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Abstract

The alkali fluoride post deposition treatment (AlkF PDT) of Cu(ln,Ga)Se, (CIGSe) thin films
represents the most important process step in the last 20 years to boost the efficiency of CIGSe
solar cells. The PDT has a distinct impact on the electrical properties of the CIGSe bulk
material, but also on the chemical properties of the most vital interface of the device, the
CdS/CIGSe interface. Substantial improvements, but also vast deteriorations of cell efficiency
depend on the PDT process. The PDT is a multiparameter process, with the substrate
temperature during PDT (Tepr), the Se-rate, and the AlkF-rate, as important process
parameters. To date, the precise influence of Tepr and the Se-rate has not been examined, yet
and only empirical results are published. Moreover, many previous PDT experiments are
performed on alkali-containing substrates (e.g., like soda lime glass), so that the effects of
alkalis from the substrate and from the PDT cannot be separated from each other.

The study in hand elaborates the dependence of the electrical properties of complete CIGSe
solar cells on Tepr (in the range from 105 to 315 °C) at a fixed AlkF- and Se-rate, and explains
the trends found, with a change in alkali concentration in the CIGSe layer, and a detailed
chemical analysis of the CIGSe surface with X-ray and ultraviolet photoelectron spectroscopy
(XPS, UPS). The alkali fluorides used are sodium fluoride (NaF) or potassium fluoride (KF).
Especially for this work, alkali free substrates were used, the CIGSe layers were grown in the
so called “singe-stage process”, are free from silver or sulfur additives and are treated solely
with one alkali fluoride (either NaF or KF). The resulting CIGSe cells thereby are similar to
industrially applied cell structures but exhibit a reduced complexity in their “architecture” and
serve as simplified model systems. Within this simplified model-system, it is easier to analyze
the working- and failure-principle of PDT-treated CIGSe solar cells. The acquired results can
then be applied to the more complex industrially used cell structures, to enable a more targeted
improvement of the CIGSe technology.

For the NaF-treated CIGSe solar cells, a monotonous dependence between Tepr, the Na
concentration in the CIGSe layer, and cell efficiency is found, leading to an improvement of all
NaF PDT cells, compared to the untreated, alkali-free reference cell. For KF-treated CIGSe
solar cells also an improvement of the electronic properties with Tppr is observed. However, a
severe drop in efficiency is observed, when a KF PDT at Tepr < 150 °C is applied, leading to
device performances even worse than for the untreated, alkali-free reference cell.

The chemical analysis of the CIGSe surfaces after PDT with XPS reveals a pronounced
change of the surface stoichiometry and formation of secondary components only in case of a
KF PDT. For a KF PDT at high Tepr (315 °C) a K-Se-In(-O) component is found on the CIGSe-
surface, whereas at low Tepr (105 °C) a Cu-rich component is found on the CIGSe surface.
The formation of these secondary components after a KF PDT change the electronic properties
of the CIGSe surface drastically, as revealed by UPS measurements: At high Tepr, the
formation of a K-Se-In(-O) component is accompanied by a slight downshift of the valence
band maximum (VBM) relative to the Fermi energy. This VBM downshift is believed to create
a beneficial band alignment at the CdS/CIGSe interface and to reduce charge carrier
recombination, leading to enhanced efficiencies. At low Tppr, the formation of the Cu-rich
component is accompanied by a strong upshift of the VBM (relative to the Fermi energy). This
strong upshift, in contrast, is assumed to increase charge carrier recombination at the
CdS/CIGSe interface and thus can lead to the observed severe drop in efficiency.

The reason for the formation of a Cu-rich CIGSe surface on the low Tepr KF-treated sample
surface, lies in the simultaneous formation of Ga-F and In-F species: After rinsing, the Ga-F
and In-F species are washed away, and consequently a Ga- and In-depleted surface results,
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relatively enriched in Cu. Different, however, from the KF PDT samples, for the NaF PDT
CIGSe surfaces, no change in surface composition and no secondary components were
detected. In this respect, it is very noteworthy that the reactivity of KF and NaF differ so greatly
on the CIGSe surface.

The Se-rate during the PDT also had a great impact on the effectiveness of the PDT. If the KF
PDT is performed without Se supply, the diffusion of K into the CIGSe layer is strongly
decreased and lower amounts of KF are detected on the CIGSe surface, than after a KF PDT
with Se supply. Additionally, also lower amounts of K-Se-In(-O) are found on the
KF PDT 315 °C sample and lower amounts of Cu-S-Se-O are found on the KF PDT 105 °C
sample, when no Se is supplied during PDT. Consequently, without Se supply, due to lower
amounts of KF at the CIGSe surface the reactivity of KF is decreased and therefore, the
formation of secondary components is reduced.

Overall, the observed electrical trends with Tepr could be explained by a thorough chemical
analysis of the CIGSe surface after PDT with XPS and UPS. It was elucidated, that NaF and
KF show distinctly different impacts on CIGSe solar cells, by means of both, electrical and
chemical changes. Theoretical predictions that secondary components form more easily in
case of the heavier alkali metal K, were confirmed experimentally. Additionally, it was found
out that Se influences the amount of KF on the CIGSe surface, and therewith controls the
chemical reactivity of KF. The here presented study reveals, that (the influence of) all process
parameters of the PDT must be understood, and carefully adjusted, to ultimately evolve an
improvement of CIGSe solar cell performance.
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Zusammenfassung

Die Nachbehandlung frisch gewachsener Cu(In,Ga)Se: (CIGSe)-Schichten mit Alkalifluoriden
(engl. alkali fluoride post deposition treatment, AlkF PDT) gehotrt zu den wichtigsten
Errungenschaften der CIGSe Dunnschicht-Solarzellen Technologie der letzten 20 Jahre. Mit
ihr lieBen sich in dieser Zeit erhebliche Wirkungsgrad-Steigerungen erreichen. Der AlkF PDT
hat immense Auswirkungen sowohl auf die elektrischen Eigenschaften des CIGSe-Halbleiters
als auch speziell auf die Bildung des CdS/CIGSe-Heterolbergangs, dem Herzstiick der
Solarzelle. Mit dem PDT Prozess kann die Solarzelle als solche stark optimiert und verbessert
werden, doch genau so einfach koénnen auch noch nicht sorgfaltig erforschte
Prozessparameter die Zelle zerstéren. Ganz allgemein ist der AIkKF PDT ein Multiparameter-
Prozess, der von vielen Einflussgrof3en abhéngt, wie zum Beispiel von der Substrattemperatur
(engl. PDT temperature, Trpt), der Se-Rate, oder der AlkF-Rate. Bisher hat man den genauen,
chemischen Einfluss dieser Grof3en aber noch nicht ausreichend erforscht, und bedient sich
eher empirischer Erfahrungen, die einem das ungefahre ,Prozessfenster vorgeben, in dem
gute Zellen resultieren. Hinzu kommt das Problem, dass in vielen Studien alkalimetallhaltige
Substrate fur den PDT-Versuch verwendet werden. Die Alkalimetalle diffundieren dann aus
dem Substrat in die CIGSe-Schicht hinein und Uberlagern ihre Effekte mit den Alkalimetallen
aus dem AIKF PDT. Dies hat die chemische Untersuchung des PDT bisher immens erschwert.

Die vorliegende Arbeit klart daher auf, wie die elektrischen Eigenschaften kompletter CIGSe
Solarzellen von der Substrattemperatur (Teot) abhéngen (im Bereich von 105 bis 315 °C), bei
konstant gehaltener AIKF- und Se-Rate. Als Alkalifluoride werden Natriumfluorid (NaF) und
Kaliumfluorid (KF) untersucht. Die beobachteten Trends werden dann erklart anhand von
Anderungen der Alkalikonzentration innerhalb der CIGSe-Schicht, als auch mithilfe einer
umfangreichen chemischen Analyse der CIGSe-Oberflache durch die RoOntgen- und
Ultraviolett-Photoelektronen-Spektroskopie (XPS und UPS). Die untersuchten CIGSe-Zellen
wurden speziell auf alkalifreiem Substrat abgeschieden, im sogenannten Einstufen-Prozess
hergestellt, sind frei von Silber- oder Schwefelzusatzen und wurden nur mit einem AlkKF (NaF
oder KF) nachbehandelt. Die entstandenen CIGSe-Solarzellen orientieren sich dadurch
grundlegend an der industriell hergestellten Zellstruktur, weisen jedoch eine deutlich reduzierte
Komplexitat des Materialsystems auf, und stellen damit ein vereinfachtes Modellsystem dar.
An diesem vereinfachten Modellsystem kann durch ausgepragte elektrische und chemische
Analysen der Wirkungs- und Fehlmechanismus im PDT besser untersucht werden. Diese
Erkenntnisse lassen sich dann auf die komplexeren industriellen Zellstrukturen Ubertragen,
womit eine zielgerichtetere Verbesserung bestehender Technologie erreicht wird.

Fur die mit NaF behandelten CIGSe Solarzellen wird eine monotone Abhéangigkeit zwischen
Teot, der Na-Konzentration in der CIGSe-Schicht, und der Zelleffizienz gefunden. Dieser
Umstand fihrt zu einer Verbesserung der NaF PDT Zelle im Vergleich zur unbehandelten,
alkalifreien Referenzzelle. Bei den mit KF behandelten CIGSe Solarzellen wird ebenfalls eine
Verbesserung der elektrischen Eigenschaften mit Tepr verzeichnet. Diese Verbesserung
verlauft jedoch nicht ,monoton®: Wird speziell ein KF PDT bei Tepr < 150 °C durchgefihrt, so
bricht der Wirkungsgrad der CIGSe Solarzelle massiv ein. Dieser Einbruch ist so stark, dass
die entsprechende, mit KF behandelte Zelle schlechter ist als die unbehandelte, alkalifreie
Referenzzelle.

Durch die Analyse der CIGSe-Oberflachen nach dem KF PDT mit XPS konnte eine
ausgepragte Anderung der chemischen Zusammensetzung und die Bildung von Fremdphasen
aufgedeckt werden: Im Falle eines KF PDT bei hohen Tppr (315 °C) wurde eine K-In-Se(-0O)-
Komponente auf der CIGSe-Oberflache entdeckt, wohingegen bei niedrigen Tepr (105 °C) die
Bildung einer Cu-reichen Komponente nachgewiesen wurde. Diese Sekundar-Komponenten
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wiederum fihren zu einer drastischen Verédnderung der elektronischen Eigenschaften der
CIGSe-Oberflache, wie mit UPS-Messungen bestatigt wurde: Bei hohen Tppr fuhrt die Bildung
der K-In-Se(-O)-Komponente zu einer leichten Absenkung des Valenzbandmaximums (VBM)
an der Oberflache (relativ zur Fermi-Energie). Diese Absenkung des VBM kann dann zu einer
gunstigeren Bandanpassung an der CdS/CIGSe-Grenzflache fihren, was die
Ladungstragerrekombination verringert, und damit letztendlich den Wirkungsgrad der Zelle
verbessert. Bei niedrigen Tepr wiederum fuhrt die Bildung einer Cu-reichen Komponente zu
einer starken Anhebung des VBM an der Oberflache (relativ zur Fermi-Energie). Diese starke
Anhebung verschlechtert moglicherweise die Bandanpassung an der CdS/CIGSe-Grenzflache
und erhoht dort die Ladungstragerrekombination. Damit kann der massive Einbruch im
Wirkungsgrad erklart werden.

Die chemische Ursache fiir die Ausbildung einer kupferreichen Oberflache auf der KF PDT
105 °C Zelle wird mit der gleichzeitigen Bildung von Ga-F und In-F Bindungen erklart: Die beim
KF PDT 105 °C gebildeten Ga-F und In-F- (Ver-) Bindungen sind wasserléslich und werden in
der darauffolgenden wéssrigen Nachbehandlung (engl. rinse) weggewaschen. Damit resultiert
eine Ga- und In-verarmte CIGSe-Oberflache, die dadurch relativ an Cu angereichert ist.
Anders, als fir die KF PDT Proben wurde bei den NaF PDT Proben keine drastische
chemische Veranderung der CIGSe-Oberflache beobachtet und ebenso keine Bildung von
etwaigen Fremdphasen. In dieser Hinsicht ist es sehr verwunderlich, dass sich die chemisch
so ahnlichen Alkalimetalle Na und K so stark in ihrer Reaktivitat auf der CIGSe-Oberflache
unterscheiden.

Wie schon eingangs erwéhnt, ist auch die Se-Rate wahrend des PDTs ein wichtiger
Prozessparameter, der die Effektivitdt des PDT (mit-) bestimmt. Wird ein KF PDT ohne Se-
Angebot (d.h. Se-Rate = 0) durchgefiihrt, so wird auf den CIGSe-Oberflachen weniger KF
nachgewiesen, und auch die Eindiffusion von K in die CIGSe-Schicht fallt schwécher aus als
bei einem KF PDT mit Se-Angebot (d.h. Se-Rate # 0). Zusatzlich wird auch dort die Bildung
der Fremdphasen beobachtet (K-In-Se(-O) bei KF PDT 315°C und Cu-S-Se-O bei
KF PDT 105 °C), jedoch in deutlich geringerem Ausmal’ als auf einer Probe, die einen KF
PDT mit Se-Angebot durchlaufen hat. Ohne Se im KF PDT ist durch die geringere KF-
Konzentration auf der CIGSe-Oberflache die chemische Reaktivitat des KF herabgesetzt, und
die Menge an gebildeter Fremdphase nimmt etwas ab.

Zusammenfassend konnten alle beobachteten Abhangigkeiten der elektrischen Effekte auf
Basis einer chemischen Analyse der CIGSe-Oberflache mit XPS und UPS geklart werden. Es
konnte gezeigt werden, dass sich NaF und KF stark voneinander unterscheiden in ihren
Auswirkungen auf die elektrischen und chemischen Eigenschaften der CIGSe Solarzelle.
Theoretische Vorhersagen, das schwerere Alkalimetalle wie K auf der CIGSe-Oberflache eher
zur Fremdphasen-Bildung neigen (als leichtere wie Na), konnten experimentell bestatigt
werden. Weiterhin konnte eindeutig gezeigt werden, dass das Se-Angebot im PDT die Menge
an KF auf der CIGSe-Oberflache beeinflusst, und damit auch indirekt die chemische
Reaktivitat des KFs mitbestimmt. Im Allgemeinen zeigen die Ergebnisse dieser Arbeit auf,
dass alle Prozessparameter des PDT verstanden, und fein aufeinander abgestimmt werden
mussen, damit die Effizienz der entstehenden CIGSe Solarzelle davon profitieren kann.
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1 Introduction

The undeniable necessity for renewable energies is more topical then ever in the current public
debate. Renewable energies are not only important to reach the climate goals, as set by the
“Fit for 55 package by the European union [1], but also in view of unfortunate geopolitical
dependencies [2,3]. The stable and reliable supply of energy is not just a technologically
demanding problem, but has recently also become a weapon in modern warfare. The only
way, to gain control over this problem in the long run, is to expand wind power and
photovoltaics drastically. In this respect, highly efficient and cheap solar modules are needed,
which convert sun light into electrical energy.

For this purpose, the Cu(In,Ga)Se; (CIGSe) thin-film solar cell technology plays a special role,
as it combines low material and energy consumption with very high efficiencies. Taking the
maturity level of the comparably young CIGSe technology into account, CIGSe clearly
outperforms the silicon solar cell technology by far. On its way to very high efficiencies, the
CIGSe technology was stepwise improved by the introduction of new features such as the
double Ga-gradient [4] or the alkali fluoride post deposition treatment (PDT) [5]. Together with
the optimization of the whole solar cell device, Solar Frontier accomplished a new world record
in 2019 with a Cd-free non-toxic CIGSe thin-film solar cell reaching 23.35 % [6].

Like for most improvements in the CIGSe thin film technology, many progresses have been
made on an empirical base, which is evident due to the complexity of the CIGSe material
system and solar cells in general. The implementation of the alkali fluoride PDT represents the
latest “new feature” that led to a substantial increase in CIGSe efficiency. However, due to the
rapid development, the full scientific understanding of the PDT lags somewhat behind.
Therefore, the elucidation of the effect of the alkali fluoride PDT in the CIGSe technology is of
special interest and will be addressed in this work.

The alkali fluoride PDT is a process, in which an alkali fluoride like NaF, KF, or RbF is
evaporated together with selenium (Se) onto a freshly prepared, heated CIGSe sample surface
under vacuum conditions. Within this process, the CIGSe sample surface is chemically
modified, and alkali metals diffuse into the CIGSe layer. Many consequences have already
been observed and explained, like the improvement of the electrical properties of the CIGSe
layer itself [7] or the improvement of the chemical properties of the CIGSe surface [8]. Due to
these structural and chemical changes, the electrical conductivity of the CIGSe layer is
increased and charge carrier recombination is reduced, both culminating in higher cell
performances.

As illustrated above, the PDT leads to complex chemical reactions of the CIGSe surface with
NaF (or KF), and Se. Moreover, the PDT is a multiparameter process, with many critical
parameters, i.e., the substrate temperature during PDT (the PDT temperature), the AlkF rate,
or the Se supply, whose explicit chemical effects have not elucidated so far. It is known that a
PDT temperature about 315 °C together with a low Se coevaporation rate leads to excellent
cell efficiencies, but the exact reason for these quantities remains unknown. It is therefore the
aim of this work to analyze the impact of the PDT temperature on the CIGSe solar cell.
Thereby, the electrical properties of a full solar cell device will be examined in dependence of
PDT temperature and the chemical properties of the CIGSe surface will be investigated for
different PDT temperatures. It will be examined how different PDT temperatures affect the
chemical reactivity of the alkali fluorides on the CIGSe surface and what role the simultaneous
evaporation of Se plays in this context.



Concerning the alkali fluorides, both, NaF and KF PDTs led to improved efficiencies for CIGSe
thin-film solar cells. Despite their chemical resemblance, their electrical impact on CIGSe cell
properties is distinctly different [9]. To examine the different chemical and electronic effects the
NaF PDT is compared to the KF PDT especially with respect to the PDT temperature.

The superior goal of this scientific work is that results and insights contribute to improvements
in the commercial production of CIGSe cells and modules, to further develop the CIGSe solar
cell technology. Typical “benchmark” CIGSe cells, however, offer a high degree of complexity
by means of their structural composition and processing factors and are thus very hard to
analyze and understand. To overcome this problem, the work in hand uses CIGSe cells, which
are close to industrial CIGSe cells, but show a great reduction in their complexity. This leads
to more defined boundary conditions and makes an analytical analysis of processing steps,
such as the PDT, more feasible. The following “modifications” are applied to reduce the
complexity of the CIGSe solar cell architecture: The CIGSe layers are exclusively grown on
alkali free substrates, to decouple alkali effects coming from the substrate or the PDT. Further,
the quaternary system Cu(In,Ga)Se; is applied as light absorbing material and Ag or S are left
out, to reduce the compositional complexity. Moreover, the CIGSe layers are grown by a single
stage process, so that no compositional gradients exist within the layer. Additionally, a defined
rinsing step is applied together with the use of the well-known CdS buffer layer. Finally, with a
careful packing and shipping procedure, cross-contamination of the valuable samples can be
ruled out. With all these considerations, the use of electrical and surface analytical methods
becomes more profitable and insights from our simple material system can be applied to more
complex industrial CIGSe systems. Thereby, the improvement of the CIGSe solar cell
technology becomes more targeted.

The work in hand is built up as follows:

Chapter 2 gives a short summary about the CIGSe thin film technology, current techniques,
the evolution of the PDT, and the most important achievements of this field.

Chapter 3 introduces theoretical aspects, which are needed to understand the working
principle of a CIGSe solar cell and to understand the measuring principle of photoemission
spectroscopy (PES), a versatile tool used to chemically characterize the CIGSe surfaces.

Chapter 4 then presents the experimental setup, how the CIGSe solar cells were fabricated,
the tools for the electrical analysis and how sample preparation and packaging was achieved
especially for the surface sensitive PES measurements at KIT.

Chapter 5 illustrates the electrical properties of CIGSe solar cells, which underwent a NaF
PDT or a KF PDT, in dependence on PDT temperature. This chapter serves as a rough, but
solid basis to establish some general trends but also to spot some unexpected, and new
detrimental alkali effects after a KF PDT at low PDT temperature.

Chapter 6 then explains the trends made for the electrical properties from Chapter 5 on a
chemical basis. Therewith, X-ray (XPS) and ultraviolet photoelectron spectroscopy (UPS) are
used to unravel the chemical and electronic structure of the CIGSe surface. As the CIGSe
surface represents the site where the p/n junction of the solar cell is formed, its properties and
quality distinctly influence device performance. Hereby, the main differences between NaF and
KF PDTs and the detrimental alkali effect at low KF PDT temperature are elucidated. As
nondestructive, surface sensitive methods, XPS and UPS are excellently suitable to probe
such samples.

Chapter 7 investigates the need for the simultaneous evaporation of Se during PDT, again
with XPS and UPS measurements. Therewith, KF PDT samples, which underwent a KF PDT
without Se supply, are investigated and the results will be compared to the KF PDTs with Se
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supply from Chapter 6. Thereby, the influence of Se on the chemical reactivity of KF on the
CIGSe surface can easily be examined.

Chapter 8 summarizes the results made in Chapter 5-7, discusses comparisons to literature,
and offers possible models to explain the made results. Finally, the results are put in a wider
context and an outlook for future experiments is given.






2 The CIGSe Thin-Film Solar Cell Technology

2.1 Historical development and general properties of the
Cu(Iln,Ga)Se> compound semiconductor

The first interest for Cu-containing heterojunctions was aroused in the 1960s with the Cu,S-
CdS system [10,11]. In that time, the rectifying properties of such a heterojunction (i.e., for
transistor applications) were of main interest and the observed photovoltaic effect was
secondary, and rather weak. Just in the 1970s the Cu»S-CdS heterojunction received
considerable attention for photovoltaic energy conversion [12,13]. It began in 1974, when the
first CulnSe2/CdS heterojunction was described, being suitable for photovoltaic applications,
because of its remarkably high optical absorption coefficient [14]. In 1985, Boeing prepared a
coevaporated CulnSe,-CdS solar cell with a Cu-poor composition, creating an efficiency leap
up to 11.4 % [15]. At this stage, the CulnSe, solar cell technology gradually improved
throughout the years [16]: A wet-chemical CdS-deposition led to thinner CdS layers and
reduced absorption losses. In the 1990s, alloying of the CulnSe; absorber material with Ga led
to the recently used Cu(In,Ga)Se, material system. Together with the use of Na-containing
soda lime glass substrates, the efficiency was further boosted (This special role of Na will be
addressed in Chapter 2.2). After the development of a multi-stage coevaporation process in
the early 1990s [4], the electrical properties of the Cu(In,Ga)Se: layer, such as the conductivity,
were further improved. Subsequently, the post deposition treatment (PDT) of the Cu(In,Ga)Se-
layer with alkali fluorides under Se atmosphere was developed [17], pushing the power
conversion efficiency up to 23.35 % nowadays [18]. Great success in high efficiencies has not
only been reached on lab-scale cells in the order of some cm?, but also on a module level:
E.g., in 2021 AVANCIS realized a 30 x 30 cm? solar module with a certified efficiency of
19.64 % [19]. For many commercial Cu(ln,Ga)Se: solar cells, and also (with slight changes) in
the scope of this work, the layer stack in Figure 2.1, shown as a cross section image a) and
schematically b) [20], is often applied:
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Figure 2.1 a) Scanning electron microscopy cross section image of the CIGSe solar cell stack
prepared and used in this work. b) Schematic illustration of the CIGSe solar cell stack and
thicknesses of the several layers. Reference see text.



In this layer stack, different materials with precisely tuned physical and chemical properties
contribute to the functioning of the CIGSe solar cell: Soda lime glass is used as substrate,
thermally and chemically stable, serving as mechanical support of the solar cell and working
as a Na source. Thereover, the Mo layer is applied, serving as the plus pole of the solar cell
and exhibiting high electrical conductivity, as well as a smooth surface, and a good chemical
resistance towards a corrosive Se atmosphere. The CIGSe layer itself must be a good light
absorber, show a high conductivity for electrons or holes, and a low concentration of structural
defects to reduce charge carrier recombination. The CdS and intrinsic (i-ZnO) layers serve as
“buffer” layers that enable a good electrical band alignment between CIGSe and front contact,
along with a suitable lattice matching to prevent structural defects. The Al-doped ZnO layer
(ZnO:Al) serves as the front contact, the minus pole of the cell, and above all should be highly
transparent, and a very good electrical conductor. Both aspects, however, cannot be
maximized at the same time, so that the thickness and the doping level of the ZnO:Al layer
must be carefully adjusted. On top of the CIGSe cell, a metallic Ni/Al/Ni grid is applied (not
shown), which collects the current from the ZnO:Al layer, and transports it to the electrical
contacts of the cell.

As was mentioned before, the properties of all layers must be specially tailored and well
matched, so that very high efficiencies can be reached. Especially in this work, the alkali
fluoride PDT was investigated, which takes place on the CIGSe surface. Therefore, some more
structural and physical properties about the CIGSe layer itself are given in the following.

Cu(In,Ga)Se: is a quaternary I-llI-VI, direct, compound semiconductor, and exhibits a high
optical absorption coefficient up to 10° cm™ in a wide spectral range [21]. Layers, only several
um thick, therefore allow for a sufficient absorption of light. Cu(ln,Ga)Se; crystalizes in the
tetragonal chalcopyrite crystal structure (a-phase), which can be derived from the zinc blende
structure. In this chalcopyrite crystal structure, every atom is tetrahedrally coordinated by its
binding partners. Cu(In,Ga)Se, can be viewed as solid solution of CulnSe, and CuGaSe,, in
which Ga and In are interchangeable on their lattice sites. Depending on the Ga/ln ratio, the
lattice constants of the unit cell can be varied and the bandgap energy of the material can be
tuned between 1.0 eV (pure CulnSe;) and 1.7 eV (pure CuGaSe,) [22]. Most CIGSe thin films
are polycrystalline and are grown with an overall Cu-deficiency (meaning a final Cu amount of
less than 25 %). The CIGSe films prepared in this work show an average grain size about
100 nm. At the surface of the CIGSe thin film, the formation of a Cu-poor region is observed,
possibly only one monolayer thick. Most CIGSe thin films for PV applications are polycrystalline
with hence many intrinsic structural defects, present in the material. These can be zero-
dimensional defects like point defects such as vacancies, interstitial atoms, or substitutional
defects. All these structural defects influence the electrical properties of the material, and in
case of CIGSe, a highly compensated, p-conducting semiconductor is created. The grain
boundaries (GBs) in polycrystalline CIGSe thin films can be seen as two-dimensional structural
defects. At these boundaries between neighboring grains in the crystal structure, unsaturated
chemical bonds (“dangling bonds*) are present, which possess a high chemical reactivity. It is
believed that GBs act as barriers for charge carrier transport and therefore crucially influence
the electrical mobility of charge carriers (across them) [23]. Consequently, the intrinsic defects
in the grain interior (GI) as well as the defects at GBs of polycrystalline CIGSe need to be
passivated for the application of the CIGSe material in solar cells.



2.2 Doping of CIGSe layers with alkali metals

The beneficial doping of CIGSe solar cells with Na was discovered coincidentally, as common
window glass (soda lime glass) was used as a substrate. At elevated temperatures (i.e., during
the CIGSe deposition process) Na diffuses from the glass substrate through the Mo layer into
the CIGSe layer and improves its electrical properties. This effect was first observed by
Hedstrém et al. in 1993 [24]. Upon this incorporation of Na, the charge carrier density is
increased [25], and grain boundaries and bulk-related defects are passivated, as Na is located
at both, in the Gl and at GBs [26]. In this respect, Heske et al. found, that, independent of the
Na source, Na changes the surface dipole and reduces the work function at the CIGSe surface,
and possibly also at grain boundaries [27]. The passivation of grain boundaries improves the
charge carrier mobility and the conductivity of the CIGSe layer. Both effects lead to an
improvement in open circuit voltage (Voc) and fill factor (FF), two very important properties,
which characterize the performance of the solar cell (see Chapter 4.2). Problems arising from
an “indirect Na supply from the substrate are a lack of controllable Na doses (depending highly
on the glass), smaller grain sizes of the CIGSe absorber, a reduced interdiffusion of Ga and In
[28], and a higher density of stacking faults [29]. To better control the crystal quality and the
Ga/ln composition profile throughout the CIGSe layer, it is better to decouple CIGSe growth
and Na supply. Thereby, the post deposition treatment was developed are presented in the
next chapter.

2.3 The alkali fluoride PDT as key step to very high efficiencies —
advantages, benefits, and open questions

The positive effect of the in-diffusion of Na especially after CIGSe growth was described by
Rudmann et al. in 2003, enabling an improvement of the efficiency from 10 to 14 % [30]. The
so-called post deposition treatment with NaF (NaF PDT) led to an incorporation of Na into the
CIGSe layer, and thereby improved the solar cell characteristics without any influence on
crystal growth or interdiffusion. Upon a NaF PDT, mainly the Voc and the FF of the solar cell
are improved, similar to the case when Na is supplied from the glass substrate. Other alkali
fluorides were also used and consequently the first pure KF PDT was applied by Lammle et
al. in 2013 [31]. The application of a KF PDT directly after a preliminary NaF PDT led to a
strong boost in cell efficiency on polyimide substrate up to 20.4 % [32]. This achievement was
followed by another boost in cell efficiency on glass substrates up to 21.7 % and 22.6 % by
application of a RbF PDT and a CsF PDT in 2015 and 2016 respectively, both by Jackson et
al. [33,34]. Thereby, the device performances of CIGSe solar cells were steadily increased up
to the current record efficiency of 23.35 % [18]. A schematic illustration of the alkali fluoride
post deposition treatment is given in Figure 2.2.
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Figure 2.2 Model scheme for a NaF PDT on a CIGSe surface shown on a molecular level.

The PDT takes place right after the CIGSe deposition step and is done in the same deposition
chamber, as the CIGSe preparation. The sample is cooled down to the so called “PDT
temperature, “Tepr* and then annealed for a certain time in presence of an alkali fluoride and
elemental Se vapor. Consequently, NaF (as in the example in Figure 2.2) and Se react on the
CIGSe surface, and also with the CIGSe surface, and form a number of volatile and non-
volatile intermediates and components. Some reactants stay on the surface and some desorb
into the gas phase, as the PDT is done in the CIGSe deposition chamber with gas pressures
in the 10~ mbar range. The chemical reactions, which occur on the CIGSe surface are very
complex and depend sensitively on many process parameters like Tepr, the CIGSe surface
composition, the type of alkali fluoride, the duration of the PDT, or the rates, at which the alkali
fluorides and Se are evaporated. At the same time, also other atomic processes, like the
reconstruction or relaxation of the CIGSe surface may take place, also in dependence of Tepr
and other parameters. Therefore, the exact chemical mechanism of the alkali fluoride PDT on
CIGSe surfaces is not fully understood, and many opposed observations have been made
(e.g., for a KF PDT [35]). A circumstance, which worsens this problem is that there is no
standard CIGSe and PDT process, and that every research group applies a slightly different
procedure. This makes the comparison of different results even more difficult. For example,
besides beneficial effects of a PDT on cell efficiency, also detrimental effects of a PDT have
been reported [36]. Nevertheless, there is also a significant amount of consent in the scientific
community: Generally, the alkali fluoride PDT changes the CIGSe surface chemically and
electronically, and leads to the incorporation of alkali metals into the CIGSe layer.

For the chemical structure of the CIGSe surface, often a depletion in Ga is observed [37,38],
together with the formation of a secondary component, being composed of the respective alkali
metal, In and Se (Alk-In-Se). However, there is still no absolute certainty for the existence of
these secondary phases, and also their exact composition is not clear (therefore mentioned as
“Alk-In-Se*). This secondary phase (e.g., K-In-Se as published by Handick et al. [38])
possesses beneficial electrical properties and assumingly leads to an improved band
alignment at the CdS/CIGSe interface [8]. Thereby, the charge carrier recombination at the
interface is reduced and the Voc of the solar cell is increased. A general trend exists that
heavier alkali metals like K, Rb and Cs do form the Alk-In-Se secondary component much
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easier, than lighter alkali metals like Na. This trend is explained with theoretical calculations by
Malitckaya et al., by the lowered solubility of Alk-In-Se (Alk= K, Rb, Cs) in the CIGSe surface
[39]. However, not in every case a Ga-depleted surface and the formation of an Alk-In-Se (Alk=
K, Rb, Cs) component is observed: Kreikemeyer-Lorenzo et al. found that a RbF PDT only led
to a slight reduction of Cu content at the CIGSe surface, no change in Ga content and
increased formation of Ga- and In-oxides, rather than selenides (as was expected for Alk-In-
Se) [40]. Another benefit resulting from the changes in chemical surface composition is an
improved growth of the CdS layer onto the CIGSe surface after a RbF PDT, reported by
Friedimeier et al. [41]. With a denser coverage of the CIGSe surface with CdS, the deposition
of a thinner CdS layer is possible, leading to an increase in carrier collection [37]. Another
interesting observation is made, when the alkali fluoride dose, e.g., in a NaF or RbF PDT, is
too high: The device properties, such as the FF, decrease [42]. It is speculated that secondary
components with rather detrimental electrical properties (like a high electrical resistance) form
during PDT, so that a thicker secondary component layer would deteriorate the device
performance [43]. Moreover, too high amounts of alkali fluoride at the CIGSe surface could
also lead to an in-diffusion and doping of the CdS layer, which could affect the type inversion
at the CdS/CIGSe interface (the transition between n- and p-type layers in the cell) [44,45].

Despite the formation of secondary components at the surface, a part of the alkali metals also
diffuses into the CIGSe layer. As mentioned in Chapter 2.2, alkali metals inside the CIGSe
layer segregate at grain boundaries, but can also diffuse into the grain volume [42,46]. It is
observed that at both locations, alkali metals improve the electrical properties of the
Cu(In,Ga)Se, material [47,48]. However, no clear experimental proof exists, how alkali metals
exactly work as dopants.

Until now, treatments of a CIGSe sample with double alkali PDTs lead to the highest cell
efficiencies. Therewith, the properties of light and heavy alkali metals are combined: Light alkali
metals diffuse into the grain volume more easily and also segregate at the GBs, whereas heavy
alkali metals mainly segregate at the surface, or at GBs. Heavy alkali metals, which segregate
at GBs, are able to push lighter alkali metals away from the GBs [49]. Additionally, heavier
alkali metals are able to form secondary phases [50]. Thereby, lighter alkali metals mainly
seem to improve the conductivity of the material, and thus the FF of the solar cell, whereas
heavy alkali metals better passivate GBs, and thereby reduce charge carrier recombination,
and improve the Voc of the solar cell [51].

Overall, the PDT has a vast impact on the chemical and electronic properties of the whole
CIGSe layer, including the surface, and the bulk region. However, many questions regarding
the principal “working mechanism® of alkali metals within the CIGSe layer are unsolved and
also processual details, e.g., reasons for the need of a Se supply during PDT, have not been
explored so far. These questions are addressed in the work in hand.
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3 Theoretical Background

In Chapter 3, some theoretical aspects are presented which describe the working principle of
a CIGSe solar cell (Chapter 3.1) and the characterization technique used especially for CIGSe
surfaces (Chapter 3.2).

3.1 General working principle of a CIGSe solar cell and analytical
description of its current-voltage dependence

A solar cell can be understood as a thermal engine, which converts radiation energy into
chemical energy, and subsequently converts chemical energy into electrical energy. The
particular steps of these energy conversions are presented in Figure 3.1 and take place in the
following order [52,53]: First, light is absorbed in the respective semiconductor material
(CIGSe) upon excitation of an electron from the valence band to the conduction band. The
missing electron in the valence band is called a “hole“. Because of their opposed electrical
charge, electron and hole can be bound to each other and form an “exciton®. This exciton pair,
however, is only weakly bound together in a semiconductor like CIGSe. Consequently, electron
and hole dissociate and diffuse independently from each other through the semiconductor. At
this stage, radiation energy has been converted into chemical energy. It is this additional
chemical energy, which “drives” the electron and hole through the material. More precisely, the
electrochemical potential of electron and hole in the semiconductor have been increased under
absorption of a photon. This electrochemical potential is not constant throughout the
semiconductor, but shows a gradient, which is steeper towards the boundaries of the CIGSe
material. To create an electrical current with a defined direction eventually, the electrons and
holes must selectively diffuse into opposite directions. This charge selective diffusion is
realized by layers with different conductivities for electrons and holes (as can be thought of
selective membranes). A p-doped layer e.g., mainly exhibits a good conductivity for holes,
whereas an n-doped layer exhibits a good conductivity for electrons. Therewith, the n-doped
layer lets electrons pass through, whereas holes are blocked. For the p-doped layer, this
behavior is vice versa.

