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Es ist nicht genug, zu wissen, man muss auch anwenden.
Es ist nicht genug, zu wollen, man muss auch tun.

Man muss immer tun, was man nicht lassen kann.
- J.W. Goethe



Summary

In recent years, kesterite CuZnSnSs (CZTS) has become an
interesting alternative to copper indium gallium (di)selenide
(CIGS) due to its non-toxic and earth abundant constituents.
A variety of methods is being used to fabricate kesterite thin
films, such as coevaporation, sputtering, electrodeposition,
spray pyrolysis and others. Most of them include an
annealing step to stimulate elemental mixing and
interdiffusion. Although conversion efficiencies of kesterite
solar cells have increased among different research groups,
the record value of 12.6 % set by IBM in 2014 has not been
broken yet. Therefore, experimental and theoretical studies
are needed to predict the effect of the secondary phases and
detrimental defects on the electronical properties of the
CZTS based solar devices.

The work presented here studies non-destructive
techniques for in situ process control and monitoring. With
the aim to detect phases and phase transitions to optimize
crucial processing steps such as pre-annealing of metal
precursors, high temperature annealing and vacuum
deposition of Cu-Zn-Sn-S based thin films. The research
consists of three parts in which Raman spectroscopy, X-ray
diffraction (XRD) and reflectometry are used to explore this
objective.

In the first part Raman spectroscopy is investigated
as an in situ monitoring technique during high temperature
annealing of thin films. It investigates whether the
occurrence of CZTS can be monitored when it is created from
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annealing a Mo/CTS/ZnS layered thin film. CuS, SnS, ZnS and
CTS (Cu-Sn-S) films are prepared by physical vapor
deposition. The Raman scattering intensity was compared to
investigate whether their specific vibrational modes can be
distinguished from each other at room temperature. Then,
the CTS film is annealed between 50 and 550 °C in order to
investigate whether CTS vibrational modes can be identified
at elevated temperatures and to see which transitions take
place within the thin film. Also, a CZTS reference film is
annealed between 50 and 550 °C for reference purposes.
The temperature dependence of the main CZTS modes is
examined to investigate whether it can be used for in situ
temperature control. Finally, a ZnS layer is deposited on the
unannealed CTS film to obtain a Mo/CTS/ZnS layered film.
This film is used to study the conversion of CTS/ZnS into CZTS
at elevated temperatures. It was found that Raman
spectroscopy can successfully be used to monitor formation
of CZTS by identifying its main vibrational mode during the
annealing process. The intensity of the CTS modes reduces
at elevated temperatures. At 450 °C, the main CZTS mode at
338 cm™ can be clearly identified.

The second part also focuses on high temperature
annealing. However, in this part the focus lies on annealing
of the metal precursor films. It is explored whether specific
alloys benefit or hinder the formation of secondary phases
during formation of the CZTS absorber films. Also, to what
extent this influences solar cell performance. In situ XRD was
investigated for in situ monitoring of the pre-annealing



process. Cu-poor metal precursor films are prepared by
sputtering deposition. The precursors are annealed at
150 °C, 200 °C, 300 °C and 450 °C in a three zone tube
furnace. The effect on the structural properties is analysed
by XRD to study the formation mechanism of alloys. The
precursor films are then sulfurized in a three zone tube
furnace. The structural properties of the absorber are
analysed and correlated with structures in the precursor. It
is found that formation of SnS, in the absorber is
proportional to the remaining Sn in the pre-annealed
precursor. Also, electron micrographs showed that pre-
annealing temperature influences grain growth and surface
precipitation of Sn-S and Zn-S. Pre-annealed absorbers at
450 °C did not exhibit these phases on the surface. Solar
devices are fabricated from the absorber films and best
performing devices were obtained from pre-annealed
absorbers at 450 °C. They showed absence of Sn and SnS; in,
respectively, the precursor and absorber. It could be
concluded that SnS, phases are detrimental to device
efficiency and that SnS; XRD peak intensity follows an
inverse proportionality with device efficiency.

The third part explores reflectometry as a method to
monitor a growing film during thermal evaporation in a
physical vapor deposition (PVD) system. A set of six CZTS
absorbers is examined by ex situ Raman spectroscopy and
reflectometry to study the influence of secondary phases
CuS and ZnS on reflection spectra. Composition strongly
influences reflection spectra and CuS leaves a characteristic



dip in the reflection spectrum at about 600 nm. An
integration method was used to analyze this phenomenon
guantitatively. Subsequently, a reflectometry setup is
designed, developed and integrated in the PVD system. Four
different CZTS co-evaporated and multi-layered films are
deposited. Structural, morphological and vibrational
properties are investigated. The reflection spectra are
monitored during deposition and time-dependent reflection
spectra are analyzed for characteristic aspects related to
properties such as thickness, band gap and phase formation.
CuS could not be detected in the films by the integration
method due to the superposition of the CuS dip with
developing interference fringes during film growth.
However, in multilayered CTS/ZnS film it is found that the
onset of ZnS deposition can be detected by increased
reflection intensity due to reduced surface roughness.
Additionally, the shifting onset of the interference fringes to
lower photon energies can be used as a characteristic
fingerprint during the deposition process.

In conclusion, this work showed that Raman
spectroscopy, XRD and reflectometry could be successfully
implemented for in situ process control and monitoring of
high temperature annealing and vacuum deposition of Cu-
Sn-Zn-S based precursors and absorbers. The application of
these in situ techniques can lead to the optimization of thin
film material properties and solar cells. As such, this study
has paved the way for further improvement of Cu-Sn-Zn-S
based precursors and thin film absorbers.

Xi



Zusammenfassung

Innerhalb der letzten Jahre hat sich Kesterit CuZnSnSs
(CZTS) aufgrund seiner ungiftigen Bestandteile und deren
hoher Verfligbarkeit zu einer interessanten Alternative zu
Kupfer Indium Gallium (di-)Selenid (CIGS) entwickelt. Zur
Herstellung von Kesterit Dinnschichten wird eine Vielzahl
von Methoden verwendet wie Ko-Verdampfung, Sputtern,
Elektrodeposition, Spray Pyrolyse und andere. Die meisten
davon beinhalten einen Temper-Schritt um die
Durchmischung und Interdiffusion der Elemente zu
stimulieren. Obwohl der Wirkungsgrad der Kersterit
Solarzellen von verschiedenen Forschungsgruppen erhoht
wurde, ist der Rekordwert von IBM von 12.6 % noch nicht
gebrochen worden. Daher werden experimentelle und
theoretische Studien bendtigt, die den Einfluss von
Fremdphasen und schadlichen Defekten auf die
elektronischen Eigenschaften der CZTS Solarzellen
vorhersagen.

Die vorliegende Arbeit untersucht zerstérungsfreie
Methoden fir die in situ Prozesskontrolle und -
Uberwachung. Dabei ist das Ziel, entscheidende
Prozessschritte wie das Vortempern der Metall-Vorlaufer
sowie das Hochtemperatur-Tempern und die Vakuum-
Abscheidung von Cu-Sn-Zn-S basierten Schichten zu
optimieren. Die Untersuchung besteht aus drei Teilen, in
denen Raman-Spektroskopie, Rontgendiffraktion (XRD) und
Reflektometrie benutzt werden um dieses Ziel zu erreichen.
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Im ersten Teil wird die Ramanspektroskopie als in situ
Methode zur Uberwachung des Hochtemperatur-Temperns
von Dilnnschichten betrachtet. Es wird untersucht, ob das
Entstehen von CZTS beim Tempern von gestapelten
Mo/CTS/ZnS Diinnschichten beobachtet werden kann. Cus,
SnS, ZnS und CTS (Cu-Sn-S) Schichten werden durch
physikalische Gasabscheidung hergestellt. Die Intensitat der
Raman Streuung wurde vergleichen um zu untersuchen, ob
die spezifischen Vibrations-Moden bei Raumtemperatur
voneinander unterschieden werden kénnen. Dann werden
die CTS Schichten zwischen 50 °C und 550 °C getempert um
zu untersuchen, ob die CTS Vibrations-Moden bei hoheren
Temperaturen identifiziert werden kénnen und um
festzustellen, welche Uberginge innerhalb der Schicht
auftreten. Aullerdem wurde eine CZTS Referenzschicht
zwischen 50 °C und 550 °C fiir Referenzzwecke getempert
worden. Die Temperaturabhangigkeit der CZTS Haupt-
Moden werden betrachtet, um zu untersuche, ob sie fur die
in situ Temperaturiiberwachung verwendet werden kénnen.
AbschlieBend wurde eine ZnS Schicht auf einem nicht
getemperten CTS Film abgeschieden, um eine gestapelte
Mo/CTS/ZnS Schicht zu erhalten. Diese Schicht wird
verwendet, um die Umwandlung von CTS/ZnS zu CZTS bei
erhéhten Temperaturen zu untersuchen. Es wurde
festgestellt, dass Raman Spektroskopie erfolgreich
verwendet werden kann, um die Bildung von CZTS zu
Uberwachen, indem die Haupt-Vibrations-Moden wahrend
des Temperns identifiziert werden. Die Intensitat der CTS
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Moden verringert sich bei hoheren Temperaturen. Bei
450 °C kann die CZTS Hauptmode bei 338 cm™ klar
identifiziert werden.

