Znc, in CZTS are presented. They are calculated for the
inequivalent sulfur atoms of Cuz,+Zncy labeled in the supercell (Fig. 7.1).
For this purpose, it is important to understand the relative core levels
shift (AE) upon defect formation since they are sensitive to the chemical
environment. The AE for the inequivalent sulfur atoms is shown in Fig. 7.4.
The atomic species S4, S7, and S15 are close to the acceptor point defect
Cugzy. Their energetic positions are up-shifted by +0.14 eV. The species S5
and S16 are close to the donor point defect Znc,,. Their energetic positions
are down-shifted by -0.25 eV. The species S9 is shared by both the point
defects Cuz, and Znc,. Its energetic position is down-shifted by -0.15 eV.



Also, the energetic position of the first-neighboring species (S8 and S1)
around the defect complex is down-shifted by -0.15 eV. While, the energetic
position for the atoms S11, S10, S14, and S6, which are relatively far from
the defect complex, is close to pristine CZTS.

Figure 7.5.: Absorption spectra from the S K-edge of Cuz,+Znc,. BSE results of selected
inequivalent S atoms as the average over the diagonal Cartesian components of the imagin-
ary part of the macroscopic dielectric tensor. The magenta line denotes the contributions
from all inequivalent S atoms.

In the following, the absorption spectra are discussed for the atoms S4, S7,
515, S5, S9, and S11 and shown in Fig. 7.5. The total spectrum obtained as
the average over all contributions (magenta shaded area) is characterized by
a peak at 2399.85 eV followed by broad peaks at 2404.42, 2404.6, and 2406.52
eV. These features can be understood by looking into the contributions of
individual S atoms to the average spectra. Overall, the absorption onsets of
the inequivalent S atoms differ by about 0.24 eV. The BSE spectra from 54,
S7, and S15 exhibit an onset peak at 2399.78 eV. This concerns the up-shifted
core levels of S atoms close to Cuyz,. The onset peak from S9 is at 2399.88
eV, and from S5 at 2400.03 eV. Though the core level of S11 is higher than
S5, the onset peak of S11 is close to S5. Overall the shifts in the absorption
onset of the individual spectra can be understood by the interplay between
core-level shifts and exciton binding energies, which will be discussed in
the following.

The excitonic nature of the spectral features can be examined by comparison
with the IPA spectra. The BSE (solid red lines) and IPA (solid black lines)
spectra from the selected inequivalent S atoms are shown in Fig. 7.6. The
inclusion of e-h interaction red-shifts the absorption onset and redistributes
the spectral weight with respect to IPA. Excitonic effects enhance the peak



Figure 7.6.: Absorption spectra of the S K-edge from the inequivalent S atoms in
Cuzn+Zncy. Solutions from the BSE and IPA are shown by red and black solid lines.
The vertical lines denote the IPA onset.

Figure 7.7.: Binding energies of the lowest-energy excitons of inequivalent S atoms in
Cuzn+Zncy. The horizontal gray line indicates the binding energy of the single-phase
CZTS.




intensities marked as A and B. For all the S atoms, peak A is attributed to a
bound e-h pair with intense oscillator strength. The corresponding binding
energies are shown in Fig. 7.7 in comparison with the single-phase CZTS.
It can be observed that the excitations from S4, S7, and 515 that have up-
shifted core levels exhibit low binding energy of about ~0.3 eV. It is evident
from above that the absorption onset is lower for the transitions from the
up-shifted core levels. The lower binding energy causes a blue-shift, and
thus, there is a partial compensation. The excitations from down-shifted
core levels S5 and S9 exhibit high binding energies of about 0.46 and 0.51
eV respectively. S11 has a low exciton binding energy, and thus, the onset is
shifted to higher energy.

Between 2401.9 and 2403.35 eV (peak B in Fig. 7.6), the spectral features are
red-shifted for all S atoms. These shifts can be explained in the same way
as peak A. The excitonic character of peak B from the individual S atom is
discussed further below. Above 2405 eV, the difference in peak positions
becomes smaller. This is because the defects have more impact on the bands
around the gap, and the e-h interactions do not play a major role at higher
energies.

Figure 7.8.: The average spectra (solid magenta line) of Cuz,+Znc, in comparison with
BSE spectra of the single-phase CZTS (gray-shaded area).

In Fig. 7.8 the total spectrum (solid magenta line) of Cuz,+Znc, in com-
parison with the single-phase CZTS (gray shaded area) are shown. As the
bandgap is 0.09 eV smaller in Cuz,+Znc,, a lower absorption onset can
be expected in comparison with CZTS. However, this is not the case. The
spectral features of Cuzy+Znc, and CZTS are similar at the absorption
onset. This can be explained by the partial compensation between the AE
(Fig. 7.4) and exciton binding energy (Fig. 7.7), as discussed above. As
mentioned before, the excitations from the up-shifted core levels (see Fig.



Figure 7.9.: Contributions of individual bands to the excitations of peaks A (left panels)
and B (right panels) of S9, S5, and S7. The size of the magenta-colored circles quantifies
the weight of the respective electronic state in the excitonic eigenstate. Their respective
bottom-panel shows the real-space representation of the electron distribution. In all cases,
the fixed hole position is marked by a black circle. Cu atoms are displayed in brown, Zn
atoms in blue, Sn atoms in green, S atoms in orange.
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Figure 7.10.: Contributions of individual bands to the excitations of peaks A (left panels)
and B (right panels) of 54, S11, and 515. The size of the magenta-colored circles quantifies
the weight of the respective electronic state in the excitonic eigenstate. Their respective
bottom-panel shows the real-space representation of the electron distribution. In all cases,
the fixed hole position is marked by a black circle. Cu atoms are displayed in brown, Zn
atoms in blue, Sn atoms in green, S atoms in orange.