Figure 3.1 displays an exemplary band diagram of a CIGSe solar cell, in which a
Cu(In,Ga)Se,/CdS interface has been formed and for which Morkel et al. have found a flat-
band alignment at the interface [54]. In this solar cell structure, the CIGSe layer represents the
light absorber and the p-doped layer at the same time. The CIGSe layer therefore mainly
impedes the electron diffusion and blocks them in reaching the back contact, whereas holes
pass through on their way to the back contact. The CdS layer represents the n-doped layer,
which blocks holes and lets electrons pass through on their way to the front contact.
Figuratively, these different types of conductivities in the CIGSe and CdS layer enable a
selective carrier transport towards the contact poles of the solar cell (positive and negative
pole, Mo back contact and ZnO:Al front contact, respectively). With these different layer-
properties, a macroscopic electrical current flow can be established and chemical energy is
ultimately transformed into electrical energy.
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Figure 3.1 Schematic band diagram of an exemplary CIGSe solar cell (Mo back contact and
ZnO:Al front contact left out) as a function of the position x within the cell, where only the CIGSe
layer, the CdS layer and the i-ZnO layer are shown. In case of an CdS/Cu(ln,Ga)Se; interface, a
flat-band alignment was found at the CdS/Cu(In,Ga)Se; interface (i.e. the conduction band offset
is zero). Ev denotes the valence band maximum, Ec denotes the conduction band minimum and
Er denotes the Fermi energy. The incoming photon (red) is absorbed in the CIGSe layer, where
it creates an electron-hole pair. Electron (e”) and hole (h*) dissociate and diffuse through the
CIGSe layer. Because of the high p-conductivity of the CIGSe layer, mainly holes will wander
through the CIGSe layer and reach the back contact (direction indicated with an arrow in the
diagram). Electrons, however, will travel in the opposite direction through the CdS layer towards
the front contact, because of the high n-conductivity of the CdS and front contact layers.

Electrically, the p/n junction in the solar cell works as a diode, so that the solar cell shows a
voltage dependent resistance. The equivalent circuit diagram of the solar cell can be modeled
with a diode, two resistors, and a direct current source. Under inclusion of other assumptions
and in case of an ideal solar cell with a continuous band diagram, the current density-voltage
characteristic (I-V) under illumination can be described by Eq.1:

q(V-IRg)
(V) =lo (€ Ak8T - 1)+

V-IRs
Rp

— lsc (Eq.1)

The variables in Eg.1 are denoted as follows: lo denotes the dark saturation current, g denotes
the elementary charge, Rs denotes the series resistance, A denotes the diode quality factor,
ks is the Boltzmann constant, T is the temperature, Rp is the parallel resistance, and I is the
short-circuit current. The equivalent circuit diagram of the solar cell in the one-diode model,
and the derivation of Eq.1 including all its approximations can be found elsewhere [55,56].
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3.2 Photoelectron Spectroscopy

In X-ray photoelectron spectroscopy (XPS), a material interacts with soft X-rays with an energy
ranging from 50 to 1500 eV. Therewith, electrons of the material are excited from an occupied
state to an unoccupied state (e.g., the conduction band), or can also leave the surface (=
excitation into the vacuum). In a XPS-spectrum, the number of the emitted photoelectrons is
recorded as a function of their kinetic energy (Exin) with an electron energy analyzer. For a
subsequent characterization, the kinetic energy of the photoelectron is then converted into its
former binding energy (Egin) according to Einstein’s photoelectric equation in Eq.2 [57]:

EBin = hV - EKin (Eq2)

The excitation energy for XPS measurements is provided by a Mg or Al X-ray tube. The energy
value for Mg K, radiation is 1253.6 eV and for Al K, 1486.6 eV [58]. For ultraviolet
photoelectron spectroscopy (UPS), the sample surface is irradiated with ultraviolet radiation,
coming from a He discharge lamp. The energy of the UV radiation is much lower, for example
He | radiation (21.2 eV) and He Il radiation (40.8 eV). With a FWHM of 0.02 eV, the UV
excitation width is much narrower than that of Al K, or Mg K, radiation (0.83 eV and 0.68 eV,
respectively) [59]. Figure 3.2 schematically illustrates the photoemission process in a band
diagram (adapted from [60]) :
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Figure 3.2 Scheme for the excitation processes of XPS measurements (blue) and UPS
measurements (red) within the band diagram. White squares illustrate holes, and black circles
present electrons. The scheme is adapted from Moulder et al. (reference see text).

Photoelectrons at common kinetic energies of an XPS or UPS experiment (0-1500 eV) are
very surface sensitive due to their very short inelastic mean free paths A (IMFP, definition see
Figure 3.3, in the “universal curve® for electrons in solids) [61]. Thereby, these photoelectrons
are very suitable for probing the surface region of a material (IMFP approx. 1 — 3 nm), being
able to investigate the occupied core and valence level states in the surface region of the
sample. Consequently, detailed information about the band structure of the valence band (in
case of UPS) or about the chemical environment of an elemental species (in case of XPS) can
be obtained.
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Figure 3.3 Inelastic mean free path (IMFP) of electrons in a solid, as a function of their kinetic
energy. The figure is adapted from a publication by Seah and Dench (reference see text). The
inelastic mean free path is defined as the distance, which electrons have to travel through a
solid, so that their intensity is reduced to 1/e (~63%) of its initial value by inelastic scattering.

Another very valuable process, which follows the emission of a photoelectron, is the Auger
transition [62]. In this de-excitation process of the atom, the core hole is filled with another
electron, which relaxes from a higher energy level. Upon this relaxation, energy is transmitted
from the relaxing electron (green). The emitted photon energy hv can then be transferred to a
third electron, which can leave the atom. This (the third one) emitted electron is called the
Auger electron and it carries valuable information about the specific, chemical state of the atom
it was emitted from. An schematic illustration for the Auger process is shown in Figure 3.4
(adapted from [60]).
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Figure 3.4 Schematic illustration of the In M4N4sN4s Auger process (green) in an energy diagram.
Electrons are illustrated as black circles and holes are illustrated as white squares. The scheme
is adapted from Moulder et al. (reference see text).

Because in the Auger process two core holes are present in the final state of the process,
Auger electrons in most cases (but not always) are more sensitive towards chemical changes
of the respective atom than photoelectrons, where only one core hole is present in the final
state of the atom. This fact makes the evaluation of Auger spectra very complex, but the
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chemical information they carry is substantial. The analysis of Auger electrons in the context
of an XPS experiment is called X-ray excited Auger electron spectroscopy (XAES). Auger
transitions are denoted by the quantum numbers of the involved electronic states during the
Auger process: The first letter marks the principal quantum number of the state, from which
the core hole was generated, the second letter marks the state, from which the second electron
relaxed into the core hole, and the third letter marks the state, from which the Auger electron
was emitted, for example “In M4Na4,sN45."

All photoemission experiments have to be carried out in an ultra-high vacuum (UHV) chamber
to prevent coverage of the sample surface with residual gas particles. At gas pressures in the
UHV range (~ 107%° mbar); the number of collisions of residual gas particles with the surface is
sufficiently low, so that it takes several hours to fully cover a freshly prepared surface. In the
meantime, all surface sensitive experiments like XPS or UPS can be accomplished. The same
circumstance is indispensable for the emitted photoelectrons: Only at sufficiently low residual
gas pressures, the photoelectrons do not collide with gas particles in the analysis chamber and
are able to reach the electron analyzer, where they are detected.

To determine the chemical environment of an elemental species, the so-called modified Auger
parameter (a‘) can be calculated. With the help of the modified Auger parameter, the results
of different photoemission experiments can be compared more easily [63]. The maodified Auger
parameter of a chemical species is defined as the sum of the kinetic energy of the sharpest
Auger feature of this species and the binding energy of the most intense photoelectron line, as
stated in EQ.3:

o' = Exin(Auger) + Egin(Photoelectron) (EQ.3)

The modified Auger parameter has the advantage that it is independent on many
circumstances like the excitation source of the photoemission experiment, sample charging,
band bending, doping, and more. All these points influence the exact binding or kinetic energy
positions of the photoelectron or Auger line and complicate the characterization of the chemical
environment. With the help of the modified Auger parameter, these problems can be
circumvented.

o' is displayed in the so called Wagner plot, where Exi, of the Auger line is plotted on the
ordinate and Egin Of the photoelectron line is plotted negatively oriented on the abscissa. The
o' values are then displayed as a linear function with slope +1. Throughout this work, the o'-
values are attached on the right y-axis of the Wagner-plot (e.g., see Figure 6.1.2.3). This plot
was first presented by C.D. Wagner, who also measured several components and calculated
the respective o' value [64]. Thereby, his work is often used as reference. For a more detailed
review about the unique usefulness of photoelectron spectroscopy (among other techniques
using soft x-rays) especially for thin film surface properties, see [65].
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4 Experimental Setup

In this chapter it will be illustrated, how the CIGSe solar cells are prepared (Chapter 4.1), and
how they are characterized (Chapter 4.2). Furthermore, it will be described, how the CIGSe
samples, especially for the XPS/UPS-measurements are prepared, packed and shipped to the
Materials for Energy (MFE) lab at KIT (Chapter 4.3). Finally, details about the XPS and UPS
measurements will be given (Chapter 4.4).

4.1 CIGSe solar cell preparation

The CIGSe solar cell is built of several layers with different properties, as was shown in
Figure 2.1. The cell is prepared in a bottom up process, starting with the alkali-free substrate.
The description of the particular preparation steps will be given in the same order in the
following:

For an alkali-free substrate of the solar cell, zirconium dioxide (ZrO) substrates (CeramTech
GmbH) with a thickness of 300 um and a size 50 x 50 mm? of were used. The thermal
expansion coefficient of these ZrO, substrates is 11 x 107® K1, similar to that of the CIGSe thin
film (7 to 9 x 10°® K™1). Other merits for ZrO, as a substrate material are its high thermal,
mechanical, and chemical resilience. The ZrO, substrates were cleaned with acetone and
isopropyl alcohol successively in an ultrasonic bath and dried under a nitrogen purge.

Thereafter, a 500 nm thick Mo back contact was deposited onto the ZrO; substrates by direct
current (dc) sputtering. Subsequently, the Mo-coated ZrO, substrates were loaded into a
CIGSe coevaporation chamber (Octoplus 800, MBE Komponenten GmbH, base pressure
1 x 107 mbar) equipped with a cooling shroud and a load lock. A fine-grained CIGSe layer
with a thickness of about 2 um was deposited on the samples by coevaporation of Cu, In, Ga
and Se in a single stage process. The evaporation sources were equipped with shutter lids for
a precise control of the evaporation period. The substrate temperature during the CIGSe
process was ~450 °C. The temperatures of the Cu, In, Ga, and Se sources were adjusted, to
obtain CIGSe layers with a Cu content of [Cu]/([In]+[Ga]) = CGI = 0.79 — 0.81 and Ga content
of [Ga)/([In]+[Ga]) = GGI = 0.3. The bulk composition of the CIGSe films was determined with
X-ray fluorescence measurements and is approximately CuoslnozGaogsSe.. After deposition of
the CIGSe layer, the alkali fluoride PDT was conducted in situ. Either a sodium fluoride PDT
(NaF PDT) or a potassium fluoride PDT (KF PDT) was performed under low Se flux. The
CIGSe samples were cooled down to the PDT temperature (Tepr) in two steps under a constant
co-evaporation of Se: One cool down ramp was applied from ~450 °C to 350 °C under a Se
flux of ~6 A/s within 4 min, and the final ramp to Teor Was performed under a Se flux of ~ 2 A/s
within ca. 10 min. The PDT was then performed for 20 min under a Se flux of ~2 A/s and an
alkali fluoride flux of ~0.3 A/s. After PDT, the alkali fluoride source was shut and the CIGSe
samples yet were held at Tror for 2.5 min under a Se flux of ~2 A/s. After that, he Se source
was also shut and the sample was cooled down to 250 °C within 4 min under the ambient Se
background pressure of the deposition chamber.
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Figure 4.2 Schematic illustration of the coevaporation chamber at ZSW for preparation of the
CIGSe layer and subsequent alkali fluoride PDT. Graphic adapted from Rudmann [13].

A detailed process diagram is shown in Figure 4.3. The evaporation rates of Se were controlled
with the help of an optical quartz fiber sensor (MBE Komponenten GmbH) and calibrated with
a quartz crystal microbalance (Inficon). The evaporation rate of the Cu source was monitored
with an electron impact emission spectroscopy flux sensor (EIES-IV Guardian by Inficon).
Residual and process gas analysis was conducted with a quadrupole mass spectrometer
(Prisma Plus QMG 220 by Pfeiffer Vacuum).

After deposition of the CIGSe layer and subsequent PDT, the samples were unloaded from
the deposition chamber and rinsed with an aqueous, 0.1 mol/L NazS solution for 30s.
Thereafter, the rinsing solution was washed off the sample with deionized water and the
samples were thoroughly dried under a nitrogen purge. Thereon, a CdS layer of ~50 nm
thickness was applied onto the CIGSe samples via a chemical bath deposition (CBD) step.
The chemical bath was prepared by a mixture of aqueous solutions of CdSOs, thiourea, and
ammonia, with a final concentration of 1.4 mmol/L, 0.1 mol/L and 1.5 mol/L, respectively,
typically in a volume of ~200 mL. The temperature of the chemical bath was held at 65 °C. The
chemical bath deposition took about 8 min and the CdS thickness was checked optically with
a Mo-coated SLG stripe as a “reference” sample. After the CdS deposition, the samples were
washed thoroughly with deionized water, dried under a nitrogen purge, and kept at ambient
conditions for about 1 h for residual traces of water to vaporize.
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Subsequently, the front contact of the cell was deposited by radio-frequency sputtering of a
~80 nm thick i-ZnO layer and dc sputtering of a 350 nm thick ZnO:Al layer. The cells were
completed by electron beam evaporation of a Ni/Al/Ni contact grid through a shadow mask.
Finally, the cells were separated from each other by mechanical scribing. The resulting total
area of the cells was ~0.5 cm?. All cells were measured without antireflective coating.
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Figure 4.3 Scheme for the chronological sequence of the single-stage CIGSe deposition process
and a subsequent alkali fluoride PDT.
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Figure 4.4 Photo of an array of 8 complete CIGSe solar cells on a 50 x 50 mm?2 ZrO; substrate.
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4.2 Structural, chemical and optoelectronic characterization tools
for CIGSe solar cells

The alkali depth distributions within the solar cell were determined with Time-of-Flight
secondary ion mass spectrometry (ToF-SIMS). Especially for the work in hand, alkali
concentration profiles within the CIGSe layer were determined with this technique. A ToF-SIMS
5 system from IONTOF was used and Wolfram Hempel at ZSW conducted the measurements.
The sputtering beam consisted of O* ions with a kinetic energy of 30 keV, which was scanned
over a sample area of 150 um x 150 um with a resolution of 128 x 128 pixels. The analysis
beam consisted of Bi* ions with a kinetic energy of 2 keV, which was scanned over a smaller
area of 50 um x 50 um to avoid crater-edge effects. A depth profiling is achieved by a
continuous switching between the analysis and sputter beam. To obtain absolute Na and K
concentrations, the relative ToF-SIMS profiles had to be calibrated. The applied procedure is
illustrated in the following with an exemplary depth profile shown in Figure 4.5.
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Figure 4.5 ToF-SIMS depth profiles for K, Cu and Mo of a CIGS layer after a KF PDT at

Teor = 315 °C. Dashed-dotted lines mark the range for determination of the K concentration in
the CIGSe layer.

Immediately before the ToF-SIMS measurements the ZnO and CdS layers were etched off in
an aqueous HCI solution (w/w = 10%), rinsed with deionized water, dried with nitrogen, and
then directly transferred into the SIMS setup. This etching step of the front contact layers
strongly reduces knock-in effects and enhances depth resolution. In Figure 4.5 the *°K, ®3Cu,
and *8Mo signals are plotted over the sputter time. Depending on the sputter time, different
depths of the layers are analyzed. The *°K signal slowly decreases at the surface of the CIGSe
layer and shows a local maximum towards the Mo back contact, which are both SIMS artefacts:
At the surface, it takes some time until a sputter equilibrium is achieved. Remnants of oxygen
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can lead to enhanced signals for *K towards the surface due to an enhanced ionization
probability. The increase of the K signal towards the Mo back contact can be explained partly
by segregation of K at the interface CIGS/Mo and partly by a change of the ionization
probability due to a change of the sputtering matrix. To exclude these sputtering artefacts, the
K profile was evaluated in the range, where the Cu signal is constant. In this range, surface
effects can be neglected, and only the pure CIGSe layer is analyzed (without the Mo layer).
An alkali-free CIGSe sample implanted with 2Na (dose = 1.2 x 10 cm™2, energy = 380 keV)
and a sample implanted with 3K (dose = 1.6 x 10 cm2, energy = 700 keV) were used to
calibrate the relative ToF-SIMS profiles to obtain absolute Na and K concentration profiles,
respectively. To account for daily variations in absolute signal intensity the K (Na) signal is
referenced to the Cu signal as follows to determine the alkali concentration in the CIGS layer
in Eq. 4 and 5:

_I(®Na")
c(Na) = (Cu™) x 261 ppm (Eq.4)
c(K) = I(BQ—KB x 173 ppm (Eq.5)
1(53Cu’™)

The ToF-SIMS system is able to detect alkali metal concentrations as low as 1 ppm.

Energy-dispersive X-ray fluorescence measurements (XRF) were conducted for a non-
destructive analysis of the composition of the CIGSe layer with a FISCHERSCOPE® X-RAY

XDV®-SDD system. In this method, the sample is excited with X-rays generated by a W anode
operating at voltages up to 50 kV, whereupon the emission of characteristic fluorescence
radiation takes place. The emitted radiation (X-rays) is then detected by a Si-drift detector with
a resolution better than 140 eV. The data is analyzed with the built-in Fischer WINFTM®
software. In this software, the area beneath the peaks of the K-Lines is determined and the

atomic concentrations of Cu, In, Ga, and Se are examined, based on the Fundamental
Parameter method [66]. The diameter of the analysis spot was 3 mm.

Another important characterization tool for solar cells are measurements of current density-
voltage curves (J-V curves). As solar cells generate a voltage and a current under
illumination, the dependence between these values expresses a characteristic measure of the
solar cell. All J-V measurements were conducted at standard testing conditions at a
temperature of 25 °C and under illumination with an “Air Mass 1.5” (AM 1.5) sun spectrum with
a power density of 1000 W/m?2. The “Air Mass” is the ratio of the distance, which light travels
through the atmosphere, until it reaches the ground, to the shortest way when it travels
vertically through the atmosphere [67]. Depending on the path length light travels through the
atmosphere, the solar irradiation is attenuated, respectively. For J-V measurements a WACOM
sun simulator together with a Keithley 238 power supply was used. The solar cells were
measured with Kelvin tips in a four-point probe configuration. Figure 4.6 shows exemplary J-V
curves of a NaF PDT CIGSe solar cell under illumination (red) and in dark (blue).

As a solar cell can be understood as a diode, which is illuminated, the shape of its J-V curves
also shows a typical electrical diode behavior: A blocking of the current can be observed at
reverse bias (or at low forward bias) and an exponential increase of the current is observed at
increasing forward bias. Both of these features are depicted for the J-V curves in Figure 4.6.
Although the shape of the whole J-V curve discloses very valuable information about the cell,
prominent points of the J-V curve are defined, which serve as “characteristic* solar cell
parameters. These specific points of the J-V curve are the open circuit voltage (Voc) at j =0,
the short circuit current density (jsc) at V = 0, and the fill factor (FF). The fill factor is determined
as a dimensionless value between 0 and 100 %, which defines the maximum power, which
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can be generated by the solar cell under illumination. As illustrated in Figure 4.6, the maximum
power point of operation (Vwer | juee) Of the cell is met, when the area of the gray rectangle
between J-V curve (red) and coordinate axes becomes maximal.

The fill factor in Eq.6 can then be expressed as:

_ Vwpe * jvpp
FF = Voo e (Eq.6)
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Figure 4.6 Current density-voltage (J-V) curves of a CIGSe solar cell with NaF PDT at 275 °C
measured in the dark (blue line) and under illumination (red line). Shown in the diagram are the
open circuit voltage (Voc) at j =0, the short circuit current density (jsc) at V =0, and the point of
maximum power generation (MPP).

The resulting efficiency of the solar cell is defined as the ratio between the maximal generated
energy (at MPP) and the power of the irradiation Pir. shone on a defined area of the solar cell.
The mathematical expression for this definition is given in Eq.7:

_ Vwpe * jvpp

I:,irr. (ECI-7)

To examine, how effectively which part of the sunlight contributes to the generated
photocurrent, the External Quantum Efficiency (EQE) of the solar cells are measured. The
external quantum efficiency is defined as the ratio of the number of generated electron-hole
pairs in the solar cell to the number of irradiated photons, in a defined wavelength interval.
EQE measurements were performed on a commercial BENTHAM PVE300 QE setup including
a lock-in amplifier, a Xe-lamp, a monochromator, and a Si- and Ge-solar cell to calibrate the
photon flux. The EQE measurements were conducted at room temperature under bias light.

The charge carrier density (Na) of the CIGSe solar cells was estimated with Capacitance-
voltage (C-V) measurements. The C-V curves were recorded with a HP 4192A LF Impedance
Analyzer at room temperature in the dark. The measurements were carried out at a frequency
of 100 kHz to prevent signal contributions from defect charge carrier states. With the exclusion
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of defect states it is possible to determine a more accurate value for Na. The DC bias voltage
was varied from -1.5 V to 1.0 V, and the AC modulation voltage was set to 50 mV to prevent
a significant contribution to the DC bias signal. The analysis of the C-V data and the theoretical
model used for it is described in Chapter 5 on page 21.

4.3 Preparation of CIGSe layers for surface-sensitive XPS and
UPS measurements

For the analysis of the CIGSe surface, special samples have been prepared, which were
shipped to the MFE lab at KIT. These samples do not consist of complete cell stacks, but only
of the CIGSe layer, which is deposited on the Mo-coated ZrO, substrate. On these CIGSe
surfaces, different PDTs were applied, including an untreated reference cell.

In order to examine the chemical impact of the PDT and the subsequent rinse on the CIGSe
surface, two identical sample sets were prepared. One sample set, on which the CIGSe
surface is analyzed directly after PDT is called “as-grown“. The other sample set, which
analyzes the influence after PDT and rinse is called “rinsed®. For very surface sensitive
measurements like XPS and UPS, the surface of the CIGSe samples has to be kept from
ambient atmosphere, as it has been observed by Heske et al., that humidity from the air
strongly interacts with the CIGSe surface which can lead to a reduction of the Na content on
the CIGSe surface [68]. Therefore, the “as-grown“ sample set was sealed under N:
atmosphere directly after the preparation, without any contact to ambient atmosphere (This
requirement was accomplished by attaching a separate glove bag at the load lock of the
deposition chamber, which could be pumped out and flushed with an additional pumping
stand). For the “rinsed” sample set, the samples had to be unloaded from the deposition
chamber and had to be rinsed at ambient atmosphere. After rinse (which was done similar as
for cell preparation), the samples were directly transferred into coarse vacuum, and then
loaded into a N filled glove box, in which they were also sealed. It is estimated that rinsed
samples were exposed to ambient atmosphere about 5 min in sum. Both sample sets (“as-
grown“ and ,rinsed“) were shipped to the MFE lab at KIT, and were transferred into the UHV
system, without any exposure to air. The complete shipping procedure took about 4 — 5 hours
(from glove box to glove box).

4.4 Specifications for the XPS and UPS measurements at the MFE
lab

At the MFE lab at KIT the different samples were analyzed with XPS and UPS. XPS was
performed with non-monochromatized Mg K, radiation from a DAR 450 twin anode X-ray
source (Omicron) and monochromatized Al K, radiation from an SIGMA Surface Science
MECS X-ray source. UPS spectra were taken by use of a Hell discharge lamp. The
photoelectrons were detected with a Scienta Omicron Argus CU electron analyzer. A FOCUS
FDG 150 ion source at a sample current density of ~300 nA/cm? was used for low energy
(50 eV) Ar*-ion treatments. XPS and UPS spectra were calibrated with the Fermi Energy of a
sputter-cleaned Au-foil. The base pressure of the analysis chamber was ~ 1 x 1071° mbar.

All samples were measured twice: At first all spectra were taken from the samples in the

condition in which they arrived at the MFE lab, this sample condition is called “as-received®.

Afterwards the samples have been Ar*-ion cleaned (50 eV) for 10 min, to remove common
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surface contaminants. This sample condition is called “Ar*-ion cleaned®. To evaluate the impact
of the Ar*-ion cleaning on the composition of the CIGSe surface, all photoelectron and Auger
spectra have been compared prior (as-received) and after the Ar*-ion cleaning (not shown).
This comparison has been done for all samples. In Figure 4.7 exemplary spectra for the effect
of the Ar*-ion cleaning are shown. The Ar*-ion cleaning mainly removed some carbon from the
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Figure 4.7 Normalized Al Kq excited In MNN, Cu LMM and Ga LMM Auger spectra of the
KF PDT 315 °C samples ,,as-grown“, directly after PDT (bottom spectra) and ,rinsed, after PDT
and subsequent rinsing (upper spectra). To highlight the impact of the Ar*-ion cleaning, spectra
taken prior Ar*-ion cleaning (as-received, marked in black) and after Ar*-ion cleaning (marked in
red) are aligned. The spectra were normalized by setting the high kinetic energy background to
zero and the peak maximum to one (for the In MNN spectra, the peak maximum at Ekin ~ 407 eV
was set to one). The Ar*-ion cleaned spectra (red) were shifted on the x-axis, to allow for a better
comparison of their shapes. Respective shifts are given in the diagram.

surface but did not change the CIGSe composition. No additional signals due to the Ar*-ion
cleaning were detected, no strong peak shifts were observed, and the intensity ratios of
prominent CIGSe signals were preserved. A slight peak shift of ~0.2 eV is detected, together
with a faint increase of the signal-to-noise ratio (SNR) for CIGSe-related signals. Therefore, it
is concluded that the Ar*-ion cleaning does not alter the chemical composition of the CIGSe
surface, and that it does not lead to the formation of sputter-induced secondary phases (like
metallic species, e.g., as observed by higher Ar*-ion energies [69]. The Ar*-ion cleaning should
therefore not affect the results for the chemical impact of the PDT on the CIGSe surface.
Consequently, exclusively spectra taken from Ar*-ion cleaned samples are shown throughout
the work in hand (unless otherwise stated). To demonstratethat the Ar*-ion cleaning did not
change the CIGSe composition severely, the In MNN, Cu LMM and Ga LMM Auger spectra of
the KF PDT 315 °C samples (as-grown and rinsed) are plotted in Figure 4.7. In this diagram,
these Auger spectra from as-received and Ar*-ion cleaned samples can be compared.
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Without further analysis of the Auger spectra, the spectral changes upon Ar*-ion cleaning are
very small. This comparison has been made for all other samples and no significant changes
due to Ar*-ion cleaning were observed.

For technical reasons, non-monochromatized Mg K, radiation was not available for some
samples (which explains why the Auger spectra in Figure 4.7 are measured with Al K,
radiation). Therefore, some spectra with different excitation sources will be compared
throughout this work.
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5 Impact of PDT temperature on optoelectronic properties
of CIGSe solar cells: NaF PDT versus KF PDT

The electrical effects of alkali metals as dopants in CIGSe thin-film solar cells depends on the
amount of alkalis incorporated in the CIGSe layer. To study this coherence, cell and layer
properties, in literature, are often displayed as a function of the alkali concentration within the
CIGSe layer. Following this manner, the inherent assumption is that all samples are prepared
under the exact same process conditions and only differ in their alkali concentration.

This assumption, however, is not true, since equal alkali concentrations in two different CIGSe
layers do not necessarily result from two equal PDT processes. For example, the same alkali
concentrations can result from a PDT either at high Tept and short PDT process duration, or
from a low Tppr and a long process duration. Certainly, the chemical reactions at the CIGSe
surface will be different in these both cases, due to the different thermal activation energies.
Hence, the alkali concentration itself does not reflect the “full information“ about the CIGSe
layer, and examining the cell properties in dependence on alkali concentration can be
misleading. Therefore, the PDT process duration and the AlkF-rate (as well as the Se-rate) is
kept constant, and only Tepr is varied, as Tppr Mainly affects surface reactions, and the
diffusion on alkali metals.

The here presented electrical properties of NaF- and KF PDT cells as a function of Tepr in
Chapter 5 will therefore serve as a rough, but solid basis for more detailed examinations in
Chapters 6 and 7.
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5.1 Cell parameters after NaF PDT or KF PDT as a function of PDT
Temperature

The solar cell power conversion efficiencies (PCESs) in dependence on Tepr are depicted in
Figure 5.1.1. Untreated, alkali-free cells are taken as a reference, and show PCEs around
10%. Upon treatment of alkali-free absorbers with a NaF PDT, the PCEs rise monotonously
with Tepr and reach 16.3 % at Tppr = 315 °C. In contrast, for KF PDTs a big drop in PCE for
Teor < 150 °C is observed, resulting in cells with even lower PCEs than the alkali-free
reference. At Tppr > 150 °C the PCEs of the KF PDT cells increase and reach up to 15 % at
Teor = 330 °C. Generally, at Tepr > 150 °C both PDTs create cells with higher PCEs than the
reference sample. Comparing NaF and KF PDTSs, at a given Tepr @ NaF PDT results in cells
with equal or higher PCEs than a KF PDT. The drop in PCE for KF PDT cells is no coincidence
and was easily reproducible.
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Figure 5.1.1 Power conversion efficiency (PCE) of the CIGSe solar cells after a NaF (red) or KF
(green) PDT as a function substrate temperature during the PDT (Tep1). The values are given as
mean values of up to eight cells per sample, without the inclusion of shunted cells.

Despite this interesting observation, no report in literature about the influence of Tepr in case
of KF PDTs exists, so far. To have a closer look at the device characteristics of the resulting
solar cells, the open-circuit voltage (Voc) and fill factor (FF) are shown as a function of Tepr in
Figure 5.1.2. Generally, the dependencies of Voc and FF on Tppr resemble those of the PCEs
on Tpepr: Cells with a NaF PDT show a monotonous rise in Voc and FF with increasing Tepr. At
Teor = 315 °C NaF PDT cells show 79% FF and 675 mV Voc. For a KF PDT at comparable
Teot Or higher, the resulting Voc and FF are lower. Equal to the dependence of the PCE on
Teor, @ huge drop in Voc and FF at Tepr < 150 °C is observed in case of a KF PDT, leading to
lower values for Voc and FF than for the reference cell. Moreover, for Tppr > 150 °C after KF
PDT, the resulting Voc does not rise steadily with rising Tepr, but rather decreases slightly. It
is speculated that this observation has no physical origin, but is due to statistical variance. For
the dependence of the short circuit current density (jsc) on Tepr for NaF PDT or KF PDT cells
no clear trend is being found. The only remarkable observation (not shown) was a drop in jsc
at Tepr < 150 °C for KF PDT cells. This is very unusual for the electrical effects of alkali metals
in CIGSe thin films because most studies only report an effect on Voc and FF, rather than on
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Jsc [5,31]. Therefore, the strong drop in jsc for low KF PDT temperatures is conspicuous and
worth exploring.
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Figure 5.1.2 Open circuit voltage (Voc, triangles, left ordinate) and fill factor (FF, open circles,
right ordinate) of the CIGSe solar cells after a NaF PDT (red symbols) or KF PDT (green symbols),
as afunction of Tepr. The values are given as mean values of up to eight cells per sample, without
the inclusion of shunted cells.

To generally explain the rise in Voc and FF with increasing Teot, the amount of alkali within the
CIGSe has to be taken into account. As will be shown in Chapter 5.2, the resulting alkali
concentration within the CIGSe layer will rise with increasing Teot. A higher alkali concentration
will increase the charge carrier density (Na), which will result in a rise in Voc [70]. Besides, it is
known that Na and K electrically passivate defects at grain boundaries and inside the grain of
the CIGSe layer. Upon passivation, charge carriers then would not be trapped and their
mobility p would increase. By increasing u, the charge carrier recombination is believed to be
decreased and the electrical conductivity of the CIGSe layer is increased. This should lead to
an improved Voc and FF, respectively [48,71].

Closing the first section, the attention will be shifted from a very general dependence that of
device performance on Tepr, to @ more distinct correlation, which obviously is of great
importance, too: The dependence of the resulting alkali concentration and, subsequently, the
generated charge carrier density, on Tppr.
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5.2 Charge carrier density as function of Tepr and alkali
concentration: NaF PDT versus KF PDT

Different Tepr lead to different amounts of incorporated alkali metals within the CIGSe layer as
shown in Figure 5.2.1. The alkali concentration was determined with the help of ToF-SIMS
measurements and details can be looked up in Chapter 4.2 of this work.

Reference cells, which underwent no PDT, contain no alkali metals and their alkali
concentration is lower than 1 ppm, since this is the detection limit of our ToF-SIMS setup.
Nevertheless, small traces (< 1 ppm) of alkali metals could be existent within the CIGSe layer
of the reference cells due to cross-contamination from some parts of the deposition chamber.
However, it is speculated that these low alkali concentrations have no impact on the electrical
properties.
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Figure 5.2.1 Na (left, red) and K (right, green) concentration within the CIGSe layers, derived from

ToF-SIMS measurements, as a function of the corresponding substrate temperature during PDT
(TeoT).

For NaF PDTs a rise in Tepr leads to a monotonous increase in Na concentration within the
CIGSe layer. The increase is but non-linear and seems to reach a plateau from Tppr = 250 °C
on. At Tepr = 315°C a Na concentration of 700 ppm can be found.

For KF PDTs the dependence of K concentration on Tppt iS hon-monotonous. At Tepr = 250 °C
a maximum K concentration of 1800 ppm is found within the CIGSe layer, which then
decreases for KF PDTs at higher Tepr, leading to a K concentration of ~1100 ppm at
Teor = 330 °C. The existence of a maximum K concentration could be explained by a partial
desorption of K (e.g., as KF or K»Se) at elevated Tppr: Less K is available at the CIGSe surface
and subsequently the amount of incorporated K might be lower.

For comparable Tepr, the resulting K concentrations are always higher than the resulting Na
concentrations within the CIGSe layer. This can be explained with the difference in lattice
energy for NaF and KF. 920 kJ/mol of energy is needed to break a NaF lattice, whereas for KF
only 816 kJ/mol are needed [72]. Consequently, less energy is needed to break the bonds in
KF so that more K* is available to diffuse into the CIGSe layer.

At this point it is important to mention that the diffusion and incorporation of alkali metal
fluorides in the CIGSe layer are complex processes, which are not clarified yet. Different
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molecular steps, like thermalization of KF clusters on the CIGSe surface, diffusion along steps
or terraces, physisorption or chemisorption at distinct sites and dissociation into K*- and F~
ions have to be taken into account; all of them with a distinct dependence on temperature.
Additionally, Se is evaporated synchronously onto the CIGSe surface, so that the existing
reactions get more complex. Although the base pressure of the deposition chamber is better
than 2 x 10° mbar, the pressure during the PDT is two orders of magnitude higher (p ~ 2 x
107 mbar) and the gas pressure directly above the CIGSe surface, during PDT, is believed to
be even higher, e.g., in the order of 10~ mbar. With such a high spatial density of patrticles,
the CIGSe surface might be directly covered with the reactants and the proceeding chemical
reactions on this surface get very difficult to examine and to explain.

Studies on adsorption and diffusion of alkali fluorides on some surfaces do exist, but can only
minorly contribute to a better understanding of the PDT, mainly because of the missing
comparability: Different, than in most surface science studies, the CIGSe surface is
polycrystalline and therefore not well-defined. Moreover, as stated above, the particle densities
during PDT can be several orders of magnitude higher than in common molecular beam
epitaxy experiments.

Nevertheless, a thorough analysis of some of these special surface- “complications® will be
presented in Chapter 6 and 7. For now, these issues will be neglected and the focus kept more
on CIGSe bulk-related properties.

An electrical consequence of doping with alkali metals in CIGSe layers is the generation of
new charge carriers. To examine this effect, one will analyze how the resulting charge carrier
densities Na vary with Tepr. It must be mentioned that the values for Na are extracted from
capacitance-voltage measurements (C-V). Because C-V measurements are difficult to
evaluate, for a first glance the estimated Na values are compared, and afterwards closer
attention is paid the entire C-V results. The extracted Na values are displayed as a function of
Teor in Figure 5.2.2.
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Figure 5.2.2 Charge carrier densities (Na) after a NaF PDT (red, left) and KF PDT (right, green) as
a function of the corresponding PDT substrate temperature Tpepr, extracted from CV
measurements.

The alkali-free reference cell shows a Na = 1.2 x 10'* cm™3, which is created by intrinsic doping
of the highly compensated CIGSe material with a high concentration of copper vacancies.
Upon rise of Tepr the Na starts to rise. For Na, this rise in Na with Tppr is monotonous and at
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the highest Trpr = 315 °C a charge carrier density Na = 8.8 x 10%° cm= is created. For K, the
rise in Na with Tepr exhibits a slight maximum again, where at Tppr=315°C, a
Na = 2 x 10'® cm™ is created. At nearly all given Tepr examined in this work, the introduction
of Na leads to a higher Na than with K. The only exception from this trend is visible at
Teor ~ 105 °C, where the Na after KF PDT is higher than after NaF PDT. Further specifics
concerning the low Tepr sample(s) will be discussed in the following.