Der zweite Teil konzentriert sich ebenfalls auf das
Hochtemperatur-Tempern. In diesem Teil liegt der Fokus
allerdings auf dem Tempern der Metal-Vorldaufer-Schichten.
Es wird erforscht, ob bestimmte Legierungen die Entstehung
von Fremdphasen wadhrend der Entstehung der CZTS
Absorberschichten beglinstigen oder hemmen und welchen
Einfluss dies auf die Leistung der Solarzelle hat. In situ XRD
wird verwendet, um die Prozesse des Vortemperns zu
Uberwachen. Kupfer arme Metall-Vorldufer-Schichten
werden durch Sputtern aufgetragen. Die Vorlaufer werden
bei 150 °C, 200 °C, 300 °C und 450 °C in einem Drei-Zonen-
Rohren-Ofen getempert. Die Auswirkungen auf die
strukturellen Eigenschaften werden mit XRD analysiert, um
den Entstehungsmechanismus der Legierungen zu
untersuchen. Die Vorlduferschichten werden dann in einem
Drei-Zonen-Rohren-Ofen sulfurisiert. Die strukturellen
Eigenschaften des Absorbers werden analysiert und mit der
Struktur der Vorlaufer korreliert. Es wurde festgestellt, dass
die Entstehung von SnS,; im Absorber proportional zum
verbleibenden Sn im vorgetemperten Vorlaufer ist.
AuBerdem zeigen Bilder des Rasterelektronenmikroskops,
dass die Temperatur des Vortemperns das Kornwachstum
und das Abschieden von Sn-S und Zn-S an der Oberflache
beeinflusst. Bei 450 °C vorgetemperte Absorber weisen
keine dieser Phasen an der Oberflaiche auf. Solarzellen
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werden aus diesen Absorber-Schichten hergestellt und die
besten Zellen entstanden aus den bei 450°C
vorgetemperten Absorbern. Bei diesen traten Sn und SnS;
weder im Vorlaufer noch im Absorber auf. Es konnte
geschlussfolgert werden, dass SnS; Phasen schadlich fir den
Wirkungsgrad der Zellen sind und dass die Intensitat der
SnS; XRD Peaks invers proportional zum Wirkungsgrad der
Zellen ist.

Der dritte Teil erforscht die Reflektometrie als
Methode zur Uberwachung des Schichtwachstums wihrend
des thermischen Verdampfens in einer Anlage zur
physikalischen Gasabscheidung (PVD). Ein Satz aus sechs
CZTS Absorbern wird mittels ex situ Raman-Spektroskopie
und Reflektometrie vermessen, um den Einfluss der
Fremdphasen CuS und ZnS auf die Reflexionsspektren zu
untersuchen. Die Zusammensetzung beeinflusst die
Reflexionsspektren stark und CuS hinterldsst eine
charakteristische Senkung bei 600 nm im
Reflexionsspektrum. Eine Integrationsmethode wurde
verwendet um dieses Phanomen quantitativ zu analysieren.
Anschliefend wurde ein Reflektometrieaufbau entworfen,
entwickelt und in die PVD-Anlage integriert. Vier
verschiedene CZTS koverdampfte und Mehrschicht-Filme
wurden abgeschieden. Strukturelle, morphologische und
Vibrationseigenschaften werden untersucht. Die
Reflexionsspektren werden wahrend des Abscheidens
aufgenommen und zeitabhdngige Reflexionsspektren
werden auf charakteristische Aspekte im Zusammenhang
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mit Eigenschaften wie Dicke, Bandliicke und Entstehung von
Phasen untersucht. CuS konnte in den Schichten mit der
Integrations-Methode wegen der Uberlagerung der CuS
Senkung mit dem entstehenden Interferenzmuster nicht
detektiert werden. Allerdings wurde in gestapelten CTS/ZnS
Schichten beobachtet werden, dass der Beginn der ZnS
Abscheidung durch eine ansteigende Intensitdt der
Reflektion aufgrund der verringerten Oberflachenrauigkeit
detektiert werden kann. Zusatzlich kann die Verschiebung
des Startpunkts der Interferenzen zu niedrigeren
Photonenenergien als charakteristischer Fingerabdruck
wahrend des Abscheidungsprozesses verwendet werden.

Zusammenfassend zeigt diese Arbeit, dass Raman-
Spektroskopie, XRD und Reflektrometrie erfolgreich als in
situ Prozesskontrolle und -Uberwachung bei
Hochtemperatur-Tempern und Vakuum-Abscheidung von
Cu-Sn-Zn-S basierten Vorlaufern und Absorbern realisiert
werden konnten. Die Anwendung dieser in situ Techniken
kann zu einer Optimierung der Eigenschaften von
Diinnschicht-Materialien und von Solarzellen fiihren. Als
solche hat diese Untersuchung den Weg fiir weitere
Verbesserung von Cu-Sn-Zn-S basierte Vorlaufer und
Diinnschicht-Absorber geebnet.
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1 | Introduction

1 | Introduction

his introduction provides a background to the

importance of research in the field of energy

science. It shows a current picture of the energy
use in the world and its future direction. It addresses the
requirement to move towards sustainable energies and how
solar energy contributes to that. Finally, the aim of the thesis
is described.

1.1  World energy outlook

The increase of the global population has broad implications
for life essentials such as water, food and energy [1]. A
transition to a sustainable way of living is unavoidable in
order to reduce the environmental impact. Burning of fossil
fuels contributes to the biggest portion of greenhouse gas
emissions due to human activities, as depicted in Figure 1.
The consequence of increasing greenhouse gas emissions is
global warming and this drives several unwanted
environmental changes such as retraction and melting of ice
glaciers, droughts and other extreme weather conditions.
To reduce and possibly rewind consequences of fossil
fuel use it is important to make a transition to sustainable
energy sources such as wind, solar and geothermal energy.
The key world energy statistics from 2017 indicate that these
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1.1 World energy outlook

energy sources currently contribute less than 1.5 % of the
total energy supply in 2015. Although it has increased from
0.1 % in 1973, there is still a huge potential for renewable
energy sources [2].

co, Fossil fuel / Industry 65%

CH, Methane 16%

CO, Forestation / Land use 11%

NZO Nitrous oxide 6%

Fluorinated gases | | 2%

LU B e e e L B B B

0 10 20 30 40 50 60 70

Contribution to greenhouse gas emissions (%)

Figure 1 Relative contribution of greenhouse gases emissions from human
activities

Figure 2 shows the global electricity generation, which sums
up to 24255 TWh in 2015 [3]. Since 1973, electricity from
renewables has strongly increased. While renewables
contribute 1.5 % to the total energy supply, they account for
7 % to the total electricity generation, where 1.02% is
generated by photovoltaic solar energy (PV). In the last
decade, electricity production from solar PV increased from
4 TWh to 247 TWh. The biggest suppliers are China and
Germany, they provide 18.3 % and 15.7 %, respectively.
Followed by Japan, United States and Italy with 14.5, 13.0
and 9.3 %, respectively. In order to reach Paris Agreement
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1 | Introduction

targets, fossil fuel use should be reduced strongly. This
implies a huge potential for solar PV and other renewables
to shape the energy transition.

Natural gas
25000 || EEO — —
Coal
I Renewables (non Hydro)
I Hydro
20000 | I Nuclear

15000 —

10000 ]

5000

Electricity generation (T\Wh)

1973 2015
Year

Figure 2 Global electricity generation divided into energy sources for the years
1973 and 2015

1.2 Thin film photovoltaics

The field of photovoltaics has been studied extensively and
silicon solar panels have been commercially available for
decades. However, thin film solar modules are an attractive
alternative because they use less material, are lightweight
and are interesting due to their broad applications as
opposed to thicker crystalline silicon panels. CIGS (copper,
indium, gallium, sulfur/selenium) and CdTe (cadmium
telluride) are well developed thin film PV technologies.
However, indium is used in CIGS and is also being used in
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1.3 Kesterite

many electrical devices and other applications as a
component in transparent conductive oxides. Indium and
gallium are not seen as earth abundant and cadmium and
tellurium are considered as toxic elements. To reduce future
environmental impact, non-toxic and earth abundant
alternatives are preferred. Alternatively to CIGS, kesterite
with copper, zinc, tin, sulfur and/or selenium, also known as
CZTS/Se, is recently being investigated. It has an ideal direct
band gap between 1 and 1.5 eV and a high absorption
coefficient of 10% cm™. More recently, groups are starting to
investigate the incorporation of other elements, such as
germanium or silver, to improve opto-electronic kesterite
properties.

1.3 Kesterite

Kesterite or CZTS can be seen as a derivative from CIGS with
non-toxic and earth abundant constituents replacing indium
and gallium. CZTS/Se is typically used with sulfur and
selenium or a ratio of both. This leads to a tunable direct
band gap between 1 and 1.5 eV. This is perfectly positioned
with respect to the Shockley—Queisser limit, which describes
the maximum theoretical efficiency of a single junction solar
cell.