7.4) exhibit lower binding energies (see Fig. 7.7). Likewise, the excitations
from down-shifted core levels exhibit higher binding energies. For example,
the excitation of S9, where the core level is down-shifted (-0.15 eV), ex-
hibits higher binding energy (+0.13 eV). Thus, the partial compensation
between bandgap, core level shift, and binding energy gives rise to slightly
blue-shifted spectra that coincide with that of CZTS. Between 2402.0 and
2405.5 eV, the spectral features are shifted with respect to each other. These
shifts can be explained in the same way as the onset. Above 2406.5 eV,
the intensity of Cuzy+Znc, is higher compared to CZTS while the features
become more similar.

To analyze the excitonic character of peaks A and B of the S atoms marked
in Fig. 7.6, the band contributions to these excitons are shown by projecting
the excitonic weights onto the KS band structure in Figs. 7.9 and 7.10. Peak
A from all the S atoms (left-panel) stems from excitations to the conduction
bands up to 1.2 eV. The excitonic weights are distributed over the entire
BZ. Peak B from S9, S5, and S11 (right panel) arise from excitations to the
conduction bands up to 2.5 eV. Though the excitonic weights are distributed
over the entire BZ, dominant contributions come from around the I' point.
In S7, 54, and S16 the dominant contribution to peak B is from the path
Z-N. The energy bands taking part in these excitations are dominated by S
p states (Fig. 7.3).

To complement this analysis, Figs. 7.9 and 7.10 display the distribution of the
e-h wavefunction in real space. The exciton wavefunctions corresponding
to peak A in all S atoms are similar to each other. The electron probability
is not fully localized at the excited S atom but also extends to the first
neighboring Sn atom and the S atoms surrounding it. Likewise, the exciton
wavefunction corresponding to peak B in S5 and S9 are similar to each
other. The electron probability is not localized at the S atom but also extends
to the first neighboring Sn and Zn atoms. In the case of S11, the electron
wavefunction is distributed between S and Zn atoms. In the case of S4, S7,
and 515, the electron probability also extends to the first neighboring Sn
and the S atoms surrounding it.

7.1.3. Sulfur L,; edge

In this section, the absorption spectra of sulfur L, 3-edge of the defect com-
plex Cuzn+Znc, in CZTS are presented. Here, for an accurate description
of the spectra, it is important to include the spin-orbit splitting between the
L, and L3 edge. Because of the small splitting (1.2 eV), the transitions from
S 2p3/, (L3 edge) and 2p; /5 (L, edge) initial states have to be considered



simultaneously. Like in K edge (Fig. 7.11), the absorption spectra are cal-
culated for the inequivalent sulfur atoms labeled in the supercell (Fig. 7.1).
First, it is important to understand the relative core levels shift (AE) upon
the defect formation. The AE for the inequivalent sulfur atoms is shown in
Fig. 7.11. Overall, the energetic position of the L, and L3 edges are shifted
by the same amount as observed in the K edge (Fig. 7.4). The energetic
positions of the atomic species 54, S7, and S15 that are close to the acceptor
point defect Cugz, are up-shifted by +0.14 eV. The energetic positions of
the species S5 and S16 that are close to donor defect Znc,, down-shifted
by -0.25 eV. The energetic position of the species 59, which is shared by
both the point defects Cuz, and Znc,,, is down-shifted by -0.15 eV. Also, the
energetic position of the first-neighboring species (58 and S1) around the
defect complex is down-shifted by -0.15 eV. While, the energetic position
for the atoms S11, S10, S14, and S6, which are relatively far from the defect
complex, is close to pristine CZTS. Like in K-edge, the absorption spectra
are calculated for atoms S4, S7, S15, S5, S9, and S11.

Figure 7.11.: Core-level shifts (AE) of the S 2p; /» (maroon) and 2p3/, (green) inequivalent
sulfur atoms, marked in Fig. 7.1 with respect to that of single phase CZTS. The shifts are
calculated by taking the VBM as reference.

The absorption spectra of the atoms 5S4, S5, 57, S9, S11, and S15 in Cuz+Zncy
and their average spectrum is shown in Fig. 7.12. The total spectrum
obtained as the average over all contributions (magenta shaded area) is
characterized by a peak at 150.3 eV, followed by a shoulder at 151.5 eV and
another pronounced peak at 152.5 eV. These features can be understood
by looking into the contribution of individual S atoms to the total spectra.
Similar to K-edge, the absorption onset of the inequivalent S atoms differs
by 0.24 eV. The BSE spectra from S4, S7, and S15 have an onset peak at
150.25 eV. This concerns the up-shifted core levels of S atoms close to Cuzy,.
The onset peak from S9 is at 150.25 eV. The onset peak from S5 and 511 is
at 150.5 eV. Though the core level of S11 is higher than S5, the onset peak



Figure 7.12.: Absorption spectra from the S L 3-edge of Cuzy+Zncy. BSE results of the
selected inequivalent S atoms as the average over the diagonal Cartesian components of
the imaginary part of the macroscopic dielectric tensor. The magenta line denotes the
average of all inequivalent S atoms.

of S11 is close to S5. As seen in the K edge, the shifts in the absorption
onset of the individual spectra can be understood by the interplay between
core-level shifts and exciton binding energies, which will be discussed in
the following.