Now that a rough trend in Na has been observed with Tepr between NaF and KF PDT cells,
the entire C-V measurement will be analyzed, which yields additional information about the
width of the space charge within the CIGSe layer. Figure 5.2.3 shows the determined relation
between Na and the width of the space charge region (SCW) for NaF and KF PDT cells.
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Figure 5.2.3 Relation between the charge carrier density Na and width of the space charge region
SCW in the CIGSe layer of a) NaF- and b) KF-treated CIGSe solar cell devices.

C-V measurements are a well-established technique to analyze charge carrier densities in
semiconductor materials [73,74]. To evaluate the data, the solar cell is modeled as a capacitor
in parallel-plate geometry. Further, it is assumed in this model that one side of the capacitor is
highly n-doped, which could correspond to the window layers in the CIGSe cell (CdS/i-
Zn0O/ZnO:Al). The other side of the capacitor is relatively lowly p-doped, which could
correspond to the CIGSe layer. The width of the space charge region, which forms at the p/n-
junction in the real cell, is varied by application of a dc bias. Thereby, the space charge region
is predominantly extending into the CIGSe layer. At the same time, the capacity C of the solar
cell is measured. C is then a function of the width of the space charge region (SCW) and the
charge carrier density Na in the CIGSe layers. Following this model, Na and SCW depend on
the applied dc bias and the measured capacity C and are estimated with Eq.8 and Eq.9:

C3
Na=-—5"7¢c. (Eq.8)
qeA” ()
SCW = A% (Eq.9)

This model is called the Mott-Schottky model, which assumes a uniformly doped space charge
region and the absence of a significant density of states, which are located “deeper” within the
bandgap [55,75]. Here, q is the elementary charge, ¢ the dielectric constant of CIGSe, and A
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the area of the cell. The resulting values for Na for each sample are shown as a function of
SCW in Figure Figure 5.2.3 5.2.3.

In the case of thin-film solar cells, the NA-SCW curves oftentimes show a U-shape [76,77].
Unfortunately, this U-shape is affected by metastable states and other defects, which are not
included in this model. Because the minimum of the U-shape is least impacted by these
defects, these points are used to estimate the Na- and SCW-values of our samples.

Figure 5.2.3 shows that with increasing Trot, the Na increase and SCW decrease for both, the
NaF PDT and KF PDT. This coherence between Na and SCW can be explained with the fact
that charge carrier neutralization is needed at the p/n-junction. The depletion of charge carriers
in the p- and n-field must be balanced, so that the resulting internal electric fields compensate
each other. If the doping densities of CIGSe and CdS layers are different (which is assumed
to be true), different sized regions of the material will be charge carrier depleted. In our case,
like it is stated above, most of this depletion region will extend into the CIGSe layer.

For the same cause it can be explained why the u-shaped curves become broader at lower
Na: To create an internal electric field which can account for the applied bias voltage, more
charge carriers in the CIGSe layer must be depleted, so that the variation of SCW with bias
voltage increases (and therefore the broadness of the u-shaped curve).

Exceptions from the general trend between Na and SCW with Tepr can be found for the low
Teor 105 and 130 °C KF cells. Despite these samples show Na higher than for the alkali-free
reference cell and the u-shaped curves are narrower, the corresponding SCWs are larger than
expected. What is furthermore striking, is that the Na of the 105 °C KF PDT cell is higher than
that of the 130 °C KF PDT cell, but still shows the widest space charge region. With
SCW ~ 1800 nm, it is possible that the space charge region of the KF PDT 105 °C sample is
extending throughout the cell all the way to the back contact.

These “deviations” from the trend might be ascribed to metastable effects or other defects, not
included in the Mott-Schottky model. One drastic possibility could be a deterioration of the p/n-
junction. The theoretical background of most capacitance spectroscopy models demands a
well-established p/n-junction and a pronounced diode behavior of the examined cells.
Something within the 130°C and 105 °C KF PDT cells seems to change this diode behavior.
At this point, the need not only for an electrical but also chemical-structural characterization of
the p/n-junction becomes evident.

Comparing NaF and KF PDT cells, one finds that the Na after NaF PDT is considerably higher
than after a KF PDT (e.g., by a factor of 5 at Tppr ~315 °C). With regard that the Na
concentration within the CIGSe layer is less than the K concentration for all Tepr (See Figure
5.2.1) it is concluded that Na is more “doping efficient* than K. To better illustrate this finding,
the charge carrier density Na is plotted against the alkali concentration within the CIGSe layer
in Figure 5.2.4.
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Figure 5.2.4 Charge carrier density Na, derived from C-V measurements as a function of the
alkaliconcentration within the CIGSe layer shown for NaF PDT cells (red) and KF PDT cells
(green). The charge carrier density of the reference cell is depicted as a black triangle.

The charge carrier density in NaF PDT cells (red) increases with the Na concentration up to
nearly 10 cm™ at a Na concentration of ~750 ppm. For KF PDT cells (green), the charge
carrier density also rises with K concentration, but does not exceed ~ 2 x 10*®* cm™ at K
concentrations around 1500 ppm (which is twice of the maximum Na concentration). Thereby,
even with a lower Na concentration in a NaF PDT cell (compared to the K concentration in a
KF PDT cell), a higher charge carrier density is achieved with a NaF PDT, than with a KF PDT.

This result was also reported before and can be explained with a model by Yuan et al. [78]:
During PDT Na ions diffuse into the CIGSe layer and repel Cu ions from their lattice site. Upon
this, Nacy substitutional defects are formed. The formation of these defects is believed to
critically depend on temperature. By cooling down the sample after PDT, Nacy defects might
“‘decompose”, and Na ions will leave the copper sites. In that way, additional copper vacancy
sites (Vcy) are generated, which formally could be classified as electron “holes®. This increased
hole concentration contributes to Na of the CIGSe layer. To explain the differences in resulting
Na between NaF and KF PDT samples, one has to take into account the different formation
energies to create Nac, or Kc,. Formation energies were calculated [39] and are 1.6 eV for Key
and 0.4 eV for Nacy. Therefore, the concentration of Nac, substitutional defects can be higher.
Following thereof, the Vcy and hole concentration after a NaF PDT would be higher than after
a KF PDT and so Na.

To conclude our comparison of the electrical properties due to NaF and KF PDTs, the most
significant differences are briefly summarized:

o NaF PDTs at all (here examined) Tepr lead to an improvement of PCE, as compared
to the alkali-free reference cell

o KF PDTs also lead to an improvement of the PCE, but for Tepr < 150 °C a huge drop
in PCE was observed, leading to a massive deterioration of the cell

e Comparable Tepr lead to higher K concentrations in a KF PDT, than Na concentrations
in a NaF PDT
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o Comparable Tepr lead to higher Na in case of a NaF PDT than for a KF PDT and
therefore Na is more doping efficient than K

e Electrical properties for KF PDT cells with Tepr < 150 °C deviate considerably from their
behavior at Tepr > 150 °C

Summing up, for KF PDT cells the variation of electrical properties with Tppr are less steadily
than for NaF PDT cells. To obtain some more insights about these peculiarities, now one will
focus on KF PDT cells and have a look at the j-V curves and quantum efficiency
measurements. Therewith, additional information about shunt resistances, electron transport
barriers and charge carrier collection can be estimated. The following Chapter 5.3 will address
these measurements.
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5.3 Peculiarities of IV- and EQE-behaviors after KF PDT at
low TpeoT

Depicted in Figure 5.3.1 are the current-density-voltage (j-V) curves for solar cell devices,
resulting from KF PDTs at different Tppr. Solar cells with the highest PCE of 15 % (red) result
from a KF PDT at Tepr = 333 °C. The shape of the respective j-V curve resembles that of an
ideal diode. The black and green j-V curves look very similar; they correspond to the 149 °C
KF PDT sample and the reference sample, which is alkali-free. By comparing the green and
black curve with the red one, it can be recognized that a reduction in Tepr leads to lower Voc
and FF.
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Figure 5.3.1 Current-density-voltage curves under illumination of an alkali-free reference (black
curve) and KF PDT cells with different Tepr (as listed in the legend).

At a bias voltage of 0.6 V and higher, the current of the diode starts to differ from the expected
exponential increase, which results in lower current densities. This “downward bending® of the
j-V curve is called “roll over® and is interpreted as a saturation-like behavior of the current. It
can be explained with an electrical barrier, which is located at the back contact and acts as a
“second diode“ (in the equivalent circuit diagram), which is directed in reverse [76].

For the low Tepr cells at 130 and 105 °C a significant decrease in both, the Voc and jsc is
observed. For these samples, all cell parameters are lower than for the reference cell.
Remarkably for the 105 °C KF PDT cell, the photocurrent starts to drop quite “early” at bias
voltages around -0.4 V, which causes a low jsc. The resulting j-V curve deviates significantly
from ideal diode behavior and shows a so-called “kink* at ca. -0.2 to +0.2 V. This kind of
anomaly is typically related to an electrical barrier at the absorber/buffer interface [79].

Overall, it is surprising, how the different Tepr can change the shape of the j-V curves. Unitil
now it is anticipated that alkali metals only affect Voc and FF of the CIGSe solar cell. The
reported impacts on jsc, however, are only minor so far. It is concluded that for Tepr < 150 °C
additional electron barriers might arise, which drastically change the diode behavior. Because
of these strong deviations, it can be concluded that the p/n-junction in the low Tepr KF PDT
cells must be detrimentally affected.
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J-V measurements reveal information about the integral current, which is collected by the solar
cell. To qualitatively analyze the wavelength-dependent absorption of incident light into the
CIGSe layer, and subsequent charge carrier generation and collection, external quantum
efficiency measurements (EQE) are applied. The EQE is the ratio of the number of electron-
hole pairs generated to the number of photons incident on the solar cell.

With EQE measurements one gains insight into the origins of current losses inside the cell
[80]. Current loss can stem from optical reasons like reflection at internal interfaces or from
absorption by the window layers. Additional electrical losses are also possible, which stem
from charge carrier recombination. Because of the wavelength-dependent penetration depths
of the incident light into the CIGSe layer, one can roughly locate the origin of the current loss.

EQE curves from the corresponding KF PDT cells (see Figure 5.3.1Figure 5.3.1 ) are shown
in Figure 5.3.2.

100

S\

80 e

60

KF-PDT 333°C
KF-PDT 149°C
KF-PDT 130°C
KF-PDT 105°C
alkali free reference

40

20

\\

400 600 800 1000 1200

Wavelength [nm]

Figure 5.3.2 External quantum efficiency (EQE) curves of an alkali-free reference (black curve)
and KF PDT cells with different Tepr (as listed in the legend). The EQE was measured under white
bias light.
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The KF PDT cell at Tept = 333 °C (red) shows the highest EQE at nearly all wavelengths and
therefore generates the highest jsc = 30.4 mA/cm?. Compared to the reference cell (black
curve), the EQE of the KF PDT 333 °C sample is slightly higher in a wide wavelength regime
between ~550 nm and 1000 nm. This increase of the EQE of the KF PDT 333 °C sample,
compared to the reference sample, can be due to a higher number of passivated defects and
therefore a higher charge carrier density. The comparison of the EQE of the reference cell to
the EQE of KF PDT cells at Teor < 150 °C, however, shows an opposed trend:

For Teor < 150 °C (green and light blue), the EQE decreases in the range between ~520 nm
and 1000 nm (including a slight increase in ultra-violet (UV) absorption range between
~380 nm and 480 nm), and the EQEs are lower, than for the reference cell. For the KF PDT
cell prepared at Tepr = 105 °C (dark blue) the EQE is severely decreased over the entire
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wavelength regime. Only a narrow span of the incident light in the UV regime is still absorbed
and contributes to the cell current.

The interpretation of these two opposed observations is rather complex: On one hand, the
KF PDT is beneficial for the cell and improves the charge carrier collection (as observed for
the KF PDT 333 °C sample), on the other hand, however, the KF PDT is detrimental for the
cell and deteriorates the charge carrier collection (as observed for the KF PDT samples with
Teor < 150 OC).

One reason for these observations could be that alkali metals somehow evolve detrimental
electrical effects at low Tppr in the CIGSe layer. However, taking our previous results into
account (Chapter 5.1 and 5.2), this reason seems unlikely.

Another reason could be that the decreased EQE might not depend specifically on alkali metals
as dopants but on a more global property of the solar cell: the quality of the p/n-junction. The
following arguments will try to give a possible explanation:

The increased UV-absorption (in CIGSe) for the KF PDT 130 °C and 149 °C samples in the
regime between 380 nm and 480 nm could indicate a different (e.g., thinner) CdS layer, since
less UV light is being absorbed by CdS. This should be reasonable, since CdS deposited on
CIGSe in most cases has an optical band gap of ~2.4 eV, [81] which corresponds to a
wavelength of 516 nm. Thus, light with a wavelength of ~516 nm or shorter will be absorbed
(partially) by the CdS layer. Therefore, one can conclude that a different CdS layer has formed
on the KF PDT 130 °C and 149 °C sample. With a different CdS layer in turn, a different
interface to the CIGSe layer and therefore, a different p/n-junction might be created in case of
Teor < 150 °C. If (e.g.) the doping density of the resulting CdS layer is too low, an only weakly
pronounced type inversion at the CdS/CIGSe interface will result. Consequently, the internal
electric field inside the CIGSe layer will be very weak. This weak electric field can explain the
poor charge carrier collection throughout the whole depth of the CIGSe layer. This low
collection efficiency (i.e., the ineffective transport of generated charge carriers to the p/n-
junction) finally leads to a decrease of EQE over the whole wavelength spectrum. For the
sample at Tepr = 105 °C the charge carrier collection within the CIGSe layer is so inefficient
that only those electron hole pairs are collected, which are generated near the p/n-junction.
Therefore, only a weak EQE ~ 30 % is measured in the UV-regime, which corresponds to
photons, which are absorbed mainly in the front part of the CIGSe layer. Overall, a weak
internal electric field due to a different (possibly worse) p/n-junction and the resulting weak
charge carrier collection are only one possible reason for the jsc drop at Tepr < 150 °C. Other
causes, such as a high defect density in the CIGSe layer or high transport barriers at the front
or back contact interfaces are possible reasons, as well.

Nonetheless, it is concluded that at low Tepr KF PDT, a different CdS layer (e.g. a thinner one)
is observed, than for the high Teor KF PDT. Because the CdS layer is grown on the surface of
the underlying CIGSe layer, the CIGSe surface itself must be the reason for the different CdS
growths. Therefore, one has to ask for the differences of the CIGSe surface formed after a
KF PDT at Teor < 150 °C.

To check, if the KF PDT at 105°C only damages the surface or also the bulk of the CIGS layer,
a KCN etching step was used as a different surface treatment in comparison to the rinse with
Na>S. An etching of the CIGSe surface with an agueous KCN solution is known to remove
copper selenides as well as surface oxides from the surface [82] and thereby to “clean” the
surface. In Figure 5.3.3 J-V curves of KF PDT 105 °C CIGSe solar cells are compared, which
were treated with either the KCN etching step (w/w = 9%, t = 3min) or with the standard Na,S
rinsing step. For a better comparison the J-V curves, an untreated sample with standard Na,S
rinsing step is also included in Figure 5.3.3 as a reference cell.
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Figure 5.3.3 J-V curves of samples after a KF PDT at 105 °C after a standard rinsing with Na.S
solution (red curve) and after an etching with KCN solution (green curve) in comparison to the
J-V curve of areference sample without PDT (black curve).

The cell efficiency recovers from 0.4 % for the Na,S rinsed KF PDT 105 °C sample (red) to
7.2 % for the KCN etched KF PDT 105 °C sample (green). The KCN etching leads to a strong
increase of all cell parameters when compared to the Na,S rinsed sample. The comparison of
the J-V curve for the KCN etched KF PDT 105 °C sample (green) to that of the untreated
reference sample (black) shows that the cell parameters have recovered strongly, but not
completely. This experiment has revealed that a KF PDT at low temperature (e.g., at
Teor = 105 °C) has a strong, detrimental impact on the surface of the CIGSe layer.

Consequently, the electronic properties of a CIGSe surface at high and low Tepr KF PDT will
be analyzed and compared with the corresponding NaF PDT samples. Therewith, ultraviolet
photoelectron spectroscopy (UPS) measurements will be presented in the next chapter.
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5.4 Changes of the valence band structure at the CIGSe surface
due to AIKF PDTs

To determine the effect of the PDTs on the electronic structure of the CIGSe surface, five
CIGSe surfaces were subjected to UPS measurements after the rinsing step: The untreated
reference sample, two KF and two NaF PDT samples, in each case at Tppr = 315 and 105 °C.
The resulting spectra are shown in Figure 5.4.1. To determine the position of the valence band
maximum (VBM) with respect to the Fermi Level (Eg), a linear extrapolation was drawn (red)
for the leading edges for each spectrum [83,84].
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Figure 5.4.1 He ll-excited UPS spectra of the rinsed CIGSe reference and four absorbers after
NaF PDT (315 °C), NaF PDT (105 °C), KF PDT (315 °C), and KF PDT (105 °C), respectively. The
binding energy is given with respect to the Fermi energy of an Au foil reference (not shown).
Linear extrapolations of the leading edge are drawn for the determination of the valence band
maxima (VBM). VBM values are given in eV.

Normalized Intensity

The VBM for the NaF PDT (315 °C), NaF PDT (105 °C), KF PDT (315 °C), KF PDT (105 °C)
and the alkali-free reference surfaces are determined to 0.81, 0.73, 0.93, 0.31, and 0.75 eV
(x 0.10 eV), respectively. For both NaF PDT surfaces and the high Tepr KF PDT surface, a
downshift of the VBM (i.e., away from the Fermi level) is observed, related to the VBM of the
alkali-free CIGSe surface.

For the two high Tepr KF and NaF PDT surfaces, one observes a decrease in intensity for the
Cu 3d-derived bands at ~3 eV, relative to the untreated CIGSe surface. In contrast, for both
low Teor KF and NaF PDT surfaces one observes an increase in intensity for the Cu 3d-derived
bands at ~3 eV. A number of other studies [8,85-87] observed a downward shift of the VBM
after PDT as well and postulate that this shift leads to a decreased interface recombination of
charge carriers and hence improved device performance.

The low-temperature KF PDT leads to an upward-shift of the VBM by -0.44 eV, resulting in an
energetical distance between VBM and Er of 0.31 eV. This small separation leads to a
decreased band bending at the CIGSe surface. A decreased band bending in the absorber in
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turn, can lead to enhanced charge carrier recombination at the buffer/absorber interface.
Together with the finding that the spectral weight for Cu-related bands is strongly increased in
the low-temperature KF PDT sample, it is suggested that a new Cu-containing phase has
formed on the CIGSe surface.

A comparable observation was reported by Mezher et al., in which a KF PDT at lower Tppr was
applied: PCE decreases down to 2.8 % were observed, together with a Cu-enriched surface
and a small separation between VBM and Er of ca. 0.4 eV [88]. Contrary, the “low" Tepr was
about 325 °C and good cells resulted from a similar KF PDT just at Tepr ~ 333 °C. One ponders
that it seems unlikely that 8 K in Tppr difference are able to produce such different CIGSe
surfaces. Nevertheless, the surface properties resemble each other and the resulting PCEs
both are very low.

Concluding the UPS measurement, it has been observed that the CIGSe surface,
electronically, is drastically altered after a KF PDT at low Tepr. Some hints in our data and
literature do also point out that there’s more a chemical transformation that has occurred upon
PDT on the CIGSe surface.

Closing Chapter 5, distinct impacts of a NaF or KF PDT at different Tept on CIGSe solar cells
and surfaces have been observed. It has been realized that Na is more doping efficient than
K, and that the dependence of cell properties after a NaF PDT with Tepr behaves more like it
is expected, by means of electrical effects. For KF PDT cells, a kind of discontinuity in cell
properties with Tepr arises, and aside from electrical effects of alkali metals, significant
chemical changes, specifically at the CIGSe surface, emerge during PDT. To further address
this issue, a thorough chemical analysis of the CIGSe surface in dependence of PDT and Teor
has to be established and will be presented in the next chapter.
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6 Chemical reactions at the CIGSe surface during AlkF PDT

Besides the electrical effects of a NaF and KF PDT on the complete CIGSe layer, the CIGSe
surface is also changed significantly. Depending on process parameters like Tepr, these
resulting chemical changes have a major contribution on device performance. To elucidate
these changes and explain the difference between a NaF and KF PDT, XPS as a non-
destructive, surface-sensitive technique is employed on the samples

A multitude of XPS-studies exist, studying CIGSe surfaces after different PDTs or rinsing
treatments. Most of these studies are performed on multistage coevaporated CIGSe and Na-
containing SLG substrates. Multistage CIGSe samples, however, show a different surface
morphology than the single-stage CIGSe samples of this work. Moreover, Na from the SLG
substrate diffuses through the CIGSe layer and segregates at the surface, also leading to a
change of the chemical composition of the surface. Therefore, the CIGSe composition at the
surface and further it's chemical reactivity differs vastly between single stage and multi-stage
samples. Therefore, single stage CIGSe layers serve as a less complex material system than
multi-stage CIGSe layers, because they exhibit no compositional gradients. Like it was
mentioned in the introduction, this simplification of the material system will help, to analyze and
understand the impact of the PDT more easily.

XPS studies about PDTs on alkali-free grown CIGSe surfaces are also reported, for example
[89]. Like in most cases, however, PDT and rinsing are done in a different procedure and
sometimes in a different order. Accordingly, spectroscopic studies about PDTs on alkali-free
CIGSe layer can be found in literature but their comparability to the here examined samples is
rather low.

The work in hand therefore examines the chemical effects of a PDT, especially on alkali-free,
single stage grown CIGSe samples, including the special rinsing treatment proved at ZSW.

Section 6 is structured as follows: In Chapter 6.1 the as-grown PDT samples are analyzed, as
they are directly prepared after the PDT. Next, Sub-Chapter 6.1.1 will characterize the
chemical composition of the no PDT CIGSe surface, and Sub-Chapter 6.1.2 will deal with the
CIGSe-related core level signals and discuss possible secondary species. Chapter 6.1.3 will
characterize non-CIGSe related elements and afterwards in Chapter 6.1.4, relative changes
of the CIGSe stoichiometry are evaluated. At the end, in Chapter 6.1.5 the thickness of the
adsorbate layer is estimated and in Chapter 6.1.6 the spatial distribution of the PDT reactants
within the surface region is evaluated.

Chapter 6.2 finally will deal with the impact of the subsequent processing step on the PDT
surfaces, the rinsing treatment.
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6.1 Chemical reaction products formed on CIGSe surfaces by
AlKF PDTs (“as-grown” samples)

6.1.1 Chemical constitution of CIGSe surfaces before AlkF PDTs
(the reference sample without PDT)

To give an overview of the constituents of the untreated CIGSe surface, survey spectra are
shown in Figure 6.1.1.1. An Ar*-ion-cleaning treatment was applied to remove surface
adsorbates and thus increases the intensity of the CIGSe signals. Additionally, information
about adsorbate-induced band bending at the surface can be investigated.
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Figure 6.1.1.1 Al Kq excited XPS survey spectra of the no PDT CIGSe absorber surfaces as-grown
(black) and after an Ar*-ion-cleaning of the surface (gray). All prominent photoemission and
Auger lines are labeled.

For the as-received CIGSe absorber surface, all expected photoemission and Auger signals
(from the absorber) are observed in high intensity, including small surface contaminants of O.
Since sample packing and transfer were elaborately planned and accomplished, a vanishingly
small O 1s signal can be detected. Compared to other XPS studies on CIGSe, such low O 1s
intensities are notable.

Upon Ar*-ion cleaning of the as-grown CIGSe surface, C- and O-related signals decrease (not
visible in the survey spectrum), whereas all CIGSe-related signal increase in intensity. The
relative increase in intensity is most distinct for the Ga 2p line. Therefore, C and O should
mainly exist at the CIGSe surface, loosely bound to the surface, possibly as remnants of H.O
or as carbonates, hydroxides. Accurate identification of the chemical component is difficult
because of the small signal intensities for O 1s and C 1s core levels. Moreover, the C 1s signal
is overlapping energetically with the Se LsMzsMas Auger line.

The composition of the Ar*-ion cleaned, untreated CIGSe surface was estimated by analysis
of the Cu 3p/ In 4p, Se3d, and In 4d/ Ga 3d peak intensities. These photoelectron lines all lie
in a similar range of kinetic energy (1400 — 1480 eV) and therefore differences in the inelastic
mean free paths and analyzer transmission function are small. With the peak-intensities of the
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mentioned photoelectron lines and values for photoionization cross-sections [90], the chemical
formula Cuos7In120Gag72Se» is calculated for the CIGSe surface composition. The CIGSe
surface appears to be Cu-depleted and In+Ga-enriched as observed in most XPS studies
[91,92] and strongly deviates from the bulk composition of CueslnesGaosSe, as measured by
X-ray fluorescence spectroscopy. This result seems unlikely, since charge neutrality is not
given, when assuming Cu, In, Ga and Se in oxidation states of +I, +11I, +lIl and —II, respectively.
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6.1.2 Chemical constitution of CIGSe surfaces after AlkF PDTs

In the following, the impact of the NaF and KF PDTs at two Tepr 0n the chemical structure of
the CIGSe surface is analyzed. All shown spectra were taken from Ar*-ion cleaned surfaces
as these spectra have a slightly better signal-to-noise ratio (SNR) than the samples in an “as-
received” condition. At first, to give an overview of the elements present on the CIGSe surface
after the PDT, survey spectra of the samples directly after the PDT (from now on called “as-
grown*) are presented in Figure 6.1.2.1.
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Figure 6.1.2.1 Al Ko XPS survey spectra of the CIGSe surfaces before and after different PDTs.
Prominent photoemission and Auger signals are labeled.

In nearly all samples, all expected elements from absorber, PDT and common contaminants
are observed. An exception is the NaF PDT 105 °C sample: No Ga- and Cu-related signals
are visible. Depending on PDT and Tror, the absorber related signals are decreased and Na-
or K- and F-related signals become visible.

For the NaF PDT 315 °C sample, all CIGSe photoelectron signals are decreased by
approximately a factor of 2, compared to the untreated sample (no PDT). A strong F 1s and
Na 1s signal emerged, with a peak height similar to that of In 3d. Furthermore, the O 1s signal
increased in intensity, so that it now becomes visible in the survey spectrum. Like for all PDT
samples presented herein, the CIGSe related peaks decrease (compared to the no PDT
sample), so there must be attenuated, by adsorbates on top of the CIGSe surface. This
adsorbate is composed of the alkali fluoride, which evaporated on the CIGSe surface during
the PDT.

At lower Tpepr, the NaF-treated surface shows a stronger decrease in intensity for CIGSe
related signals. The Ga 2p and Cu 2p signals are not visible anymore and the In 3d and Se 3d
peaks are reduced in intensity by 5% of their initial intensity. Pronounced Na and F signals are
observed with the highest intensity compared to the Na (or K) and F signals of all other PDT
samples, together with a strong O 1s signal. Compared to NaF PDT 315 °C, the alkali fluoride
cover layer is thicker (as will be shown in the following, see page 42 f.) and the resulting
attenuation of the underlying CIGSe elements is more pronounced.
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The KF PDT 315 °C survey spectrum shows all absorber signals together with K- and F related
signals. Compared to the untreated surface, the intensity of Cu, Ga and Se has decreased,
whereas the peak height for In 3d increased by ca. 25 %, compared to the untreated sample.
This could be due to formation of a more In-rich surface region, possibly due to a depletion of
other absorber elements, or a non-homogeneous coverage of the CIGSe surface with KF,
leaving out In-terminated surfaces.

Similar to NaF, the KF PDT 105 °C surface shows an even weaker intensity for CIGSe-related
signals and K and F related signals increase (compared to the KF PDT 315 °C sample). The
attenuation of the signals is differently strong. These observations can be explained with a
thicker cover layer (analogously to the NaF-treated sample), and a different composition of the
KF PDT 105 °C surface, than the KF PDT 315 °C surface.

From this general view, the focus will now be on the analysis of the chemical components on
the CIGSe surface in detail, starting with gallium, copper, indium, and then selenium.

Analysis of Ga-related photoelectron and Auger signals
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Figure 6.1.2.2 Ga 2ps2 photoelectron spectra (left) and Ga LMM Auger spectra (right) for CIGSe
samples, which underwent NaF or KF PDTs at different Tepr. Ga 2ps2 spectra are normalized by
setting the low binding energy background at ~1115 eV to zero and the peak maximum to one.
Additionally, the signals are shifted on the energy-axis to allow for a better comparison of the
spectral shapes. Respective shifts are given in the diagram. Ga LMM spectra are displayed in
absolute intensities. Note: All samples are excited by Al K, radiation, except the Ga LMM Auger
spectrum of the NaF PDT 105 °C sample, which is excited by Mg Kq radiation. Gray bars represent
binding energy ranges of different Ga-bonds according from literature data.

In Figure 6.1.2.2, the shape of normalized Ga 2ps/; signals is compared to identify additional
Ga components. The Ga signal of the no PDT sample (black) is used as reference and this
signal is assigned to Ga in a pure CIGSe environment when compared to literature data [92—
94]. (From now on, and for the whole work in hand, Ga in a CIGSe-environment will be
abbreviated as Ga(CIGSe)).

Additional Ga species located at higher binding energy arise for all PDT samples at Egin ~ 1119
— 1120 eV. The relative amount of secondary components to Ga(CIGSe) varies and ascends
in the order KF PDT 315 °C < NaF PDT 315 °C ~ NaF PDT 105 °C < KF PDT 105 °C. For NaF
PDT 105 °C, a lower SNR is observed, due to a thick NaF cover layer, as will be shown in
Chapter 6.1.5. All signals can be fitted with two Voigt functions. The function at lower binding
energy is kept constant in width and shape during the simultaneous fit and belongs to
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Ga(ClGSe) and. The additional Ga-components are allowed to vary in width and shape,
accounting for the possibly different chemical environments (compared to Ga(CIGSe)).

Comparing the positions of the additional Ga-components with literature data [94], suggests
that mainly Ga-F bonds formed during the PDT, although Ga-O bonds lie within the same
range of binding energy as the samples [94-97]. A look at the Ga Auger spectra will support
these assumptions:

On all PDT samples, a signal at Exin ~1065 eV is visible, belonging to Ga(CIGSe). For some
samples, however, an additional peak is observed at Exin ~ 1056 — 1059 eV, which could
correspond to Ga-F bonds, clearly outside the range, where Ga-O bond can be expected.
Since the Ga LMM Auger peaks are rather broad, additional Ga-O bonds, spectrally lying in
between Ga(CIGSe) and Ga-F bonds, cannot fully be excluded. However, the relative amount
with respect to Ga-F is very low.

Different from the Ga 2ps2 spectrum of the NaF PDT 105 °C sample, no additional Ga species
are observed in the corresponding Ga Auger spectrum, presumably because the Ga-F bonds
are located at the very surface, as explained in Chapter 6.1.6, and the Ga LMM is less surface
sensitive, than the Ga 2paz, signal.

Interestingly, the shape of the Ga LMM on the KF PDT 105 °C sample strongly deviates from
that of the untreated sample, indicating a drastic chemical change for the KF PDT 105 °C
sample.

To better analyze, which Ga-components formed during the PDT, and to subtract band bending
effects, the Wagner plot of the modified Auger parameter o’ca is displayed in Figure 6.1.2.3.
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Figure 6.1.2.3 Wagner plot of the modified Auger parameter a’ca for the pristine CIGSe surface
(black) and the differently treated PDT CIGSe surfaces. The shaded areas as well as the gray
triangles show data points from literature for Ga in different bonding environments.
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o’ca IS calculated with o’'ca = Esin(Ga 2psi2) + Exin(Ga LMM). The exact position of the Ga 2paz..
signal was determined with Voigt fits and the position of the Ga LMM peak maximum was read
from the spectra.

Two groups of chemical components are visible in the Wagner plot. The Ga species at
o'ca ~ 2183 + 0.7 eV belong to Ga(CIGSe), compared to literature values (o'ca ~ 2183.9 eV,
(o’'ca ~ 2182.3 V). A deviation in o'ca is found for the KF PDT 105 °C sample: These Ga-
atoms should still exist in a CIGSe-like environment, but the chemical situation of the Ga atoms
has slightly changed on this surface. This could be due to changes in the coordination sphere
of the Ga-atom, for example, it is bound to more fluorine atoms.

The second “group® of Ga-components is found at a’'ca ~ 2178.0 + 0.2 eV and is assigned to
Ga-F bonds. Ga-O bonds can be excluded, since their o’ca Values are ~2.5 eV higher. No
literature values for Ga-F bonds were found, despite a speculation in the master thesis of A.
Epprecht [94]. Compared with the data presented here, the kinetic energy of the Ga LMM are
found in the same range from Ekin ~ 1058 — 1059 eV, but the binding energy differs up to 1.5
eV. This difference is likely due to variations in the absorber growth and/or PDT process
conditions. Thus, the Ga is surrounded by fluorine as well, but likely with more direct F bonding
partners, so that the resulting o’ca becomes even lower than in case of A. Epprecht. Moreover,
the o’'ca values for Ga-F bonds follow the same trend as A. Epprecht’s o’ca values in the row
of Ga-halides: The stronger the electron affinity of the halogens, the lower the value for o’ca.

Analysis of Cu-related photoelectron and Auger signals
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Figure 6.1.2.4 Cu 2ps» photoelectron spectra and Cu LMM Auger spectra for CIGSe samples,
which underwent NaF or KF PDTs at different Tept. Cu 2ps2 (Cu LMM) spectra are normalized by
setting the low binding energy background at ~930 eV (high kinetic energy background at
~923 eV) to zero and the peak maximum to one. Additionally, the signals are shifted on the
energy-axis to allow for a better comparison of the spectral shape. Respective shifts are given
in the diagram. Gray bars represent binding energy ranges of different Ga-bonds according from
literature data.

Figure 6.1.2.4 displays normalized Cu 2ps, spectra to identify additional Cu species. The peak
shape of the no PDT sample represents Cu in a pure CIGSe environment, consisting of only
one Cu species [92,94]. From now on, and for the whole work in hand, Cu in a CIGSe-
environment will be abbreviated as Cu(CIGSe). The spectrum of NaF PDT 105 °C is omitted,
due to the low SNR (similar to Ga 2ps2). Nevertheless, the low SNR underlines that for the
NaF PDT 105 °C sample a thick cover layer attenuated the CIGSe signals. Comparison of the
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other Cu 2ps» peak shapes reveals that only for the KF PDT 105 °C sample an additional Cu-
component has formed. This Cu-component is shifted to higher binding energies and indicates
Cu-O bonds [98-100]. The same observation is made for the normalized Cu LMM signals:
Only for the KF 105 °C sample, a deviation in Auger shape is observed as compared to the
untreated sample. Additional intensity in Cu LMM at Ekin ~915 — 916 eV could stem from a
second Cu environment, e.g., Cu-O bonds.

For a better identification of the individual Cu components on the KF PDT 105 °C sample, the
Cu LMM signal was fitted as shown in Figure 6.1.2.5.
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Figure 6.1.2.5 Cu LMM spectrum for the KF PDT 105 °C sample. The Cu LMM features is fitted by
a sum of several shifted and scaled untreated Cu LMM spectra (green and pink). The differences
between the measured points and the fitted lines are shown in the residuals. The different Cu
species found are Cu in a CIGSe environment, labeled ,,Cu(CIGSe)“ and an additional Cu species
labeled ,,Cu-*.

The no PDT Cu LMM was used as "reference” spectrum; two of those were independently
scaled and shifted, and a linear background was used, to reproduce the Cu LMM Auger line
of the KF PDT 105 °C sample (see Figure 6.1.2.5). Spectral broadening was not taken into
account. The second Cu species (denoted as Cu- in the legend of Figure 6.1.2.5) is shifted
~1.5 eV to lower kinetic energy (pink). Together with the positions of the Cu 2ps- line, the
modified Auger parameter is calculated and the respective data points are illustrated in the
Wagner plot in Figure 6.1.2.6Figure 6.1.2.6 , together with some literature data for Cu-Se
bonds [101,102].
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Figure 6.1.2.6 Wagner Plot of the modified Cu Auger parameter o’c, for the no PDT CIGSe surface
(black) and the differently treated PDT CIGSe surfaces. The shaded areas include data points
from literature given in the text. Gray triangles show data points from literature for Ga in different
bonding environments. The two dark yellow points represent the two Cu species formed on the
KF PDT 105 °C sample.

The data points for the Cu species on no PDT (black), NaF PDT 315 °C (dark blue),
KF PDT 315 °C (light blue), and KF PDT 105 °C (dark yellow) all lie on the diagonal
approximately for a’'c, =1849.3 = 0.1 eV (diagonal not shown). A second data point (dark
yellow) at Esin ~ 932.8 eV represents the additional Cu species on the KF PDT 105 °C sample.