Figure 3 shows the record efficiencies of single
junction solar cells with respect to their current
technological level. Silicon, CIGS and CdTe are being
exploited commercially, while CZTS and others are still in the
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1 | Introduction

research & development phase or in the manufacturing
phase. There is substantial room for improvement for CZTS
since it is currently below 50 % of the maximum attainable

efficiency.
. 35 -
X 30.
g sQ limi " GaAs
2 @ CcdT
) e
8 20 . n:c(_:é?s » perovskite
b= L amannr. - ewamet sttt e,
T b b Y CZTS  dyelTiO, “orgaiie..
o 104" e L
3 - neSi  ppsap  a-SiH
= 5'. Technological level
Ire) 04| ® Mature, large scale deployed
w v Emerging, small scale deployed
= Manufacturing
R&D phase
o6 08 10 12 14 16 18 20
Band gap (eV)

Figure 3 S-Q limit with respect to record efficiencies of solar cell technologies and
its current technological level (after [4])

1.3.1 Kesterite challenges
Despite the important benefits of kesterite, it also has
challenges. Figure 4 indicates the narrow stoichiometric

point of kesterite [5], [6]. Outside this region other, often
unwanted phases are present besides CZTS. It was found
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1.3 Kesterite

that off stoichiometric kesterite delivers better device
performance. This easily results in unwanted secondary
phases such as Cu-S, Sn-S, Zn-S and Cu-Sn-S compounds and
lattice defects within the host kesterite crystal [5], [7]-[11].
Also, decomposition of kesterite and elemental loss might
occur during the fabrication process, depending on the
process conditions [12], [13]. During high temperature
annealing, CZTS might react with the Mo back contact,
forming MoS and other unwanted phases in the back contact
region [14]. These aspects lead to inhomogeneities within
the bulk of the absorber, as well as precipitation of
secondary phases on the surface [15]-[17]. Etching methods
have been applied to remove Cu-S, Sn-S and Zn-S phases on
the surface [9], [16], [18]. Although this can lead to an
increase in device efficiency, it may create pathways/voids
for CdS during chemical bath deposition of this buffer layer.
Also, from an industrial and cost effective perspective, it is
preferred to have as little number of processing steps as
possible.

1.3.2 Preparation methods

Several deposition techniques can be used to fabricate
kesterite thin films. Vacuum deposition techniques such as
sputtering and co-evaporation, as well as non vacuum
techniques, such as solution based, spray pyrolysis and
electrodeposition [9], [10], [15], [19]-[24]. Precursor and
absorber deposition may consist of one or multiple steps. In
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1 | Introduction

most cases, deposition is followed by an annealing process
taking place in a tube furnace that can be operated under
vacuum or inert atmosphere. This annealing step is included
to stimulate intermixing of the elements and accelerate
grain growth.

SnS,
60

Cu,S 50 40 30 Zns
mol.% Cus,

Figure 4 Ternary phase diagram at 400 °C of the Cu,S-SnS,-ZnS system with
isothermal lines, adjusted from [5], [6].Outside the narrow Cu,ZnSnS, (CZTS)
region additional unwanted phases are present.

1.3.3 Process control

Process parameters such as time, pressure and temperature
determine thin film growth. The optimum can possibly be
determined by trial and error for each system. However, this
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1.3 Kesterite

can be a time consuming approach and might obstruct
reproducibility. It would be more sustainable to develop
methods that can be used for in situ process monitoring.
These methods should be non-destructive in order to
prevent interference with the growth process itself.

Common methods for in situ process control and
monitoring are optical techniques such as Raman
spectroscopy and reflectometry. Their common use is due to
their non-destructive character [25]-[29]. In previous
studies, it was shown that Raman spectroscopy can be used
ex situ for detection of secondary phases and detection of
Se/(S+Se) and Cu/(In+Ga) ratios in chalcopyrites. It was also
used in situ for the assessment of crystal quality in CIGSe
layers by analysis of the shape and (relative) position of
specific vibrational modes. It was also shown that Raman
spectroscopy is a valuable technique for the detection of
CZTS and Cu-,Zn-,Sn-S based secondary phases [15], [30],
[31].

X-ray diffraction can be used to obtain structural
properties of thin films during deposition. Small scale table
top setup and large scale synchrotron based setups are used.
Identification of phases and phase transitions can be
observed in CIGS and CZTSe [32], [33]. ZnSe can be
distinguished from CZTSe at elevated temperatures [34].
Though in situ investigations on CIGS-based films have been
reported more frequently, in situ XRD studies on CZTS/Se
films are scarce.
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1.4 Structure and aim of the thesis

The motivation for working on Cu-Zn-Sn-S based thin film
and the necessity for process control has been illustrated in
sections 1.1-1.3 of this chapter. This section will further
elaborate on the aim of the thesis. The following chapter 2
will elaborate on the experimental techniques and its
theoretical background. In chapter 3, the results of the three
publications will be presented, followed by the conclusions
and outlook in chapter 4.

The aim of this thesis is to investigate Raman
spectroscopy, reflectometry and X-ray diffraction as non-
destructive techniques for process control and monitoring.
With the purpose of process optimization such that it can
lead to thin films and devices with desired properties.
Typical processing steps for Cu-Zn-Sn-S based thin films are
depicted in Figure 5. The focus of this thesis lies on two main
processing steps of Cu-Zn-Sn-S based absorber and
precursor films: high temperature annealing and vacuum
deposition.

The investigation is threefold. In the first part it is
investigated whether Raman spectroscopy can be used
during high temperature annealing of CTZS based films. For
this purpose, in situ monitoring of Mo/CTS, Mo/CZTS and
Mo/CTS/ZnS films during annealing between 50 and 550 °C
is investigated. The peak position and intensity of their
specific vibrational modes are analysed. CTS and CZTS are
examined to serve as a reference.
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1 | Introduction

Furthermore, it is explored whether vibrational modes of
CZTS can serve as a means for temperature control. It is also
studied whether formation of CZTS can be monitored during
annealing of a CTS/ZnS multi-layer film.

Secondly, X-ray diffraction is explored as a method to
study phase transitions in metallic precursor stacks to
explore the influence of alloy formation in the precursor on
phases in the subsequent absorber. Also, influence of
absorber properties on device properties is investigated and
correlated with phase observations in the precursor and
absorber. Structural, compositional, morphological and
vibrational properties are characterized and correlated to
device parameters. XRD is used to investigate whether pre-
annealing of precursor stacks can be monitored in situ.

Furthermore, reflectometry is studied for in situ
monitoring of vacuum co-evaporation of Cu-Zn-Sn-S based
films. An optical setup is designed and implemented to
operate in conjunction with a PVD chamber to monitor
specular reflection during the deposition of co-evaporated
and stacked thin films. Time-dependent reflection spectra
are analysed for the potential to identify unwanted phases,
such as CuS and ZnS. With the aim to obtain thin films with
desired properties such as thickness, phase composition and
band gap. Structural, compositional, morphological and
vibrational properties are studied with ex situ
characterization methods to provide in depth information of
deposited thin films. The thesis is submitted in cumulative
form and it is based on three publications:
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2

Experimental
techniques

n this chapter experimental techniques which were

used in the investigation are described. It provides a

background to the methods that were used to prepare
and characterize the precursor and absorber films. It
elaborates on the characterization methods that are used to
investigate the structural, morphological, vibrational, optical
and electronical properties of the precursor, absorber films
and devices.

2.1 Thin film deposition and annealing

2.1.1 Sputtering

Sputtering is a deposition technique where targets are being
used to deposit material on a substrate. The targets are
being bombarded with ionized particles originating from an
atmospheric gas, such as argon/Ar*. The gas is ionized by the
electrons moving from the target to the substrate due to the
potential difference. With magnetron sputtering, electrons
move along the magnetic field close to the target. The
electron density is highest close to the surface of the target,
enhancing ionization and subsequent release of atoms from
the target. The elements are released from the target and
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2.1 Thin film deposition and annealing

directed towards the substrate, where they stick to the
surface. The deposited film consists of metals or has a
chalcogen incorporated, dependent on the atmosphere. In
this thesis, argon and H,S were used as atmospheric gases.

In the in situ Raman study (chapter 3.1) [35], reactive
sputtering in a Von Ardenne CS600 was used to deposit the
ZnS layer [20]. The system contains 3 different targets, Cu.S,
Sn and Zn. A 4-inch planar circular target was used with Zn
(99.99 %). The target was operated in 20 kHz pulsed direct
current mode. Standard process pressure was 5 mTorr with
Argon and HxS (99.5 %) to obtain a ZnS layer. To reduce
stress on the substrate during deposition, the substrate
temperature was approximately 180 °C. The thickness was
verified afterwards with a Dektak profilometer.

For the pre-annealing study (chapter 3.2) metal
stacks were prepared by a DC-magnetron sputtering Alliance
Ac450 system. The metal targets Cu, Zn, Sn were of 99.99 %
purity. The Argon flow was set to 30 cm3/min and a pressure
of 1 x103mbar was used. Substrate rotation was used to
obtain a uniform deposited layer and no additional substrate
heating was used. A schematic image of a typical sputtering
setup is depicted in Figure 6A.

2.1.2 Thermal (co-)evaporation
Another method for thin film deposition is thermal

evaporation. With this technique film growth is facilitated by
evaporation of elemental metals in a gaseous sulfur
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2 |Experimental techniques

atmosphere. This method was used for film deposition for
the studies in chapter 3.1 and 3.3. Individual solid metals of
high purity are positioned in separate Knudsen effusion cells.
The cells can be heated up to 1500 °C, facilitating the
evaporation of copper, zinc and tin towards the substrate. A
sulfur cracker is used to provide a sulfur atmosphere in the
vacuum chamber.

A Power B C |
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L. Gas
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Figure 6 Schematic representation of physical vapour deposition systems. A)

Sputtering and B) Co-evaporation

The pressure in the chamber during deposition is
approximately 1 x 10 mbar. The elemental clouds overlap
to facilitate uniform deposition of the elements. Substrate
rotation and substrate heating were used to facilitate
intermixing and deposition of homogeneous films. In order
to dissipate heat from the chamber an inner cooling shell
with liquid nitrogen is used. A schematic representation of
the evaporation system is depicted in Figure 6B.
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2.1 Thin film deposition and annealing

2.1.3 Annealing and sulfurization

Thermal treatment, or annealing, is used during the
preparation of kesterite based thin films at different steps in
the process, as shown in Figure 5. It is used to stimulate
intermixing and elemental diffusion. Annealing can be
performed under inert atmosphere to avoid contamination,
orin a sulfur atmosphere in order to obtain sulfur containing
compounds. Annealing and sulfurization are typically done
in a tube furnace, as depicted in Figure 7A (chapter 3.2).
Annealing setups wused in conjunction with Raman
spectroscopy or X-ray diffraction are much smaller and have
a transparent window to perform in situ characterization, as
shown in Figure 7B (chapter 3.1, 3.2).