The excitonic nature of the spectral features can be examined by comparison
with IPA spectra. The BSE (solid red lines) and IPA (solid black lines)
spectra from the selected inequivalent S atoms are shown in Fig. 7.13. As
observed in the previous case, the inclusion of e-h interaction red-shifts the
absorption onset and redistributes the spectral weights with respect to IPA.
Excitonic effects enhance the peak intensities marked as A, B, C, and D.
For all the S atoms, peak A is attributed to a bound excitonic state. The
corresponding binding energies are shown in Fig. 7.14 in comparison with
the single-phase CZTS. As observed in K-edge, the excitations from S4, S7,
and 515 that have up-shifted core levels exhibit lower binding energy of
about ~0.3 eV. It is evident from above that the absorption onset is lower
for the transitions from the up-shifted core levels. The lower binding energy
causes a blue-shift, and thus, there is a partial compensation. The excitations
from down-shifted core levels S5 and S9 exhibit higher binding energies
of about 0.46 and 0.51 eV, respectively. S11 has a lower binding energy of
about 0.25 eV, and thus, the onset is shifted to higher energy.

The height of the red vertical bars shows the oscillator strength of the
excitons contributing to the corresponding peaks. The spectral features can
be separated depending on the transitions that originate from L, and L3



Figure 7.13.: Absorption spectra of S L, 3-edge from the inequivalent S atoms of Cuzy+Zncy.
Solutions from the BSE and IPA are shown by solid red and black lines. The vertical line
denotes the IPA onset. The oscillator strengths of the individual transitions are shown by
the vertical bars, as obtained from the BSE calculations. The cyan vertical bars represent
excitations from the L3 edge, and the magenta vertical bars represent mixed transitions
from the L, and L3 channels.

Figure 7.14.: Binding energies of the lowest-energy excitons of inequivalent S atoms in

Cuzn+Zncy. The horizontal gray line indicates the binding energy of the single-phase
CZTS.

absorption edges, and by their mixing. Peak A in all the individual S atoms
is formed by excitations from the 2p3 /, level (L3 edge). Peak B is formed by
mixed transitions from the L, and L3 channels. Likewise, peak C originates
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from excitations again from 2p;,, core-state, and peak D is from the mixed
transitions. Above 156 eV, a continuum of excitations with low intensity
characterizes the spectrum. The excitonic character of peaks A and B are
discussed further below.

Figure 7.15.: The solid magenta line represents the total spectra of the inequivalent S atoms
(see Fig. 7.12) in Cuzn+Zncy, in comparison with BSE spectra of the single-phase CZTS
(gray-shaded area). For more details on CZTS see Sec. 5.3.

The total spectra (solid magenta line) of Cuz,+Znc, in comparison with the
single-phase CZTS (gray shaded area) are shown in Fig. 7.15. As observed
in K-edge (see Section 7.1.2), the onset of the total spectra and CZTS are
similar. As mentioned in Section 7.1.2, the similarities in the onset are
assigned to the partial compensation between the core-level and exciton
binding energies at the onset. The excitations from the up-shifted core levels
(see Fig. 7.11) exhibit lower binding energies (see Fig. 7.14). Likewise, the
excitations from down-shifted core levels exhibit higher binding energies.
Thus, the partial compensation gives rise to slightly blue-shifted spectra
that coincide with that of CZTS. Above 152.5, it can be observed that the
total spectrum of Cuyz,+Znc, exhibits higher intensity than CZTS while the
tfeatures become more similar.

To analyze the excitonic character of peaks A and B of the S atoms marked in
Fig. 7.13, the band contributions to these excitons are shown by projecting
the excitonic weights onto the KS band structure in Fig. 7.16 and 7.17. Peaks
A and B from all the S atoms stems from excitations to the conduction band
up to 1.2 eV. The exciton weights are distributed over the entire BZ for all
the cases. However, the dominant contribution to peak B in S5 is at point
R and in S15 is from the path I'-N. To complement this analysis, Fig. 7.16
and 7.17 display the distribution of the e-h wavefunction in real-space. The



Figure 7.16.: Contributions of individual bands to the excitations of peak A and B in 59, S5,
and S7 marked in Fig. 7.13. The size of the magenta-colored circles quantifies the weight of
the respective electronic state in the excitonic eigenstate. Their respective bottom-panel
shows the real-space representation of the electron distribution In all cases, the fixed hole
position is marked by a black circle. Cu atoms are displayed in brown, Zn atoms in blue,
Sn atoms in green, S atoms in orange.
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Figure 7.17.: Contributions of individual bands to the excitations of peak A and B in 54, 511,
and S15 marked in Fig. 7.13. The size of the magenta-colored circles quantifies the weight
of the respective electronic state in the excitonic eigenstate. Their respective bottom-panel
shows the real-space representation of the electron distribution In all cases, the fixed hole
position is marked by a black circle. Cu atoms are displayed in brown, Zn atoms in blue,
Sn atoms in green, S atoms in orange.
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exciton wavefunctions corresponding to peaks A and B in all the calculated
S atoms are similar. The electron probability is not fully localized at the
excited S atom but also extends to the first neighboring Sn atom and the S
atoms surrounding it.

7.2. Vcy+Znegy in CZTS

Figure 7.18.: Atomic configuration of the defect complex Vcy+Znc, in CZTS. The acceptor
(Vcy) and donor (Zncy) defects are placed closely to each other to form a complex (red
oval lines). The inequivalent sulfur sites are labeled wit their index ng. The unit cell of the
single-phase CZTS is highlighted with dashed line.