At o’cy = 1849.3 £ 0.1 eV Cu(CIGSe) are found, which are similar to the Cu species from the
no PDT sample (black) and lie within the area of literature values for CIGSe (hatched area).

The second Cu species for KF PDT 105 °C (dark yellow data point at Egin ~ 932.8 eV) shows
a o’cy ~ 1848.7 eV and could be a Cu-oxide. Although the difference in o’cy is large (~0.6 eV),
compared to o’cy of Cu(CIGSe), the value for KF PDT 105 °C coincides with the hatched area
of Cu in a CIGSe environment. Thus, the partial formation of a Cu-Se-O species can be
assumed.

Explicit formation of Cu-F bonds might be excluded, since Cu(l)-F components are believed to
be thermodynamically instable and tend to disproportionate into Cu(0) and Cu(ll) [103]. Cu(0)
and Cu(ll) but are not detected on the samples, and especially no Cu(ll), since no Cu 2p shake
up structure at higher binding energies is visible, which could indicate Cu(ll) species [98,104—
107].

For the NaF PDT 105 °C sample, the Cu LMM signal overlaps with the Na KLL Auger signal
and due to a large Na amount on this sample no reliable value for the Cu LMM could be
determined. Hence, only the position for Cu 2pas» is displayed as a dashed line (pink). No
additional species was found for NaF PDT 105 °C in the Cu 2ps» spectrum. It is therefore
speculated that this Cu species also belongs to Cu(CIGSe). The high binding energy of the
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Cu 2p line might result from a strong band bending, possibly due to the large amounts of
fluorine and/or sodium at the surface.

Analysis of In-related photoelectron and Auger signals
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Figure 6.1.2.7 In 3ds2 photoelectron and In MNN Auger spectra for CIGSe samples with different
NaF or KF PDTs. In 3ds, spectra are normalized by setting the low binding energy background
at ~442 eV to zero and the peak maximum to one. Additionally, the signals are shifted on the
energy-axis to allow for a better comparison of the spectral shapes. Respective shifts are given
in the diagram. In MNN Auger spectra are shown in absolute intensities. Note: All samples are
excited with Al Kq radiation, except the In MNN Auger spectrum of the NaF PDT 105 °C sample,
which is excited with Mg Kq radiation. Gray bars represent energy ranges of different In-bonds
according from literature data.

The formation of different In species can be observed in the In 3ds;; spectra in Figure 6.1.2.7:
The In-components at Egin~444.8 eV all have the same shape and resemble In in the “no PDT"
absorber. Therefore, this In environment can be assigned to In in a CIGSe environment (from
now on, and for the whole work in hand, In in a CIGSe-environment will be abbreviated as
In(CIGSe)). [92,94].

The In 3ds,, signal of the KF PDT 105 °C sample can only be reasonably fitted with three In-
components. The three species appear at Egin ~ 444.7, 445.7 and 446.2 eV. Upon comparison
with literature, these three In species can be ascribed to In(CIGSe), In-O and In-F, respectively
[94,108,109],[47,48]. The ratio of In(CIGSe) : In-O :In-Fis1:2.4:1.5.

The In MNN Auger signal of the KF PDT 105 °C sample also deviates in its shape from the
signal of the no PDT sample: On a closer inspection, a “flatter plateau” for the In MsN4sNas
feature at Exin ~ 396 — 398 eV is visible. Fitting the In MNN Auger with a superposition of
reference In MNN spectra (like for Cu LMM) reveals the formation of two different In species
at Exin ~ 404.6 and 403 eV. According to literature values, In-O species and In-F species lie in
this range. The ratio of In-O : In-F is ~ 1 : 3. No In(CIGSe) Auger feature is detected at Exin~
407.5 eV, which can be explained by the lower surface sensitivity of In MNN Auger electrons
compared to In 3ds» photoelectrons. This suggests that In-F only exist at the outermost surface
of the KF PDT 105 °C sample, as will be discussed further in Chapter 6.1.6.

For a closer look at the high Tepr samples, Figure 6.1.2.8Figure 6.1.2.8 shows the respective
In MNN spectra, which have been normalized and shifted, to compare their spectral shapes.
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The In MNN of KF PDT 315 °C and the untreated sample are very similar and show no
difference in intensity, especially in the range about 405 eV + 1 eV, where an “outgrowing® of
the valley-like structure would indicate In-O-bonds.

An analogous comparison of the NaF PDT 315 °C is difficult, since the intensity of the strong
Na 1s signal increases the intensity of In MNN throughout the whole spectral range.

The comparison of the normalized In MNN spectra of the low Tepr Samples lead to no further
insight. The SNR of both spectra was low and their backgrounds varied due to different
excitation sources (non-monochromatized Mg K, for NaF PDT 105 °C and monochromatized
Al K, for KF PDT 105 °C).
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Figure 6.1.2.8 In MNN Auger spectra for high Tepr NaF and KF PDT samples and the untreated
»nho PDT“ sample (black). The Auger spectra are normalized by setting the high kinetic energy
background at ~418 eV to zero and the peak at ~407.5 eV to one. Additionally, the signals are
shifted on the energy-axis to allow for a better comparison of the spectral shape. Respective
shifts are given in the diagram.

The different In-environments found so far are In(CIGSe), In-O and In-F for the KF PDT 105 °C
sample. For the other samples, In only appears in a CIGSe environment (In(CIGSe)).

It is speculated that, with these results, most of the present In-components are detected and
only a few percent of additional In species are overlooked. To verify this assumption, one would
have to fit the Auger signals, which was not done here.

Since the different In environments on the different samples are characterized, all data points
are depicted in the Wagner plot for the modified Auger parameters o', in Figure 6.1.2.9.
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Figure 6.1.2.9 Wagner plot of the modified In Auger parameter o’i, for the pristine CIGSe surface
(black) and the differently treated PDT CIGSe surfaces. For the KF PDT 105 °C sample, no
In(CIGSe) contribution to the In MNN Signal was detected, therefore this species is marked as a
dotted green line. Gray triangles show data points from literature for Ga in different bonding
environments.

In the Wagner plot, the different In environments are illustrated. The modified Auger parameter
for the In(CIGSe) species is o'in = 852.5 = 0.1 eV, which compares well with literature values.
Small deviations show that the In environments on all samples must be very similar to each
other by means of number, and type of binding partners. However, the difference in binding
energy is nearly 0.9 eV. This points out that the overall chemical situation in turn is very
different from sample to sample. The clearest example is the NaF PDT 105 °C surface, which
is covered by NaF in largest amounts, as will be shown later. These high amounts of electron-
pulling fluoride ions lead to an increase in binding energy for all surface constituents. It is
speculated that these variations of alkali fluoride amount on the surfaces are the major reasons
for the different surface induced band bending.

The position of the three In environments from the KF PDT 105 °C sample in the Wagner plot
differ distinctly from each other. The first In species, which appears at Egin ~ 444.7 eV is
assigned to In(CIGSe). This binding energy fits well to In(CIGSe) of the other samples and
literature data, but no position Auger feature for In(CIGSe) could be detected.

The Auger parameter for the two other In species of the KF PDT 105 °C sample are in the
region for In-O- and In-F environments. The In species at Egin ~ 445.7 eV lies in between
reported regions for In-halides and (NH4)sInFs, suggesting the formation of In-F. On the other
hand, however, In-O bonds reported in literature also cover this region, and especially for In-F
higher binding energies and a lower kinetic energy would be expected. Thus it seems that the
In species at Egin ~445.7 €V is in an electron-pulling chemical environment, but not as
pronounced as for the other In species at Egin ~ 446.2 eV. All in all, it is not possible to
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determine the exact binding situation of the two In species, but it can be concluded that In-O
and In-F bonds have formed on the KF PDT 105 °C sample.

Analysis of Se-related photoelectron and Auger signals
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Figure 6.1.2.10 Al K, excited Se 3d and Se LMM Auger spectra for an untreated sample ,,no PDT“
(black) and different NaF and KF PDT samples. The photoelectron (Auger) spectraare normalized
to zero at the low binding energy background (high kinetic energy background) and to one at
peak maximum (or Egin ~ 54.3 eV in case of Se 3d for the KF PDT 105 °C sample). For a better
comparison of spectral shapes, the spectraare also shifted on the energy-axis. Respective shifts
are given in the diagram. Gray bars represent binding energy ranges of different Se-bonds
according from literature data.

The formation of different Se species can be determined with Figure 6.1.2.10. Distinct changes
in peak shapes are observed for both, high and low Tepr KF-treated samples. Again, it is
assumed that the Se 3d signal of the untreated sample represents Se in a pure CIGSe
environment. From now on, and for the whole work in hand, Se in a CIGSe-environment will
be abbreviated as Se(CIGSe).

For the KF PDT 315 °C sample (light blue), additional intensity between Se 3ds» and Se 3ds,
is observed and a “flatter” shoulder at the low binding energy side of Se 3ds;,. This kind of
broadening of the Se 3d peak shape can be reproduced by adding an additional Se species at
Esin ~53.5 eV. This additional Se species, however, appears in very small amounts (4%
relative to the main Se species), so that the certainty about its existence is rather low. For now,
one will abstain from assuming the formation of an additional Se species on KF PDT 315 °C.
A better reason for peak broadening could be an increase in peak width for Se 3ds» and
Se 3dsp,, resulting from a not well-defined chemical Se environment. This seems reasonable,
as Se plays a crucial role in the PDT process, as will be shown in Chapter 7.

The Se 3d signal of the KF PDT 105 °C sample (green) shows the typical envelop of two
individual doublets, which results, when a Se 3ds;; peak at higher binding energy overlaps with
a Se 3dsr peak at lower binding energy. The fit with Voigt functions, however, was not very
clear, since different peak widths and shapes were necessary, to obtain a modest result with
two Se species. With some certainty it can be assumed that the two main components are
located at Egin ~ 54.0 £ 0.3 and Egin ~ 55.0 £ 0.3 eV. Comparison with literature data indicates
a possible existence of Se(CIGSe) [92,94] and elemental Se [60,110,111] at the surface.
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An additional Se species on the KF PDT 105 °C sample is also detected in the Se LMM signal.
The Auger signal is normalized and shifted for a better comparison with the untreated reference
(black). The Auger signal of KF PDT 105 °C is broader than the “no PDT* signal. The vanishing
dip at Exin ~ 1310 eV and additional intensity at lower kinetic energy suggest existence of the
additional Se species at lower kinetic energy. For an accurate determination of the position for
the second Se species a fit of the Auger signal is needed. This fit did not yield very reliable
results and therefore the error in the kinetic energy is 1 eV used in the following.

For the NaF PDT samples, no pronounced differences in peak shape compared to the
untreated reference sample were found. The peak positions of the respective Se species are
depicted in the Wagner plot for the modified Auger parameter o’se in Figure 6.1.2.11.
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Figure 6.1.2.11 Wagner plot of the modified Se Auger parameter a’se for the pristine CIGSe
surface (black) and the differently treated PDT CIGSe surfaces. Gray triangles show data points
from literature for Ga in different bonding environments. The references are given in the text.

Two groups of Se species are visible in the Wagner plot. The Se species with o’se = 1361.0
0.1 eV belong to Se(CIGSe) according to comparison with literature data and with the
untreated reference sample (black). Again (like for In), shifts of the Se species for NaF PDTs
to higher binding energies, up to ~ 0.7 eV are observed. A comparable shift was detected for
In, and hence surface induced band bending is the likely reason for it. Therefore, both data
points for NaF PDT 105 °C and NaF PDT 315 °C are far from Se(CIGSe) (hatched area) but
might still be ascribed to the Se(CIGSe) species.

The second Se species on KF PDT 105 °C sample can likely be assigned to elemental Se.
Although the value for the corresponding Se LMM paosition is not accurate, it is in accordance
with other elemental Se literature values. Elemental Se could exist on an as-grown PDT CIGSe
surface, since it is coevaporated together with KF during the PDT. As will be shown later, a KF
layer, up to 4 nm thick, covers the CIGSe surface. This cover layer could contain the remaining,
unreacted Se, which is then detected by XPS.
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6.1.3 Non-CIGSe related elements after AIkKF PDT on the CIGSe surface

To get a complete picture of the chemical environment on the CIGSe surfaces after PDT, the
non-CIGSe related elements are analyzed as well. These are C, O, F, Na and K and they will
be presented in the following.

Analysis of C-related photoelectron signals

The C 1s signal is overlapped by a strong Se Li:M23Mss signal. Identification of carbon
components is therefore very difficult and was not done here. Nevertheless, C does exist on
the samples and can partly be removed upon Ar*-ion cleaning. The amount of carbon at the
surface is estimated to be < 5%.

Analysis of O-related photoelectron sighals

Compared to other XPS studies, the O 1s signal on all PDT sample is very weak. For the high
Teor NaF and KF samples, the intensity of O 1s signal is approximately equal and three times
higher than for the untreated sample, respectively. The O 1s signal is very broad and still very
small. Accurate identification becomes therefore very difficult, which is even complicated
because many O-components fall within a narrow range in binding energy. For NaF PDT
315 °C a partial overlap of O 1s with Na KLiL23 Auger makes this condition even worse.
Nonetheless, it is speculated about the formation of hydroxides, probably stemming from water
molecules, which are bound to NaF or KF as crystal water, because of the high hygroscopicity
of NaF and KF.

For the low Tepr sSamples, the intensities of O 1s are not equal: Unexpectedly the O 1s signal
of NaF PDT 105 °C is ~50% smaller than of the “no PDT*“ sample. The O 1s signal on the KF
PDT 105 °C sample, however, has the strongest intensity and is about 7 times higher than for
the untreated reference. It sounds reasonable that the strongest O 1s signal is found on the
KF PDT 105 °C sample, since the KF layer on the CIGSe surface is thicker at low Tepr (as will
be shown later) and the hygroscopicity is more pronounced for KF than for NaF. The smaller
O 1s intensity on the NaF PDT 105 °C compared to NaF PDT 315 °C could be explained by
different sample packing conditions. As the NaF PDT 105 °C sample was prepared and packed
on another date, a lower humidity in the laboratory or improved vacuum sealing could be the
reason.

Analysis of F-related photoelectron and Auger signals

Strong F 1s signals are present on all as-grown PDT samples. The peak intensity for F 1s
increases in the order KFPDT315°C < NaFPDT315°C < KFPDT1.05°C <
NaF PDT 105 °C.

To have a closer look at the different F species, the F 1s and F KLL spectra are displayed in
Figure 6.1.3.1. Note that in these spectra the NaF PDT 105 °C sample was excited with Mg K,
radiation, whereas all other samples where excited with Al K, radiation. Therefore, a
comparison of intensities including the NaF PDT 105 °C sample is not directly possible.

To identify different F species, one would have to know the peak width and shape of a single,
pure F-component. This kind of “reference“-component was existent in case of the CIGSe
elements, where the untreated sample is believed to chemically represent the respective
element in CIGSe. For the non-CIGSe related elements, this “reference signal® is missing. A
possible candidate for a reference-fluorine peak shape could be F 1s from the NaF PDT 105 °C
sample. This peak has the least asymmetric shape and the corresponding F KLL signal shows
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Figure 6.1.3.1 F 1s photoelectron and F KLL Auger spectra for CIGSe samples with different NaF
or KF PDTs. Note: All samples except NaF PDT 105 °C are excited with monochromatized Al Ko
radiation. The NaF PDT 105 °C sample is excited with non-monochromatized Mg K, radiation.
Gray bars represent binding energy ranges of different F-bonds according to literature data.

the best resemblance to an F KLL Auger found in literature for LiF. Fitting the other F 1s signals
with the same width and shape, as for the NaF PDT 105 °C signal, however, fails, probably
because of the different spectral widths of the excitation sources. Therefore, only the peak
shapes of F 1s and F KLL are compared and some assumption about possible F species are
made.

The F 1s signal for NaF PDT 315 °C shows a spectral broadening at the high-binding energy
shoulder of the main peak at Egin > 687 eV. A similar broadening, analogously at lower kinetic
energy, is seen for the F KLL signal (if compared to the F KLL shape of NaF PDT 105 °C).
Fitting of F 1s with Voigt functions reveals two F-components at Egin~ 686.3 and
Egsin~687.6 eV, possibly belonging to F-Na and F-Ga. Literature values are 683.5 and 685.8 eV
for a NaF and GaF; crystal, respectively [112]. A direct comparison is difficult, since the surface
induced band bending varies from sample to sample and in the here examined case a thin film
is analyzed, and not a bulk material. Despite that, the binding energies do not agree a rough
estimation can be made: F-Ga bonds might appear at higher binding energies, than F-Na
bonds. Therefore, the minor F species on NaF PDT 315 °C could belong to F-Ga bonds.

For the F species on the NaF PDT 105 °C sample, it is assumed that mainly F-Na species
have formed. As the NaF cover layer on this sample is the thickest (as will be shown later), the
amount of F-Na bonds will strongly exceed the amount of any other F-bonds (like, e.g., F-Ga).
This result is also in accordance with the binding energy of the F-Na species on the
NaF PDT 315 °C sample, at Egin ~ 686.3 eV.

The F 1s signal for KF PDT 315 °C can be fitted with one single Voigt function. The respective
F KLL Auger is small and has a too low SNR to evaluate, if additional F species were present.
A comparison with literature values indicates possible formation of F-Ga bonds [105,112,113],
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as already proposed in the analysis of Ga 2p photoelectrons. F-K bonds, however, can also
not be excluded.

The KF PDT 105 °C sample shows an F 1s signal, which has a different shape and width than
the KF PDT 315 °C sample. The F 1s signal of KF PDT 105 °C is narrower and shows higher
proportions of Lorentzian shape. At the same time, additional intensity is detected at the tail of
both sides of the signal at Egin ~ 683 and Egin ~ 686 eV. Compared to the main signal at
Egin ~ 685 eV, each of the two smaller signals contributes ~3% to the whole F 1s peak. It can
be speculated, whether these smaller signals really represent additional F species, or not. The
F KLL Auger signal, however, shows a significant broadening, compared to the NaF PDT
105 °C sample. Therefore, the existence of more than one F-environment seems possible.
Accordingly, the main contribution of the F 1s signal of the KF PDT 105 °C sample stems from
F-K-bonds and the additional F species could exist as F-In-bonds or F-Ga-bonds, as already
proposed in the analysis of the Ga 2p and In 3d signals.

Analysis of Na-related photoelectron and Auger signals

Na is only found in NaF PDT samples. Na 1s signals were fitted by Voigt functions and the
partial overlap with the In MNN Auger makes a clear determination imprecise. The position of
the Na KLL Auger was determined from the peak maximum in the spectra.

Two Na species were found for each NaF PDT sample in the Na 1s spectra, visible as an
asymmetric Na 1s peak with a broader shoulder at higher binding energies (not shown). Since
no “reference” Na-spectrum is available, in which the Na KLL Auger shape for a pure, single
Na-component is definitively obtained, an assignment is difficult. Nonetheless, for the
NaF PDT 105 °C sample, additional intensity is observed at the high kinetic energy tail of the
Na KLL signal, compared to NaF PDT 105 °C (not shown). This small additional signal
indicated an additional Na species. The Wagner plot for the modified Auger parameter o'na is
shown in Figure 6.1.3.2.
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Figure 6.1.3.2 Wagner Plot of the modified Na Auger parameter a’na for the differently treated
PDT CIGSe surfaces (pink and blue). Note, that for the second Na species on NaF PDT 105 °C no
corresponding signal in Na KLL was observed. This additional species is therefore marked as a
dashed line. Gray triangles show data points from literature for Na in different bonding
environments.

The main Naspecies on both NaF PDT samples have a Auger parameter of
o’na~ 2060 £ 0.3 eV, which is similar to that of NaF and especially NaBF4[114]. One possible
candidate therefore could be Na[GaF4], taking the previous results into account that Ga-F
bonds could form. Interestingly, also no Na(CIGSe), as compared to literature values, is found
on the here investigated surfaces [115-118]. This might be, because the Na(CIGSe) species

reported in literature stem from the glass substrates and therefore are already present during
CIGSe growth.

For the second Na species found on both samples, comparison with literature data leads to no
conclusion about a possible chemical component. A combination of high binding energy and
high kinetic energy is very unusual and therefore might imply that the wrong Na 1s and Na KLL
values have been combined. Interchanging Exin and Egin for the two Na species on NaF PDT
315 °C makes no sense, since the intensity ratios of the two Na species in Na 1s and Na KLL
do not match.

Analysis of K-related photoelectron and Auger signals

Like for C 1s, the K 2p signal is overlapped by a strong Se LzM»3sMas signal. A stronger K 2p
signal is observed on the KF PDT 105 °C sample than on the KF PDT 315 °C sample. The
peak maximum of K 2ps; is directly determined from the spectrum, as well as the peak
maximum of the K LMM Auger signal. Only one K environments is found on both samples,
possibly as K-F bonds. The Wagner plot for the modified Auger parameter o’k is given in Figure
6.1.3.3.
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Figure 6.1.3.3 Wagner Plot of the modified K Auger parameter o’k for differently treated PDT
CIGSe surfaces (light blue and green). Note, that for many compounds, no K LMM values were
reported in literature. These compounds are marked as dashed lines in the diagram. Gray
triangles represent binding energy ranges of different K environments according to literature
data.

Only very few values for o'« were found in literature - most studies only report the position of
K 2p. For the KF PDT 105 °C sample an o’k ~ 542.4 eV is calculated, which could stem from
K-F-bonds [105,114]. The difference in binding energy to literature values for KF is 2 1 eV
and could be explained by a larger amount of fluoride on the sample surface, creating a
stronger band bending at the surface.

The Auger parameter for KF PDT 315 °C is o’k ~ 543.6 eV, resembling more an chemical
environment which is comparable to KBr, according to literature [105]. Since bromine is a less
electron affine halide than F, it can be speculated that the K species in KF PDT 315 °C is
surrounded by less fluoride ions. This also makes sense, since the F 1s signal on
KF PDT 315 °C is much smaller than on KF PDT 105 °C.

To summarize the chemical analysis of the CIGSe surfaces after different PDTs, all discovered
chemical bonds and species will be presented in the sketch in Figure 6.1.3.4. No attempt to
guantify the additional Cu-, In-, Ga- or Se-bonds was made, as the full characterization of the
surfaces will be presented later.
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Figure 6.1.3.4 Summary of the found chemical bonds between the constituents of the CIGSe
surfaces before (no PDT) and after PDT. The denotation ,,Se*“ on KF PDT 315 °C represents a
chemically not well-defined environment for the Se atoms, rather than an additional Se species.
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6.1.4 Relative changes in CIGSe surface stoichiometry due to AlkF PDTs

In the following the ,low binding energy region® of the XPS spectrum was analyzed to evaluate
changes in composition of the underlying CIGSe phase. The ,low binding energy region® in the
spectrum of CIGSe covers the binding energy range of ~80 eV to 0 eV. No absolute CIGSe
stoichiometries were calculated, but the ratio of different peak areas was compared from
sample to sample. Therewith the uncertainty for the individual photoionization cross section
values was neglected. Generally, nho absolute stoichiometries of the CIGSe surface with XPS
data were calculated in this work, because the error margin for such calculations is too high,
so that unreliable values would result. For a reliable calculation of absolute stoichiometries a
very specific layer model would be needed, the values for the photoionization cross sections
must be well known and excellent numbers for the IMFP are required. This, however, is not
the case.

The kinetic energy of the here examined photoelectrons is therefore roughly equal, resulting
in very similar inelastic mean free paths, which simplifies comparison of different signals.
Moreover, the photoelectron signals show the same “sensitivity®, by means of signal
attenuation, due to surface adsorbates. This is a very important property, since a lot of surface
adsorbates exist on the CIGSe surface, as seen before.
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Figure 6.1.4.1 Low binding energy region, including Se 3d, In 4d, and Ga 3d. Note, that the NaF
105°C sample was excited with non-monochromatized Mg Kq radiation.

Figure 6.1.4.1 Figure 6.1.4.1 shows the “low binding energy region“ for all PDT samples and
the untreated reference sample (no PDT). CIGSe-related photoemission lines are visible in
this range, which makes the analysis of this part of the spectrum convenient. Additionally, Na-
, K- and F-signals are also visible. For the evaluation the peak areas for the Se 3d, Ga 3d, and
In 4d line will be used and solely the CIGSe-contribution of the signal is taken, to exclude
secondary species. The analysis of the Cu 3p line is left out, since it is overlapped by the In 4p
line, which shows a broad and complicated background structure.

The estimated peak areas and ratios are displayed in Table 1.
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Peak-Areas [arb. u.] Peak-Area Ratios

Ga Ga+in
Sample | In 4ds, Ga 3dsz2 Se 3ds: n Se

no PDT | 2865 557 4186 |0.19+0.01 0.82 £ 0.03
NaF 315 | 1765 375 2565 | 0.21+0.02 0.83+0.04
NaF 105 60 13 88 0.22 +0.02 0.83+0.04
KF 315 | 3964 162 3892 | 0.04 +0.00 1.06 £ 0.05
KF 105 946 501 1557 | 0.53+0.04 0.93+0.14

Table 1 Determined peak areas for In 3ds;2, Ga 3ds/2, Se 3ds (solely the CIGSe part of the peak is
included, secondary species are excluded here) and calculated peak area ratios for the untreated
sample and the PDT samples. Note, that for a more accurate value of the peak area, the
corresponding single spectra were evaluated, which were all measured with an Al Ky excitation.
Delta is the error margin of the corresponding ratios.

The NaF-treated samples show a similar Ga/ln and (Ga+In)/Se ratio, compared to the
untreated sample. This indicated that the overall CIGSe-stoichiometry remains unchanged.

For the KF PDT 315 °C sample, a pronounced decrease of the Ga/ln ratio is observed,
stemming from a gain in In signal intensity and reduction of Ga intensity. A smaller Ga intensity
sounds reasonable, since Ga-F bonds are formed, so that the amount of Ga(CIGSe)
decreases.

The absolute increase in intensity for In is difficult to explain. One reason might be that Ga-F
species leave the CIGSe surface, upon desorption, and expose the unreacted parts of the
CIGSe surface. Therefore, the PDT could lead to a decreased atomic density of all Ga-atoms,
no matter if Ga-F or Ga(CIGSe). Therewith, less photoelectrons from In might be inelastically
scattered by their former Ga-neighbor atoms so that the absolute intensity for In increases.

Also, a slight decrease in Se 3d intensity is observed for the KF PDT 315 °C sample. This
might result from partial Se-desorption or a too low Se supply during PDT, or could be a hint
that Se(CIGSe) is consumed chemically during the PDT.

Different from this sample, the KF PDT 105 °C surface shows an increased Ga/In ratio.
Absolute In- and Ga-intensities decrease for both signals (as compared to no PDT), since Ga-
F, as well as In-F species form on this sample. The relative decrease, however, is more
pronounced for In. It can be speculated that the reactivities of In and Ga are different, when
the CIGSe surface is covered by a thick KF layer. The higher (Ga+In)/Se ratio is also not
explainable, since a desorption of Se from the CIGSe surface seems unlikely, because of a
thick, covering KF layer (as will be shown further below). All in all, however, the error margin
for the peak areas of the KF PDT 105 °C sample is quite high and therefore the values are not
very reliable.

Summing up this section, the overall CIGSe composition is not changed drastically after a NaF
PDT, independent of Tepr. For the KF PDT 315 °C sample a strong Ga-depletion is observed,
and for the KF PDT 105 °C sample a depletion of both, Ga and In, is detected.

Hereby, the chemical characterization for the as-grown PDT samples is finished. In the next
two sections, the thickness of the adsorbate films and the spatial distribution of Ga-F- and In-
F species within the surface region is estimated.
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6.1.5 Estimation of adsorbate layer thickness on the CIGSe surface after
AlKF PDT

The thickness of an adsorbate layer was calculated in the context of a simplified model. In this
model, a homogeneously thick, flat, and laterally uniform adsorbate layer on top of a flat
substrate is assumed. Moreover, the transition between both layers is infinitely sharp and
neglect photoelectrons that exit the surface apart from the surface normal. By supposing an
exponential attenuation of the CIGSe signals, the following relation in Eq.10 between the
intensity lo from a bare substrate and the damped intensity I, from a covered surface, can be
made:

1(d) =1, - € 9/*Exin) (Eq.10)

Where d is the thickness of the adsorbate layer and A(Ekin) is the inelastic mean free path of
the respective signal. Especially for the here treated samples, one cannot assume a sharp
transition between CIGSe and adsorbate, because the CIGSe layer chemically reacts within
the PDT and thus changes. In this case the modified relation in Eq. 11 should be used [81]:

" o e-d/k’ ( |
m " 0 Eq.11
| lo- e-d/A
Where | and I are two different lines from the same element and L' and A" are the respective
inelastic mean free paths. This equation only works well, when A' and A“ are sufficiently
different.
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Figure 6.1.5.1 Adsorbate layer thicknesses d, estimated with the help of attenuation of the
respective photoelectron and Auger signals, shown for the differently treated PDT CIGSe
surfaces. d-values were estimated with two different models, in which Eq. 2 serves as a
refinement for Eq. 1, taking into account, that a PDT modifies the surface chemically. For
estimations with Eq.1, only photoelectron signals were evaluated, whereas for Eq.2 also the
intensities from Auger signals were included. Values with expectably high uncertainty (mainly
because of the existence of secondary components of the respective element) or outliers are set
into brackets. The explanation for the exclusion of some estimated d-values is given in the text.
The gray shaded areas mark the range, in which the thickness of the adsorbate layer is expected.
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Different signals were evaluated, such as Ga 2p, Cu 2p, In 3d, In 3p, Se 3d, Se LMM and
In MNN. The determined thicknesses d are depicted in Figure 6.1.5.1. Data points in black
were derived with Eq.1, data points in red were derived with Eq.2.

The most striking fact is that d has a huge spread on all samples. This spread is most
pronounced for the low Tepr Samples. Reasons for a huge spread in the values can be an
inhomogeneous coverage of the surface with alkali fluorides. Thereby, some parts of the
surface are covered with a thicker alkali fluoride layer, and other parts are covered with a
thinner alkali fluoride layer, and the thickness values vary. This effect becomes substantially
stronger when high amounts of alkali fluorides are present on the surface. This is just the case
at low Tppr.

For the NaF PDT 315 °C sample, an adsorbate layer thickness of 0 to 1 nm is estimated. The
outlier at the higher thickness value belongs to a Se 3d signal. Although Se is believed to
undergo no chemical reactions, this data point was excluded due to statistical considerations.
The negative thickness value at d ~ is also excluded, since Ga is pronouncedly affected by the
PDT. The uncertainties for the Ga signal intensity might therefore be very high.

The variation of d in KF PDT 315 °C is slightly more pronounced than for NaF PDT 315 °C.
This could be explained by more drastic chemical changes during a KF PDT. The outliers at
negative thickness values stem from In- and Ga-signals. Since Ga reacts away on the CIGSe
surface, its signal intensity might be the most affected by the PDT and therefore this d-value
is not reliable. Therefore, this value is excluded. Again, the farthest positive outlier stems from
the Se 3d signal. One possible explanation could be that the KF layer indeed is thicker;
especially on Se terminated CIGSe facets at the surface. Since KF only reacts with Ga (and
at low Tepr also with In), Se atoms would be rendered unchanged chemically. Therefore, no
reactions would take place on Se-terminated surface sites and a slightly thicker KF layer builds
up there. Overall, a similar thickness range for KF PDT 315 °C as for NaF PDT 315 °C is
derived, i.e., 0 to 1 nm.

The NaF PDT 105 °C sample underwent the least chemical changes, with some formation of
Ga-F. Still, the intensity of CIGSe-related signals on NaF PDT 105 °C was very low, and for
Na- and F-related signals, the intensity was very high. It can therefore be expected that the
estimated values < 1 nm are not correct. With all the remaining values (Se 3d, Cu 2p, In 3d,
Cu 2p_Cu LMM) the adsorbate thickness is estimated to be > 4 nm.

On KF PDT 105 °C, Ga and In show the most pronounced chemical change, upon formation
of Ga-F and In-F secondary components. Therefore, the Ga- and In-related estimations for d-
values are excluded. For Cu, one also observes the formation of secondary components, but
less pronounced than for Ga and In. The mean estimated d-value for Cu lies between 0-1 nm
(the two lowest d-values). Se in turn might be the least affected chemically by the PDT,
therefore it should be the best estimate for d. Considering both values (mean d-value for Cu,
and d-value for Se), the adsorbate thickness is derived to be < 4 nm.

Some outlier d-values can be explained and together with other, uncertain values they are
excluded, but even then, the resulting spread in thickness is still high, indicating that the
assumptions are too simple, and both equations, 1 and 2, cannot describe the adsorbate-
situation adequately. Nevertheless, qualitative insight is gained on how the adsorbate
thicknesses could depend on PDT:

For high Tpor, the resulting adsorbate thicknesses are <1 nm. To determine, if NaF or KF leads
to a thicker cover layer, the calculated values are not accurate enough.

For the low Tept surfaces, the resulting adsorbate thicknesses are higher than for the high Tepr
surfaces, with >4 nm (NaF) and <4 nm (KF), as illustrated with the gray shaded areas in
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Figure 6.1.5.1. Therefore, tendentially, the adsorbate layer in case of a NaF PDT is thicker,
than in case of a KF PDT.

The results that lower Tepr lead to thicker cover layers, seem plausible, since the desorption
rate of adsorbates from the CIGSe surface is less pronounced at lower Tepr. Thicker cover
layers in case of NaF PDT are also reasonable, since the lattice energy for NaF is slightly
higher than for KF.

6.1.6 Depth distribution of Ga-F and In-F within the surface region

In this chapter, the location of Ga-F and In-F species within the surface region will be
examined.

To gain depth-dependent information, photoelectron lines with large differences in IMFP are
compared. Thereby, the peak area ratios of Ga-F to Ga(CIGSe) for the surface sensitive
photoelectron Ga 2ps, are determined, as well as for the less surface sensitive photoelectron
Ga 3ds. The peak area ratios are always referenced to Ga(CIGSe), and therefore the peak
area of any Ga(CIGSe) peak is set to 1. Note that, because of this reason, comparisons from
sample to sample are not possible. The ratios of Ga-F to Ga(CIGSe) and In-F to In(CIGSe)
are given in the following Tables 2 and 3.

Ga 2pare Ga 3dsp
Sample | Ga-F: Ga(CIGSe) Ga-F : Ga(CIGSe)

no PDT 0:1 0:1
NaF 315 1.3:1.0 15:1.0
KF 315 0.7:1.0 0.75:1.00
NaF 105 2:1 0:1
KF 105 9:1 04:1.0

Table 2 Peak area ratios of Ga-F and Ga(CIGSe) contributions in Ga 2ps» sighals and in Ga 3ds,
signals. The peak area of Ga(CIGSe) is set to 1. The Ga 2ps» photoelectron is more surface
sensitive than the Ga 3ds;; photoelectron.

In 3d5/2 In 4d5/2
Sample | In-F : In(CIGSe) In-F : In(CIGSe)
KF105 | 48:1.0 | 0.5:1.0

Table 3 Peak area ratios of In-F and In(CIGSe) contributions in In 3ds, signals and in In 4dsp
signals. The peak area of In(CIGSe) is set to 1. The In 3ds» photoelectron is more surface
sensitive than the In 4ds;; photoelectron.

After the NaF PDT 315 °C, the ratio of Ga-F to Ga(CIGSe) is similar within the error margin for
Ga 2ps» and Ga 3dsz. Although this is within the error bar, a slight decrease is observed for
the more surface sensitive Ga 2ps2 sighal. This observation could be explained by a desorption
of Ga-F from the CIGSe surface into vacuum, which can only take place at the very surface.
This indicated that the CIGSe layer reacts to form Ga-F from the upper most surface region
throughout a depth of ~ 3 nm.
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For the KF PDT 315 °C sample the trend is similar to NaF PDT 315 °C: The ratios of Ga-F to
Ga(CIGSe) are comparable (within the error margin), but slightly higher for the less surface
sensitive photoelectrons from Ga 3ds.. Again, upon a possible partial desorption of Ga-F from
the CIGSe surface, the Ga-F : Ga(CIGSe) -ratio for Ga 2ps;» could have become lower. One
must mention, however, that these small differences lie within the error bar and might therefore
not be significant. A comparison between the two high Tepr samples shows: The absolute Ga-
F to Ga(CIGSe) ratios are lower for KF PDT 315 °C than for NaF PDT 315 °C. This could
indicate that the reaction of KF with Ga(CIGSe) is (mainly) completed and the majority of the
Ga-F species has desorbed from the CIGSe surface. The rate of the reaction of KF with
Ga(CIGSe) is therefore higher than for NaF with Ga(CIGSe), which might be due to the easier
“breaking” into K* and F.

For the low Tepr samples, the ratio of Ga-F to Ga(CIGSe) is different: The ratio of Ga-F to
Ga(CIGSe) is large for the Ga 2p and significantly smaller for the Ga 3d. This can be explained
with Ga-F species, which form at the CIGSe surface, and then diffuse through the overlying
NaF/KF layer to the top. A similar ion exchange process has already been observed between
Na and Ga at the Mo/glass interface of a CIGSe solar cell [119].