Gas, )—‘ Graphlte ): ﬁ
m!mT Y vox
Gas
m

inlet

Figure 7 Schematic depiction of annealing systems. A) three zone tube furnace
and B) heating stage used for in situ Raman

In the in situ Raman study (chapter 3.1), deposition of the
precursor Zn-S, Sn-S, CTS and CuS films was done by co-
evaporation at specific temperatures to obtain reference
thin films. Deposition of Zn-S on top of CTS was done with
sputtering in a HyS atmosphere. During the in situ Raman
study (chapter 3.1) a Linkam heating stage (THMS600) filled
with nitrogen was used to anneal the films and to study
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phase transitions, see Figure 7B. For the pre-annealing study
(chapter 3.2) different methods were used. The metal
precursors were prepared by sputtering. The precursors
were annealed in a three zone tube furnace at 1 bar Argon
in order to obtain mixtures of bronzes and brasses. The
samples were placed in quartz crucibles.

The in situ part of this study was performed in a
Bruker D8 diffractometer in conjunction with a heating
stage, also operated under Argon atmosphere to mimic the
treatment in a tube furnace. The absorbers were prepared
in a 3-zone tube furnace by placing the thin films in a
graphite box (see Figure 7A). The box serves as a confined
heat conductive system to reduce elemental losses during
sulfurization. Different tubes were used for precursor
annealing and sulfurization to avoid cross-contamination.

In the reflectometry study (chapter 3.3), absorbers
were prepared by coevaporation and annealed at 550 °C to
obtain CZTS films. The in situ monitored films were prepared
by coevaporation at around 200 °C, in order to prevent
stimulated elemental mixing and monitor deposition of the
materials as it is.

2.2 Insitu process control and monitoring
The methods that were used for the in situ monitoring
studies are Raman spectroscopy, XRD and reflectometry.

The following sections will elaborate on each technique and
its theoretical background.
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2.2 In situ process control and monitoring

2.2.1 Raman spectroscopy

Raman scattering can be detected with Raman
spectroscopy. It originates from the inelastic scattering
between photons and phonons. The scattering event can
lead to a small loss (Stokes) or gain (anti-Stokes) in energy by
the photons. As opposed to elastic Rayleigh scattering,
where the incoming light has the same energy as the
outgoing light. Raman scattering is inefficient and only
occurs one in every million scattering events. Therefore, the
intensity is much lower than Rayleigh scattering and
sensitive detectors are required. The phonon-photon
interaction holds material specific information and the
measured intensity as a function of the energy is related to
specific vibrational modes of the crystal lattice. For the
excitation above the band gap of the material the probing
depth is dependent on the excitation wavelength and
absorption coefficient of the material. In combination with
the rather low scattering intensity the method is mainly
surface sensitive. Rayleigh and Raman scattering events with
respect to energy transitions are depicted in Figure 8.
Figure 9 shows a typical Raman setup in the back scattering
geometry with its relevant components. Both Rayleigh and
Raman scattering are present in the reflected light when the
material is Raman active. In order to detect the Raman signal
a notch filter is used to remove the Rayleigh light.
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4 4

Energy

Rayleigh Stokes anti-Stokes

Figure 8 Energy transitions of Rayleigh and Raman scattering. With Rayleigh
(elastic) scattering the photon in/out energy is conserved. While with Raman,
energy is gained (anti-Stokes) or lost (Stokes), with respect to the incoming
photon, during the light-matter interaction as indicated by the changing arrow
colors.

The light is diffracted by a grating of the spectrometer in
order to obtain a highly dispersed light spectrum. A charge-
coupled device (CCD) is then used to convert the dispersed
light into an electrical signal and to be able to distinguish
light originated from different vibrational modes. For Cu-Zn-
Sn-S based thin films Raman spectroscopy has proven to be
a technique that can be used to determine secondary phases
in the thin film [15], [30], [35]. Vibrational modes of Cu-S, Sn-
S and CZTS can be distinguished from each other. Different
Cu-Sn-S (CTS) modes are spread across the Raman spectrum
and appear in the same region where the modes of the CZTS
kesterite phase are present [35]. The intensity of the Zn-S is
generally lower than aforementioned phases unless an
excitation wavelength (325 nm) is used that coincides with
the ZnS bandgap and causes resonant enhancement [36]. A
guantitative estimation of the grain size in ZnS nanoparticles
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2.2 In situ process control and monitoring

and films can be determined by analysis of the relative peak
intensity of higher orders of the main ZnS vibrational mode
[36].

Grating
Notch filter

= CCD

Y Mirror

Figure 9 Schematic representation of a Raman microscope setup with main
components

During the in situ Raman experiment (chapter 3.1) it is
investigated whether phases and phase transitions can be
identified at elevated temperatures (50-550 °C).
Furthermore, in all studies (chapter 3) Raman spectroscopy
is used as a method to verify surface presence of CZTS and
related binary and ternary phases as mentioned before.

2.2.2 Reflectometry
Reflectometry is another method where light-matter
interaction is used to obtain information about thin film

properties. Reflection spectra can be used to extract a
variety of thin film properties, such as point-of-formation of

39



2 |Experimental techniques

phases, band gap and thickness [25]-[27], [32]. In multi-
layer films, presence of interference fringes and its onset are
being used for the estimation of thickness and bandgap.

le 100
CZTS 2 ym
~ 801 “Mog3snm |
§ Glass
n 60
™ S
0
& 40
d &
! 20
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v M Cu-Zn-5n-S film 400 800 1200 1600

n, Molybdenum Wavelength (nm)

Figure 10 (A) Schematic representation of reflection and transmission in thin films
and (B) typical reflection spectrum of a CZTS/Mo/glass film as produced with
thermal coevaporation

Figure 10A shows a simplified schematic representation of a
thin film where reflection and transmission processes are
shown. Light is reflected, transmitted and absorbed by the
films. The surface roughness will determine the extend to
which light is scattered and determines intensity of direct
(specular) and diffuse reflection.

The complex refractive index n, =n —ik, with
extinction coefficient k, of a material influence how light
travels through a medium. The light that eventually leaves
the material is the result of reflection, transmission and
absorption processes. A typical CZTS reflection spectrum is
depicted in Figure 10B.

Light reflected at normal incidence does not change
its polarization and its magnitude depends only on the
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2.2 In situ process control and monitoring

refractive index of the materials. At oblique incidence, light
reflection is different for s- and p-polarized components.
The total light intensity for the situation in Figure 10A, where
the interference between Is and I beams are considered,
can be described by Fresnel equations combined with the
scalar scattering theory [32], such that

Lot = Is + Ip + 2,/ [1E cos[

4mdn,

Acos 91] + 46 (1)

with phase shift § (0 or m ), thickness d, roughness ¢ and

specular reflection Rg

_[21‘[0‘2n0 cos 90]2
A

(2)

Is =Rs =Rypr €

_1 [no cos(8g)—n4 cos(04) 2 [no cos(61)—n4 cos(Bg) ]2
T2 ng cos(6g)+n4 cos(04) ng cos(61)+n4 cos(By)

(3)

and light with intensity passed through the absorber twice

azd

Iz = TsTre cos@DRy, (4)
where reflection from molybdenum Ry= R;,; with
subscripts0 > 1and 1 - 2 (e.g. n; = n,) and

2mo[ng cos 09 —nq cos 1 |

2
T, =Ty = (1= Reg)e | 3 I's)
since it is the same interface.

This method can be used for multilayer films by
including R and T coefficients for every layer. However, when
the amount of layers is increased, calculation of Fresnel
coefficients becomes tedious and the transfer matrix
method can be applied to obtain the total reflection and
transmission. This is a generalized formalism and is
integrated in the Optisim program [37]-[39].
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With respect to absorption, the absorption coefficient is

defined as
41k
“=T (6)

For the allowed direct transitions at band gap £y it can be

a < /(hv — Eg) (7)

with hv and A the photon energy and wavelength,

written as

respectively [40].

It can be concluded that reflection spectra hold
information about properties such as thickness, band gap
and roughness. Also, because n. is material specific,
reflection spectra can possibly be used as material specific
fingerprints during deposition of thin films. However, it
should be taken into account that the band gap is
temperature dependent and reduces at elevated
temperatures. This is caused by increased interatomic
spacing due to thermal expansion and electron-phonon
interaction, such that

Ey(T) ~ Ey(0) - 21 ®)

with temperature T and z, 8 as fitting parameters [40].

A characteristic aspect of the reflection spectrum is the
onset of interference fringes. This depends on the thickness
and band gap of the absorber. In the in situ reflectometry
study (chapter 3.3), a setup was developed such that it could
monitor reflection during deposition in the PVD system. A
schematic representation is shown in Figure 11. Optical
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2.2 In situ process control and monitoring

cages were mounted on two viewports at opposite sides of
the PVD chamber. On one side a halogen lamp (type
SLS201L) was fiber coupled to a silver coated collimator with
a 90° off-axis parabolic mirror to prevent chromatic
aberration. The collimator was mounted on the optical
caging system, aiming at the center of the substrate. An iris
diaphragm was used to adjust light intensity. On the
opposite side of the chamber a similar construction was
used to couple the reflected light with the spectrometers
connected to a computer.