The atomic configuration of defect complex Vcy+Znc, in CZTS is shown
in Fig. 7.18. The point defects V¢, and Cuy, are placed close to each other
to form a defect complex marked by a dashed red oval lines. The low
symmetry makes the sulfur atoms inequivalent which is marked with their
index ng. Starting from the experimental lattice parameters [6] of pristine
CZTS, the atomic coordinates are relaxed until residual forces per atom are
smaller than 0.05 eV/A. For ease of discussion, the acronym Vcy+Zncy is
used to denote the material.

7.2.1. Electronic Structure

In Fig. 7.19(a) the BZ of the triclinic lattice structure and the location of the
high-symmetry points used calculate the band structure are shown. The



band structure and the PDOS calculated on the GGA-PBE level is shown in
Fig. 7.19(b). Like observed in Cuz,+Znc,, the bands around the bandgap
region are strongly dispersion. Vc,+Znc, exhibits a direct bandgap of
0.25 eV at the I' point. In comparison with pristine CZTS the bandgap is
increased by 0.10 eV. The PDOS of the pristine material and Vc,+Znc, are
similar.

Figure 7.19.: a) Brilloiun zone (BZ) of CZTS with the defect complex V¢y+Zncy, showing
the location of high-symmetric points. b) Band structure and PDOS for the energy region
between -2 and 5 eV.

The atomic-orbital characters projected on the conduction band region are
shown in Fig. 7.20. Overall, the atomic contributions to the conduction
band region of the pristine CZTS (see Fig. 5.3) and the V¢, +Zn¢, are very
similar. The contribution to the low-lying conduction bands up to 1.5 eV
are from Sn- 5s and S-3p states. The bands in the energy range between 2.2
to 4 eV have a major contribution from Zn-4s, S-3p, and Sn-4d states. There
are contributions from Cu-4s states at higher energies.



Figure 7.20.: Atomic-orbital s (left), p (middle), and d (right) characters projected on the
band structure of Vcy+Znc, in the conduction band region. The color code indicates
contributions from Cu (brown), Zn (blue), Sn (green), and S (orange). The size of the
symbols quantifies the weight of s, p, and d character.

Figure 7.21.: Core-level shifts (AE) of the S 1s states for the inequivalent sulfur atoms,
marked in Fig. 7.18 with respect to that of single phase CZTS. The shifts are calculated by
taking the VBM as reference.

7.2.2. Sulfur K edge

In this section, the absorption spectra of sulfur K-edge of defect complex
Vcu+Zng, in CZTS are presented. As in the previous case, the absorption
spectra are calculated for the inequivalent sulfur atoms labeled in the super-
cell (Fig. 7.18). First, it is important to understand the core level shifts (AE)
upon defect formation since they are sensitive to the chemical environment.
The AE for the inequivalent sulfur atoms is shown in Fig. 7.21. Overall,
most of the core states experience positive shifts. The atomic species S5, 512,
and 516 are close to the acceptor point defect V. Their energetic positions
are up-shifted by 0.66 eV. The energetic position of the atoms S11 and 513,
which are around the donor point defect Znc,, are close to pristine CZTS.
The energetic position of the atom S7, which is around Znc, and close to



Vcu is up-shifted by 0.08 eV. The energetic position of atomic species S3,
which is shared by both the point defects Vc, and Znc, is up-shifted by 0.47
eV. The energetic position for the first-neighboring atoms S1, 510, and S14
is up-shifted by 0.20 eV. The energetic position of the second-neighboring
atoms S2, 54, S6, S8, S9, and S15 are ~ 0.11 eV.

Figure 7.22.: Absorption spectra from the S K-edge of Vcy+Znc,. BSE results of selec-
ted inequivalent S atoms as the average over the diagonal Cartesian components of the
imaginary part of the macroscopic dielectric tensor. The cyan-shaded area denotes the
contributions from all inequivalent S atoms.

In the following, the absorption spectra are discussed for the atoms S3, 54,
S5, 57, S11, and S16. The K-edge absorption spectra of the inequivalent
sulfur atoms in V¢, +Cuyzy,. The total spectrum obtained as the average over
all contributions (cyan shaded area) is characterized by a peak at 2399.61
eV, followed by another peak at 2402.25 eV and a broad peak at 2404.45
eV. These features can be understood by looking into the contribution of
individual S atoms to the total spectra. Overall, the absorption onsets of the
inequivalent S atoms differ by about 0.67 eV. The BSE spectra from S5 and
S16 exhibits an onset peak at 2399.37 eV. This concerns the up-shifted core
levels of S atoms close to V. The onset peak from S11 is at 2400.11 eV, and
from S3 is at 2399.64 eV. The core level of S7 and 54 is the same. However,
they exhibit different onsets. The onset of 54 is at 2399.75 eV reflects the
AE whereas, the onset peak of S7 appears at higher energy. As discussed
before, the shifts in the absorption onset of the individual spectra can be
understood by the interplay between core level shifts and exciton binding
energies, which will be discussed in the following.

The excitonic nature of the spectral features can be examined by comparison
with the IPA spectra. The BSE (solid red lines) and IPA (solid black lines)



Figure 7.23.: Absorption spectra of the S K-edge from the inequivalent S atoms in
Vcu+Zngy in CZTS. Solutions from the BSE and IPA are shown by red and black solid lines.
The vertical line denotes the IPA onset.