The trend for In-F on the KF PDT 105 °C sample is similar to that of Ga-F on the
KF PDT 105 °C sample: For the In 3d, the ratio of In-F to In(CIGSe) is larger than for the In 4d
peak. Like for the Ga-F species, it can be assumed that In-F species are formed at the buried
KF/CIGSe interface, and then diffuse through the KF layer to the upper most surface region.
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6.1.7 Summary of reaction products due to the AlkF PDT on the CIGSe surface

The most important findings of the chemical characterization of the as-grown CIGSe surfaces
after PDT are collected and presented in a sketch in Figure 6.1.7.1. For a better visibility, the
relative quantities of F, C, and O, presented in Figure 6.1.7.1, are also given in Table 4.

Teor
315°C

Teor
105 °C

no PDT

CIGSe

NaF PDT

F C o
Na-F  Na- I 0—-1nm
CIGSe
Fco
Na-F Na- >4 nm
CIGSe

KF PDT
FECO
CIGSe —— Ga-depleted
FcO
K-F In-0 <4 nm
Se(0) Cu-0O-Se
CIGSe Ga-depleted +

In-depleted

Figure 6.1.7.1 Simplified sketch of the measured samples with detected components. The font
sizes for F, C and O indicate quantitative changes from sample to sample. For a better visibility,
the relative F, C and O quantities are also provided in Table 4. No quantitative statements for
CIGSe-related compounds (from sample to sample) are provided. Dark gray trapezia and a
triangle schematically illustrate the distribution of Ga-F and In-F throughout the adsorbate layer.
In this depiction the horizontal width of the trapezia or triangle indicate the concentration of Ga-
F (or In-F) at a certain z-position in the adsorbate layer.

F o
no PDT + +
NaF PDT 315°C | ++ +
NaF PDT 105 °C | +++ | + ++
KF PDT 315 °C + + ++
KF PDT 105 °C ++ + +++

Table 4 Relative F, C and O quantities on the differently treated CIGSe surfaces directly after
PDT. “+” marks the existence of the respective element and the number of “+” indicates the
amount. The relative quantitites are given for the respective element from sample to sample, and
no comparison between F,C and O —quantities on the same sample was made.
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6.2 Cleaning of the CIGSe surface due to an aqueous Na»S rinsing
step (“rinsed” samples)

In this chapter, the chemical impact of the rinsing treatment will be evaluated. In this treatment,
the as-grown PDT samples are put into an aqueous Na,S-solution for 30 sec, are subsequently
rinsed with water, and then dried under an N stream.

The purpose of the rinsing treatment is to remove PDT reactants and byproducts with
unwanted properties, especially the excess elemental Se, which is typically needed in CIGSe
preparation and during PDT. Therefore, the rinse “conditions” the CIGSe surface for the
subsequent CdS-deposition and affects the properties of the resulting interface. Some more
rinsing agents like aqueous NHs-, KCN- or NH,OH-solutions have been employed [120,121].
The question is, if Na2S only removes water-soluble PDT byproducts or also enables formation
of additional components.

Section 6 is built up as follows: In Chapter 6.2.1 XPS survey spectra are presented to derive
some general changes, like the existing elements on the surface. Then the individual core level
spectra before and after rinse are compared to evaluate, which sample underwent significant
chemical changes. Chapters 6.2.2 and 6.2.3 will then present the formation of secondary
species on the KF PDT 315 °C and KF PDT 105 °C samples. Thereafter, Chapter 6.2.4 takes
a short look at the resulting Na species that are formed during the rinse and in Chapter 6.2.5
the changes of the CIGSe stoichiometry are estimated and the findings are summarized.

Similar to Chapter 6.1, the spectra of Ar*-ion cleaned sample surfaces are exclusively shown
throughout Chapter 6.2. Upon Ar*-ion cleaning, the SNR of CIGSe related signals increased
slightly and data analysis therefore becomes more precise. Upon comparison of as-received
and Ar*-ion cleaned spectra (not shown), it can be confirmed that the Ar*-ion cleaning does
not alter the sample surfaces chemically, but only removes physisorbed C- and O-containing
surface contaminants.
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6.2.1 Change of the CIGSe surface constituents due to the rinsing step

Figure 6.2.1.1 shows the XPS spectra of a no PDT CIGSe layer without a PDT before and after
the rinsing step.

rinsed XPS
as grown Al K,

Int. [arb. u.]

Se3d In4ad/

\Ga :Ed

1200 1100 1000 900 800 700 600 500 400 300 200 100 0
Binding Energy [eV]

Figure 6.2.1.1 Al Kq excited survey spectra of the no PDT CIGSe absorber before (black) and after
the rinsing treatment (red). All prominent photoemission and Auger lines are labeled.

Only a slight change of the surface composition is observed after rinsing (red spectrum): A
very weak Na 1s signal appears at Egin = 1072 eV, and the whole spectrum shifts to lower
binding energies by ~0.4 eV. This shift can possibly be related to a change of the surface
dipole induced by the Na ions on the surface. The intensity of the Na 1s signal is very low, so
that accurate determination of the chemical component is not possible. Comparison with
literature values suggests that Na might exist in a Se- and O-containing environment, such as
in the components Na,Se or NazO.

The Ga 2psz and Se 3d spectra (shown in Figure 6.2.1.3 , bottom line) reveal a slight decrease
in intensity upon rinse. The same observation is made for the respective Ga- and Se- Auger
signals. For Cu 2ps and In 3ds2, however, no change in intensity is observed. Therefore, the
decrease in intensity cannot only be explained by a Na-containing cover layer. Moreover,
Se 3d photoelectrons are the least surface sensitive of the compared peaks, which means
that, if an adsorbate layer was the reason for the decrease in intensity, one would clearly see
a decrease in Cu 2ps2- and In 3dsp-intensity, as well. However, this is not the case.

A probable explanation could be a partial dissolution of Ga and Se within the rinsing solution.
Since the removal of excess Se is the actual purpose of the rinse, this interpretation for the
intensity decrease sounds reasonable. The removal of Ga atoms within the short time span of
a rinse also seems possible, as Ga is more reactive than In and Cu and so should also be
removed first [82]. Moreover, an investigation of the rinsing solution after the rinsing step by
inductively coupled plasma spectrometry (ICPS) revealed that Ga and Se (but not Cu and In)
have been dissolved in the rinsing solution [122]. Hence, the ICPS observations confirm this
explanation.

Rinsing the no PDT absorber thus removes some Ga and Se and covers the surface with a
little of Na, which assumingly affects the band bending at the surface.
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After this short characterization of the rinse-effect on a no PDT CIGSe surface, its effect on
as-grown PDT surfaces will be analyzed in the following. Exemplarily, survey spectra of the
NaF PDT 315 °C and KF PDT 315 °C samples, before and after the rinse, are presented in
the next Figure 6.2.1.2.

rinsed XPS
as grown Al K,
— KF
S 315 °C
<
S,
=
Na 1s In 3d
/
In 4d/
A N 3d\Ga 3d gfg °C
Ga 2p Cu 2p In 3p Na KLL
Cu LMM SRV
Ga LMM

rr>r—rr—rr rrrrr 1T T 1 T T T
1200 1100 1000 900 800 700 600 500 400 300 200 100 0
Binding Energy [eV]

Figure 6.2.1.2 Survey spectra of the NaF PDT 315 °C and KF PDT 315 °C samples, as-grown
(black) and after a rinsing (red).

After rinsing the samples, all F-related signals disappear. The O 1s signals do not increase
after rinse, although one might expect additional water adsorption. Furthermore, a small Na 1s
signal appears on all samples, indicating the formation of a Na species, which could stem from
the rinsing solution.

For a closer look on the changes, the CIGSe core level spectra are plotted below in
Figure 6.2.1.3, in which the as-grown and rinsed samples are compared.

In Figure 6.2.1.3 it can be ascertained that all Ga-F and In-F secondary components, which
have formed on the surface after PDT (black), are removed due to the rinse (red). No Ga-F
and In-F secondary components are detected at higher binding energies (compared to Egin of
Ga(CIGSe) or In(CIGSe)) on the rinsed surfaces, and only one Ga or In species exists. The
chemical analysis of these species (not shown) reveals that Ga and In are present in a CIGSe
environment on every rinsed PDT sample.
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Figure 6.2.1.3 Al Ky excited CIGSe core-level spectra for the untreated and all PDT CIGSe
surfaces. Spectrain black denote the as-grown samples, spectrain red denote the rinsed CIGSe
samples. Note that the lower intensity for all spectra of the NaF PDT 105 °C sample probably is
due to a larger distance between sample and X-ray tube. Gray bars represent binding energy
ranges for different chemical species according to literature data.

Upon analysis of the Ga LMM and In MNN Auger spectra (not shown), neither Ga oxides, nor
In-oxides could be detected. However, to identify additional Ga or In species, the Ga LMM and
In MNN Auger spectra were not fitted, but only compared by means of their shape. Thereby,
some percent of Ga-O or In-O might be overlooked. Yet, it is assumed that the relative amount
of these additional Ga or In species is very low.

Another observation, which confirms that no Ga or In oxides have formed (or that their amount
is very low) is the intensity of the O 1s signal. The intensity of the O 1s signal is very weak and
does not increase upon rinse. Therefore, no additional oxides should be formed upon rinse.

The Cu-O-Se secondary phase (as observed on the as-grown sample in Chapter 6.1.2, Figure
6.1.2.5) on the as-grown KF PDT 105 °C sample is not completely removed and remains intact
after rinse (not directly evident from Figure 6.2.1.3). This additional Cu species is detected at
higher binding energies, compared to Cu(CiGSe) and can be noticed by the slightly
asymmetric shape of the Cu 2ps, signal of the rinsed KF PDT 105 °C sample in Figure 6.2.1.3.
Moreover, the intensity for the Cu 2ps» signal increased by nearly a factor of 2, compared to
the untreated reference, so that a Cu-rich surface should have formed on the KF PDT 105 °C
sample.

A more detailed analysis of the Cu signals will be given in Chapter 6.2.3.

For Se, a slightly broader shape for the Se 3d signal is detected for the rinsed KF PDT 315 °C
sample (red), compared to the as-grown KF PDT 315 °C sample (black). In the analysis of the
Se 3d signals of the as-grown samples in Chapter 6.1 (page 33), a broader Se 3d shape was
ascribed to a not well-defined chemical environment for Se. This could also be the case for the
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rinsed sample. Another reason might be the formation of an additional Se species. This
circumstance will be discussed in Chapter 6.2.2.

The additional Se-component on the KF PDT 105 °C sample at Egin ~ 55 eV, which is believed
to be elemental Se (as determined in Chapter 6.1.1 on page 34), is completely removed after
the rinse.

For all other photoelectron signals (Ga 2p, Cu 2p, In 3d, and Se 3d) and the respective Auger
signals (Ga LMM, Cu LMM, In MNN and Se LMM) not mentioned so far, no additional species
are observed upon rinse. The signals of the rinsed NaF PDT samples are identical in shape
and width, compared to signals of the untreated, rinsed sample. The chemical analysis is
therefore continued for the two KF PDTs at 315 °C and 105 °C, where the spectra significantly
differ from the untreated and NaF PDT samples after rinse.

6.2.2 Chemical impact of the rinsing step on the KF PDT 315 °C sample

/\__K 2p XPS XAES
/ Al Ka rinsed Al Ka rinsed
as grown as grown
/\ mono x1/2 \\N\ mono
J A\ Se LMM/ K 2p N K LMM
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- — |
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S \\“ KFPDT S v
I _-Se LMy M, ~ EC = KF PDT
= / \ \ £ 315°C
Na \
~— no PDT L
300 295 290 285 280 275 240 245 250 255
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Figure 6.2.2.1 K 2p and K LMM spectra for the no PDT absorber surface (bottom spectra) and the
KF PDT 315 °C sample (top spectra). lllustrated in black are the respective as-grown samples
and in red the rinsed samples.

Upon rinse, 80 % of the K found at the surface of the as-grown KF PDT 315 °C sample,
possibly existent as K-F, gets removed from the surface (shown in Figure 6.2.2.1 left).

Since the K 2p signal overlaps with the Se LMM Auger, and the K LMM Auger shows a low
SNR, the exact chemical identification of the K-component is difficult. The position of K 2pasy. is
read from the peak maximum in the spectrum (at Egin ~ 294 eV), and the position of K LMM is
roughly estimated by the peak region of K LMM. Estimated uncertainties for K 2ps» and K LMM
are £0.1 and £ 0.7 eV, respectively. Figure 6.2.2.2 shows the Wagner-Plot for the modified
Auger parameter for K.
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Figure 6.2.2.2 Wagner Plot of the modified K Auger parameter o’k for the K species of the
KF PDT 315 °C sample (blue dashed area). The gray triangles show the data points from literature
for Kin different chemical environments. The corresponding sources have been given in Chapter
6.1 in the text. Note, that for many compounds, no K LMM values were reported in literature, but
only the K 2ps. These compounds are marked as dashed lines in the diagram.

The K species on the KF PDT 315 °C sample lies in closest distance to an “K + In,Ses"
environment, as found by Lepetit et al. [36,123] on a CIGSe surface aftetr a KF PDT. They
also observed a water-insoluble K species after a KF PDT and assumed its existence in an
In.Se; environment. Furthermore, they observed a second Se species besides Se(CIGSe),
attributed to Se-In bonds. For the work in hand, the Se 3d signal also changes considerably
on the rinsed KF PDT 315 °C sample. The Se 3d signal of the KF PDT 315 °C sample will
therefore be analyzed in the following.

76



Int. [arb. u.]

a) no PDT XPS KF-PDT b) |IXPs ||KF PDT 315°C N\ ' Exp.
Se 3d,, Al Kg 315°C ark, |Irinsed —— Fit Sum |
/ mono ] mono P~ —— Se(CIGSe)
Se 3d3/2 Se 3d \ 7 Se-In [l
\ rinsed {Se 3d / / \\ Background
as grown _ / —— Residual i
AVER
g9
2 [ —_—
: [\
0
56 55 54 53 56 55 54 53 5'7 5'5 5'5 5|4 5|3 5|2
Binding Energy [eV] Binding Energy [eV]

Figure 6.2.2.3 Se 3d spectra for a) the untreated reference (no PDT) and b) KF PDT 315 °C
samples as-grown (black) and rinsed (red). c) Fit of Se 3d for the rinsed KF PDT 315 °C sample
with two components. The different Se species found in the Se 3d fit are Se in a CIGSe
environment (green), labeled ,,Se(CIGSe)“ and an additional Se species (pink) labeled ,,Se-In*,
which is assumed to exist in an chemical environment similar to a Se-In component.

In Figure 6.2.2.3 a), the Se 3d signal is shown for the no PDT samples as-grown (black) and
rinsed (red). The doublet peaks Se 3ds» and Se 3ds» can just be separated visually. For the
KF PDT 315 °C samples b), the visual separation of Se 3ds. and Se 3ds- is not possible
anymore (or only suggestible) and additional intensity is detected. This observation is marked
with an arrow in Figure 6.2.2.3 b) and has already been reported for the as-grown
KF PDT 315 °C sample (black) in Chapter 6.1.2 in Figure 6.1.2.10. A reason for this additional
intensity between Se 3dsz and Se 3ds can be a broader Se 3d signal or an additional Se
species.

Furthermore, the low binding energy side of the Se 3ds;, peak (at Egin ~ 54 — 53 eV) on the
rinsed KF PDT 315 °C sample (red) is slightly flatter, than for the as-grown KF PDT 315 °C
sample (black). This indicates that upon rinse the chemical environment for Se has changed
slightly.

For the KF PDT 315 °C as-grown sample, only a variation of the FWHM of the Se 3d doublet
peaks (compared to the FWHM of the no PDT Se 3d peaks) was enough, to explain the
additional intensity between Se 3ds, and Se 3ds,.

For the KF PDT 315 °C rinsed sample, however, a fit of the Se 3d signal with only one Se 3d
doublet and varying FWHM or shape (to account for a not well-defined chemical environment)
does not lead to satisfying results. A good fit was only possible by the introduction of a second
Se species at lower binding energy. In Figure 6.2.2.3 c) the Se species at Egin = 54.18 eV
(green) is ascribed to Se(CIGSe) and the second Se species at Egin = 53.45 eV (pink) is
ascribed to Se-In bonds, as compared to values from Lepetit et al. ([123], Egin = 53.5 eV),
Handick et al. ([38], Esin = 53.54 eV) or Miyake et al. ([124], Egin = 53.59 eV).

Not only the absolute values for Egin 0f Se 3d are similar to literature, but also the energetical
distances between Se 3d of the Se-In species and the Se 3d of Se(CIGSe) species: In this
work the energetical separation of Se 3ds. between Se-In and Se(CIGSe) is 0.73 eV, which
compares well with 0.7 eV, detected in coevaporated In.Se; [125], or with 0.6 eV, detected in
Handick’s work [38].

Therefore, the additional Se species at lower Se 3d binding energies could stem from In-Se
bonds, which are chemically similar to In-Se bonds in In,Se;s or in a K-In-Se like component.
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Together with the finding of a stable K species, which chemically can exist in an “In,Se; + K*
like environment (as found out before, in Figure 6.2.2.2), a K-In-Se like component could also
exist on the KF PDT 315 °C sample. This means that the additional Se species, which is
identified to be bound to In, should also be bound to K. Thereby, a new component containing
Se, In, and K has formed on the rinsed KF PDT 315 °C sample surface.

In this respect, it is quite conspicuous that only for the KF PDT 315 °C sample a stronger In
signal and weaker Cu- and Ga-signals are observed (see Figure 6.2.1.3), compared to the
untreated sample. This underlines that a new In-containing species could have formed on the
surface, with an In 3d binding energy equal to In(CIGSe).

Because of the processual similarities between the KF PDT 315 °C and the KF PDTs applied
by Handick [38] and Lepetit [36], and the numerous similar experimental observations, the new
chemical species on the rinsed KF PDT 315°C sample can therefore be called
“K-In-Se*, as well.
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6.2.3 Chemical impact of the rinsing step on the KF PDT 105 °C sample

1xPs al Exp. _7XAES N E;;F’S-um
Al K — Fit Sum Al Ka
) a /\ —— Cu(CIGSe) i —— Cu(CIGSe)
imono Cu-O-Se mono Cu-0O-Se
{Cu 2p Background TCu LMM Background
812 —— Residual . / /\\ —— Residual

- SN
o\ e SN

7 ~ | ] N

T T T T T T T T T T T T
935 934 933 932 931 930 916 918 920 922
Binding Energy [eV] Kinetic Energy [eV]

Figure 6.2.3.1 Peak-Fit of Cu 2ps> and Cu LMM Auger spectra of KF PDT 105 °C rinsed to
distinguish between two different Cu species (purple and green).
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The Cu 2ps2 spectrum for the rinsed KF PDT 105 °C sample (Figure 6.2.3.1, left) shows an
asymmetric shape with additional intensity at higher binding energies (Egin ~ 932.5 - 933.5 eV),
and 2 Cu species with same width and shape (green and purple) can be fit into the signal. The
same holds for the Cu LMM Auger spectrum, which was reproduced by two Auger signals of
the reference sample, each of them being shifted and resized. The fit of the Cu LMM signal is
shown in Figure 6.2.3.1, right. One must mention, however, that different chemical
environments not only affect the line position of the Auger signal, but can also affect its shape.
This means that it could be problematic to reproduce the Cu LMM signal of a KF PDT 105 °C
sample with (a superposition of) the Cu LMM signal of a merely untreated, no PDT sample.
This holds true especially for the Cu LMM Auger signal [98], since it involves the Cu 3d derived
bands, which are part of the valence band and therefore distinctly impacted by the chemical
environment.

Nonetheless, a qualitative comparison of the Cu LMM signals for the KF PDT 105 °C and no
PDT sample (not shown) points out that an additional Cu species forms at lower kinetic energy
than Cu(CIGSe). Thereby, the fit of the Cu LMM signal of KF PDT 105 °C with a superposition
of no PDT-Cu LMM signals might be physically correct in this case.

All values for Cu 2ps» and Cu LMM of the rinsed samples were depicted in the Wagner plot of
the modified Auger parameter a'cy in Figure 6.2.3.2. Reference values can be found in
[92,94,98-100,102,109,118].
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Figure 6.2.3.2 Wagner Plot of the modified Cu Auger parameter o’cy for the untreated, rinsed
CIGSe surface (black) and the differently treated PDT CIGSe surfaces. The gray triangles show
the data points from literature for Cu in different chemical environments.

In the Wagner plot two groups of different Cu species are visible, similar like for the as-grown
samples. At o’cy ~ 1849.3 eV one finds Cu(CIGSe), as proposed for the as-grown samples.
The additional Cu species in KF PDT 105 °C with a’cy ~ 1849.1 eV again might be Cu-O. Since
O and Se are chemically similar, and the regions for Cu-O and Cu(CIGSe) overlap, the
additional Cu species may be bound to O and to Se at the same time. Thereby, the additional
Cu species on the KF PDT 105 °C sample can be denoted as Cu-O-Se.

Although the Wagner plot does not show any evidence for the formation of Cu-S bonds, a small
fraction of the Cu at the surface can be bound to sulfur, which is supplied in the rinsing solution
(aqueous NaS solution). This assumption is justified, since Cu and S show a high chemical
affinity towards each other (which is reflected in the existence of a high number of Cu-S-
minerals in natural deposit).

Subsequently, the S-related signals are analyzed in the following. It will be shown that a water-
stable S species has formed, which indeed can be bound to Cu.

Figure 6.2.3.3 depicts the S LMM Auger spectra (left) and normalized Se 3p/ S 2p
photoelectron spectra (right) for the untreated sample and the KF PDT 105 °C sample.
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Figure 6.2.3.3 S LMM Auger signals (left diagram) for the untreated reference (no PDT) and
KF PDT 105 °C sample, depicted as-grown (black) and rinsed (red). On the right, the normalized
Se 3p/ S 2p photoelectron spectra are shown for therinsed, untreated reference sample (no PDT,
black) and the rinsed KF PDT 105 °C sample (dark yellow). Se 3p / S 2p spectra are normalized
by setting the low binding energy background at ~155 eV to zero and the peak maximum to one.
Additionally, the spectrum for the KF PDT 105 °C sample is shifted by +0.08 eV on the energy-
axis to allow for a better comparison of the spectral shapes.

The KF PDT 105 °C sample, in rinsed condition, is the only sample, on which sulfur is detected.
For all other samples, no S LMM signal is observed. S LMM Auger spectra are given
exemplarily for the untreated reference and KF PDT 105 °C sample on the leftin Figure 6.2.3.3.
The S LMM Auger feature appears as a broad signal in the spectrum of the KF PDT 105 °C
sample. Its position was read from the peak maximum in the spectrum and is Exin ~ 149.4 +
0.5 eV. Unfortunately, no literature data for S LMM were found, except in the work of A.
Epprecht, in which a KF+S PDT was applied to CIGSe samples. The rinsed samples showed
a S LMM signal at Exin ~ 150.6 + 0.5 eV, but no further characterization of the S species was
made [94].

The S 2p signal is also detected and overlaps with the more intense Se 3p doublet
(Figure 6.2.3.3, right). The S 2p signal creates additional intensity between at Egin~
161 — 164 eV and the resulting Se 3p / S 2p spectrum (dark yellow) differs clearly from that of
the no PDT sample (black). The measured Se 3p/ S 2p spectrum was fitted with a sum of the
Se 3p (and Ga 3s) photoelectron signal of the no PDT sample and a S 2p doublet, with a spin-
orbit coupling of 1.16 eV and an intensity ratio of 0.511 [126]. The fit is shown below in Figure
6.2.3.4. For S 2ps» one determines Egin ~ 161.5 eV £ 0.5 eV. To characterize the S species on
the KF PDT 105 °C sample, literature values for different S species are included as gray boxes
in the diagram.

81



1KF PDT 105°C - Exp.
Trinsed S Cu,S HGS Fit Sum
: [] ] D Na,S|—— se 3p + Ga 3s
™\ S2p
LINa,-S-S0, Na -S-\S—O‘ //\\ Background
O 2 3 —— Residual
1K2SO,  Cuso, \ XPS |
—_ AlK,
> |
S / / mono
< Se 3p/|]
= \ S 2p
=

N\ /]
/NN ]\
_ N\ L\
Y A——2 ¢ N

T T T "+~ T T~ T T T
170 168 166 164 162 160 158 156

Binding Energy [eV]

Figure 6.2.3.4 Fit of the Se 3p/ S 2p photoelectron spectrum for the rinsed KF PDT 105 °C sample.
Boxes in gray mark binding energy regions of the S 2p signal for different S compounds, found
in literature.

According to the binding energy of the S species, a partial overlap with Cu.S is observed. K-S
species can be excluded, since no K is found on the rinsed KF PDT 105 °C sample. The
formation of elemental sulfur might also be excluded, since the difference in binding energy is
too large. More likely, with regard to binding energy, could be a S species as thiosulfate
(S205%). Then, however, it is questionable, which element present on the KF PDT 105 °C
sample would be able to oxidize S(-Il) to S(+11)? Since the O 1s signal decreases strongly after
rinse, and also no F is detectable (not shown), chemically, there was no element with a
sufficiently high redox potential left, which could oxidize S. Therefore, the S species might not
be existent as a thiosulfate. S species in even higher oxidation states like sulfates (S(+V1)) lie
too far away, at binding energies > 168 eV. Thus, all in all it seems most probable that Cu(l)-
S species have formed [127-129].

An explanation, why a Cu-S species only forms on KF PDT 105 °C goes as follows: As it was
shown in Chapter 6.1, the KF PDT 105 °C sample is the only sample, where Ga and In are
removed from the surface, at the same time. The resulting surface is therefore Ga- and In-
depleted (as pointed out in the summary of Chapter 6.1). The remaining Cu (and Se) atoms
are thus coordinatively unsaturated, and only then will be able to react with new binding
partners, e.g., sulfides.

To sum up, for the rinsed KF PDT 105 °C sample the formation of an insoluble, stable second
Cu-component in an oxidic, sulfidic and/or selenic chemical environment (Cu-S-Se-O) is
supposed. A more accurate identification is not possible so far from XPS results, because in
metal salts O, S and Se show pronounced chemical similarities.
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6.2.4 Remaining Na species on the CIGSe surface after the rinsing step

Besides a possible formation of new S-components, the rinse also deposits some additional
Na onto the sample surfaces. A short characterization of the chemical state of Na is presented.

For an overview, the Na 1s spectra for all samples are displayed, before and after rinsing, in
Figure 6.2.4.1.
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Al K,/ Mg K, as grown
mono / non-mono
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Figure 6.2.4.1 Na 1s spectra for all samples in as-grown condition (black) and after rinsing (red).
All spectra are measured with Al Kq excitation, except for the NaF PDT 105 °C sample, which was

measured with Mg Ko excitation. For a better comparison of absolute intensities, the scaling is
equal in all diagrams.

After rinsing a Na 1s signal is detected on all samples. The Na 1s signal intensity (peak area)
increases in the following order of samples: no PDT < NaF PDT < KF PDT. All Na 1s signals
can be fitted with one single Voigt function, which is also equal in shape and width for the NaF
PDT 315 °C, KF PDT 315 °C and KF PDT 105 °C sample. The Na 1s signal for NaF PDT 105
°C is wider and different in shape, possibly because of excitation with Mg K,, rather than Al K,
(mono). Na 1s and Na KLL positions are presented in the Wagner plot for the modified Auger
parameter o’na in Figure 6.2.4.2.
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Figure 6.2.4.2 Wagner Plot of the modified Na Auger parameter a’na for the differently-treated,
rinsed PDT CIGSe surfaces. Literature values for Na(CIGSe) are marked as a hatched area. The
gray triangles show the data points from literature for Na in different chemical environments.

With a/na ~ 2063.3 £ 0.2 eV the Auger parameter is similar for all PDT samples and is slightly
different for the untreated reference (o'na~ 2062.7 €V). Upon comparison with literature
values, all Na species should exist in an chemical environment, in which they are bound to
oxygen and selenium. This Na species will be denoted as “Na-Se-O“. For NaF-treated
samples, a distinct shift of Na 1s to higher binding energies is observed. Especially the NaF
PDT 105 °C sample (pink) has “left” the region where Na(CIGSe) is expected, and assume a
more oxidic environment, like for NaxO, for example. Yet, no high amounts of O were found,
specifically on the NaF PDT 105 °C sample. The highest amounts of O (according to O 1s
intensity) is found on the rinsed KF PDT 105 °C sample, in which Na 1s in turn, has one of the
lowest binding energies.

One possible explanation might be a Na-Br-bond, since bromine is found on the rinsed
NaF PDT 105 °C sample. The rinsed NaF PDT 105 °C sample is the only sample, which
suffers from an unintended contamination with bromine. The bromine exists as a bromide
species (Br) on the CIGSe surfaces in relative amounts of ~3 % and until now, no specific
effect on device performance is observed.
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6.2.5 Relative changes of CIGSe surface stoichiometry due to AlkF PDT and
subsequent rinsing step and summary of reaction products

So far, it has been observed that the rinse has washed off most of the PDT reactants, and that
a thin secondary component layer (in case of KF PDT), together with a Na-Se-O component,
has formed on the surface. It is evaluated now, how the stoichiometry of the underlying CIGSe
phase has changed. Like for the analysis of the as-grown samples, one will determine and
compare peak areas from photoelectron signals appearing in the “Low binding energy region®
at Egin ~ 80 — 0 eV. The estimated values are depicted below in Table 5.

Peak-Areas [arb. u.] Peak-Area Ratios
Ga Ga+in
Sample | In4ds: Ga3dsz Se 3dse n Se
no PDT | 2733 525 4067 0.19+0.01 0.80 +0.03
NaF 315 | 2976 498 4190 0.17+0.01 0.83+0.04
NaF 105 | 1163 275 1869 0.24 +0.02 0.77 £ 0.03
KF 315 | 3638 157 3759 0.04 + 0.00 1.01 +£0.05
KF 105 | 2053 398 2973 0.19+0.01 0.82+0.14

Table 5 Determined peak areas for In 3ds;z, Ga 3dsz, Se 3ds2 (solely the CIGSe part of the peak is
included, secondary species are excluded here) and calculated peak area ratios for the
untreated, rinsed sample and the rinsed PDT samples. Delta is the error margin of the
corresponding ratios.

For the NaF PDT 315 °C sample a very slight Ga-depletion is determined, together with an In-
and Se-enrichment. This sounds reasonable, since the Ga-F, which was formed during PDT,
has decreased the amount of Ga(CIGSe) and has now been washed off the surface.

A similar trend is visible for the KF PDT 315 °C sample: A strong decrease is observed for Ga,
a slight decrease for Se, and an enrichment of In.

The decrease of Se can be explained with formation of the additional Se species of the K-Se-
In(-O)-component: Some amounts of Se(CIGSe) probably react to form Se/(K-In-Se(-0)). This
part of Se(CIGSe) is therefore “consumed” within the KF PDT 315 °C so that the intensity for
Se(CIGSe) decreases.

The increase in In 4d intensity can be explained as follows:

As less Ga atoms are present at the surface, inelastic scattering of In 4d photoelectrons by
these Ga-atoms is decreased. Hence, more In 4d photoelectrons are detected. Alternatively,
the In atom concentration could have increased at the surface, due to formation of the K-Se-
In(-O) component.

On the NaF PDT 105 °C sample the Ga/In ratio and the (Ga+In)/Se ratio are (within the margin
of error) comparable to the ratios of the untreated sample. Therefore, a nearly unchanged
surface composition of the NaF PDT 105 °C sample is assumed.

The composition of the KF PDT 105 °C sample also seems to be “restored after rinsing, and
no relative changes compared to the untreated, rinsed sample are observed. The attenuation
of the signal intensities for In, Ga and Se can be explained by the Cu-S-Se-O species, which
lies on top the CIGSe surface. It must be stressed, however that this additional Cu species on
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top (Cu-S-Se-0) has been disregarded in Table 5. Therefore, the Ga/ln and (Ga+In)/Se ratios
are similar to the untreated sample, but the Cu(CIGSe) amounts might be reduced due to
formation of Cu-S-Se-O.

After completion of the chemical characterization of the rinsed samples, a summary of the most
important results is attempted. For this purpose, a sketch is shown in Figure 6.2.5.1 that
presents the determined components on the different sample surfaces.

no PDT
Na-O-Se
co /
CIGSe
NaF PDT KF PDT
Ga-depleted
co CO Na-O-Se In-enriched
. Na-O-Se K-Se-In(-0) =
PDT
315 5¢ CIGSe CIGSe
cO
Na-O-Se
Na-O-Se(-Br)
Teor Cu-S-Se-0
105 oc CIGSe CIGSe

Figure 6.2.5.1 Summary of surface components on the untreated, rinsed reference sample
(“no PDT”) and different PDT-treated, rinsed samples. Note, that the sketch is simplified and
does not represent the exact morphology of the different components on the CIGSe surface.

Rinsing the PDT samples with an aqueous NaS solution has a great impact on the chemical
composition of the sample surfaces.

The rinse removes all fluorides from the surfaces like alkali fluorides, but also PDT reactants
like Ga-F species and In-F species. At the same time, Na from the rinse is deposited on the
CIGSe surface, where it probably exists, chemically bonded to Se and O. This Na-Se-O
component covers the surface in different amounts in increasing order on the samples: no PDT
< NaF PDT < KF PDT. Exclusively on the NaF PDT 105 °C sample, low amounts of bromide
are detected, which could be part of the Na-O-Se component.

The composition of the NaF PDT sample surfaces is nearly unchanged, compared to an
untreated (no PDT) sample, although high amounts of Ga-F species (relative to Ga(CIGSe))
were found especially on the NaF PDT 315 °C sample after PDT (see Figure 6.1.2.2, page
43).

In contrast, after a KF PDT the surface composition is altered dramatically, and also depends
on Tepr: For the KF PDT 315 °C sample the depletion in Ga at the CIGSe surface is very
pronounced and a stable K species is observed, together with a new Se species, bounded to
In. One suggests the formation of a component, in where these new species are combined,
denoted as “K-Se-In(-O)“. The exact stoichiometry and bonding situation, however, is not clear.

On the KF PDT 105 °C sample, Ga-F, as well as In-F species have been washed away during
the rinse, so that in this case probably a Ga- and In-depleted CIGSe surface resulted. Together
with S from the rinse, the (relatively) Cu- and Se-enriched surface forms a Cu-O-Se-S
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secondary component. This Cu-rich secondary component is speculated to create the
detrimental electrical effects, presented in Chapter 5.

Of course, the here presented sketch is only a very simplified depiction of the surface structure.
For example, it is not clear, if the secondary components (Na-Se-O, K-Se-In(-O), Cu-S-Se-0)
cover the surface homogeneously (thickness-variation, layer or island growth, ...). Since the
CIGSe surface is a polycrystalline surface, and the XPS technique measures the signal
integrated over the whole CIGSe surface, one is not able to examine the exact chemical
situation at the very different facets of the CIGSe surface.
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7 Promotion of the chemical reactivity by elemental Se
supply during the KF PDT

The simultaneous supply of alkali fluorides and Se during the PDT substantially contributes to
the effectiveness of the PDT. Many research groups coevaporate Se during the PDT, but the
exact explanation for the chemical role of Se has not been elucidated so far. One possible
reason is as follows: With thermal desorption experiments it was shown, that a heated CIGSe
surface decomposes under vacuum conditions by desorption of Ga- and In-selenides [130].
To deal with this problem, a low Se flux is applied when the CIGSe sample is still to be heated
(e.g., during a PDT). It is then believed that a low Se flux impedes the desorption of selenides
from the surface and thereby stops the degradation of the CIGSe sample. Like it was
mentioned before, the effectiveness of this procedure has not been examined, yet.

Another observed Se-effect is, that, without a Se supply during PDT, the alkali diffusion into
the CIGSe layer is pronouncedly impeded and the resulting cell efficiencies are slightly higher
than those with Se. These observations have already been made at ZSW but are not
explained, yet.

Therefore, a thorough explanation of the chemical involvement of Se in the PDT on the CIGSe
surface is necessary. With a better understanding of the PDT-mechanism, it might be easier
to explain, e.qg., the formation of In-F species, which exceptionally arise on the KF PDT 105 °C
sample. Hence, the effect of Se on both KF PDT samples will be evaluated, since KF PDTs
lead to more drastic chemical changes of the CIGSe surface. The hope is that a KF PDT is
more sensitive towards variations in the Se supply, than a NaF PDT. (This observation has
also been made by R. Wiirz [131]) Following thereon, the chemical differences, which stem
from different Se supplies, might be more pronounced for KF PDTs.

To investigate an extreme case, consequently KF PDTs with no Se supply at all will be
examined. Small traces of coevaporated Se, however, cannot be fully excluded, since
desorption of Se from hot parts of the deposition chamber cause a permanent small Se
background pressure. This circumstance must be taken into account, although a liquid nitrogen
cooling shroud was used in the PVD chamber.