Fiber
coupled
reflective
collimator

|

Figure 11 Schematic representation of the PVD system with in situ reflection
setup

For the ex situ measurements a commercial Perkin Elmer
spectrophotometer was used to measure reflection spectra
and to be able to distinguish contributions from specular and
diffuse part of the reflection.
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2.2.3 X-ray diffraction

With X-ray diffraction it is possible to obtain information on

crystal structures in the thin film. The position of atoms in a

crystal lattice follows a certain pattern dependent on the

material. At different orientations, parallel planes can be

drawn through the lattice. Reflection of X-rays from these

planes causes constructive interference when Bragg’s Law,

2dsinf = nA is fulfilled, as shown in Figure 12. This

depends on the incident angle and the distance between

two lattice planes. With GIXRD only the detector moves and

the beam hits the sample at a fixed shallow angle. This

provides the possibility to increase the reflection intensity

from highly oriented films. A shallow incident angle also

increases the path length through the film. Which reduces

interaction with the substrate, that otherwise might cause
difficulty to distinguish thin film reflections [41]. This
typically occurs during a symmetric 6-26 Bragg-Brentano

measurement where the metal back contact layer consists

of molybdenum.
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Figure 12 Schematic image of an X-ray diffraction measurement setup with

incident X-ray beam illustrating conditions for constructive interference as

defined by Bragg’s law
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In ©-28, only reflections parallel to the substrate surface
contribute to the diffractogram. Therefore, GIXRD is well-
suited for ordered thin films. Upon heating of the sample
thermal expansion alters interatomic distances and
subsequently lead to a shift in the peak position of
reflections observed in the XRD pattern. This has to be taken
into account during the annealing experiment (chapter 3.2),
such that XRD reflections are properly assigned to the
correct phase.

2.3 Morphology and composition characterization

In order to obtain more information about the
morphological and compositional properties of the thin films
Scanning Electron Microscopy/Energy-dispersive X-ray
spectroscopy (SEM/EDX) and X-ray Fluorescence (XRF,
Figure 13) were carried out respectively. X-ray fluorescence
can be used to determine thin film composition. X-rays are
used to excite the material and, similarly to SEM-EDX,
characteristic X-rays are being detected.

The electron is pushed out of its shell and leaves a
vacancy. The atom becomes unstable and the vacancies are
filled by an electron from a higher orbital, see Figure 13. The
difference in energy is emitted as a characteristic X-ray, such
as Ko and KB. Prior calibration with Rutherford
backscattering facilitates the XRF counts to be correlated
with thin metal films of known composition.

With SEM the electron beam is focused towards the sample
with magnetic lenses. Another set of magnets facilitate the
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scanning across the surface. The excitation voltage of the
primary electrons, typically 5 or 7 keV, determine the
penetration depth, and thus the information depth of the
sample. The secondary electrons are registered by the
detector and the amount of electrons detected at each
position will be used to draw a contrasted image of the
sample.

Incident X-ray
Electron

o '
&3 Ka X-ray

Figure 13 Schematic image of the fundamental process behind X-ray

fluorescence, resulting in, for example, Ko and K3 emissions.

A cross-section image of the sample can provide information
such as thickness, morphology and voids in the thin film. For
example, ZnS acts as an insulator and charging effects causes
ZnS regions to appear brighter in SEM imaging. SEM-EDX can
be used to estimate the composition of the film by detection
of characteristic X-rays. In that case, the acceleration voltage
is set according to the elements that are analysed.
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2.4 Solar cell characterization

Characteristic X-rays cause current pulses inside the
detector, these are converted into a digital signal and
conversely assigned to energy slots [41].

2.4 Solar cell characterization

The investigation of in situ process control and monitoring is
meant for optimization of CZTS thin films that can serve as
the absorber section of a solar cell device.

In the pre-annealing study (chapter 3.2) solar cell properties
are correlated to material properties. A solar cell can be
described as an electrical device that operates in a similar
manner as a diode. The performance of a solar cell can be
analyzed by measuring the current-voltage characteristics,
as depicted in Figure 14. When the solar cell is illuminated a
photocurrent is generated.

A B
30

Under illumination
Dark curve
—— Power curve

Light

Rseries

Current density (mA/cm?)

800

Voltage (mV)

Figure 14 (A) Depiction of a typical IV curve measurement (CZTS, chapter 3.2)
performed on a solar cell. (B) Representation of a solar cell as an electrical circuit.

The current at 0 volt is the short circuit current, /5. The total
current-voltage dependency can be described by including
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the saturation current, series resistance( Rgpjes) and shunt
resistance (Rgpyunt) , such that

J=J (exp [Q(V—JRseries) _ 1) 4 VI Rseries +Jec (9)

nkgT Rshunt

with elementary charge g, ideality factorn, Boltzmann
constant kp and temperature T. At zero volt | = Js..

The open circuit voltage is found at J = 0 and under
assumption of high Rsp,¢it leads to

nkBT _]S_C
T In(1 - 5 (10)

The voltage at zero current is defined as the open-circuit

Voc =

voltage. Defects, bad interfaces, voids, secondary phases
and other non-idealities cause resistances inside the solar
cell as indicated by Rgeries and Rgpynt-

The fill-factor describes the power ratio between the
maximum and theoretical limit of the solar cell. In essence,
it is a quality indicator of the solar cell and is defined as

FF = VmpImp (11)

Voclsc

The power curve is found by P=/V, where the maximum
power point (MPP) is found where the derivative of this
curve equals 0. The efficiency of the solar cell is then defined
as the ratio between the power in (sun AM1.5 = 1000 W/m?)
and power out
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2.4 Solar cell characterization

n= VmpImp (12)

These important parameters that determine the quality of
the solar cell can be obtained by determining the JV-
characteristics. This is typically done by applying a voltage
range to a solar cell without light (dark) and under
illumination of one sun equivalent, typically with a solar
simulator. JV-curves are then obtained as depicted in Figure
14A.
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3 | Results

n this chapter the results will be discussed. The results
I are divided into three sections, where each section is
presented as a manuscript. The studies are focused on
three commonly used techniques, namely, Raman
spectroscopy, X-ray diffraction and reflectometry. These
methods are investigated for in situ monitoring of two
important processing steps; high temperature annealing and
thin film vacuum deposition.

Manuscript | presents the results of a study where Raman
spectroscopy is investigated for in situ monitoring. It
examines whether main vibrational modes of CZTS and CTS
can be observed at elevated temperatures between 50 and
550 °C. Also, it explores wether formation of CuzZnSnSs
(kesterite) can be monitored in situ by annealing a
Mo/Cu2SnSs/ZnS multilayer thin film.

Manuscript Il discusses the influence of pre-
annealing of metallic precursors on the presence of Sn and
Cu-Sn alloys and investigates whether XRD can be used for
in situ monitoring. It further studies the effect of Sn and Cu-
Sn alloys, in the precursor, on SnS; formation in the absorber
and its subsequent influence on device efficiency.

Manuscript Il describes the result of a study where a
reflectometry setup was designed and integrated in a
physical vapour deposition system. Reflectometry is studied
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whether it can be used for detection and identification of
unwanted phases during deposition of co-evaporated and
stacked Cu-Zn-Sn-S based thin films. Furthermore, it is
examined whether time-dependent reflection spectra can
be used to serve as a fingerprinting method for in situ
process monitoring.

3.1 Manuscript | — In situ monitoring of CuzZnSnSa
absorber formation with Raman spectroscopy during
Mo/Cu2SnSs/ZnS thin-film stack annealing

The fabrication of Cu2ZnSnS4 (CZTS, kesterite) films involves
a high temperature annealing step. Raman spectroscopy is a
strong technique to identify CZTS and related phases by their
specific vibrational modes. In situ Raman spectroscopy
during high temperature annealing of CZTS based films has
not yet been investigated. The aim of this study is to
investigate whether Raman spectroscopy is suitable to
identify CZTS and related phases at elevated temperatures,
between 50 °C and 550 °C. In particular, formation of CZTS
from a multilayer film Mo/Cu2SnSs/ZnS is examined during
annealing within this temperature range. It is found that
formation of CuZnSnSs could be monitored in situ. This
study shows that Raman spectroscopy can be used for in situ
for process monitoring in order to gain more insight in the
point of formation of CZTS during high temperature
annealing.
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3.1 Manuscript | - Abstract

3.1.1 Abstract

In recent years, Cu,ZnSn(S,Se)s (kesterite) has become
increasingly popular as a sustainable alternative absorber
material. Many processes for kesterite synthesis involve a
high temperature annealing step (>450 °C). This study
investigates the possibility of Raman spectroscopy as an in
situ  monitoring technique during high temperature
annealing up to 550 °C. Temperature-dependent behaviour
of CuxSnSs (CTS) and CuzZnSnSas (CZTS) was studied for
reference purposes. The synthesis of Cu;ZnSnS4 (CZTS) was
performed by annealing a stacked Mo/CuzSnSs/ZnS
precursor on a glass substrate. Annealing of the precursor
stack resulted in formation kesterite and could be monitored
in-situ by its main A-mode at 338 cm. At higher
temperatures this mode shifts to lower wavenumbers, is
broadened and reduced in intensity. This can be attributed
to combined effects of thermal expansion and anharmonic
phonon coupling. The shift of the peak position is linearly
proportional to the temperature. Thus, given proper
calibration, fitting the peak position of the 338 cm™ mode
during the process vyields the sample temperature.
Implementation of in situ monitoring with Raman
spectroscopy would be a step forward towards desired
process control and monitoring during this crucial high
temperature annealing step in kesterite synthesis.
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3.1.2 Introduction

In recent years there has been tremendous increase of
research in the field of kesterite materials, typically
indicated by the chemical formula CuZnSn(S,Se)s (CZTS).
CZTS is considered as a promising absorber material for solar
cells, consisting of earth-abundant metals combined with
sulfur, selenium or a ratio of both. With an above-bandgap
absorption coefficient above 10* cm™ and a bandgap
between 1and 1.5 eV, dependent on the Se/S ratio, CZTS has
favorable properties with respect to the Schockley-Queisser
limit [1]-[3].