Figure 7.24.: Binding energies from the lowest-energy excitons of inequivalent S atoms in
Vcut+Zncy. The horizontal gray line indicates the binding energy of the single-phase CZTS.
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spectra from the selected inequivalent S atoms are shown in Fig. 7.23.
As observed in previous cases, the inclusion of e-h interaction red-shifts
the absorption onset and redistributes the spectral weight with respect
to IPA. Excitonic effects enhance the peak intensities marked as A and B.
For all the S atoms, peak A is attributed to a bound e-h pair with intense
oscillator strength. The corresponding binding energies are shown in Fig.
7.24 in comparison with the single-phase CZTS. It can be observed that the
excitations from S16, which has the highest up-shifted core-level, and the
excitations from S11, the down-shifted core level (Fig. 7.21) exhibit binding
energy of ~0.4 eV, similar to single-phase CZTS. Although 54 and S7 have
the same AE, the difference in the onset peak is related to the difference in
binding energy. S4 exhibits higher binding energy of 0.54 eV and S7 exhibits
weakly bound excitons with a binding energy of 0.22 eV. The high binding
energy of 54 is attributed to the relatively larger distance to both the point
defects. The low binding energy of S7 is because S7 is around Znc, and
also close to V¢, (see Fig. 7.18).

The spectral feature marked peak B in Fig. 7.23 are also red-shifted for all
the S atoms. These shifts can be explained in the same way as peak A. The
excitonic character of peak B from the individual S atom is discussed further
below. Above 2405 eV, the difference in peak positions becomes smaller as
the e-h interactions do not play a major role in higher energies.

Figure 7.25.: The average spectra (solid cyan line) of Vcy+Znc, in comparison with BSE
spectra of the single-phase CZTS (gray-shaded area).

In Fig. 7.25 the total spectrum (solid cyan line) of Vcy+Znc, in comparison
with the single-phase CZTS (gray shaded area) is shown. As the bandgap
is 0.10 eV larger in Vc,+Zncy, a higher absorption onset can be expected
in comparison with CZTS. In contrast, the absorption onset is red-shifted
by 0.4 eV in comparison with CZTS. This can be explained by the complex



Figure 7.26.: Contributions of individual bands to the excitations of peaks A (left panels)
and B (right panels) of S3, S11, and S5. The size of the cyan-colored circles quantifies
the weight of the respective electronic state in the excitonic eigenstate. Their respective
bottom-panel shows the real-space representation of the electron distribution. In all cases,
the fixed hole position is marked by a black circle. Cu atoms are displayed in brown, Zn
atoms in blue, Sn atoms in green, S atoms in orange.
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Figure 7.27.: Contributions of individual bands to the excitations of peaks A (left panels)
and B (right panels) of S4, S7, and S16. The size of the cyan-colored circles quantifies
the weight of the respective electronic state in the excitonic eigenstate. Their respective
bottom-panel shows the real-space representation of the electron distribution. In all cases,
the fixed hole position is marked by a black circle. Cu atoms are displayed in brown, Zn
atoms in blue, Sn atoms in green, S atoms in orange.
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interplay between the core level shift (Fig. 7.22) and exciton binding ener-
gies (7.24), and the local chemical environment, as discussed above. The
excitations from the up-shifted core level (S16) and the down-shifted core
level (S11) exhibits binding energies of ~0.4 eV. In this case, the exciton
binding energy and core level positions do not go hand in hand, as already
mentioned. For example, S4 and S7 have the same core level position and
exhibit different binding energies of 0.54 and 0.22 eV, respectively. This
difference is because of the relatively large distance of S4 to both the point
defects in comparison with S7. Consequently, S16 determines the onset of
the total spectra that is comparable with single-phase CZTS. Between 2402.0
and 2405.5 eV, the spectral features are shifted with respect to each other.
These shifts can be explained in the same way as the onset. Above 2406.5 eV,
the intensity of Vcy+Zncy is higher compared to CZTS while the features
become more similar.

To analyze the excitonic character corresponding to peaks A and B of the
S atoms marked in Fig. 7.23, the band contributions to these excitons are
shown by projecting the excitonic weights onto the KS band structure in
Figs. 7.26 and 7.27. Peak A from all the S atoms (left panel) stems from
excitations to the conduction bands up to 1.0 eV. Though the excitonic
weights are distributed over the entire BZ, the majority of the contribution
comes from the I" point. Peak B (right panel) from all the S atoms arise from
excitations to the conduction band up to 2.5 eV. The dominant contribution
to peak B comes from the I' point. The energy bands taking part in these
excitations are dominated by S p states (see Sec. 7.2.1).

To complement this analysis, Figs. 7.26 and 7.27 display the distribution
of the e-h wavefunction in real space. The exciton wavefunctions corres-
ponding to peak A in all S atoms are similar to each other. The electron
probability is not fully localized at the excited S atom but extends to the first
neighboring Sn and the S atoms surrounding it. The electron wavefunctions
corresponding to peak B in all S atoms are similar to each other. The electron
probability is not localized at the S atom but also spreads out to the nearest
Zn and S atoms. However, the electron wavefunctions corresponding to
peak B from S4 and S7 are similar to the exciton character corresponding to
peak A.