Throughout the whole analysis of the new KF PDT samples without Se supply, the results and
spectra of the KF PDT samples with Se supply from Chapter 6 are additionally presented, to
precisely highlight the differences arising from Se.
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7.1 Comparison of the reaction products after a KF PDT with or
without Se supply (“as-grown” samples)

The KF PDT samples with and without Se supply were prepared in two different sample sets
on two different preparation runs with a time lag of 1 year. Over this time period, the condition
of the deposition chamber had changed, such as the residual gas composition, the composition
of the material residue at the chamber walls or traces of water therein. All in all, however, the
resulting CIGSe bulk compositions of the two sample sets are nearly identical, as verified by
X-ray fluorescence measurements. Comparison of XPS measurements showed a slight
decrease of Se-amount at the surface of the new samples (not shown). More important,
however, is the decrease in intensity of the whole spectrum by ~50%. It is assumed that the
reason for this decrease is a difference in the distance between sample and X-ray tube, since
the X-ray tube was equipped with an additional pumping station in the meantime. Therefore,
to better compare the signal intensities of the two sample sets to each other, the intensity of
all spectra of the new sample set will be increased by a factor of 2.

For a first glance, the survey spectra of the KF PDT 315 °C and KF PDT 105 °C sample
surfaces with and without Se in Figure 7.1.1.1 will be compared in the “as-grown” state.

From now on, samples that underwent a standard PDT with Se supply will be marked with
“w/ Se*. Samples that underwent a PDT without Se supply will be marked with “w/o Se*.
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7.1.1 General difference in the chemical constitution of CIGSe surfaces after a
KF PDT with or without Se supply

XPS

KF 105 °C
X2
w/o Se

KF 105 °C
w/ Se
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KF 315 °C
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Figure 7.1.1.1 Al K excited survey spectra for KF PDT samples (as-grown) at Tept = 315 °C and
105 °C with and without Se supply during the PDT. All measured spectra of KF PDTs without Se
are multiplied with a factor of 2. Prominent photoelectron and Auger lines from CIGSe- and KF-
related elements are highlighted.

In Figure 7.1.1.1 it can be seen that for both Tppr, the survey spectra of KF PDTs with and
without Se are very similar. No additional photoelectron or Auger signals are detected on both
samples without Se supply, compared to the respective sample with Se supply. For the KF
PDT 315 °C w/o Se sample ~50 % less intensity for F 1s is detected than on the KF PDT
315 °C w/ Se sample. For the KF PDT 105 °C w/o Se sample ~10 % less K 2p intensity, ~
25 % less F 1s intensity and ~80 % less O 1s intensity is detected than on the KF PDT 105 °C
sample with Se supply.

Another noticeable difference is the inelastic background. For both KF PDT samples without
Se, additional background intensity at Egin > 1070 eV is observed, in comparison to the KF PDT
samples with Se.

For a more detailed comparison, the CIGSe core levels will be discussed in the following.
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7.1.2 Detailed examination of the difference in the chemical structure after a
KF PDT with or without Se supply

Analysis of Ga-related photoelectron and Auger signals
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Figure 7.1.2.1 Ga 2ps2 photoelectron spectra (left) and Ga LMM Auger spectra (right) for CIGSe
samples (as-grown) which underwent KF PDTs at Tppr = 315 °C and 105 °C and with different Se
supplies. Note: All Ga 2ps;, spectra were measured with Al Kq radiation, whereas the Ga LMM
Auger spectra were measured by either Al Ko or Mg Kq radiation, depending on the sample. Gray
bars represent binding energy ranges of different Ga-bonds according to literature data.

Figure 7.1.2.1 compares the Ga 2ps2 photoelectron signals for KF PDTs with and without Se
at different Tepr. For the Ga 2ps. of the KF PDT 315 °C w/o Se sample surface a peak
maximum at Egin ~ 1118 eV is observed and a slightly broader shoulder at higher binding
energies, compared to the respective sample with Se. The shoulder at higher binding energies
is less pronounced on the KF PDT 315 °C w/o Se sample. The signal can be fit with two Voigt-
functions and a linear background, similar to the sample with Se (not shown). In both cases a
Ga(CIGSe) species and a Ga-F species is found. The difference between the two samples is
that, relatively and absolutely, lower amounts of Ga-F bonds (to Ga(CIGSe)) on the
KF PDT 315 °C w/o Se sample are detected. A comparison of the corresponding Ga LMM
Auger signals shows the same finding: Both Ga LMM spectra of the KF PDT 315 °C samples
look similar, and two Ga species belonging to Ga(ClGSe) and Ga-F can be detected at
Ekin ~ 1065 and 1059 eV, respectively. For the KF PDT 315 °C w/o Se sample, however, the
ratio of Ga-F to Ga(CIGSe) is smaller on the KF PDT 315 °C w/o Se sample than on the KF
PDT 315 °C w/ Se sample. Again, the Ga LMM Auger signals were not precisely fit and it might
be that some percent of Ga-O bonds are overlooked. Like for the samples with Se (Chapter
6), however it is assumed that the residual, unidentified Ga species make a small contribution,
only.

On the KF PDT 105 °C samples (w/ and w/o Se) one also observes two different Ga-species
at Egin ~ 1017.5 and 1019 eV, stemming from Ga(CIGSe) and Ga-F bonds, respectively. In
addition, different ratios of Ga-F to Ga(CIGSe), are observed on the KF PDT 105 °C samples,
depending on the Se supply: On the KF PDT 105 °C w/o Se sample, more Ga(CIGSe) (relative
to Ga-F) is found than on the KF PDT 105 °C w/ Se sample. This trend can be observed in
both spectra, Ga 2ps» and Ga LMM.
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Despite these differences, for both KF PDTs at 315 °C (with and without Se), Ga-F is the minor
species and Ga(CIGSe) is the major species. For both KF PDTs at 105 °C this ratio is reversed
and Ga-F is the major species, while Ga(CIGSe) is the minor species.

Like for the samples with Se in Chapter 6, the photoelectron peak positions are determined by
their fits and the position of the Ga LMM Auger signals is read from the spectra. The resulting
data points for the modified Auger parameter o'ca for Ga are illustrated in the Wagner plot in
Figure 7.1.2.2.
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Figure 7.1.2.2 Wagner plot of the modified Auger parameter o’ca for the pristine CIGSe surface
(black) and KF PDTs (as-grown) with or without Se supply. The data point marked with * belongs
to a speculation found in literature. The shaded areas as well as the gray triangles show data
points from literature for Ga in different bonding environments.

The Ga-F and Ga(CIGSe) species formed in KF PDTs without Se are chemically very similar
to those species formed in a KF PDT with Se. This fact is independent of Tepr. For Ga(CIGSe),
o’ca decreases by ~0.4 eV from KF PDT 105 °C w/ Se to KF PDT 105 °C w/o Se. This can
mainly be due to different amounts of fluoride at the surface, as will be seen in Chapter 7.1.5.
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Analysis of Cu-related photoelectron and Auger signals
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Figure 7.1.2.3 Cu 2ps» photoelectron spectra and Cu LMM Auger spectra for CIGSe samples
which underwent KF PDTs (as-grown) at different Tppr=315 °C and 105 °C and with and without
Se supply. Cu 2ps2 (Ga LMM) spectra are normalized by setting the low binding energy
background at ~930 eV (high kinetic energy background at ~923 eV) to zero and the peak
maximum to one. Additionally, the signals are shifted on the energy-axis to allow for a better
comparison of the spectral shape. Respective shifts are given in the diagram. Gray bars
represent binding energy ranges of different Cu-bonds according to literature data.

For both KF PDT 105 °C w/o Se samples, a broadening of the Cu 2ps; signal is observed
(Figure 7.1.2.3, left), in which the broadening is slightly more pronounced for the
KF PDT 105 °C w/o Se sample, than for the KF PDT 105 °C w/ Se sample. Possibly, an
additional Cu-bond exists for the KF PDT 105 °C w/o Se sample, but in higher amounts
(relative to Cu(CIGSe)) than for the KF PFT 105 °C sample. According to literature values, the
additional Cu species can stem from Cu-O or Cu-Se-bonds, similar to the case of the sample
with Se.

In the Cu LMM Auger spectra (Figure 7.1.2.3, right) also a broadening of the signal of both
KF PDT 105 °C samples (with and without Se) is observed. The signal broadening can be due
to an additional Cu species at lower kinetic energy, like Cu-O, which is in accordance with the
Cu 2ps» spectrum. Moreover, because no satellite structure is observed in the Cu 2psp
spectrum at higher Egin, one can rule out the existence of Cu(ll)-species.

In the Cu LMM Auger spectrum, however, the relative contributions of Cu(CIGSe) and Cu-O
(or Cu-Se) are different than in the Cu 2ps, spectrum. This might be due to different depth-
distributions of the additional Cu species throughout the surface region. Since Cu 2psp
photoelectrons are more surface sensitive than Cu LMM Auger electrons, higher amounts of
the additional Cu species (relative to (Cu(CIGSe)) could exist at the upper most surface region
for the KF PDT 105 °C w/o Se sample (compared to the KF PDT 105 °C w/ Se sample), and
lower amounts somewhat deeper within the surface.

Both KF PDT 315 °C samples (with and without Se) show a similar shape in the Cu 2pas»
spectra and are detected in the binding energy region for Cu(CIGSe). Therefore, it is assumed
that no additional Cu species forms on the KF PDT 315 °C w/o Se sample, and also that the
chemical environment of Cu is similar to that of the KF PDT 315 °C w/ Se sample.

To evaluate the exact position of the particular Cu species on the KF PDT 105 °C w/o sample,

the Cu 2ps signal was fitted with two Voigt-functions. For the fit of the Cu LMM Auger, the

signal was reproduced by a sum of two Cu LMM spectra of the untreated Ar*-ion cleaned

reference sample (no PDT). These reference spectra were allowed to be resized and shifted
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to reproduce the Cu LMM Auger signal of KF PDT 105 °C w/o Se. Additionally, a linear
background was added. The resulting positions for Cu 2pz, and Cu LMM are displayed in the
Wagner plot of the modified copper Auger parameter o'cy in Figure 7.1.2.4.
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Figure 7.1.2.4 Wagner plot of the modified Auger parameter o’c, for the pristine CIGSe surface
(black) and KF PDTs (as-grown) with and without Se supply. The shaded areas as well as the
gray triangles show data points from literature for Cu in different bonding environments.

For the KF PDT samples w/o Se, a modified Auger parameter of o'cy = 1849.46 eV is
calculated for the Cu(CIGSe) species. For the KF PDT samples w/ Se, a modified Auger
parameter of o’cy = 1849.26 eV is calculated for the Cu(CIGSe) species. For these four
samples, the main contribution is expected to be Cu in a CIGSe-like chemical environment.

The additional Cu species, which is observed on the KF PDT 105 °C samples, can be assigned
to Cu-O bonds. Despite that a’cy = 1849.14 eV of the KF PDT 105 °C samples is similar to that
of the Cu(CIGSe) species (o'cu ~ 1849.25 eV), the Cu 2ps2 binding energy and Cu LMM Auger
kinetic energy suggest Cu-O bonds. Therefore, the additional Cu species on the KF PDT
105 °C w/o Se sample might be a Cu-O-Se-like component, with slightly less amounts of O,
compared to the KF PDT 105 °C w/ Se sample. This conclusion sounds reasonable, since the
O 1s signal is much smaller on the KF PDT 105 °C w/o Se sample.
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Analysis of In-related photoelectron and Auger signals
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Figure 7.1.2.5 In 3ds, photoelectron spectra (left) and In MNN Auger spectra (right) for CIGSe
samples which underwent KF PDTs at Tppr = 315 °C and 105 °C and with different Se supplies.
Note: All In 3ds, spectra were measured with Al Kq radiation, whereas the In MNN Auger spectra
were measured by either Al Ko or Mg Ko radiation, depending on the sample. Gray bars represent
binding energy ranges of different In-bonds according to literature data.

Figure 7.1.2.5 (left) compares the In 3ds;> photoelectron signals of KF PDTs with and without
Se supply. Peak-shape and —width of the two KF PDT 315 °C samples (with and without Se)
are similar, and no additional In-components are observed. For both KF PDT 105 °C samples,
additional In species are found at higher binding energies. In comparison to literature data In-
O and In-F bonds may have formed. This was already observed for the KF PDT 105 °C w/ Se
sample surface.

Like for Ga, the ratio of In(CIGSe) to the additional In species is different on the
KF PDT 105 °C w/o Se sample, compared to the KF PDT 105 °C w/ Se sample. On the
KF PDT 105 °C w/o Se sample, In(CIGSe) is detected as a major component, whereas for
KF PDT 105 °C w/ Se, In-O and In-F are major components. A look at the In MNN signals
(Figure 7.1.2.5, right) confirms this observation: For the KF PDT 105 °C w/o Se sample,
In(CIGSe) is still visible in the spectrum at Exin ~ 408 eV and additional intensity is observed
from Exin ~ 403 — 398 eV, compared to the In MNN signal of the KF PDT 105 °C w/ Se sample.
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Figure 7.1.2.6 Peak-fit of In 3ds» photoelectron signal (left) and In MNN Auger spectra (right) of

KF PDT 105 °C w/o Se to distinguish between the three different In species: In(CIGSe) (purple),

In-O (green) and In-F (brown).
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Therefore, a complete different In MNN shape results for the KF PDT 105 °C w/o Se sample
(compared to KF PDT 105 °C w/ Se) and the fit of In MNN and In 3ds» are depicted in
Figure 7.1.2.6.

The In 3ds,, (Figure 7.1.2.6, left) signal can be fit with three Voigt-functions representing three
In-components, which can be ascribed to In(CIGSe), In-O, and In-F in a ratio of 1 : 0.4 : 0.2.
Three In-components can also be found in the In MNN Auger signal (Figure 7.1.2.6, right). The
signal was reproduced by a superposition of the In MNN Auger spectrum of the untreated, Ar*-
ion cleaned reference sample (no PDT). The reference sample spectra were resized and
shifted, and a linear background was added to reproduce the initial signal. According to
literature values, the In species found from the fit of the In MNN spectrum also suggest
formation of In(CIGSe), In-O and In-F. The ratio is 1 : 0.3 : 0.7. The two ratios evaluated with
In 3ds» and In MNN are different, likely due to the different surface sensitivities of the two
measurements. The data suggests that In-F exists mainly at the uppermost surface region as
the In MNN measurement is more surface sensitive. To verify the chemical identification of In-
O and In-F bonds, the corresponding positions of In 3ds, and In MNN for each sample are
illustrated in the Wagner plot for In in Figure 7.1.2.7.
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Figure 7.1.2.7 Wagner plot of the modified Auger parameter o’j, for the pristine CIGSe surface
(black) and KF PDTs (as-grown) with and without Se supply. The shaded areas as well as the
gray triangles show data points from literature for In in different bonding environments. For the
KF PDT 105 °C w/ Se sample (dark yellow) no In(CIGSe) component was found in the In MNN
Auger signal, as described earlier in Chapter 6.1. Therefore, only a dashed line is given at
Egin ~444.7 eV.

The modified Auger parameter o’in is very similar for all In(CIGSe) species. The data point for
the KF PDT 315 °C w/o Se sample lies 0.2 eV away from the In(CIGSe)-region, possibly due
to a different surface states induced band bending, which might change because of varying
amounts of fluoride at the CIGSe surface. Nevertheless, the light blue data point for the
KF PDT 315 °C w/o Se sample is ascribed to an In(CIGSe) species.
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For the additional In species on the KF PDT 105 °C samples, two groups can be roughly
observed: One In species at Egin~445.7-4459eV and the other one at
Egin ~ 446.2 — 446.4 eV.

The second In species is ascribed to In in an In-O-environment. These In-O environments can
be found on both KF PDT 105 °C samples (w/ Se and w/o Se). Although these two data points
lie a bit outside the range for literature values of In-O, an In-O environment is the only possible
candidate in this region of the Wagner plot. The reason is that for other In-environments, such
as In-Se or In-F, another kinetic energy was expected.

The third In species on KF PDT 105 °C w/o Se should also stem from In-F bonds, as was
already determined for the KF PDT 105 °C w/ Se sample (in Chapter 6 on page 44 — 46). With
a difference in o’jn of ~ 0.4 eV the chemical environments are comparable quite well and both
lie near other values found in literature.

Analysis of Se-related photoelectron and Auger signals

KPS Se©O ] [ Ise(CiGSe) XAES Dse(CIGSe)
Al K, mono| — Al K Se(0)—1
r— /7 107 monuclJ
Se(Zh / \
AN 2| | KF-PDT wio Se Se LMM

o N\
//\ 105°C 0.8 =G
/ KF-PDT w/ Se -~
105°C 06

Int. [arb. u.]
— /

315°C

PN e w//// \
| N\

€ 0.2 {or
o
/ \ : \\
/ -
— N~ no PDT So0 . . : .
58 57 56 55 54 53 52 1300 1305 1310 1315
Binding Energy [eV] Kinetic Energy [eV]

Figure 7.1.2.8 Al Kq excited Se 3d (left) and Se LMM Auger spectra (right) for as-grown CIGSe
samples that underwent KF PDTs at Tppr = 315 °C and 105 °C and with and without Se supply.
The Auger spectra are normalized to zero at the high kinetic energy background and to one at
peak maximum. Gray bars represent binding energy ranges of different Se-bonds according to
literature data.

The Se 3d spectra in Figure 7.1.2.8, left, show that the KF PDT 315 °C samples are similar in
width and shape and that they are broader than the Se 3d spectrum of the no PDT sample.
This suggests that Se on the KF PDT 315 °C w/ Se and w/o Se samples might exist in a
chemically not well-defined environment. However, for the KF PDT 105 °C samples (with and
without Se), distinct differences in the peak shape are observed for the Se 3d spectra:

The Se 3d spectrum of the KF PDT 105 °C w/o Se sample shows additional intensity at higher
binding energy with a shoulder at Egin ~ 56 €V and slightly more intensity at Egin ~ 55 eV,
compared to the untreated sample. A fit of this Se 3d spectrum with two Voigt-functions reveals
the formation on an additional Se species (along with Se(CIGSe)) at higher Egin. This the
additional Se species at higher Egin is related to elemental Se upon comparison with literature
data. Elemental Se was also detected on the KF PDT 105 °C w/ Se sample, as shown in
Chapter 6 on page 47+48. However, compared to the KF PDT 105 °C w/ Se sample, the
intensity at Egin ~ 55 and 56 eV is lower on the KF PDT 105 °C w/o Se sample. Therefore, less
elemental Se is detected on the KF PDT 105 °C w/o Se sample than on the KF PDT 105 °C
w/ Se sample. The Se LMM spectra in Figure 7.1.2.8, right support these findings: For both
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KF PDT 105 °C samples (w/ Se and w/o Se), additional intensity is detected at Exin < 1311 eV.
A fit of the Se LMM signals with a sum of two Se LMM signals for the no PDT samples (not
shown) indeed reveals the formation of an additional Se species at lower Exin, which is ascribed
to elemental Se. The fit of the Se LMM signal, however, was not very good, so that high error
margins result for the position of the second Se species in the Se LMM spectrum.

The amount of elemental Se (Se(0)) on both KF PDT 105 °C samples (with and without Se) is
quite different: Distinctly less Se(0) is observed on the KF PDT 105 °C w/o Se sample, than
on the KF PDT 105 °C w/ Se sample. This of course makes sense, since no Se was supplied
during the PDT. The question, however, arises: Why can Se(0) be detected at all? One reason
could be desorption of Se from hot parts of the deposition chamber, like mentioned earlier in
the introduction. Another possibility might be the chemical reaction of selenides
(Se(2-)) to form Se(0). Since, formally, no reactant is available to oxidize Se(2-), this reaction
might not be very probable, though.

To confirm that a Se(0) species is detected on the CIGSe surfaces, the determined positions
for Se 3d and Se LMM are depicted in the Wagner plot for Se in Figure 7.1.2.9.
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Figure 7.1.2.9 Wagner plot of the modified Auger parameter o’se for the pristine CIGSe surface
(black) and KF PDTs (as-grown) with or without Se supply. The shaded areas as well as the gray
triangles show data points from literature for Se in different bonding environments. The error
margin for the additional Se species, found on both KF PDT 105 °C samples, is relatively high,
due to difficulties with the fit of the spectrum.

All Se(CIGSe) species are chemically very similar and lie within the range of Se(CIGSe)
species found in literature. The two additional Se species on the KF PDT 105 °C samples (with
and without Se), located at Egin > 55 eV, only differ by 0.2 eV in ao’se. Despite the high
uncertainty for Exin, both points lie in proximity of Se(0), as found in literature. Oxidized Se
species, such as Se(2+) appear at distinctly higher binding energies around 57 — 58 eV and
can therefore be excluded as possible candidates for the here-found additional Se species.
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7.1.3 Comparison of the non-CIGSe related elements after a KF PDT with or
without Se supply

Analysis of K-related photoelectron and Auger signals
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Figure 7.1.3.1 Al Ky or Mg Kq excited K 2p photoelectron spectra (left) and K LMM Auger spectra
(right) for as-grown CIGSe samples, which underwent KF PDTs at Tepr = 315 °C and 105 °C and
with different Se supplies.

For all KF PDT samples the K 2ps, signal is clearly visible at Egi, ~ 293.5 eV (Figure 7.1.3.1,
left). On the Al K,-excited samples KF PDT 315 °C w/ Se and KF PDT 105 °C w/ Se, however,
the K 2p and C 1s signals are overlapped by the Se LMM Auger signal. Especially for the
KF PDT 315 °C w/ Se sample (light blue), this Se LMM Auger signal is very intense, so that it
partially masks the K 2p signal. On the Mg K, excited samples KF PDT 315 °C w/o Se and
KF PDT 105 °C w/o Se, the K 2p and C 1s signals are uniquely identifiable, though.

When comparing the signal intensities, it is found that the K 2p intensities are higher on the
KF PDT 105 °C samples (both, with and without Se supply) than on the respective
KF PDT 315 °C samples.

All K 2p signals can be fitted with one doublet; for the Al K., excited spectra the Se LMM signal
was subtracted prior to the fit.

The K LMM Auger spectra look similar with slight differences in shape. Like for the K 2p signals,
the intensity for K LMM on the KF PDT 105 °C samples (both, with and without Se supply) is
higher than on the respective KF PDT 315 °C samples. This is illustrated in a lower SNR for
the KF PDT 315 °C samples (light blue and brown) in Figure 7.1.3.1, right.

To be able to compare the K 2p intensities throughout all KF PDT samples, only Al K,-excited
survey spectra were analyzed (different to the spectra shown in Figure 7.1.3.1). The peak
areas for KF PDT 315°C w/ Se, KF PDT 315 °C w/o Se, KF PDT 105 °C w/ Se and
KF PDT 105 °C w/o Se appear in the ratio 1.3 : 1 : 8 : 5. More K on samples at low Tppr is
reasonable, since less desorption of K should take place. Moreover, the K 2p signal intensity
for samples with Se supply is higher, compared to samples without Se supply.
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The position of the K 2p and K LMM Auger signals are illustrated in the Wagner plot for the
modified Auger parameter for o'k potassium in Figure 7.1.3.1.
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Figure 7.1.3.1 Wagner plot of the modified Auger parameter a’«x for the pristine CIGSe surface
(black) and KF PDTs (as-grown) with or without Se supply. The gray triangles show data points
from literature values for K in different bonding environments. For many K species only the
binding energy is given but no data for K LMM were found in literature. These K species are
marked as dashed lines.

For the KF PDT 315 °C samples (with Se and without Se) o'k ~ 543 eV and both data points
lie very close to each other. For the KF PDT 105 °C samples (with Se and without Se) o'k ~
542.5 eV and again, their o'k values are very similar (comparing the samples with and without
Se). On both KF PDT samples w/o Se (315 °C and 105 °C, brown and light green) it can be
evaluated that K-F bonds have formed, similar to both KF PDT samples w/ Se (315 °C and
105 °C, light blue and dark yellow), as was shown in Chapter 6.1 on page 54. For the KF PDT
315 °C samples (with and without Se), the K-F species resemble more a K-Br component,
which could be interpreted that K is bounded to less fluorine atoms, because of a smaller
amount of fluorine at the surface. This is in accordance with the amount of fluorine derived
from the F 1s spectra in Figure 7.1.3.2.

Analysis of C-related photoelectron signals

Figure 7.1.3.1 shows the C 1s peak, which is clearly visible in case of the Mg K, excited
samples KF PDT 315 °C w/o Se and KF PDT 105 °C w/o Se. An asymmetric C 1s signal is
detected for the KF PDT 315 °C w/o Se sample with the peak maximum at Egin~285.0 eV and
additional intensity at Egin~288.0 eV. According to literature values, the signal at Egin~285.0 eV
stems from hydrocarbon or polymeric carbon and the additional intensity at Egin~288.0 eV
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indicates C as carbonate species (CO3z%) [132]. For the KF PDT 105 °C w/o Se sample, also
an asymmetric C 1s signal is observed with the peak maximum at Egi»~285.3 eV and a second
C 1s signal, clearly detectable at Egin~288.2 eV. These two C 1s signals are ascribed to
hydrocarbons or polymeric carbon and carbonate.

The intensity of the main C 1s signal at Egin~285 eV decreases from the KF PDT 315 °C w/o
Se sample to the KF PDT 105 °C w/o Se sample. This decrease can be due to a thicker KF
cover layer on the KF PDT 105 °C w/o Se sample, as will be shown further below. The intensity
of the C 1s signal at Egin~288 eV (carbonate) increases from the KF PDT 315 °C w/o Se
sample to the KF PDT 105 °C w/o Se sample. A reason for this increase might be a higher
amount of carbonate species, due to higher amounts of oxygen on the KF PDT 105 °C w/o Se
sample, than on the KF PDT 315 °C w/o Se sample, as will also be shown further below.

Since the other samples were measured with Al K, radiation, the C 1s signal is strongly
overlapped by the Se LMM Auger and can therefore not be analyzed easily.

Analysis of F-related photoelectron and Auger signals

XPS XAES
Al K,/ Mg K, IR Al K, / Mg K,
lmono / non-mono mono / non-mono
F1s FKLL -\
/ KF-PDT w/o Se
il A // \ lOSOC (Mg Ka)
: KF-PDT w/ Se
= v M :
= ,/\ Ne— M S [105°C (AIK,)
= /
I= ) KF-PDT w/o Se
= \ 315°C (Mg K,)
A W KF-PDT w/ Se
315°C (AIK,)
\ A A '\AA;V.N a .MI
n o o MWWV" Ao poTATK)
/ MW Wl . — , , |
690 688 686 684 682 645 650 655 660

Binding Energy [eV] Kinetic Energy [eV]

Figure 7.1.3.2 Al Ko or Mg Kq excited, normalized F 1s photoelectron spectra (left) and F KLL
Auger spectra (right) for as-grown CIGSe samples which underwent KF PDTs at Tepr = 315 °C
and 105 °C and with and without Se supplies. F 1s (F KLL) spectra were normalized by setting
the low binding energy background (high kinetic energy background) to zero and the signal
maximum to one.

The F 1s signals (Figure 7.1.3.2, left) for the samples without Se show different peak-widths
and —shapes than the samples with Se. For both samples, KF PDT 315 °C w/o Se and
KF PDT 105 °C w/o Se, the F 1s signal can be fit with one F-component. The F 1s binding
energies for the KF PDT 315 °C samples (with and without Se) are nearly identical. For the
KF PDT 105 °C samples (with and without Se), the F 1s binding energies are also very similar,
and differ by only 0.1 eV. Therefore, it is assumed that the same F-species have formed on
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both KF PDT 315 °C sample surfaces (w/ Se and w/o Se) and similarly, the same F-species
have formed on both KF PDT 105 °C sample surfaces (w/ Se and w/o Se). Upon comparison
with the findings for F-components on KF PDT samples with Se (see Chapter 6.1), it is
concluded that that mainly F-K bonds form, possibly together with some F-Ga and/or F-In
bonds.

For the F KLL spectra, the shapes of all four signals are similar to each other. Different
additional intensities arise as a “shoulder” at Exin ~ 652 eV, but it can be concluded that the
main F-species on all four samples (KF PDT at 315 °C and 105 °C, with Se and without Se
supply) are similar to each other and can be ascribed to F-K bonds. Their integral amounts,
however, do vary from sample to sample, as will be shown: To compare the integral amount
of F on the different samples, the F 1s signal intensities are taken from the Al K, excited survey
spectra and are compared. F 1s peak arearatios of 1 : 0.5 : 6.6 : 5.2 for KF PDT 315 °C w/ Se,
KF PDT 315 °C w/o Se, KF PDT 105 °C w/ Se and KF PDT 105 °C w/o Se are determined,
respectively.

The F 1s peak intensity ratio is qualitatively similar and in the same order of magnitude as the
ratio found for the K 2p signal intensities: Higher F 1s (K 2p) intensities for the KF PDT 105 °C
samples are observed than for the KF PDT 315°C samples, and slightly less intensity is
observed for a KF PDT without Se, compared to a KF PDT with Se. The qualitative coincidence
of the peak area ratios for F 1s and K 2p might confirm that most of the K- and F-atoms exist
in K-F-components.

Analysis of O-related photoelectron signals
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Figure 7.1.3.3 Al Ko or Mg K excited, normalized O 1s photoelectron spectra for as-grown CIGSe
samples, which underwent KF PDTs at Tepr = 315 °C and 105 °C and with and without Se supply.
The spectrawere normalized by setting the low binding energy background to zero and the peak
maximum to one.
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A broad O 1s signal appears on both KF PDT 315 °C samples (w/ Se and w/o Se) in the same
binding energy region (Figure 7.1.3.3). Therefore, chemically similar O-components could exist
on both KF PDT 315 °C samples (with and without Se). The definite identification of certain O
species is difficult, because too many different O-components fall within the binding energy
range of Egin ~ 531 — 533 eV, as stated before in Chapter 6.1.

The KF PDT 105 °C w/o Se sample shows an O 1s signal, which is broader, different in shape
and shifted to higher binding energies, compared to the O 1s signal of the KF PDT 105 °C w/
Se sample. The chemical environment for O on the KF PDT 105 °C w/o Se sample should
therefore be pronouncedly different to O on the KF PDT 105 °C w/ Se sample.

The ratio of the O 1s peak areas for the different samples was estimated with the O 1s signals
from Al K,-excited survey spectra. The O 1s peak area ratio for no PDT, KF PDT 315 °C w/ Se,
KF PDT 315 °C w/o Se, KF PDT 105 °C w/ Se and KF PDT 105 °C w/o Se is
1:13:8:63: 16. Again, like for K 2p and F 1s, higher amounts of O (K, F) are observed on
the low Tppr samples and also (relatively) higher amounts of O for a KF PDT with Se supply.
The relative amounts of K, F and O on the different KF PDT samples therefore correlate. Since
KF is highly hygroscopic, the O on the samples could stem from residual water exposure during
the sample transfer.

To summarize the chemical analysis of the CIGSe surfaces after KF PDTs with different Se
supply, all discovered chemical bonds and species are presented in Figure 7.1.3.4. No attempt
to quantify the additional Cu-, In-, Ga- or Se-bonds was made, as some more analysis of the
surface will follow in the next chapters. All chemical components, which are detected on the
KF PDT sample with Se supply (left side in Figure 7.1.3.4) have also been detected on the
respective KF PDT sample without Se supply (right side in Figure 7.1.3.4). In case of the
KF PDT samples with Se supply, no carbonate species was detected, which might be due to
technical reasons: The C 1s spectra of KF PDT samples with Se supply were measured with
Al K., radiation, and therefore a spectral overlap with the strong Se LMM signal impeded the
analysis of these signals.

KF PDT with Se KF PDT without Se
Ga-F Se* C K-F Ga-F_Se* c CO.* K-F

TPDT =315°C

CIGSe CIGSe

Cu-0-Se Cu-O-Se
-F In-F In-O Se(0 - Ga-FIn-Fin-0 Se(0) cCO,2> K-F

Teor = 105 °C

CIGSe CIGSe

Figure 7.1.3.4 Summary of the found chemical bonds between the constituents of the as-grown
CIGSe surfaces before (no PDT) and after different KF PDTs. The denotation “Se*“ on the KF PDT
315 °C samples labels a chemically not well-defined environment for the Se atoms, rather than an
additional Se species.
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7.1.4 Relative changes in CIGSe stoichiometry due to KF PDTs with or without
Se supply

The “Low binding energy region® of the XPS spectrum was analyzed to evaluate changes in
composition of the underlying CIGSe phase. Photoelectrons from signals in the “Low binding
energy region® all have a similar inelastic mean free path, so that their sensitivity on surface
adsorbates is nearly equal. This makes the analysis of this part of the spectrum so convenient.

Again, like in Chapter 6.1.4, no absolute CIGSe stoichiometries were calculated, but the ratio
of different peak areas was compared from sample to sample. Generally, no absolute
stoichiometries of the CIGSe surface with XPS data were calculated in this work, because the
error margin for such calculations is too high, so that unreliable values would result. For a
reliable calculation of absolute stoichiometries a very specific layer model would be needed,
the values for the photoionization cross sections must be well known and excellent numbers
for the IMFP are required. This, however, is not the case.

The calculation of the peak area ratios is identical to the one used before in Chapter 6.1.4.1.
Figure 7.1.4.1 shows the examined range of the spectrum for the different KF PDT samples,
in which the In- Ga- and Se-signals were analyzed.
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Figure 7.1.4.1 Al Ke or Mg Kq excited photoelectron spectra in the binding energy range from 80
to 0 eV for CIGSe samples which underwent KF PDTs at Tepr = 315 °C and 105 °C and with
different Se supplies. The In-, Ga- and Se-signals appearing in this region are analyzed to
determine changes in the stoichiometry of the underlying CIGSe phase.

For the evaluation, the peak areas of the Se 3d, Ga 3d and In 4d photoemission lines are
determined by fitting the signals with Voigt-functions. Only the CIGSe-contribution of the signal
is taken and contributions of secondary species to the integral peak area are left out. The
reason for this approach is that Ga atoms, which, e.g., are bound to F, do not belong to Ga in
a pure CIGSe environment anymore and therefore are not taken into account, when the
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composition of CIGSe is evaluated, specifically. Again, the analysis of the Cu 3p line is left out,
since it is overlapped by a broad In 3d line, which complicates the determination of the Cu 3p
peak area. The determined peak areas for Se 3d, Ga 3d, and In 4d and the corresponding
area ratios are presented in Table 6. With these values, the peak area ratios are calculated.
With these ratios it is evaluated, how the CIGSe stoichiometry changes, compared to the
untreated sample. For the KF PDT samples without Se, the peak area values are multiplied by
2, to account for the lower irradiation intensity, as stated in the beginning of Chapter 7.

Peak-Areas [arb. u.] Peak-Area Ratios
Ga Gatin

Sample In 4ds2 Ga 3ds2 Se 3dsz n Se
no PDT 2865 557 4186 0.19+0.01 0.82 +0.03
KF 315w/ Se 3964 162 3892 0.04 £ 0.00 1.06 + 0.05
KF 315w/o Se x2 | 2946 232 3286 | 0.08+0.01 0.97 £ 0.04
KF 105w/ Se 946 501 1557 0.53+0.04 0.93+0.14
KF 105w/o Se x2 | 1494 436 1862 0.29+0.04 1.04 £ 0.08

Table 6 Determined peak areas for In 3ds;, Ga 3ds2, Se 3ds, and for the untreated CIGSe surface
(no PDT) and the different KF PDT with or without Se supply. With the estimated peak areas,
respective peak area ratios are calculated.

The changes for the peak areas and -ratios are as follows for the KF PDT 315 °C samples
(w/ Se and w/o Se): The In 4ds, area increases from no PDT to the KF PDT 315 °C samples.
The increase of In 4ds;; from no PDT to KF PDT 315 °C w/Se (2865 to 3964) is stronger than
from no PDT to KF PDT 315 °C w/o Se (2865 to 2946). In contrast, the Ga 3ds; area decreases
from no PDT to the KF PDT 315 °C samples. A strong decrease is observed from no PDT to
KF PDT 315 °C w/ Se (557 to 162), and a mediocre decrease is observed from no PDT to
KF PDT 315 °C w/o Se (557 to 232). Therefore, the Gal/ln peak area ratio for both
KF PDT 315 °C samples is smaller than for the no PDT sample (0.19) and the Ga/ln peak area
ratio is smaller for the KF PDT 315 °C w/ Se sample (0.04) than for the KF PDT 315 °C w/o
Se (0.08) sample. This seems reasonable, since more Ga-F bonds are detected on the KF
PDT 315 °C w/ Se sample than on the KF PDT 315 °C w/o Se sample (as seen in the chapters
before), and thus less Ga(CIGSe) should remain. The Se 3ds. peak areas decrease from
no PDT to the KF PDT 315 °C samples. A stronger decrease in Se 3ds; peak area is observed
from no PDT to KF PDT 315 °C w/o Se (4186 to 3286), than from no PDT to KF PDT 315 °C
w/ Se (4186 to 3892). This is reasonable, since no Se is supplied during the
KF PDT 315 °C w/o Se and thus a part of the Se of the CIGSe surface can desorb or react.
Nonetheless the (Ga+In)/Se ratio for KF PDT 315 °C w/ Se (1.06) is higher than the (Ga+In)/Se
ratio for KF PDT 315 °C w/o Se (0.97), and thus shows a stronger deviation from the
(Ga+In)/Se ratio of the no PDT sample (0.82). In summary, the underlying CIGSe layer of the
KF PDT 315°C w/o Se sample is less Ga-depleted and more Se-depleted than the
KF PDT 315 °C w/ Se sample.