Substantial progress has been made by using
different approaches to fabricate kesterite thin films in one-
[4] or two-step processes. In a two-step process, precursors
such as metal stacks [5] and nanoparticles [6] are used and
followed by an annealing step in order to obtain kesterite
films [7]. Doping with germanium [8] and sequential etching
[9] is applied in some cases. The record efficiency was set by
IBM in 2013 with its hydrazine process [10]. Apart from
device performance, progress in the understanding of the
structural and vibrational properties of CZTS has been made
by several research groups that used Raman scattering [11]—
[14], neutron diffraction and X-ray diffraction/absorption
[15], [16].

Even though the single phase region of CZTS is
narrow, best performing solar cell devices seem to improve
when the composition is slightly copper poor and zinc rich,
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where the compositional ratios are approximately 0.76—0.90
for Cu/(Zn+Sn), 1.1-1.3 for Zn/Sn, and 1.8-2.0 for Cu/Sn [17-
19].

Unfortunately, off-stoichiometric conditions
promote the formation of secondary phases, such as ZnS,
which are detrimental for device performance. Annealing
steps are commonly used to incorporate sulfur or selenium
in the precursor. Additional tin is supplied to compensate for
the expected tin loss which occurs during decomposition of
kesterite [7], [20]. Furthermore, defect related issues such
as vacancies, antisites, interstitials and other complexes
such as Cu/Zn antisite disorder have led to crystal impurities
and result in bandgap variations that affect the electronic
properties of the absorber [15], [21]-[24].

The aforementioned challenges require adequate in
situ process monitoring in order to identify and control
crucial process steps. Raman spectroscopy can be used for
phase identification [11], [14], grain size estimation [25] and
defect related analysis [24], [26]—-[28]. Not only kesterite
compounds but also chalcopyrite compounds have
successfully been studied with Raman spectroscopy, in situ
and ex situ, as reviewed by Scheer et al. [29].

The measurement technique is relatively
straightforward, non-invasive, non-destructive and could be
transferred to an industrial environment, depending on the
process conditions.

In addition to previous results [30] this study
provides an extended analysis of temperature dependent
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properties of the vibrational modes of CZTS and Cu;SnS;3
(CTS) reference films. A comparison of CZTS and CTS with
regard to common secondary phases such as ZnS, CuS and
Sn,Sy has been added. In order to distinguish between CZTS
and CuzSnSs (CTS) during annealing of the Mo/CTS/ZnS
stack, peaks of vibrational modes suitable for in situ
identification, were fitted by a Lorentzian function and
correlated with temperature. This was compared with
respect to literature [32,33]. Additionally, a Raman shift-
temperature relation can facilitate in situ temperature
control. Also, false color intensity plots are included to
visualize line width and scattering intensity variation during
annealing. Furthermore, an analysis before and after
annealing of the thin films is presented. Supplementary
material is provided to elaborate on the analysis of the CTS
reference film.

3.1.3 Experimental methods

Thin film formation

CTS films were co-evaporated on a molybdenum-coated
glass substrate. The substrate temperature was held at
approximately 200 °C. This was done in a coevaporation
system equipped with separate copper and tin effusion cells
[4]. Evaporation of copper and tin was performed in sulfur
atmosphere at a base pressure of 7.5 x 10°® Torr. This
resulted in a CTS thin film with approximate thickness of
1 micrometer.
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The Mo/CTS/ZnS stack was prepared by adding a ZnS layer
on top of the CTS film. The substrate temperature was held
at approximately 180 °C. The ZnS was deposited using a DC
pulsed magnetron sputtering system using a Zn target under
H.S flow, as previously described [34]. The resulting ZnS
layer was approximately 300 nm thick. The thicknesses were
verified by cross-section SEM and a profilometer.

A reference CZTS film was fabricated in order to
explore the extent to which CZTS modes can be identified
during annealing at high temperatures. The film was
fabricated with the standard process at the UU-ASC [31]. The
first step was performed by reactively sputtering copper,
zinc and tin in a H2S atmosphere. The substrate temperature
was held at approximately 180 °C. A second step was
executed by annealing the precursor in a tube furnace. The
CZTS precursor obtained from sputtering was placed in a
graphite box with additional sulfur and annealed at
approximately 560 °C in a static argon background pressure
of 265 Torr [23].

Characterization of films

The structural properties of the CTS film were characterized
by X-ray diffraction at grazing incidence angle of 0.5° (see
supplementary material). This angle was chosen in order to
avoid the strong signal from the Molybdenum film. Also, the
Raman scattered light originates from a similar depth regime
and thus holds information about a similar volume. A
Renishaw inVia system was used for the Raman
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measurements. A grating with 1800 lines/mm was used and
the laser spot was focused using a microscope camera image
of the sample surface. Using this image, a laser spot size of
approximately 5 um in diameter was estimated. Excitation
was performed with a 532nm diode laser. This excitation
wavelength was found to deliver the best signal to noise
ratio for the material specific vibrational modes of CTS and
CZTS. The system was calibrated with an internal Silicon
crystal. A laser power study was performed to prevent
thermal effects and damage by the laser. A laser power of
approximately 300 uW was found to be suitable, measured
with a handheld laser power meter.

In situ annealing

A Linkam heating stage (THMS600) was used to perform in
situ Raman measurements at elevated temperatures. The
heating stage has a 2 cm diameter window and the
approximate distance from the NUV x15 objective to the
surface of the film was 5 mm. All in situ experiments were
performed under nitrogen atmosphere in order to prevent
oxidation. An acquisition time of 100 seconds was used. It
was found that Raman spectra at 50°C are almost
indistinguishable from room temperature spectra.
Therefore, the spectrum at 50 °C was taken as a reference in
order to reduce cooling time in between annealing steps in
the case of the reference measurements of CTS and CZTS.
After annealing of the Mo/CTS/ZnS stack, surface
morphology was analyzed with a GEMINI electron
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microscope at 7 kV beam voltage. Compositional
information was obtained by an energy dispersive x-ray
measurement in the same microscope.

3.1.4 Results and discussion

Comparison of secondary phases

As part of this study, a comparison of the Raman spectra
between Sn,Sy, CuS, ZnS, CTS and kesterite was made as
depicted in Fig. 1.

Raman signal counts

150 200 250 300 350 400 450 500 550 600 650
Raman shift (cm")
Fig. 1. Reference Raman spectra of different thin films: CuS, Sn,S,, CTS, CZTS and
ZnS. The spectrum that belongs to the specific film is indicated with an arrow and
the name of phase/film. The spectra were acquired with the same setup
configuration. The excitation wavelength is 532 nm and laser power is
approximately 300 uW. The laser spotsize is approximately 5 micrometer.

All films were prepared as described before. The tin-sulfide
film was found to have a mixture of Sn-S phases and is
therefore announced as Sn,Sy. It was found that the
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scattering intensity from CuS and Sn,Sy is much stronger in
comparision to CTS, CZTS and ZnS for the specific setup
configuration. The absolute counts of the Raman signal are
shown in Table I.

Table 1.

Raman shift peak position (left column, in cm™) and Raman signal absolute
counts (right) for each phase as in Fig.1. The peak positions for CTS were obtained
from deconvolution as indicated in the supplementary material (Figure S2 topleft

graph). The four CTS peaks with highest intensities are shown here.

uS CuSnSs CZTS Sn.S; nS
em” counts em! counts em” counts em” counts em™ counts
140 1652 291 6066 288 1650 180 5721 342 1819
266 1515 315 5916 338 6964 224 7302
475 40188 338 6199 314 33918
352 6391

The relevant modes of CZTS and CTS are in the same
intensity regime. Therefore, if only these phases coexist it
should be possible to observe them simultaneously. This
section elaborates on the temperature dependent
behaviour of Cu;SnSs3 (CTS). See the supplementary material
for the grazing incidence XRD pattern before annealing
(Fig. S1). Previous studies performed on CTS have indicated
there are multiple phases possible [36-42]. The following
can be stated about the XRD pattern of the unannealed CTS
film. The cubic Cu,SnS3 phase is a high temperature
polymorph (>775 °C) and thus unlikely to form [36]. A low
intensity contribution at 77° indicates presence of the
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tetragonal Cu,SnS3 phase. Minor contributions at 16° and
21° distinguish the presence of monoclinic Cu,SnSs.

Intensity scale High

Low

550°C
G SDG:C ‘/k(
L A0 550°C
] 400°C
2 3s0°C
2 ao00c 500°C
“g’, 250°C
200°C o
2 1soc 450°C) 50°C
100°C iy after
50°C begin 4 Normalized g 400°C annealing
@ P at 550°C
e B 350°C
O swoc o "
T 450°C = 300°C
© 400°C o
5 3¢ 250°C|
g 300°C 200°C]
Q 250°C
£ n0c 150°C|
ﬁ 150°C 100°C
o 50°C
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L P T T T
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Fig. 2. (a) and (b) Intensity plots of CTS Raman spectra taken during annealing,
where (a) is normalized. The bright and dark regions indicate respectively high
and low Raman scattering intensity. A broadening can be observed, especially
above 300 °C. There appears to be a left-shift of the modes, this can be noticed
over the full temperature range. (c) CTS Raman spectra taken at stated annealing
temperatures. From low to high temperature annealing, recrystallization of the
material occurs. This can be concluded by the reduction of the number of
vibrational modes (see Sl) and increase of the linewidth of specific modes at 295
cm™ and 353 cm™ after annealing at 550 °C. (d) Comparison of the CTS Raman
spectra before and after annealing, obtained at 50 °C. The intensity of specific
modes has increased and the FWHM has decreased, indicating that the film has
increased crystallinity after annealing.