7.2.3. Sulfur L2/3 edge

In this section, the absorption spectra of sulfur L, 3-edge of the defect com-
plex Ve, +Znc, in CZTS are presented. As mentioned in Section 7.1.3, the
transitions from S 2ps3,, (L3 edge) and 2p;,, (L, edge) initial states are
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Figure 7.28.: Core-level shifts (AE) of the S 2p3 /, and 2p- /, states for the inequivalent sulfur
atoms, marked in Fig. 7.18 with respect to that of the single phase CZTS. The shifts are
calculated by taking the VBM as reference.

considered simultaneously due to small (1.2 eV) spin-orbit splitting. The
absorption spectra are calculated for the inequivalent sulfur atoms labeled
in the supercell (Fig. 7.18). The core level shifts (AE) for the inequivalent
sulfur atoms are shown in Fig. 7.28. Overall, the energetic position of the
L, and L3 edges are shifted by the same amount. As observed in K-edge
(Fig. 7.21), most of the core states experience positive shifts. The atomic
species S5, 512, and S16 are close to the acceptor point defect V¢,,. Their
energetic positions are up-shifted by 0.66 eV. The energetic position of the
atoms S11 and S13, which are around the donor point defect Znc,, are close
to pristine CZTS. The energetic position of the atom S7, which is around
Znc, and close to V¢, is up-shifted by 0.08 eV. The energetic position of
atomic species S3, which is shared by both the point defects V¢, and Znc,
is up-shifted by 0.47 eV. The energetic position for the first-neighboring
atoms S1, 510, and S14 is up-shifted by 0.20 eV. The energetic position of
the second-neighboring atoms S2, 54, 56, S8, S9, and S15 are ~ 0.11 eV.

Like in K-edge, the absorption spectra are discussed for the atoms S3,
S4, S5, S7, S11, and S16. The absorption spectra of the selected atoms
in Vcy+Zncy and their average spectrum is shown in Fig. 7.29. The total
spectrum obtained as the average over all contributions (cyan shaded area)
is characterized by a peak at 149.8 eV, followed by a shoulder at 151.5 eV
and another peak at 152.6 eV. These features can be understood by looking
into the contribution of the individual S atoms to the total spectra. Similar
to K-edge, the absorption onset of the inequivalent S atoms differs by 0.67
eV. The BSE spectra of S5 and S16 exhibits an onset peak at 149.8 eV. This
concerns the up-shifted core levels of S atoms close to V. The onset peak
from S11 is at 150.4 eV, and from S3 is at 150.07 eV. The core level of S4



Figure 7.29.: Absorption spectra from the S L 3-edge of Vcy+Zng,. BSE results of the
selected inequivalent S atoms as the average over the diagonal Cartesian components of
the imaginary part of the macroscopic dielectric tensor. The cyan line denotes the average
of all inequivalent S atoms.

and S7 is the same. However, they exhibit different onsets. The onset of
S4is at 150.18 eV reflects the AE whereas, the onset peak of S7 appears at
higher energy. As discussed in K edge, the shifts in the absorption onset
of the individual spectra can be understood by the interplay between core
level shifts and exciton binding energies, which will be discussed in the
following.

The excitonic nature of the spectral features can be examined by comparison
with IPA spectra. The BSE (solid red lines) and IPA (solid black lines)
spectra from the selected inequivalent S atoms are shown in Fig. 7.30. As
observed in the previous cases, the inclusion of e-h interaction red-shifts
the absorption onset and redistributes the spectral weights with respect to
IPA. Excitonic effects enhance the peak intensities marked as A, B, C, and
D. For all the S atoms, peak A is attributed to a bound exciton state. The
corresponding binding energies are shown in Fig. 7.31 in comparison with
single-phase CZTS (vertical gray line). As observed in K-edge, it can be
observed that the excitations from the highest AE (S16) and the excitations
from the lowest AE (511) (see Fig. 7.21) exhibits binding energies close to
that of single-phase CZTS. However, excitations from 54 and S7 have the
same core-level shifts but exhibit different binding energies. Peak A from
S4 is characterized by a high exciton binding energy of 0.50 eV, whereas S7
gives rise to weakly bound excitons with a binding energy of 0.20 eV. The
high binding energy of 54 is attributed to the relatively large distance to



Figure 7.30.: Absorption spectra of S L, 3-edge from the inequivalent S atoms of V¢ +Zncy.
Solutions from the BSE and IPA are shown by solid red and black lines. The vertical line
denotes the IPA onset. The oscillator strengths of the individual transitions are shown by
the vertical bars, as obtained from the BSE calculations. The cyan vertical bars represent

excitations from the L3 edge, and the magenta vertical bar represent mixed transitions
from the L, and L3z channels.

Figure 7.31.: Binding energy of the lowest-energy excitons of inequivalent S atoms in
Vcu+Zncy. The horizontal gray line indicates the binding energy of the single-phase CZTS.

both the point defects whereas, the low binding energy of 57 is because S7
is around Znc, and close to V¢, (see Fig. 7.18). Thus, the onset of 54 is at




Figure 7.32.: The solid cyan line represents the total spectra of the inequivalent S atoms
(see Fig. 7.22) in Vcy+Znc, in comparison the single-phase CZTS spectra (gray-shaded
area). For more details on CZTS see Sec. 5.2.

lower energy, while the onset of S7 is at higher energy.

The height of the red vertical bars shows the oscillator strength of the ex-
citons contributing to the corresponding peaks. The spectral features can
be separated depending on the transitions originating either from L, L3
absorption edges or by their mixing. Peak A in all the S atoms is formed by
excitations from the 2p3/, level (L3 edge). Peak B is formed by mixed trans-
itions from the L, and L3 channels. Likewise, peak C originates from excita-
tions again from 2p3/, core-state, and peak D is from the mixed transitions.
Above 156 eV, a continuum of excitations with low intensity characterizes
the spectrum.