Next, the results for the KF PDT 105 °C samples (w/ Se and w/o Se) are presented: The
In 4ds;; area decreases from no PDT to the KF PDT 105 °C samples. The decrease of In 4ds.
from no PDT to KF PDT 105 °C w/ Se (2865 to 946) is stronger than from no PDT to KF PDT
105 °C w/o Se (2865 to 1494). The Ga 3ds), area also decreases from no PDT to the KF PDT
105 °C samples. In contrast (to In 4dsy,), the decrease of Ga 3ds, from no PDT to KF PDT
105 °C w/ Se (557 to 501) is weaker than from no PDT to KF PDT 105 °C w/o Se (557 to 436).
Therefore, a different behavior of the In 4ds, and Ga 3ds, peak areas is observed on the
KF PDT 105 °C samples: For the In 4ds, peak area, a stronger decrease (compared to
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no PDT) is observed on the KF PDT 105 °C w/ Se sample (2865 to 946), whereas for the
Ga 3ds; peak area, a stronger decrease (compared to no PDT) is observed on the KF PDT
105 °C w/o Se sample (557 to 436). This suggests that the reactivities of In and Ga (towards
KF) depend differently on Se supply. The Ga/ln peak area ratio of the KF PDT 105 °C w/o Se
sample (0.29) deviates less from the Ga/ln peak area ratio of the no PDT sample (0.19), than
the KF PDT 105 °C w/ Se sample (0.53). This suggests that the overall chemical transformation
of the CIGSe surface is less pronounced in case of a KF PDT 105 °C w/o Se. For the
(Ga+In)/Se-ratio of the KF PDT 105 °C w/o Se sample (1.04) a value is determined, which
deviates stronger from the (Ga+In)/Se-ratio of the untreated reference (0.82), than from the
KF PDT 105 °C w/ Se (0.93) sample. Therefore, the KF PDT 105 °C w/o Se sample might be
slightly depleted in Se, compared to the KF PDT 105 °C w/ Se sample. Together with the
results for the Ga/ln-ratio, the CIGSe surface in case of the KF PDT 105 °C w/o Se sample
seems more Ga-depleted and less In depleted, compared to the KF PDT 105 °C w/ Se sample.
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7.1.5 Estimation of the adsorbate layer thickness on the CIGSe surface after
KF PDTs with or without Se supply

For the estimation of the thickness of a potential adsorbate layer covering the CIGSe surface,
the model and procedure was applied as introduced in Chapter 6.1.5. The resulting estimated
values for the adsorbate layer thicknesses are given in Figure 7.1.5.1.
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Figure 7.1.5.1 Adsorbate layer thicknesses d, estimated with the help of the attenuation of the
respective photoelectron and Auger signals, shown for the different KF PDT CIGSe surfaces.
The d-values were estimated with different equations (illustrated in black and red), according to
a procedure explained in Chapter 6.1.5. The explicit photoelectron or Auger lines, with which d
was determined, are depicted next to the data point. Especially for equation 2, two different
photoelectron lines were taken. Values with expectably high uncertainty (mainly because of the
existence of secondary components of the respective element) or outliers are set into brackets.
The explanation for the exclusion of some estimated d-values is given in the text. The gray
shaded areas mark the range, in which the thickness of the adsorbate layer is expected.

For both KF PDT 315 °C samples, the same d-values (Ga 2p, In 3d, Se 3d) were excluded for
the estimation of d, since the same secondary components form, which complicate the
estimation. For the KF PDT 315 °C w/o Se sample, the outlier at negative d-values (d ~
-1.5 nm) stems from Cu-related signals. Since no chemical reaction of Cu on the KF PDT
315 °C w/o Se sample is observed, it is unclear, why an obviously wrong d-value results.
Despite this fact, an adsorbate layer thickness d to be < 0.5 nm is estimated for the KF PDT
315 °C w/o Se sample. Figure 7.1.5.1 shows that the estimated d-values for the
KF PDT 315 °C w/o Se sample are slightly smaller, compared to the KF PDT 315 °C w/ Se
sample.

For the KF PDT 105 °C w/o Se sample, a pronounced spread in d-values is visible. Again, Ga-

and In-related signals for the estimation of d are excluded, so that only Se- and Cu-related

signals are taken into account. Since the formation of a second Cu species is expected, the
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signal intensity for Cu is not attenuated, but increased, so that the resulting mean d-value for
both Cu-signals (Cu 2p and Cu 2p_Cu LMM) is negative (dmean ~ -0.1 nm). The only reliable
signal to determine the thickness might be Se, with which d ~ 2.4 nm is estimated. Since most
of the other d-estimates are < 2 nm, an assumption of d < 2nm for the KF PDT 105 °C w/o Se
sample is made. Therefore, a thinner adsorbate layer is estimated on the KF PDT 105 °C w/o
Se sample than on the KF PDT 105 °C w/ Se sample. This is in accordance with the different
amounts of K and F found on the several samples, as shown before in Chapter 7.1.3.
Comparing the different Tepr, again, thicker adsorbate layers are detected on the KF PDT
105 °C samples, than on the KF PDT 315 °C samples, due to a weaker desorption at lower
TrorT.
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7.1.6 Depth distribution of Ga-F and In-F secondary species within the CIGSe
surface region and summary of the results

Like in Chapter 6.1.6, the rough location of Ga-F and In-F species within the surface region
will be examined. The procedure and the analyzed photoelectron signals are the same like in
Chapter 6.1.6. The respective peak-area ratios Ga-F:Ga(ClGSe) and
In-F : In(CIGSe) are shown in below Table 7 and 8.

Ga 2pan Ga 3ds2
Sample Ga-F : Ga(CIGSe) Ga-F : Ga(CIGSe)
no PDT 0:1 0:1
KF 315w/ Se 0.70:1.00 0.75:1.00
KF 315 w/o Se 0.25:1.00 0.30:1.00
KF 105 w/ Se 9.0:1.0 04:1.0
KF 105 w/o Se 20:10 04:1.0

Table 7 Peak area ratios of fitted Ga-F and Ga(CIGSe) contributions in Ga 2ps signals and in
Ga 3dspz signals. The peak area of Ga(CIGSe) is set to 1. The Ga 2ps;z photoelectron has a much
lower kinetic energy than the Ga 3ds» photoelectrons and therefore is much more surface
sensitive.

After a KF PDT at 315 °C w/o Se supply during PDT, the ratio of formed Ga-F species to Ga
from CIGSe is lower, than after a KF PDT at 315 °C with Se supply during PDT. Hence, Se
strongly affects the formation of Ga-F bonds at the surface. The lower Ga-F to Ga(CIGSe) ratio
exists throughout the whole, here-examined, depth of the CIGSe layer, as it does not change
when measuring deeper “into” the surface (with Ga 3dsy).

For the KF PDT 105 °C w/o Se samples, a similar observation is made for the KF PDT 315 °C
samples: Less Ga-F (relative to Ga(CIGSe)) is observed on samples without Se supply at the
outermost surface, as derived with Ga 2ps2. However, the Ga-F to Ga(CIGSe) ratio deeper
within the surface region, as derived with Ga 3ds2, is similar for both, KF PDT 105 °C w/ Se
and KF PDT 105 °C w/o Se sample, i.e., Ga-F exists only at the outmost surface region.
Table 8 adds another interesting observation for the KF PDT 105 °C w/o Se sample:

In 3d5/2 In 4d5/2
Sample In-F : In(CIGSe) In-F : In(CIGSe)
KF 105 w/ Se 48:1.0 05:1.0
KF 105 w/o Se 0.22:1.00 0.08:1.00

Table 8 Peak area ratios of fitted In-F and In(CIGSe) contributions in In 3ds- signals and in In 4dsp
signals. The peak area of In(CIGSe) is set to 1.

On the KF PDT 105 °C w/o Se sample, for both signals, In 3ds, and In 4dsp, the In-F to
In(CIGSe) ratio is lower than on the KF PDT 105 °C w/ Se sample. This means that the In-F
amount (partly to In(CIGSe)) is lower, also deeper within the surface region. This finding is
different to that for Ga-F on the KF PDT 105 °C w/o Se sample, as seen before. Therefore, for
the formation of In-F it might make a bigger difference, if Se is available at the reaction site or
not, than for the formation of Ga-F.
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Summary of all findings for the as-grown KF PDT sample surfaces without Se
supply during PDT

The most important results from Chapter 7.1.1 to 7.1.6, which characterize the KF PDT as-
grown surfaces chemically, are summarized in the sketch in Figure 7.1.6.1. For a better
visibility, the relative quantities of K-F, C, O, and Se(0), presented in Figure 7.1.6.1, are also
given in Table 9.

no PDT
CcC O
CIGSe
KF PDT with Se KF PDT without Se
c 0
CO;*- -
PDT
315°C CIGSe ————— Ga-depleted CIGSe less
Ga-depleted
c O
2 In-F,
K-F <4nm Co:* O Ga-F
Teor In-0 KF  cuo-se I ~2nm
105 °C Se(0) Cu-O-Se Se(0) In-0
CIGSe Ga-depleted + CIGSe ——— more
In-depleted Ga-depleted +
less
In-depleted

Figure 7.1.6.1 Simplified sketch of the analyzed samples and detected components. The font
sizes for O, K-F, Se(0) and COs? indicate quantitative changes from sample to sample. No
quantitative statements regarding CIGSe-related components (from sample to sample) are
provided. ,,Se*“ on the KF PDT 315 °C samples (with and without Se) labels a chemically not well-
defined environment for the Se atoms, rather than an additional Se species. Dark gray trapezia
should schematically illustrate the distribution of Ga-F and In-F throughout the adsorbate layer.
In this depiction, the horizontal width of the trapezia should imply the concentration of Ga-F (or
In-F) at a certain z-position in the adsorbate layer.

K-F C Se(0)
no PDT + +
KF PDT 315 °C w/ Se ++ + ++
KF PDT 315 °C w/o Se + + +
KF PDT 105 °C w/ Se ++++ + +++ ++
KF PDT 105 °C w/o Se +++ ++ ++ +

Table 9 Relative K-F, C, O and Se(0) -quantities on the differently treated CIGSe surfaces directly
after PDT. “+” marks the existence of the respective element and the number of “+” indicates the
amount. The relative quantities are given for the respective element from sample to sample, and
no comparison between KF, C, O, and Se(0)-quantities on the same sample was made.

Distinct differences which arise due to a KF PDT without Se are thinner cover layers on the
CIGSe surface and therefore mainly less K, F, and O. This thinner cover layers could result
from a faster desorption of K and F in the absence of Se. This observation is made for both
KF PDT temperatures, i.e., 315 °C and 105 °C. For the KF PDT 315 °C w/o Se sample, lower
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amounts of Ga-F are observed and therefore the underlying CIGSe layer is less Ga-depleted
(also resulting from the analysis of the low binding energy region in Chapter 7.1.4). The
guestion, however, is, if these lower amounts of Ga-F are a consequence of the absence of
Se, or just a consequence of the thinner K-F cover layer and thereby a lower K- or F-
concentration at the surface? Both facts are possible reasons and can therefore not be ruled
out. For the KF PDT at 105 °C w/o Se sample the situation is different; Lower amounts of K-F
are detected and consequently Ga-F and In-F are observed. The relative ratio of Ga-F to In-F,
however, has changed, and more Ga-F than In-F forms, compared to a KF PDT 105 °C with
Se. The resulting, underlying CIGSe layer therefore becomes more Ga-depleted and less In-
depleted on the KF PDT 105 °C w/o Se sample, than on the KF PDT 105 °C w/ Se sample.
The formation reactions of Ga-F and In-F consequently depend on the concentration of Se
supplied during the PDT. Condensing the most important results from Chapter 7.1, the
formation of Ga-F and In-F is promoted in the presence of Se, and without Se supply during
PDT the CIGSe surface is less changed in its composition.
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7.2 Impact of the agueous Na-S rinsing step on KF-treated CIGSe
surfaces with or without Se supply (“rinsed” samples)

Distinct chemical differences are noticed on the CIGSe surface, when a KF PDT is applied
with no Se supply. In Chapter 7.1 before, a reduced reactivity of the KF on the CIGSe surface
is observed within a KF PDT without Se, compared to a KF PDT with Se, and so the formation
of lower amounts of Ga-F and In-F species is observed. Thereby, lower amounts of Ga(CIGSe)
and In(CIGSe) have reacted to form Ga-F and In-F bonds, and so that the resulting CIGSe
surfaces became less Ga-depleted and/ or In depleted. The arising question is how the
subsequent rinsing of the KF PDT samples further influences this chemical change. As it will
be shown, mainly the amounts of secondary components like K-In-Se and Cu-S-Se-O will
change, leading to a different surface composition. This different surface compaosition in turn
will slightly alter the electronic properties of the rinsed surfaces.

Chapter 7.2 is divided into four sub-chapters, starting with Sub-Chapter 7.2.1, which will
compare the KF PDT 315 °C samples with and without Se after the rinsing process. Similarly,
Sub-Chapter 7.2.2 will present the chemical differences of the KF PDT 105 °C samples with
and without Se after the rinse. Sub-Chapter 7.2.3 will determine differences in the resulting
CIGSe stoichiometry and summarize the results of the comparison. At last, the impact of the
Se supply on the electronic properties is determined with UPS measurement in Sub-Chapter
7.2.4.
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7.2.1 Formation of secondary components during KF PDT 315 °C with and
without Se supply

The analysis of the KF PDT 315 °C w/o Se rinsed sample reveals that the formed chemical
species are similar to those on the KF PDT 315 °C w/ Se rinsed sample surface. It will be
shown that in both cases a Na-Se-O-like and a K-Se-In(-O) component are found. Their
guantities on both samples are different, however. The analysis starts with the identification of
a possible K-In-Se(-O) component. Figure 7.2.1.1 compares the fit of the Se 3d signals for
both KF PDT 315 °C samples.
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Figure 7.2.1.1 Fit of the Se 3d signal for the rinsed KF PDT 315 °C sample with Se supply (left)
and without Se supply (right) with two components.

For the KF PDT 315 ° C w/o Se sample (Figure 7.2.1.1 right), a very similar fit of the Se 3d
signal can be made, like for the KF PDT 315 °C w/ Se sample (left). Again, an additional Se
species (purple) appears at lower binding energy, at Egin ~ 53.5 eV. The intensity for this
additional Se species is slightly lower on the KF PDT 315 °C w/o Se sample. However, this
difference is almost unnoticeable and possibly not statistically significant. When the two
spectra are plotted directly on top of each other, only very faint differences are visible (not
shown). Similarly, to the sample with Se supply, the additional Se species on the KF PDT 315
°C w/o Se sample is identified as Se-In bonds. Comparison with literature values of a
coevaporated In,Ses phase or even a KF PDT of an In,Ses layer confirm this result [38,125].

Next, the K-related signals of the rinsed KF PDT 315 °C samples (w/ Se and w/o Se) are
compared, to evaluate, if a missing Se supply influences the amount or chemical nature of K
on the rinsed CIGSe surface.

114



XPS

A K, /Mg K,
mono / non-mono
K2p / Cls / Se LMM

\‘\h——-'/ o

XPS
Al K,

mono
/\ K2p/
Se LMM{

/

KF-PDT I~

-~ w/o Se

AAV‘
:5 S \\-\,,_V___ wio s ';‘ K 2p
o) o
S, K 2p MgK) & {: Nl
= / - /\
\ /
/\ "\ / ]
(ATK) /
-Jno PDT e LMM N\
' (AIK,) ——
295 290 285 280 310 300 290 280 270
Binding Energy [eV] Binding Energy [eV]

Figure 7.2.1.2 K 2p signals measured with Al Ko and Mg Kq radiation (left) and K 2p signals taken
as excerpts from survey spectra measured solely with Al Kq radiation (right). The spectral
resolution in the survey spectra excepts (right) is lower, therefore the K 2p signhals only appear
as a ,shoulder on the Se LMM Auger at Egi, ~ 293 eV (encircled). All K 2p signals are
superimposed by strong Se LMM Auger signals when measured with Al Kq radiation.

In Figure 7.2.1.2 left, the K 2p signals are detected for both KF PDT 315 °C samples, with and
without Se supply during PDT. The KF PDT 315 °C w/ Se sample (light blue) was measured
with Al K, radiation, therefore the K 2p signal is superimposed by a strong Se LMM Auger
signal. Nevertheless, the K 2pz. peak is visible at Egin ~ 293 eV. The KF PDT 315 °C w/o Se
sample (brown) was measured with Mg K, radiation, so no Se LMM signal appears in this
spectrum and K 2ps2, as well as K 2pi2 become visible. Because of charging of the
KF PDT 315 °C w/o Se sample during the measurement with Mg K, radiation, the whole
spectrum is shifted to higher binding energies by about 1.5 eV. Overall, it is found that K exists
on both KF PDT 315 °C samples (w/ Se and w/o Se).

To estimate the relative amounts of K on both KF PDT 315 °C samples, K 2p spectra,
measured with the same radiation are displayed in Figure 7.2.1.2, right. The K 2p signals
appear as additional intensity on the Se LMM Auger signals at Egin ~ 293 eV and create a
“shoulder” on the Se LMM Auger signal (encircled part of the spectrum). This “shoulder” at
Esin ~ 293 eV appears more pronounced for the KF PDT 315 °C w/ Se sample, than for the KF
PDT 315 °C w/o Se sample. On the latter, the “shoulder is almost not visible, but it does exist.
It can be speculated, whether these small visual differences stem from an effectively lower
K 2ps2 signal intensity on the KF PDT 315 °C w/o Se sample, or, from a small chemical shift
of K 2ps» to higher binding energies (without any decrease in K 2ps» signal intensity).
Nonetheless, a decreased K 2ps; intensity could be interpreted as lower amounts of K on the
KF PDT 315 °C w/o Se sample, than on the KF PDT 315 °C w/ Se sample, and hence lower
amounts of an insoluble, water-stable K component. This assumption sounds reasonable,
since lower amounts of KF were also found before, on the as-grown KF PDT 315 °C w/o Se
sample, than on the KF PDT 315 °C w/ Se sample (shown in Chapter 7.1). It will be illustrated
in the following that the assumption of lower amounts of K on the KF PDT 315 ° C w/o Se
sample (compared to the sample with Se) is in agreement with other photoelectron signals.

So far, it has been determined that a Se-In species exists on the KF PDT 315 °C w/o Se
sample, similar to the sample with Se, and that a water-stable K species has formed. Next, the
intensities of the CIGSe core levels are analyzed, especially with respect to Indium. If a new
Se-In species evolved, one might notice this circumstance in the In 3d signals. Figure 7.2.1.3
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illustrates the CIGSe core levels for both KF PDT 315 °C samples (w/ Se and w/o Se) and the
untreated (but rinsed) reference sample.
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Figure 7.2.1.3 Al Kq excited CIGSe core-level spectra for the untreated rinsed surface (black) and
the rinsed KF PDT 315 °C surfaces with (light blue) and without Se supply (brown) during PDT.

First, the In 3ds2 signals and their different intensities are discussed: For the KF PDT 315 °C
w/ Se sample (light blue) the In 3ds, intensity is higher than for the untreated reference sample
(black). In section 6.2 this was interpreted as an indication of a newly formed In species with
an In 3ds;2 binding energy equal to that of In in CIGSe (In(CIGSe)). Together with the finding
of a new Se species, which consists of Se-In bonds, as shown in the beginning of this chapter,
it is assumed that the additional intensity of the In 3d signal stems from the formation of a new
In-Se species. For the KF PDT 315 °C w/o Se sample, however, the In 3ds,, intensity is lower,
than for the KF PDT 315°C w/ Se sample. It is therefore suggested that on the
KF PDT 315 °C w/o Se sample, also an In-Se component has formed, but in lower amounts
than on the KF PDT 315 °C w/ Se sample. Since also lower amounts of K are found, on the
sample without Se than on the sample with Se (as it was presented before), it can be
speculated that K is chemically bound to In-Se. Therefore, similar to the sample with Se, a K-
In-Se(-O) component could have formed on the KF PDT 315 °C w/o Se sample, but in lower
amounts. Although there is no direct experimental proof of the K-In-Se(-O) species, the
existence of different amounts of such a layer can be confirmed with the attenuation of the Ga
2p and Cu 2p signals in Figure 7.2.1.3: The K-In-Se(-O) layer covers the CIGSe surface and,
together with other surface adsorbates like Na-Se-O, attenuates the Ga 2p and Cu 2p signals
(compared to the untreated sample). This attenuation is slightly more pronounced for the KF
PDT 315 °C w/ Se sample (light blue), for which a thicker K-In-Se(-O) cover layer is estimated.
The Se(CIGSe) contributions of the Se 3d signal intensities, however, do not completely follow
this trend: The Se 3d signal attenuation of the KF PDT 315 °C samples (w/ Se and w/o Se),
compared to the untreated sample, is less pronounced, than for Ga 2p and Cu 2p. This is
reasonable, because Se 3d photoelectrons are less surface sensitive, than Ga 2p or Cu 2p
photoelectrons. The intensity of Se 3d for KF PDT 315 °C w/ Se (light blue), however, is not
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lower than the Se 3d intensity for KF PDT 315 °C w/o Se (brown), although a thicker K-In-Se(-
O) cover layer should exist on the former.

An explanation for this observation can be as follows: A Na-containing component was found
to be an additional adsorbate, covering the surface. Chemical analysis of the Na species (not
shown) affirms a component comparable to Na.O or Na.Se, for now described as Na-Se-O.
Furthermore, a comparison of Na 1s spectra reveals (not shown) that the Na amount is slightly
higher on the KF PDT 315 °C w/o Se sample than on the sample with Se. It is speculated that
the Na-Se-O component might be chiefly adsorbed on Se-terminated surfaces. Thereby,
somewhat higher amounts of Na caused an unexpectedly stronger attenuation of the Se 3d
signal for the KF PDT 315 °C w/o Se sample. This attenuation of the Se 3d signal would then
be stronger, than one might expect, according to the integral thickness of adsorbate layer
covering the surface. Thereby, the stronger Se 3d attenuation of the CIGSe signal on the KF
PDT 315 °C w/o Se sample (compared to the sample with Se) could be explained.

To briefly summarize the results for the KF PDT 315 °C samples, an additional Se species on
the KF PDT 315 °C w/o Se sample has been detected, similar to that on the KF PDT 315 °C
w/ Se sample, but yet in tendentially lower amounts, than on the sample with Se. Also,
assumingly less of a water-stable K-component is found, and the increase in In signal intensity
is less pronounced for the KF PDT 315 °C w/o Se sample, than for the KF PDT 315 °C w/ Se
sample. It can be concluded that a lower amount of a K-In-Se(-O) component has formed on
the KF PDT 315 °C w/o Se sample, than on the KF PDT 315 °C w/ Se sample. In addition to
it, slightly higher amounts of Na have been detected on the KF PDT 315 °C w/o Se sample,
than on the KF PDT 315 °C w/ Se sample, probably as a Na-Se-O component covering the
surface, together with K-In-Se(-0).

It must be stressed that this interpretation is just one possibility to draw a complete picture of
the chemical changes on the KF PDT 315 °C sample surfaces, and to explain all observations
made in the spectra. Other models do also exist; without any claim for correctness, however,
the author of the work in hand believes that the here-presented model of a K-In-Se(-O)
component suits best, especially for the interpretation of the data for the here-examined ZSW
samples.
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7.2.2 Formation of secondary components and chemical reaction products
during KF PDT 105 °C with and without Se supply

Similar to the results before for the high Teor samples, lower amounts of a Cu-S-Se-O
secondary component are observed, but comparable amounts of a Na-Se-O-like component
on the KF PDT 105 °C w/o Se sample, compared to the KF PDT 105 °C w/ Se sample.

The comparison is started by discussing the Cu 2ps, and Cu LMM spectra of the rinsed KF
PDT 105 °C samples with and without Se in Figure 7.2.2.1.
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Figure 7.2.2.1 Normalized Cu 2ps;z photoelectron spectra (left) and Cu LMM Auger spectra (right)
for the untreated reference sample (no PDT, black) and the KF PDT 105 °C samples with different
Se supply. The Cu 2ps2 (Cu LMM) spectra were normalized by setting the low binding energy
background (high kinetic energy background) to zero and the signal maximum to one. For a
better comparison of the spectral shapes, the spectra are shifted on the x-axis. Respective shifts
are given in the diagram. Gray bars indicate binding energy ranges for common Cu-bonds found
in literature.

In the normalized Cu 2ps, spectra in Figure 7.2.2.1 (left), both KF PDT 105 °C samples show
a spectrally broadened signal, compared to the no PDT sample. The broadening is less
pronounced for the KF PDT 105 °C w/o Se sample than for the KF PDT 105 °C w/ Se sample.
It is therefore concluded that less of a secondary Cu species, appearing at higher binding
energies, forms on the KF PDT 105 °C w/o Se sample compared to the sample with Se. A
different signal (compared to no PDT) is also observed in the CuLMM Auger spectra.
Additional intensity is detected at Exin ~ 919 eV and at Exin <917 eV. Both observations
indicate the existence of an additional Cu species at lower kinetic energy. The spectral shape
of both KF PDT 105 °C Auger signals is equal, indicating that, in contrast to Cu 2psp, the
second Cu LMM component has equal relative weight for both KF PDT 105 °C samples. The
latter can be attributed to the different surface-sensitivity of the respective photo- or Auger
electron giving a different relative weight of surface and bulk species in the spectra.

The Cu 2ps» and Cu LMM spectra of the KF PDT 105 °C w/o Se sample were fitted in the
same way as the spectra from the KF PDT 105 °C w/ Se sample in Chapter 6.2. This way, the
modified Auger parameter o’cy Of the different Cu species on the KF PDT 105 °C samples (with
and without Se supply) was determined and is depicted in the Wagner plot in Figure 7.2.2.2.
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Figure 7.2.2.2 Wagner plot of the modified Auger parameter o’c, for the rinsed, untreated sample
(no PDT, black) and KF PDT 105 °C samples with different Se supply. The shaded areas as well
as the gray triangles show data points from literature for Cu in different bonding environments.

On the KF PDT 105 ° C w/o Se, sample two Cu species have been found. One Cu species,
which is the main component, belongs to Cu(CIGSe) with an Auger parameter
o'cu = 1849.5 eV. Compared to literature values for Cu(CIGSe) this data point shows a higher
kinetic energy. The other Cu species on the KF PDT 105 °C w/o Se sample (a'cy = 1849.4 eV)
lies within the range of Cu-O bonds, but is also near the Cu(CIGSe) region. This could mean
that the additional Cu species on the KF PDT 105 °C w/o Se sample possesses Cu-O bonds,
but not as pronounced, as for the KF PDT 105 °C w/ Se sample. Figuratively, the additional
Cu species on the KF PDT 105 °C w/o Se sample is bound to a lower number of oxygen atoms,
than to selenium atoms, and thus resembles more a Cu-atom in an CIGSe environment. This
additional Cu species will be called Cu-O-Se from now on.

Both Cu species of the KF PDT 105 °C w/o Se sample (light green) are shifted by 0.1 — 0.4 eV
to higher kinetic energies in the Wagner plot, compared to the respective Cu species of the KF
PDT 105 °C w/ Se sample (dark yellow). Therefore, a stronger band bending on the KF PDT
105 °C w/o Se sample may also be the reason for the different a'c, values of similar Cu-bonds
in the Wagner plot.

To conclude the results for Cu, Cu(CIGSe) was found as major component and a Cu-Se-O as
a minor component on the KF PDT 105 °C w/o Se sample, likewise as for the KF PDT 105 °C
w/ Se sample, but presumably in lower amounts.

Again, also sulfur is found on the sample surface after the rinse, as it is the case for the rinsed
KF PDT 105 °C w/ Se sample. In the following, the chemical environment of S is analyzed and
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it is found that S could be bonded to Cu. Figure 7.2.2.3 shows the S LMM and S 2p / Se 3p
spectra for the respective samples.
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Figure 7.2.2.3 S LMM Auger spectra (left) and normalized S 2p / Se 3p spectra for the untreated
reference sample (no PDT, black) and the KF PDT 105 °C samples with different Se supply. The
S 2p / Se 3p spectra were normalized by setting the low binding energy background to zero and
the signal maximum to one. To allow for a better comparison of spectral shapes, the signals are
shifted on the x-axis. Respective shifts are given in the diagram.

A clear S LMM Auger signal is visible on both KF PDT 105 °C samples (with and without Se
supply) at Exin ~ 152 eV in Figure 7.2.2.3, left. For the KF PDT 105 °C w/o Se sample a lower
intensity for the S LMM signal is observed. The S 2p photoelectron signals (Figure 7.2.2.3
right) are strongly overlapping with the Se 3p doublet. The S 2p signal appears at Egin ~ 162 —
164 eV and creates additional intensity at the left shoulder of Se 3ps». For the S 2p
photoelectron signal the same observation is made like for the S LMM Auger signal: The S 2p
doublet is less intense on the KF PDT 105 °C w/o Se sample, than on the KF PDT 105 °C w/
Se sample. With a fit of the S 2p signal, the accurate position of S 2ps» can be determined and
the S species formed on the surface can be identified.
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Figure 7.2.2.4 Fit of the Se 3p/ S 2p photoelectron spectrum for the rinsed KF PDT 105 °C w/o Se
sample. Boxes in gray mark binding energy regions of the S 2p signal for different S-compounds,
found in literature.

In Figure 7.2.2.4 it is shown that a small S 2p contribution (purple) and a strong Se 3p
contribution (green) can be fitted from the signal. The S 2ps» peak is found at Egin ~ 162.2 eV.
As already described in Chapter 6.2, no literature values for S LMM Auger signals could be
found, therefore the S species has to be characterized by its S 2p binding energy.

Comparing the S 2p binding energy with literature values (depicted as gray boxes in
Figure 7.2.2.4), the S species on the KF PDT 105 °C w/o Se sample matches the binding
energy region of a transition metal sulfide (e.g., Cu.S, with oxidation state —II) quite well.

At the same time, the existence of S in oxidation states +I and +V, e.g., as a thiosulfate ion
S,0327, might also be possible. S in the oxidation state +I might result from an oxidation of S?-
ions by Oz, which is present in the water of the Na.S solution. However, if the reaction of S
ions to form S,03% took place on the CIGSe surface though, one would also detect S species
on the other PDT samples, which is not the case. Moreover, for a thiosulfate ion, an additional
S 2p signal is expected at Egin ~ 167.8 eV, representing the highly oxidized S(+V) atom in the
SO; group of the thiosulfate ion. This signal, however, is absent. Therefore, the S species
cannot exist as thiosulfate ion. Interestingly, S species are only detected on sample surfaces,
which are Cu-rich (the KF PDT 105 °C samples). Because of the very low solubility product of
Cu.S it thus stands to reason that S?- will mainly react with Cu(l) ions, rather than react with
traces of O,. Concluding the analysis of the S-related signals, S on the KF PDT 105 °C samples
should therefore be bound to Cu, and furthermore, less S is detected on the KF PDT 105 °C
w/o Se sample, than on the KF PDT 105 °C w/ Se sample.

In the analysis of Cu-related signals before, it was figured out that lower amounts of a Cu
secondary component exist on the KF PDT 105 °C w/o Se sample than on the KF PDT 105 °C
w/ Se sample. Together with the finding of a S species, which is probably bound to Cu, and is
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also detected in lower amounts on the KF PDT 105 °C w/o Se sample, it is concluded that less
Cu-0O-S-Se is formed on the KF PDT 105 °C w/o Se sample than on the KF PDT 105 °C w/ Se
sample.

This result is comparable to the result for the amount of the K-component on the
KF PDT 315 °C w/o Se sample: Both secondary species form in lower amounts during a
KF PDT without Se supply.

Different from this observation is the relative amount of the Na-component, which is found after
the rinse: For the high Tpor KF PDTs more Na and O is detected on KF PDT samples without
Se supply (see Chapter 7.2.1). In this chapter, for the low Tepr samples, less Na and O is
detected on KF PDT samples without Se supply. Figure 7.2.2.5 illustrates this finding:

XPS XPS
AlK, Al K,
mono mono||
Na 1s O 1s

Int. [arb. u.]
~
L~

| NG R e el

‘\¥_/______~_,——— \/\q*/ no PDT
el

\__—/“\\\\_//—\\_//\J/——-~_/\\vf_Jva/J\/

1074 1072 1070 1068 1066 545 540 535 530 525 520

Binding Energy [eV]

Figure 7.2.2.5 Na 1s (left) and O 1s (right) photoelectron spectra for the untreated reference cell
(no PDT, black) and both KF PDT 105 °C samples with different Se supply. Both spectra are
excerpts of a survey spectrum. Therefore, energy resolution and SNR might be comparably low.

A clear Na 1s signal is detected for both KF PDT 105 °C samples at Egin ~ 1072 eV. The Na 1s
signal is less intense for the KF PDT 105 °C w/o sample than for the KF PDT 105 °C w/ Se
sample. The same observation is made for the intensities of the O 1s signals, which appear at
Esin ~ 532 eV. The energy resolution and the SNR of the spectra are low, compared to other
spectra. This is because the spectra are excerpts of a survey spectrum. A chemical analysis
of the Na species (not shown) on the KF PDT 105 °C w/o Se sample reveals that Na is present
in a CIGSe-like environment, similarly to the Na species on the KF PDT 105 °C w/ Se sample.
Because of its electropositive character, Na will mainly bind to Selenium at the surface and
form Na-Se bonds. Furthermore, because of its high affinity to oxygen, it will also form bonds
to oxygen atoms at the surface. Therefore, the Na component on the surface will be denoted
as Na-Se-0, similar to the Na component on the other KF PDT 105 °C w/ Se sample.

According to the lower Nals and O 1s intensities (see Figure 7.2.2.5) on the
KF PDT 105 °C w/o Se sample, it is assumed that less of a Na-Se-O like component formed
on the KF PDT 105 °C w/o Se sample, than on the KF PDT 105 °C w/ Se sample.

To complete the chemical characterization of the KF PDT 105 °C w/o Se sample, some
remaining traces of elemental Se were found on the surface after the rinse. The Se 3d spectra
for both KF PDT 105 °C samples (with and without Se) are shown in the following in
Figure 7.2.2.6.
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Figure 7.2.2.6 Normalized Se 3d spectra for the KF PDT 105 °C samples with and without Se
supply. The spectra were normalized by setting the low binding energy background to zero and
the signal maximum to one. For a better comparison of the spectral shapes, the spectrum of the
KF PDT 105 °C w/ Se sample has been shifted by 0.02 eV to higher binding energy. Gray boxes
indicate binding energy ranges for Se in different chemical environments. The arrows mark the
position, where additional intensity is detected on the sample without Se (light green), compared
to the sample with Se (dark yellow).

The KF PDT 105 °C w/o Se sample shows additional intensity at Egin ~ 55 and 56 eV,
compared to the KF PDT 105 °C w/ Se sample. A fit of the Se 3d spectrum reveals an additional
Se species at higher binding energies, which is ascribed to elemental Se, after comparison to
literature values. Since no Se was supplied during PDT, it appears unusual that elemental Se
is existent on the sample. It is speculated that this elemental Se stems from the excess Se,
which is offered after completion of the CIGSe growth and that the rinse was too short, to
sufficiently remove it. Therewith, the reason for the detection of elemental Se on the KF PDT
105 °C w/o Se sample might lie in experimental issues.

For now, the chemical characterization of the two KF PDT samples without Se at 315 °C and
105 °C has nearly been finished. Before summarizing the results in a sketch, it will be analyzed,
how the stoichiometry of the underlying CIGSe phase has changed after the rinsing.
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7.2.3 Relative changes of CIGSe surface stoichiometry due to KF PDTs with and
without Se supply and summary

To evaluate the stoichiometry of the CIGSe phase, the “Low binding energy region® was
analyzed, similar to Chapter 7.1.4. The LBEE includes the photoelectron signals Se 3d, In 4d,
Ga 3d, Cu 3p, and In 4p. Since Cu 3p is overlapping with the broad In 4p signal, the analysis
of the Cu 3p signal is left out. For the evaluation of relative stoichiometries the peak areas of
the aforementioned photoelectron signals were determined and the peak area ratios Ga/In and
(Ga+tln)/Se are calculated. The values are depicted in Table 10, below. To estimate relative
changes, the respective Ga/ln and (Ga+In)/Se ratios of the different samples were compared
to the ratio of the untreated sample (no PDT). Only the contributions of the CIGSe component
in the respective signal was taken to estimate the peak area.