The peaks at 14/15° and 34° might be related to the
CusaSnsS1s phase [38] or the CuzSn3S; monoclinic phase.
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Contributions at 27° and 52° can be attributted to the
CusSnSs orthorhombic phase.

No indication was found for presence of the CusSnSs
and CusSnSs phases. It is concluded that the initial film
dominantly consists of a mixture of monoclinic and
tetragonal Cu,SnSs phases with some additions of other
phases.

Fig. 2 shows the temperature dependent Raman
spectra of CTS. Fig.2(a) and (b) show two intensity plots
based on the spectra presented in the Fig. 2(c). The initial
spectrum at 50 °C is broad, with contributions from seven
individual Raman modes. This can be concluded from
deconvolution of the spectra after each annealing step, as
presented in the supplementary section (Fig. S2 and S3).

The CTS Raman spectrum taken at 50 °C resembles
Raman spectra of unannealed films presented in other
studies; a broad spectrum with several peaks in the 250-
400 cm? range [34,39]. The peaks at 291 cm™ and 352 cm™
are related to the monoclinic CuxSnSs phase [36,39]. In
between these modes there are two other fitted modes at
approximately 315 cm™*and 338 cm™. These modes fluctuate
slightly in relative intensity during the course of the
annealing process and a contribution from tetragonal
Cu2SnSs can be observed [39,42]. The cubic CuSnSs phase is
less likely because the mode at 303 cm™is not observed and
due to the high temperature requirement this phase is
unlikely to be present. Furthermore, a contribution to the
modes at 315 cm™ and 338 cm™ may originate from the
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CusSnSs orthorhombic phase [41,42]. Up to 350 °C there are
no significant changes in the spectrum. Above 350 °C, the
distance between the modes at 315 cm™ and 338 cm
becomes smaller in terms of peak position and the peak
intensity at 338 cm™ becomes stronger. At 500 °C there is an
intensity drop in both modes, indicating a reduction of these
phases. At 550 °C a phase transition occurs and both modes
are converted into a single mode at 322 cm. This is possibly
related to CusSn7Sss.

Similar to the XRD pattern presented in this study, a
study by Kanai et al. observed a peak at 14—15° and assigned
a Raman peak at 327 cm™ to CusSnsSis accordingly [38].
Alternatively, the peak at 322 cm™ could be related to the
orthorhombic CusSnSs phase [41]. It remains unclear which
phases attribute to the mode at 260 cm™. The lower
intensity peaks at around 222 cm™* and 371 cm™ are possibly
related to the Cu,SnsS7 [36, 39,40].

As described, a transition and enhancement of
phases could be monitored with Raman spectroscopy during
the annealing proces. Starting off with a mixture of
monoclinic and tetragonal Cu,SnSs phases predominantly.
The contribution of the monoclinic phase enhances, while
the tetragonal phase reduces and is replaced by either
CusSnSs and CusSnySis or a mixture of both. Fig. 2(d)
compares Raman spectra at 50 °C before and after annealing
and exhibits reduction of the line width of several vibrational
modes (see Fig. S2, qualitatively). This confirms the
improvement of crystallinity in monoclinic CuzSnSs phase.
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In situ annealing of CZTS reference

First, temperature-dependent Raman measurements of
kesterite are performed to determine suitable vibrational
modes for in situ monitoring purposes. Previously,
Dimitrievska et al. illustrated in a multi wavelength study on
kesterite the identification of 18 out of 27 theoretically
predicted vibrational modes. Besides minor contributions of
vibrational modes in the below 200 cm™ regime, the main A-
modes at approximately 287 cm™and 338 cm™ are dominant
in the Raman spectrum.

Also, it can be observed that the A-mode at 338 cm™

is dominant in all spectra, independent of the wavelength
[11]. This mode has the highest scattering intensity and
might well be suitable for in situ monitoring.
In order to verify the suitability of the Raman modes at high
temperatures, a kesterite thin film was fabricated by the
standard process at the UU-ASC [31], which consists of an
initial reactive sputtering step in H2S atmosphere followed
by an annealing step in a tube furnace. Then the kesterite
film was characterized at elevated temperatures as shown in
Fig. 3.

In Fig. 3(a)—(c), when temperature is increased both
A-modes at 287 and 338 cm™ are shifted to lower wave
numbers, broadened and reduced in intensity. This
behaviour was observed before and attributed to combined
effects of thermal expansion and anharmonic phonon
coupling [32], [33]. At 50 °C, the Raman intensity of the A-
mode at 287 cm™ is approximately six times lower than the
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A-mode at 338 cm™. Above 250 °C, the mode at 338 cm™ can

be clearly identified as indicated by the intensity plot in

Fig. 3.
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Fig. 3. (a) and (b) are intensity plots of CZTS Raman spectra recorded during
annealing, (a) is normalized. The bright and dark regions indicate respectively
high and low Raman scattering intensity. From the normalized intensity plot, a
broadening can be observed, starting above 200 °C. There is a left-shift of the
modes, this can be noticed over the full temperature range. (c) CZTS Raman
spectra taken at stated annealing temperatures. From low to high temperature
annealing, the A-mode at 287 cm™ disappears above 250 °C while the A-mode at
338 cm can be observed in the full temperature range. The arrow indicates the
relation between temperature and spectrum (d) A comparison of the CZTS Raman
spectra before and after annealing, obtained at 50 °C. There are no significant

differences besides a slight overall intensity reduction.

400
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400

Raman shift (cm™)
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Broadening of the 338 cm™ peak is more obvious from the

normalized intensity plot. Interestingly, the 338 cm™ mode
can even be observed at 550 °C, well within the temperature

range of common practice annealing procedures in the

kesterite community. The Raman spectra before and after

annealing are almost identical (see Fig. 3(d)).
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Fig. 4. (a) Normalized intensity plot that illustrates the spectral shift and
evolution from the precursor stack into kesterite. (b) Raman spectra of the
Mo/CTS/ZnS precursor stack during annealing from 50 °C to 550 °C. At 50 °C the
spectrum of CTS can be observed. From 400 °C, the main A-mode of kesterite
starts to appear. The evolution of this mode is indicated by the arrows and
evolves up to 550 °C.

Kesterite synthesis from a Mo/CTS/ZnS precursor stack

The high temperature measurements discussed in the
previous section will now be used as a reference for in situ
monitoring of kesterite synthesis from the Mo/CTS/ZnS
precursor stack and will be discussed in this section. The
precursor stack prepared for the in situ monitoring of
kesterite synthesis consists of approximately 1 micrometer
thick CTS and a 300 nm ZnS layer.

As in the measurements discussed earlier on, an
excitation wavelength of 532 nm was used. In order to
obtain more information about phase transformations
during the annealing process, temperature steps were
decreased from 50 °C to 25 °C above 350 °C. Fig. 4 illustrates
the evolution from the precursor stack to kesterite. In
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Fig. 4(d) the Raman spectra are shown during the course of
the annealing process. The process starts with the
observation of the CTS Raman spectrum at 50 °C. The main
A-mode of kesterite appears at 400 °C and gradually
becomes more prominent, as indicated by the arrow
(Fig. 4(b)). At 550 °C, the main A-mode solely dominates the
spectrum.

As previously shown, CTS exhibits two vibrational
modes in the region between 325 cm™ and 360 cm™ at 50 °C
and the main A-mode of kesterite is present at 338 cm™.
These two CTS modes overlap each other but at 50 °C they
can be distinguished by deconvolution (see Fig. S2). At
higher temperatures these modes overlap strongly and can
be observed as one broader peak, as observed in Fig. 2. In
order to distinguish CTS from CZTS, the broader CTS peak
was fitted as one peak. The peak positions obtained were
compared with the peak position of the main A-mode of
CZTS. This enables the possibility to distinguish the main
CZTS A-mode (338 cm™) from CTS.

The evolution of the peak positions is depicted in
Fig. 5. Previous work [32], [33] on annealing of CZTS is also
included in this figure. In these studies, the kesterite peak
behaviour in a lower temperature regime from -220 to
180 °C was studied. The data from Sarswat et al. correspond
to the new data obtained in this study. The data from
Singh et al. illustrates a similar trend, but with a slight offset
which might be explained by differences in the
measurement setup. However, the CZTS 338 cm™ A-mode at
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coincides with several other studies found in literature [11],
[14], [24]. Below 475 °C, the data for the stack-derived CZTS
slightly deviates from the CZTS reference, indicating the
influence of CTS. At 475°C and higher, the stack data
overlaps with the CZTS reference, confirming the presence

of the kesterite phase.
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Fig. 5. Comparison of the evolution of peak positions of indicated vibrational
modes of CTS, CZTS references and CZTS from CTS/ZnS precursor stack. Depicted
are: fitted peak position of CTS in the 325 and 360 cm™ range, the main A-modes
(287 cm™ and 338 cm) of the CZTS references from this study and the fitted peak
position of the CZTS main A-mode (338 cm™) synthesized from the Mo/CTS/ZnS
precursor stack. Also depicted are the peak positions from the CZTS main A-mode

as measured in studies from Sarswat et al. and O.P.Singh et al.
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In order to further distinguish CTS from CZTS, the Raman
modes of CTS found in this study and previous studies were
compared with respect to temperature. The information is
summarized in Tables Sl and SII in the supplementary
material. In previous studies, tetragonal CuSnS: and
orthorhombic CusSnSs were observed in the range 336-
338 cm in films annealed up to 400 °C, but their intensity
was relatively low [41,42]. A minor contribution is therefore
expected of these CTS phases. In other studies, between
450-520 °C, tetragonal CTS was only observed at 330 cm™.
In this study CTS only exhibits modes at 322 and 353 cm™ at
550 °C, not at 338 cm™® anymore. After the film has been
cooled down, both kesterite A-modes can be observed as
shown in Fig. 6.