In Fig. 7.32 the total spectrum (solid cyan line) of Vc,+Znc, in comparison
with the single-phase CZTS (gray shaded area) are shown. As observed in
K edge (see Section 7.2.2), the absorption onset is red-shifted by 0.4 eV in
comparison with CZTS. As mentioned previously, this can be explained by
the complex interplay between the core level shift (Fig. 7.22) and exciton
binding energies (7.24), and the local chemical environment. The excitations
from the up-shifted core level (516) and the down-shifted core level (511)
exhibits binding energies of ~0.4 eV. In this case, the exciton binding energy
and core level positions do not go hand in hand, as already mentioned. For
example, S4 and S7 have the same core level position and exhibit different
binding energies of 0.51 and 0.20 eV, respectively. This difference is because
of the relatively large distance of 54 to both the point defects in comparison



Figure 7.33.: Contributions of individual bands to the excitations of peaks A and B in S3,
511, and S5 marked in Fig. 7.30. The size of the cyan-colored circles quantifies the weight
of the respective electronic state in the excitonic eigenstate. Their respective bottom-panel
shows the real-space representation of the electron distribution. In all cases, the fixed hole
position is marked by a black circle. Cu atoms are displayed in brown, Zn atoms in blue,
Sn atoms in green, S atoms in orange.




Figure 7.34.: Contributions of individual bands to the excitations of peaks A and b in 54,
S7, and S16 marked in Fig. 7.30. The size of the cyan-colored circles quantifies the weight
of the respective electronic state in the excitonic eigenstate. Their respective bottom-panel
shows the real-space representation of the electron distribution. In all cases, the fixed hole
position is marked by a black circle. Cu atoms are displayed in brown, Zn atoms in blue,
Sn atoms in green, S atoms in orange.
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with §7. Consequently, S16 determines the onset of the total spectra that is
comparable with single-phase CZTS. At higher energies, the difference in
the spectral features becomes smaller as the excitonic effects do not play a
major role in this energy region.

To analyze the excitonic character of peaks A and B for the S atoms marked
in Fig. 7.30, the band contributions to these excitons are shown by projecting
the excitonic weights onto the KS bandstructure in Figs.7.33 and 7.34. Peaks
A and B (Fig. 7.33) stem from transitions to the conduction bands up to 1.4
eV. The exciton weights are distributed over the entire BZ. The dominant
contributions for peak A and B in S3, 54, 57, S11, and S16 is at I'-point,
whereas the major contribution in S5 is from the path L-R. To complement
this analysis, in Figs. 7.33 and 7.34 also displays the distribution of the e-h
wavefunction in real-space. The exciton wavefunctions corresponding to
peaks A and B (Fig. 7.33) are similar. The exciton wavefunctions are not
tully localized at the excited S atom but extend to the neighboring Sn and
S atom but extend to the first neighboring Sn atom and the surrounding S
atoms.

7.3. Comparison of single-phase CZTS and their
defect complexes with Experiment

In this section, the differences between the calculated and measured spectra
addressed in Chapter 5 are discussed. The core-level absorption spectra of
the sulfur K- and L, 3-edge of single-phase CZTS (gray shaded area) and
their defect complexes together with the measured spectra of the different
samples are shown in Fig. 7.35. The displayed BSE spectra of the defect
complexes Cuz,+Znc, (solid magenta line), and Vcy+Zncy (solid cyan
line) is the average of the inequivalent S atoms in their respective system
discussed in Section. 7.2.2 to 7.2.3. The solid blue line represents the average
of Vcy+Zngy, and Cuzy+Zncy, spectra. For comparison with the experiment,
the calculated BSE of all the three cases are shifted by the same amount. The
calculated spectra are shifted by 70.8 and 12.79 eV for K and L; 3-edge.

First, it is important to understand the comparison between the calculated
spectra of pristine CZTS and defect complexes. In case of K edge (left
panel), the absorption onset of V¢, +Znc,, is shifted to lower energy by 0.4
eV in comparison with single-phase CZTS, while Cuz,+Znc, and CZTS are
similar at the onset. Between 2472.0 and 2477.5 eV, the spectral features are
also shifted with respect to each other, wherewith increasing energy, the



Figure 7.35.: Near-edge X-ray absorption spectra of the sulfur K (left panel) and L, 3 edges
(right panel) in CZTS. The gray shaded areas corresponds to the theoretical results com-
puted by the Bethe-Salpeter equation for the defect-free CZTS crystal. The colored solid
lines represent BSE results obtained by considering two defect complexes, Vcy+Zncy
(magenta) and Cuyzy+Zncy, (cyan). The solid blue line represents the average of Vcy+Zncy
and Cuzn+Zncy spectra. The black vertical line indicates the IPA onset of defect-free CZTS,
the colored vertical lines highlight the positions of the main peaks. For comparison, the
dashed lines show experimental results of 4 different samples. Only for Sample 1 [57],
experiments have been performed for both edges. The spectra for Sample 2 are taken from
Ref. [58]. The spectra Ref.1 is taken from Ref. [63] and Ref.2 [64].

peak positions differ less. Overall, the intensity for Cuz,+Znc, is higher
than for Vcy+Zny;, and pristine CZTS. As mentioned in Sections 7.1.2 and
7.2.2, these differences can be attributed to the complex interplay between
bandgap, core-level energies, and exciton binding energies. Above 2477.5eV,
the intensity of the defected structures stays higher compared to the perfect
material while the features become more similar. For the interpretation of
measured spectra, the average spectrum (solid blue line) of both the defect
complexes is shown in Fig. 7.35. The average spectrum is characterized
by a hump-like feature at 2470.20 eV and a peak at 2470.63eV, followed by
three distinct peaks at 2473.20, 2475.28, and 2477.42 eV. Overall, the spectral
features appear to be relatively broad at the onset in comparison with both
the defective structures. From 2473.20 eV the spectral features resembles
CuZn+ZnCu.