Peak-Area Ratios

Peak-Areas [arb. u.]
Ga Ga+in
Sample In 4ds2 Ga 3ds2 Se 3dsz n Se
no PDT 2733 525 4067 |0.19+0.01 0.80+0.03
KF 315w/ Se 3638 157 3759 [0.04+£0.00 1.01+0.05
KF 315w/o Se x2 | 3130 180 3246 |0.06£0.00 1.02+0.06
KF 105 w/ Se 2053 398 2973 [10.19+£0.01 0.82+0.05
KF 105w/o Se x2 | 1872 418 3300 |[0.22+0.02 0.69+0.05

Table 10 Determined peak areas for In 3ds, Ga 3dsz, Se 3dsp, and calculated peak arearatios for
the differently treated, rinsed CIGSe samples.

With Ga/ln = 0.06, the Ga/ln ratio of the KF PDT 315 °C w/o Se sample is higher than for the
KF PDT 315 °C w/ Se sample, which is reasonable and can be explained as follows: In Chapter
7.1 a lower reactivity of KF has been observed, as well as lower amounts of Ga-F on the
KF PDT 315 °C w/o Se samples, than on the respective sample with Se. Therefore, lower
amounts of Ga(CIGSe) have reacted to form Ga-F bonds on the sample without Se, than on
the sample with Se. Since Ga-F components like GaFs are water-soluble, the Ga-F bonds are
washed away during rinse. Therefore, the CIGSe layer on the KF PDT 315 °C w/o Se sample
should be less depleted in Ga, than the CIGSe layer on the KF PDT 315 °C w/ Se sample.
This is the case, as can be read from the Ga/ln ratio; The Ga/ln ratio of the KF PDT 315 °C
w/o Se sample deviates less from the Ga/ln ratio of the untreated sample (0.06 vs. 0.19), than
the Ga/ln ratio of the KF PDT 315 °C w/ Se sample (0.04 vs. 0.19).

The (Ga+In)/Se ratios for both KF PDT 315 °C samples are nearly equal and higher than for
the untreated reference cell. The relative Se amount within the CIGSe layer should therefore
be similar on both KF PDT 315 °C samples (with and without Se supply).

For the KF PDT 105 °C w/o Se sample, a slight increase in the Ga/ln ratio is observed
(0.22 vs. 0.19), which lies within the error margin.

Concerning the relative Se-amounts, the (GatIn)/Se ratio is lower on the
KF PDT 105 °C w/o Se sample (0.69), than on the KF PDT 105 °C w/ Se sample (0.82). This
increase stems from a more intensive Se 3d signal on the KF PDT 105 °C w/o Se sample, than
on the KF PDT 105 °C w/ Se sample. As also traces of elemental Se are found on this sample
(probably due to a too short rinsing time), the rinse may also not have removed any Se(CIGSe),
so that the remaining Se(CIGSe) amount is slightly higher on the KF PDT 105 °C w/o Se
sample.
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A summary for the chemical differences between the KF PDT samples with and without Se
supply is illustrated in Figure 7.2.3.1.

KF PDT with Se

KF PDT without Se

TPDT Ga-depleted
315°C Na-O-Se //"jf['_mhea Na-O-Se Less Ga-depleted,
K-Se-In(-0) K-Se-In{-0) Less In-enriched
CiGSe CIGSe
1;5D°TC Na-o-sceu <50 Na-O-Se Se(0) Cu-S-Se-0
CiGSe CIGSe

Figure 7.2.3.1 Summary for the comparison rinsed samples after a KF PDT with and without Se
supply at Tepr = 315 °C and Tepr = 105 °C as a sketch. Note, that this sketch is very simplified,
and does not take the morphology of the surface into account. It is not clear, e.g., if the adsorbate
layer is homogeneously covering the surface or appears in the form of islands, which has a
tremendous impact on the PDT, as well.

Without a Se supply, the KF PDT alters the CIGSe surface in a different way, than with Se
supply:

For the KF PDT 315 °C w/o Se sample (Figure 7.2.3.1 upper row, right), the Ga-depletion of
the surface is less pronounced, than for the KF PDT 315 °C w/ Se sample (Figure 7.2.3.1
upper row, left). On the sample without Se, lower amounts of a K species were detected, as
well as a decreased intensity for In-related signals, than on the sample with Se. The Se species
indicating In-Se bonds is also detected on the KF PDT 315 °C w/o Se sample. Together with
the aforementioned findings, the formation of a species, in which In, Se, K and possibly O
(because of the high oxophilic character of K) are bound together. Despite the exact
composition and bonding motifs are not clear, the additional elements are summarized as “K-
Se-In(-O)*“. This species is suggested to form in lower amounts on the KF PDT 315 °C w/o Se
sample, than on the KF PDT 315 °C w/ Se sample. At the same time, however, higher amounts
of a Na-Se-O component were detected on the KF PDT 315 °C w/o Se sample, than on the
KF PDT 315 °C with Se sample.

The surface of the KF PDT 105 °C w/o Se sample (Figure 7.2.3.1 lower row, right) was also
found to be Cu-rich, similar to the surface of the KF PDT 105 °C w/ Se sample (Figure 7.2.3.1
lower row, left). An additional Cu species was also detected on the KF PDT 105 °C w/o Se
sample and exists in a chemical environment between S, Se and O. As the exact stoichiometry
of this Cu species is not known, it is described as “Cu-S-Se-O*, equally to the Cu species on
the KF PDT 105 °C w/ Se sample. Differently, however, to the sample with Se supply, lower
amounts of the Cu-S-Se-O species were detected on the sample without Se. This can be
explained with the lower (relative) amounts of In-F on the as-grown KF PDT 105 °C w/o Se
sample (than on the KF PDT 105 °C w/ Se sample, see Figure 7.1.2.5 left, page 93). Thereby,
less In-F is washed away during the rinse, and the resulting surface is therefore less (relatively)
enriched in Cu on the KF PDT 105 °C w/o Se sample. Consequently, the amount of Cu-S-Se-
O is lower on the sample without Se (than on the sample with Se).

Moreover, some elemental Se is detected on the KF PDT 105 °C w/o Se sample (which might
be due to an unintended insufficient rinsing) and lower amounts of Na-O-Se are detected, than
on the KF PDT 105 °C w/ Se sample.
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Summing up the comparison, K-Se-In(-O) and Cu-S-Se-O do also form on KF PDTs without
Se supply, but in lower amounts than on a sample with Se supply.

After pointing out the chemical differences between KF PDTs with and without Se supply, the
differences of the electronic properties of the surfaces will be evaluated. Thereby, He Il excited
UPS spectra of KF PDT CIGSe surfaces without Se supply are displayed in Figure 7.2.4.1
(next page) and are compared with the respective KF PDT CIGSe surfaces with Se supply and
some untreated reference samples.
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7.2.4 Changes of the valence band structure at the CIGSe surface due to
KF PDTs with or without Se supply

As it was mentioned before, a sample charging of the KF PDT 315 °C w/o Se sample occurred
while it was measured with Mg K, radiation. The same problem is observed for the UPS
measurement. This shift of the spectrum complicates the determination of the VBM severely.
To overcome this problem, the UPS spectra of KF PDT 315 °C samples in “as-received”
condition were analyzed, different to all other spectra examined in this work.

For a better comparison, a reference sample in “as-received” condition is also included for the
KF PDT 315 °C samples (black), and a reference sample in “Ar* ion-cleaned” condition is
included for the KF PDT 105 °C samples (gray). These UPS spectra are displayed in
Figure 7.2.4.1, below.

Cu 3d-derived UPS Ar*-ion cleaned
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Figure 7.2.4.1 He ll-excited UPS spectra of the CIGSe references and KF PDTs at Tppr = 315 °C
and 105 °C, with different Se supplies. For the KF PDT 315 °C samples, the “as-received”
samples were compared, together with a reference in “as-received” condition (black). For the
KF PDT 105 °C samples, the “Ar*ion-cleaned” samples were compared, together with a
reference in “Ar* ion-cleaned” condition (gray). The binding energy is given with respect to the
Fermi energy of a Au foil reference (not shown). Linear extrapolations of the leading edge are
drawn for the determination of the valence band maxima (VBM). VBM values are given in eV with
an error margin of + 0.1 eV.

To determine the position of the valence band maximum (VBM) with respect to the Fermi Level
(Eg), a linear extrapolation was drawn (red) for the leading edges for each spectrum.

For the evaluation of the KF PDT 315 °C samples, solely the spectra in black are compared,
and for the evaluation of the KF PDT 105 °C samples, solely the spectra in gray are compared.
The VBM position of the alkali-free reference samples do differ from each other (0.75 vs.
0.56 eV), because the Ar*-ion cleaning removes some surface adsorbates and thus slightly
changes the band bending at the surface.
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For both KF PDT 315 °C surfaces (with and without Se supply), a downshift of the VBM (i.e.
away from the Fermi level) is observed compared to the VBM of the reference surface. The
magnitude of downshift for the VBM (rel. to Ef) from the reference sample to the
KF PDT 315 °C w/ Se sample is comparable for the “as-received” samples (shown here in
Figure 7.2.4.1) and for the “Ar* ion-cleaned” samples (shown earlier in Figure 5.4.1 in Chapter
5). This downward shift of the VBM on the KF PDT 315 °C w/ Se sample is explained by the
formation of a K-In-Se(-O) like component on the CIGSe surface, like it was figured out in
Chapter 6.

For the KF PDT 315 °C w/o Se sample, however, this downward shift of the VBM is less
pronounced (+0.05 eV), than for the KF PDT 315 °C w/ Se sample and even lies within the
error margin of this measurement (x 0.1 eV). It can therefore be speculated, if there is a “true®
downshift of the VBM on the KF PDT 315 °C w/o Se sample (rel. to the reference) or not.
Nevertheless, this observation is in accordance with the chemical result that less of a K-In-Se(-
O) like component has formed on the KF PDT 315 °C w/o Se sample, than on the KF PDT
315 °C w/ Se sample. Vice versa, this observation also indicates that mainly the K-In-Se(-O)
component is responsible for the VBM downshift.

Another interesting observation is made for the Cu 3d-related bands at Egn~ 3 €eV: The
intensity of Cu 3d-related bands is much lower on the KF PDT 315 °C samples (with and
without Se), than on the reference sample. This reduced intensity can be explained with an
attenuation of Cu 3d photoelectrons by the K-In-Se(-O) layer on top of the CIGSe surface.
Since a reduced Cu 3d-intensity is observed for both KF PDT 315 °C samples, this confirms
the formation Cu-free or Cu-poor component (such as K-In-Se(-O)) on both KF PDT 315 °C
samples.

Next, the electronic properties of the KF PDT 105 °C sample surfaces (with and without Se
supply) are compared:

The VBM on both KF PDT 105 °C samples show no difference. In both cases (with and without
Se) a comparably high upward shift of the VBM towards the Fermi energy is detected,
compared to the VBM position of the reference sample. Although it is anticipated that less of a
Cu-secondary component (Cu-S-Se-0O) forms on the KF PDT 105 °C w/o Se sample, than on
the KF PDT 105 °C w/ Se sample, their impact on the electrical properties is equally strong.

Summing up, for the position of the VBM (rel. to Ef) it makes a big difference in case of a KF
PDT at 315 °C, if Se is supplied during PDT or not. For the KF PDT 315 °C w/ Se sample, a
clear downshift of the VBM of ~0.2 eV is observed, whereas for the KF PDT 315 °C w/o Se
sample no, or at least a very weak downshift of ~0.05 eV is observed. For the KF PDT 105 °C
samples it makes no difference for the position of the VBM (rel. to Eg), if Se is supplied during
PDT or not. Reasons for this different behavior are not found. The author of the work in hand
assumes that different growth modes of the secondary component (K-In-Se(-O) or Cu-S-Se-
O) might play a role.

Finally closing Chapter 7, it has been found out that the reactivity of KF is drastically altered,
when no Se is supplied during the PDT. The CIGSe surfaces are less Ga- and In-depleted and
lower amounts of secondary components form after a rinse. Nevertheless, the impact on
electronic properties of the CIGSe surface is still distinctively pronounced. However, new
guestions arise, concerning the exact chemical dependence of Ga-F or In-F formation on Se
supply or the effectiveness of the Se supply at different PDT temperatures.
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8 Concluding Discussion and Outlook

The work in hand compared the chemical and electrical effects of a NaF PDT and KF PDT on
CIGSe layers and complete -solar cells. For this purpose, specially tailored CIGSe solar cells
and layers with a defined structure and composition were manufactured and analyzed. The
chosen CIGSe solar cell structure served as a simple model for more complex CIGSe material
systems applied in the industrial production. With the use of alkali-free substrates, single stage
grown CIGSe, a proven wet-chemical treatment and under exclusion of surface
contaminations, a well-defined system with less degrees of freedom was established, enabling
a promising in-depth electrical and chemical analysis. The here-found results serve as a basis
to understand more complex industrial CIGSe solar cells, and to make more targeted
improvements possible.

At first, the device properties of complete solar cells were compared, to establish a general
comparison between NaF PDT and KF PDT cells. Then, for the most noticeable differences,
the specific chemical causes were investigated via XPS measurements. Following these
issues, further questions arose, concerning the molecular mechanism of the PDT. Therewith,
the chemical role of Selenium was unraveled in the last section.

The comparison of the NaF PDT and KF PDT cells started with the dependence of device
performances on PDT temperature (Tepr), @an important process parameter of the PDT. A
steady increase of the cell efficiency with increasing Tepr is observed for NaF PDT cells,
resulting in higher efficiencies than for the untreated, alkali-free reference cell. For KF PDT
cells an increase in efficiency was also observed for Tepr > 150 °C, however, for Tppr < 150 °C
a strong drop in efficiency is observed, resulting in lower efficiencies, than for the untreated
reference cell.

Only very few examples are reported, in which an alkali PDT leads to efficiencies lower than
an untreated cell [36,86,88,133]. The question is, if a KF PDT at Tppr < 150 °C solely
deteriorates the electrical properties of the CIGSe layer, or has a more extensive impact on
e.g., the chemistry at the interfaces? Therewith, at first some properties of complete cells are
checked: The alkali concentration within the CIGSe layer is higher in both, NaF PDT and KF
PDT cells, than for the untreated cells. Moreover, the K-concentration after a KF PDT is even
higher than the Na-concentration after a NaF PDT. The integral alkali supply should therefore
be sufficient. Another important electrical property is the charge carrier density Na, derived
from C-V measurements. The Na of both, NaF PDT and KF PDT cells is higher than the Na of
the untreated reference cell. Therefore, electrical properties, such as the electrical conductivity
(o) of the CIGSe material might also be sufficiently high (as o rises proportionally with Na),
enabling a good charge carrier transport. These findings are the “typical” effects of alkali metals
as dopants in CIGSe solar cells, as reported in numerous studies before. Therefore, at a first
glance, no indications exist, why especially the KF PDT cell at Tepr <150 °C should be
deteriorated.

A closer inspection of the KF PDT with Tepr < 150 °C cells exhibits strong deviations of the I-
V curves from the ideal diode shape. EQE measurements show a dramatically decreased
guantum yield over the whole spectral range of the cell. Both observations suppose a heavily
deteriorated p/n-junction and/or a massively increased number of deep-level defects in the
absorber layer.

Comparable findings are made e.g., when the CIGSe layer is contaminated with traces of Fe?*
[134] or Ni?* 138, For these cells, the current breaks down over the entire spectral range, similar
to what is observed for the low Tepr KF PDT cells, resulting in very bad devices. Therefore it
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must be considered, which reason for the efficiency drop is more likely: An increased number
of deep-level defects within the CIGSe layer or a degraded p/n-junction?

An increased number of deep-level defects might be ruled out, since alkali metal ions like Na*
and K* are chemically completely different to transition metal ions like Fe?* or Ni?*: Generally,
transition metal cations can form diverse coordination polyhedra, depending on their oxidation
state, are capable of existing in a variety of bonding motifs, regularly exhibit magnetism, and
show a pronounced redox activity. Alkali metal cations, however, are quite limited in their ability
to form multiple bonds, mainly show diamagnetism, remain as monovalent cations, and show
no pronounced redox behavior. These differences come alive especially in solution but are still
perceptible in solid state. Therefore, alkali metal ions like Na* and K* behave chemically
different in the CIGSe bulk, than Fe?* and Ni?* ions and thus, should not be able to introduce
deep-level defects in the CIGSe layer.

On one hand, since Na* and K* ions improve the electrical properties of the CIGSe layer, (as
it is observed for NaF PDT cells, and high Tepr KF PDT cells), how, on the other hand, K* ions
should be able to deteriorate the electrical properties (in low Tepr KF PDT cells)? Since it is
the same chemical K species, which diffuses into the CIGSe bulk regime at high and low Tepr,
the formation of deep-level defects especially at Tept < 150 °C is ruled out.

Consequently, the main reason for non-ideal diode behavior, massive current loss, and
subsequently performance decline, must be a degraded p/n-junction in low Tppr KF PDT cells.

The following question was, how a low Tepr KF PDT can lead to the degradation of the p/n-
junction? As the p/n-junction is the interface between CIGSe and CdS and the CdS layer is
grown onto the CIGSe layer, the CIGSe surface plays a special role in this context. As the
CIGSe surface is the substrate for the subsequent CdS growth, its chemical nature distinctly
influences the resulting interface. UPS measurements of rinsed CIGSe surfaces reveal a
strong upward-shift of the VBM by -0.44 eV on the KF PDT 105 °C sample, compared to the
untreated and rinsed CIGSe sample surface. This drastic electronic transformation at the
surface of the KF PDT 105 °C sample might be responsible for the breakdown of the p/n-
junction and the drop in efficiency: A strong reduction of the band bending at the CIGSe surface
due to the KF PDT 105 °C could lead to an unfavorable band alignment at the CdS/CIGSe
interface and thus to a strong increase in charge carrier recombination.

To obtain a complete picture of the specific situation at the different surfaces, the NaF PDT
and KF PDT CIGSe samples were characterized chemically with XPS. For this purpose, in
sum four different samples with different PDTs were analyzed: Two NaF PDTs at Tppr = 315 °C
and 105 °C, and analogously two KF PDTs at Tepr = 315 °C and 105 °C. Therewith, a direct
comparison of a NaF PDT to a KF PDT is possible, and the influence of the PDT temperature
can also be investigated. To our knowledge, this is the first time, a mere alkali fluoride PDT is
performed and analyzed on an alkali-free grown single stage CIGSe layers. The subsequent
processing step after the PDT is the rinsing treatment. The rinsing treatment happens prior the
CdsS deposition and therefore also influences the properties of the p/n-junction. The effects of
the rinsing step are therefore analyzed, as well.

The results partly coincide with findings from other, different CIGSe studies in literature: The
PDT and subsequent rinsing modify the CIGSe sample surface pronouncedly and lead to an
altered surface constitution. A NaF PDT leads to less pronounced chemical changes on the
CIGSe surface, than a KF PDT [136]. Ga-F bonds are observed on all sample surfaces after
PDT, but only in case of a KF PDT, a Ga-depleted surface results after rinsing. This higher
reactivity of KF, compared to NaF, is explained with the lower lattice energy for KF
(816 kJ/mol), than for NaF (920 kJ/mol). Therewith, the reaction of fluoride with the
constituents of the CIGSe surface can take place faster in case of KF. For both NaF PDTs
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(Teor = 315 °C and 105 °C) no significant change of the CIGSe surface composition resulted.
After rinsing, only 5-10% of a Na species are found on the surfaces, which can be a component
like Na>O or Na,Se, possibly also containing C. These minor changes of the surface
composition after a NaF PDT explain the only small shifts of the VBM position (rel. to Ef),
compared to the VBM position of the untreated sample surface, as found by UPS.

The enhanced reactivity for KF, however, leads to a totally different surface chemistry,
depending critically on PDT temperature: At Tepr = 315 °C a strong depletion of Cu and Ga at
the surface is observed, together with the formation of a second Se species, a water-insoluble
K species and a distinctively increased intensity for In-related signals. The question arose, how
to interpret these specific findings?

In a HAXPES measurement of NaF+KF PDT CIGSe surfaces Handick et al. also found a
second Se species at lower Se 3d binding energy, as well as a second In species at lower
binding energy [38]. Chemically, these additional Se and In species were very similar to the
In- and Se species of an In.Se; reference sample, which underwent a KF PDT. Additional XES
measurements of the Se Mas transition revealed the existence of two Se species, one in a
CIGSe-like environment, and the other Se species in an In;Ses + KF PDT environment.
Therefore, the new Se species, which is detected at lower Se 3d binding energy by Handick
et al. should stem from a new type of Se-In bonds. Consequently, although not a combined
NaF+KF PDT was conducted in this work, it is possible that the additional Se species on the
KF PDT 315 °C sample also belongs to Se-In bonds.

Lepetit et al. [123] also observed an additional Se species due to a KF PDT at lower Se 3d
binding energy and identified these Se species upon comparison with literature as Se-In bonds.
To verify this finding, a KF PDT was applied under simultaneous evaporation of elemental In
and Se [137]. Therewith, the chemical reaction of In with KF and Se was specifically promoted.
As a result, the intensity of the new Se species at lower Se 3d binding energy increased, which
corroborates that the new Se species must consist of Se-In bonds.

Because the work in hand applies a similar KF PDT and also detects a hew Se species at
lower Se 3d binding energies, this new Se species should also represent a new type of Se-In
bonds. This finding is also underpinned by the fact that the In-related signal intensity strongly
increases on the KF PDT 315 °C sample. At the same time, Ga and Cu related signals
decrease, which is another hint for a new layer on top of the CIGSe surface.

The findings for Se and In signals on the KF PDT 315 °C sample have now been discussed.
Subsequently, the K-related signals will be addressed and compared to literature.

The observations for K-related signals on the KF PDT 315 °C sample are similar to those found
in literature: A water-insoluble, chemically stable K species forms on the CIGSe surface. With
Raman spectroscopy measurements Lepetit et al. [123] found that, structurally, the In-Se
species that forms after KF PDT at the CIGSe surface, is substantially affected by the existence
of K. Because of the similar KF PDT processes of Lepetit and the work in hand, it is therefore
assumed that the new In-Se species is affected by K, as well.

Briefly summarizing all findings for the KF PDT 315 °C sample, the formation of a new Se
species can be claimed. This new Se species should be bound to In, which is chemically similar
to In in CIGSe. Moreover, K is also involved in the formation of a new In-Se species, so that
chemically it becomes water-insoluble. The exact composition and binding situation between
Se, In, and K, however, remains unclear, and it is not known, what role oxygen might play on
the surface. Furthermore, it is not clear, if just loose atomic bonds exist between these
elements, or a complete phase has formed. Therefore, just a formula can be resumed in which
the concerned elements are given: K-In-Se(-O).

133



Nevertheless, this “loose arrangement of atoms, bonds or domains, however, might be
sufficient, to create a beneficial band alignment between the modified CIGSe surface and CdS,
so that charge carrier recombination at the interface is greatly reduced.

In this respect, also similar observations for the electrical properties at the surface are made
on our samples and Handick’s samples, when a KF PDT is applied:

Handick et al. [8] found that the downward shift of the VBM at the surface is more intense after
a NaF+KF PDT, than after a NaF PDT. They explained this observation with a possible
formation of a K-In-Se or In-Se component after a NaF+KF PDT, which has a higher band gap,
than the nearly unchanged CIGSe surface, after a NaF PDT. [8]. For the work in hand, this
observation is also made, but to a lower extent: The downward shift of the VBM (rel. to Ef) is
more pronounced for the KF PDT 315 °C sample, than for the NaF PDT 315 °C sample. Again,
this is another hint which implies that a K-In-Se(-O) like component has formed on the KF PDT
315 °C sample surface.

So far, for the KF PDT 315 °C sample the possible formation of a K-In-Se component has been
detected on the CIGSe surface, whereas for the NaF PDT 315 °C sample no Na-In-Se
component has been found.

To conclude the comparison of the KF PDT 315 °C and NaF PDT 315 °C samples, the
existence or absence of these secondary components can be explained with thermodynamic
calculations by Malitckaya et al. [39] They found different solubilities of a hypothetical KinSe;
or NalnSe; phase in CulnSe; bulk material. At T = 315 °C the solubility of KInSe, in CulnSe;
is lower than the solubility of NalnSe, in CulnSe,. Therefore, Na should be ,dissolved in the
CulnSe; matrix as NaxCuixInSe; e.g., whereas for K a phase segregation occurs and KinSe;
coexists on the CulnSe; surface (in this work a Cu(In,Ga)Se: surface). Although this is a very
general explanation, it confirms the findings for the KF PDT 315 °C and NaF PDT 315 °C
samples.

Again, it must be mentioned that for the first time this circumstance has now been proven for
an alkali-free grown, single stage CIGSe absorber surface, which underwent a mere NaF PDT
or KF PDT.

Next, the results for the low Tepr KF PDT at 105 °C are evaluated, for which the cell properties
have deteriorated dramatically. After the KF PDT 105 °C, Ga-F bonds, as well as In-F bonds
are found as products of reaction on the CIGSe surface. The detection of In-F bonds is very
surprising, since they are only found on the KF PDT 105 °C sample surface. After the rinse,
Ga-F and In-F components are washed away, since they are soluble in water, and a Ga- and
In-depleted surface resulted. Hence, the CIGSe component is destroyed at the surface and
mainly Cu and Se remained and form a Cu-S-Se-O secondary component with sulfur from the
Na,S rinse. This Cu-O-Se-S component is not soluble in water and can be viewed as a
precipitate on top of the underlying CIGSe layer.

Raman measurements of a complete KF PDT 105 °C solar cell showed characteristic
vibrational modes for a Cu-Se secondary phase besides the mode of Cu(In,Ga)Se, [138].
Thereby, the existence of a Cu-Se secondary component at the CIGSe surface is supported
by Raman measurements.

Again, like for the K-In-Se(-O) species on the KF PDT 315 °C samples, the exact composition
and binding situation in the Cu-Se-S-O species (on the KF PDT 105 °C samples) is not clear.
It is not known if just loose Cu-bonds or isolated Cu-phases exist, which cover the CIGSe
surface. It can just be stated that a Cu-rich surface has been formed upon KF PDT 105 °C in
which S, Se and oxygen are bound to Cu. This Cu secondary component has detrimental
electrical effects, as the strong upward shift of the VBM (rel. to Ef) points out. Therewith, the
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formation of the Cu secondary component is the chemical reason for the huge efficiency drop
for KF PDT 105 °C cells.

A similar observation was made by Lepetit et al. [36]: Upon a KF PDT of multi-stage CIGSe
layers, he also received cells with completely degraded properties. As for the work in hand,
not only Voc and FF decreased, but also the jsc dropped significantly. As causes for this
behavior, Lepetit also observed the formation of a second Cu species on the KF PDT surface
and identified it as Cu..xSe. This confirms that the Cu-S-Se-O component, found on the
KF PDT 105 °C sample surface, must be responsible for the efficiency drop. It must be
mentioned, however that Lepetit performed a KF PDT at Tepr = 350°C on a CIGSe layer with
higher Cu content than used in standard CIGSe layers, whereas for the work in hand a KF
PDT was performed at Tepr = 105 °C on a Cu-poor grown CIGSe layer. Nonetheless, both
situations lead to the formation of a Cu-secondary component at the CIGSe surface.

Another indirect hint for the formation of a Cu-secondary component at the CIGSe surface
yielded a test of different rinsing agents and their effect on cell efficiency (presented in chapter
5.3). Indeed, rinsing a KF PDT 105 °C sample with KCN solution, instead of Na,S solution,
increases the PCE from 0.4 to 7.2 %. As common, cyanide ions are suitable ligands to dissolve
Cu(l)-components under formation of soluble [Cu(CN);]- complex anions and hence dissolve
the Cu-secondary component at the CIGSe surface. Thereby, only a weak deterioration of the
cell efficiency, compared to the alkali-free reference cell (10 %), is observed. Yet, this
explanation is very implicit and still has to be vetted.

So far, it is concluded that the simultaneous depletion of Ga and In on the KF PDT 105 °C
sample led to a (relatively) Cu-enriched CIGSe surface. Thereby, it is important to mention that
the KF PDT 105 °C sample is the only sample, on which In-F bonds are detected, together
with Ga-F bonds (which are washed away in the rinse, so that a Ga- and In-depletion results).
However, it is not trivial that the formation of these In-F bonds (together with Ga-F bonds) takes
place exclusively on the KF PDT 105 °C sample surface. An explanation, including not yet
validated assumptions could go as follows:

Indium is a less reactive metal than gallium. In order to enable a reaction of In from CIGSe
with NaF or KF, a higher reactivity of the alkali fluoride is needed. This higher reactivity is
established by an increased concentration of NaF or KF on the CIGSe surface, as well as by
a faster dissociation of NaF or KF into Na*/K* and F~ ions (because only the ions are able to
react with CIGSe).

For a higher concentration of alkali fluoride, lower Tepr (in our case 105 °C) are needed,
because at lower Tppt the desorption of the alkali fluoride into the gas phase is slower. For KF
a faster dissociation into ions is expected, compared to NaF, because the lattice energy of KF
is lower than of NaF. Combining both aspects, only in case of the KF PDT 105 °C sample, the
concentration of KF on the CIGSe surface is high enough, and, at the same time the
dissociation of KF into K* and F~ is pronounced enough, to increase its reactivity. It is the
effective balance between these two aspects, which determine the reactivity of the alkali
fluoride at a certain Tppr. FoOr the here-examined Tppt range and the given values for the lattice
energies for NaF and KF, the highest alkali fluoride reactivity is found on the KF PDT 105 °C
sample. For this reason, KF on the KF PDT 105 °C sample not only reacts with Ga to form Ga-
F bonds, but also with In to form In-F bonds.

Indirect proofs of this model can be made, when the concentration of KF on the CIGSe surface
is varied, e.g., by varying the KF rate during PDT (not shown):

When the KF rate during a KF PDT 105 °C is reduced, the concentration of KF on the CIGSe
surface is reduced. Thereby, the reactivity of KF decreases, so that less (or even no) In-F
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bonds form, the surface becomes Ga-depleted, but only scarcely In depleted (after rinse) and
no (relatively) Cu-enriched surface formed, with detrimental electrical properties. Thereby, the
efficiency drop should be less pronounced. This, however, is exactly the observation, which is
made (not shown), when a KF PDT 105 °C is applied with reduced KF rate (from 0.3 to
0.03 A/s) during PDT: The efficiency of the resulting cell “rises” from 1 to 9%.

Vice versa, the model can also be proven indirectly on the KF PDT 315 °C sample: By
increasing the KF rate during KF PDT 315 °C, the concentration of KF on the CIGSe surfaces
increases. Thereby, the reactivity of KF increases, so that Ga-F, as well as In-F bonds form,
the surface becomes Ga-depleted and In depleted (after rinse) and a (relatively) Cu-enriched
surface forms, with detrimental electrical properties. Thereby, the efficiency should decrease
distinctly. Again, this is the observation, which is made (not shown), when a KF PDT 315 °C is
applied with increased KF rate (from 0.3 to 0.9 A/s) during PDT: The efficiency of the resulting
cell “drops* from 13 to 9%.

These observations serve as first hints that the “alkali fluoride reactivity model“ is correct.
Consequently, the formation of In-F bonds (in addition to Ga-F bonds) can now be regarded
as the “true” origin of the efficiency drop on KF PDT 105 °C CIGSe solar cells.

To finalize the results for NaF and KF PDTs, it can be appreciated that with a precise chemical
analysis of the sample surfaces with XPS, one was successful in explaining the observed
electrical trends with Tepr.

The observations made in Chapter 6 show that the PDT on CIGSe surfaces involves a complex
chemical mechanism with yet unexplained details. Another unexplained detail is the purpose
of the Se supply during PDT. On KF PDTs without Se supply, the following observations are
made: The amount of K incorporated in the CIGSe layer is two orders of magnitude lower,
when a KF PDT at 315 °C is applied with no Se supply at all. At the same time, the cell
parameters improve slightly, though [139].

Consequently, Se somehow plays a very special role and is inevitable for the effectiveness of
the PDT. To corroborate this special role of Se on the PDT, KF PDTs without Se supply were
conducted in Chapter 7, and the results were compared with those of normal KF PDTs from
Chapter 6 (with Se supply). The following findings were made: In case of a KF PDT without Se
supply, smaller amounts of KF are detected and the CIGSe surface is covered with a thinner
layer of adsorbates. At the same time less reactants like Ga-F, In-F, Se(0), or Cu-Se-S-O are
detected, than on a KF PDT sample with Se supply (see Figure 7.1.6.1, page 108). After rinse,
the KF PDT 315 °C w/o Se surface is less Ga-depleted and less of a K-In-Se(-O) component
forms, than on the KF PDT 315 °C w/ Se sample. For the rinsed KF PDT 105 °C w/o Se
sample, also lower amounts of the Cu-Se-S-O secondary component are detected, than on
the KF PDT 105 °C w/ Se sample.

Summing up these results, without Se, the amount of KF on the CIGSe surface is lower, and
therewith, the reactivity of KF on the CIGSe surface might be lower. This explains the lower
amounts of reactants and consequently a less chemically changed surface composition (after
rinse), compared to a KF PDT with Se supply.

Vice versa, the existence of Se during PDT seemingly increases the amount of KF on the
surface and thereby increases the reactivity of KF. Consequently, Se could function as a
“cover impeding the desorption of KF off the CIGSe surface into the gas phase, so that more
KF is available for the chemical reactions. In this respect, it is rather the colligative property of
Se (together with KF) on the CIGSe surface, which plays an important role, than the specific
chemical properties of Se.
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Nonetheless, one could also imagine a specific chemical impact of Se on the PDT mechanism.
This means that Se might be catalytically active and promote the reaction between CIGSe and
KF to form Ga-F and In-F. This aspect seems reasonable, since in organoselenium chemistry,
some Se-compounds are known to possess catalytic properties [140]. This holds true
especially for essential seleno-proteins, where selenocysteine works as a key catalytic group
[141,142].

Chemically, the dependence of the PDT on Se is not trivial. For the formation of Ga-F or In-F
species, formally no Se is needed. The formation of these fluorides can be understood as a
metathetical reaction, shown for CIGSe with an exemplary composition in Eq.12 (and for now
leaving out the formation of secondary components like K-In-Se):

CulngsGapsSe;z + 1.5 KF — CulngsGagsSerzsFis + 0.75 KSe (Eq.12)

!
CulngsSei2s + 0.5 GaFs + 0.75 K,Se

In such a reaction the CIGSe surface and KF partly "exchange* their cations and anions. This
means that the fluoride anions will leave KF and react with the positively charged cations of
the CIGSe surface, in this case Ga. A part of the K cations in KF will react with the negatively
charged anions in CIGSe, which is Se. Depending on the stability of these intermediates, they
will decay into end products, which are then detected by XPS. These reactions formally run
without elemental Se, as can be understood by the reaction equations above.

The chemical properties of the surface of a material, however, deviate greatly from that of the
bulk material. Surfaces in general exhibit very special sites for chemical reactions with a variety
of exotic electronic properties. This peculiarity in fact just enables their catalytic capabilities
and make unusual chemical reactions possible. In a same way, it is believed that the CIGSe
surface and elemental Se will behave in their very special way to enable a chemical reaction
with alkali fluorides. No previous attempts to unravel the specific chemical role of selenium
have been published so far. Summing up the results for KF PDT without Se, the work in hand
marks the first effort in this matter.

For now, still a number of open questions exists, which will have to be tackled with future
experiments. For example, an interesting observation was made concerning the relative
amounts of Ga-F species to In-F species on the KF PDT 105 °C samples with and without Se:
Upon a KF PDT 105 °C w/o Se, less In-F species (relative to Ga-F species) are detected. This
means that the formation of In-F species more critically depends on Se, than the formation of
Ga-F species. Another example might be the existence of selenium fluorides like SeFs or SeFe.
It is anticipated by the scientific community that these species form during PDT. However,
because of their high vapor pressure and due to their low concentration, they have not been
detected, so far. With specially tailored experiments like Temperature Programmed Desorption
(TPD) one might be able to prove their existence. Thereby, the role of Se during PDT on the
CIGSe surface remains very versatile and complex.

All in all, the work in hand has revealed the chemical differences of a NaF PDT and KF PDT
on alkali-free grown CIGSe layers, has explained the impact of PDT temperature and its
consequences for the electrical cell properties, and has given first insights into the exact
chemical role of Se during PDT.

To give a more general outlook, the work in hand has focused more on the chemical
composition of the CIGSe surface. However, SEM images reveal that the morphology of the
alkali fluoride (and Se) on the CIGSe surface also plays a significant role. Depending on the
growth mode of the alkali fluoride and Se on the CIGSe surface, differently patterned nano-
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structures evolve, which can alter the chemical reactivity of the surface [143]. Several
experiments with varying alkali fluoride rates during PDT (not included in this work but
mentioned before) have shown that the rate of alkali fluoride coevaporation is also a critical
process parameter, with tremendous impact on resulting cell efficiency.

Even in a simplified CIGSe system as in the work in hand, unexpected electrical trends
appeared and resulted from a complex chemical interplay between the here-examined
parameters: PDT temperature, alkali fluoride, and Se supply. For industrial CIGSe production
processes, the PDT parameters have to be optimized even more carefully, in respect of a
higher complexity and assumingly more “hidden” parameters.

Ongoing effort must be put into these aspects to be able to implement substantial
improvements, boosting further the efficiency of CIGSe solar cells.
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