In comparison with the measured spectra, the absorption onset of sample-1



is at 2470.2 eV and for sample-2 is at 2470.5 eV. The intensity of peaks at
higher energies between 2472 and 2477.5 eV is more enhanced in sample 2.
These differences match the differences observed in the calculated spectra.
The spectral features of sample-1 is the agreement with the calculated
Vcut+Zngy spectra, and sample-2 agree with the calculated Cuz,+Zncy,
spectra. The other measured spectra (dotted and dashed black lines) from
Ref. [63, 64] matches with sample-2 and are in agreement with the calculated
Cuzn+Znc, spectra.

To further testify, a similar analysis has been carried out on the S L, 3 edge
for all three cases. As mentioned before, K and L, 3 edge are different as
they probe different final states due to selection rules. In the case of K
edge, the final states are p-like whereas in L edge the final states are s-
and d-like. The results from the S L, 3 edge are shown in the right panel
of Fig. 7.35. The calculated spectra of the single-phase CZTS and defect
complexes show similar differences, as observed in the K edge. Similarly,
the spectral features of the average spectra appear to be relatively broad at
the onset in comparison with both the defective structures. From 165.5 eV,
the spectral features resemble Cuz,+Znc,,. For the consistent assessment of
the calculations from both the edges, experiments were carried out to obtain
S L3 edge spectra on sample-1. In comparison with the calculated spectra,
sample-1 shows an excellent agreement V¢, +Znc, calculated spectra, sim-
ilar to K-edge confirming the spectral fingerprints go hand-in-hand with the
sample quality. Here, all samples (1, 3, and 4) exhibit identical features, all
in line with the computed Vc,+Znc, spectra. Despite the good agreement,
Sample-1 needs further investigation as samples prepared using the same
composition exhibits contaminants dominated by secondary phases related
to Sn-S.

7.4. Summary

In this chapter, a detailed analysis of the electronic structure and excita-
tions from the S K- and L; 3-edge in the defect complexes Cuz,+Znc, and
Vcut+Zngy in CZTS has been presented in comparison with the single-phase
CZTS. With the defect complex Cuzy+Znc, the bandgap is decreased by
0.09 eV whereas with V¢, +Znz, the bandgap is increased by 0.10 eV. The
absorption spectra are calculated for the selected sulfur atoms for both K
and L, 3 edges as the lower symmetry of both systems makes the sulfur
atomic sites inequivalent. In both K and L, 3 edges, the absorption onset
of the total spectra from V¢,+Znc, is shifted to lower energy by 0.4 eV,
whereas the onset of Cuz,+Znc,, similar to CZTS in both the edges. This



is attributed to the interplay between the bandgap, core level shift, and
binding energy. Above 2 eV from onset the spectral features of Cuz,+Zncy
exhibits high intensity than Vc,+Znc, and pristine CZTS. The differences
that are discussed in Chapter. 5 between the calculated and measured spec-
tra have been addressed in comparison with the defect complex Vcy+Zncy,
and Cuz,+Zncy. The comparison between calculated and measured spec-
tra provides insight to distinguish between the different nature of defect
complexes that are present in the experiment probes.
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A Supplement to Chapter 5 and 6

This appendix supplements Chapter. 5 and 6 where the absorption spec-
tra of K- and L, 3 edge in CZTS and the binary phases SnS, and ZnS are
discussed. Due to computational cost the convergence test was performed
using 8-atom unit cell. The BSE spectra for 32 atom supercell was obtained
by utilizing the available computational resources and compared with the
converged spectra obtained with 8 atom unit cell. This is depicted in Fig.
A.1. The convergence of the binary phases SnS; and ZnS are shown in Fig.

A2-A3.

Figure A.1.: Convergence of the sulfur a) K-edge and b) L, 3-edge spectra for CuyZnSnS,.
The xx component of the dielectric tensor is shown.




Figure A.2.: Convergence of the sulfur a) K-edge and b) L, 3-edge spectra for SnS,. The xx
component of the dielectric tensor is shown.
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Figure A.3.: Convergence of the sulfur a) K-edge and b) L, 3-edge spectra for ZnS. The xx
component of the dielectric tensor is shown.

il



Figure A .4.: Projected density of states for copper, zinc, tin and sulfur atoms in CuyZnSnS,.
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Figure A.5.: Projected density of states for tin and sulfur atoms in SnS,.




Figure A.6.: Projected density of states for zinc and sulfur atoms in ZnS.
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—

e-h elecron-hole

APW agumented planewave

BSE Bethe-Salpeter equation

BZ Brilloiun zone

CBM conduction band minimum

CIGS CulnyGa(q_,)Sez

CZTS  CupZnSnSy

CZTSe CuyZnSnSey

CZTSSe CurZnSn(S,Seq_y)s

DFT density-functional theory
DOS density of states

EXAFS extended x-ray absorption fine structure

GGA generalized gradient approximation
IPA independant particle approximation
KS Kohn-Sham

LAPW  linearized augmented planewaves
LDA local-density approximation
MBPT  Many-body pertubation theory
PDOS  partial density of states

RPA random-phase approximation
TDA Tamm-Dancoff approximation
VBM valence band maximum

XAFS  X-ray absorption fine structure

XANES X-ray absorption near edge structure

Vil



ZORA zero-order regular approximation
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