EDS Counts

Low High

After annealing ,]

Intensity (a.u.)

150 200 250 300 350 400 450 500 550

Raman shift (cm")
(a) (b) (€)

Fig. 6. (a) EDS maps of the elements copper, zinc, tin and sulfur. (b) Electron
micrograph of the surface of the Mo/CTS/ZnS thin film after annealing. and some
flower-like structures of CuS are present. (c) Also depicted are the Raman spectra
of three different spots of the Mo/CTS/ZnS film after annealing measured at
50 °C. The main A-modes of CZTS are present and one spot also exhibits the
presence of CuS as indicated by the vibrational mode at 475 cm.

The surface of the film is homogeneous in composition after
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annealing, apart from several flower-like structures as
depicted in the electron micrograph (Fig. 6). Compositional
analysis performed with EDS (7 kV) illustrates that these
structures consist of copper sulfide. Since the structures are
not uniformly distributed across the surface and the laser
spot size is approximately 5 um wide, they are only observed
in the Raman spectrum if they fall within the laser excitation
domain, and if the concentration is detectable. This is
confirmed by Raman spectra taken at different spots which
show a vibrational mode at 475 cm%, as shown in Fig. 6. Due
to resonance conditions, ZnS can be easily detected with
Aexc= 325 nm, even when present in small concentrations
[25]. ZnS could be detected, although the scattering
intensity was substantially lower compared to the initial
signal before annealing. The presence of secondary phases
is likely since there was no background pressure of sulfur or
selenium present during annealing. Also, 300 nm of ZnS is
likely not enough to completely convert the CTS film into
CZTS. Although, CuzSnSs is dominantly present in the film,
minor contributions of other CTS phases make the formation
of secondary phases, such as CuS and ZnS, also plausible.

Capabilities and limitations of Raman spectroscopy

It should be considered that Raman spectroscopy is a surface
sensitive technique. Therefore, additional characterization
(in situ or ex situ) is necessary to obtain full depth
information of the thin film. Also, Raman spectroscopy is not
able to detect the presence of small amounts of Cu,SnS;
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(<30 %) in a CZTS film [35]. It is possible that certain modes
overlap and this could make it more difficult to distinguish
between e.g. tetragonal Cu,SnSs and CZTS. But this depends
on annealing temperature and relative intensity, as
described in the previous section. Therefore, it is relevant to
use reference films as illustrated in this study. Besides these
drawbacks it is not likely that Cu,SnSs will occur in CZTS films
because of the Cu-poor and Zn-rich growing conditions.

Also, presence of other secondary phases strongly
depends on the preparation method of the CZTS film. Co-
evaporation or co-sputtering generally delivers more
homogeneous thin films as opposed to preparation methods
that utilize (metal) stacked precursors for the preparation of
CZTS films.

This study illustrated the possibilities of Raman
spectroscopy as a technique to monitor phase identification
and phase evolution in thin films that consist of CTS, CZTS
and a mixture of both. Furthermore, it can be used as a
technique to obtain a temperature estimation in situ, based
on the peak position of specific vibrational modes. Previous
studies have shown it could also be used for fundamental
material analysis to obtain information about crystallinity
and underlying phonon processes. [25,33,43]

The intensity of the Raman signal does mainly
depend on the material, excitation wavelength, acquisition
time and working distance. The wavelength used will also
determine the information depth. Resonance conditions will
enhance signal intensity. Whether Raman spectroscopy can
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be used in situ should be determined casewise. Within the
scope of this study, but not depicted here, using an
acquisition time of tacq = 15 seconds resulted already in
detection of the main A-mode at 338 cm™ in the reference
CZTS film. For consistency purposes, an acquisition time of
100 seconds was used in all experiments described here. In
situ Raman spectroscopy can be used as a fast monitoring
technique and might be beneficial for industrial purposes.

3.1.5 Conclusion

This work was performed to investigate the viability of
Raman spectroscopy as a monitoring tool during high
temperature annealing processing. CTS and CZTS films were
prepared by co-evaporation and reactive sputtering with
subsequent annealing, respectively. To obtain a reference
measurement, both films were characterized by in situ
Raman spectroscopy during high temperature annealing. It
was found that vibrational modes of CTS and CZTS can be
well observed at temperatures used in common practice
annealing processes for kesterite synthesis.

Additionally, it was shown that a phase transition
could be monitored during the annealing process of the CTS
film. This was observed by analyzing the peak intensity of
specific modes as well as their changing position in the
course of the annealing process.

Furthermore, a Mo/CTS/ZnS precursor stack was
prepared and used to demonstrate in situ monitoring of
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CZTS synthesis. Above 400 °C, the appearance of the main A-
mode at 338 cm™ could be observed and its temperature-
dependent evolution could be monitored. This is in
agreement with the CZTS reference data obtained in this
study and presented in other studies. The simultaneous
detection of CTS and CZTS at higher temperatures shows
that this method can also be used to detect unwanted
phases during growth.

Also, the sample temperature can be derived in situ
from fitting the CZTS main A-mode at 338 cm™.. Most of the
processes used to synthesize CZTS involve a high
temperature annealing step in an inert gas atmosphere.

It was illustrated that Raman spectroscopy is a
versatile technique that provides a simple and fast method
for in situ process control and monitoring of the fabrication
of CTS and CZTS thin film absorbers. Implementation of in
situ Raman spectroscopy would be a step forward in
controlling and monitoring crucial annealing steps during
the preparation of such ternary and quaternary thin film
absorbers.
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3.1.7 Supplementary information

Structural properties of CTS

The Gibbs phase triangle of the Cu-Sn-S system illustrates a
substantial number of different phases, but from the
pseudo-binary diagram of Cu,S and SnS; the phases occuring
below 600 °C are CuzSnSs, CusSnSa, CuzSnsSy [1]. Depending
on process conditions it might differ for a thin film prepared
with co-evaporation, since this method does not necessarily
guarantee thermal equilibrium during growth. Other work
demonstrated a variety of phases and films characterized
with Raman and XRD [2]—[5].

The co-evaporated CTS film was characterized with x-
ray diffractometry in grazing incidence geometry at an angle
of 0.5°. This angle was used in order to analyze the surface
layer and to be able to correlate with the spectra obtained
by Raman spectroscopy. The XRD penetration depth at this
angle is approximately 130 nm. This was calculated by using
the Lambert Beer law in combination with a compound
attenuation length for Cu;SnSs [6], [7] and an assumed XRD
geometry [8]. The XRD pattern was compared with ICSD
reference patterns as shown in Figure S1 and it matches with
CuzSnS;3 predominantly.

Figure S2 illustrates CTS Raman spectra taken at 50 °C
after each annealing step. Each spectrum is composed of the
superposition of individual vibrational modes. In order to
identify each mode, a deconvolution algorithm was applied
to the spectrum and resulted in the separate contribution of
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the individual modes. The spectrum was fitted based on the
expected CTS vibrational modes as found in previous studies
that were presented in literature [2]—[5].
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FIG. S2 CTS Raman spectra taken at 50 °C after annealing at indicated
temperatures. Deconvolution of the Raman spectra was performed by applying
a Lorentzian fit. The individual peak fits can be observed below the measured
data. The spectral fit is a smooth curve fit and overlaps the measured data.
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FIG. S3 CTS: Normalized peak intensity (color scale) of fitted peak positions (x-

axis) after cooling down to 50 °C versus annealing temperature (y-axis). The fitted

peak positions are obtained from the deconvoluted spectra in Figure S2.

Table Sl.

Tabular respresentation of fig. S3. Raman shift peak positions at 50 °C after

annealing at indicated temperature.

T/°C Peak position (in cm!)
550 222 258 295 322 - 353 372
500 221 258 297 318 336 353 371
450 223 262 293 318 333 350 369
400 223 264 291 318 337 351 371
350 224 262 290 315 338 352 370
300 222 273 292 314 338 352 371
250 223 261 289 315 337 351 372
200 222 263 290 315 338 352 371
150 222 276 292 314 338 352 371
100 224 262 290 314 338 352 371
50 224 265 291 315 338 352 372
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Table Sll.

Raman shift peak positions (in cm™) found in literature assigned to cts phases

prepared or annealed at the indicated temperature. References are indicated in

between brackets and are stated at the bottom of the table.

275-325°C 350-360°C 400 °C 450°C 500520 °C 540-560 °C
CuySnS; (Cubic) 299T11] 298112]
303 [15] 303 [13,14]
352[11] 355[14]
354 [15] 356[12]
359[13]
374 [13]
Cu,SnS; (Monoclinic) — 290[10] 287 [3] 287[3] 287[3] 290[3.10] 290[9.10.11]
352[10)  354[3] 346 3] 348 (3] 348(3]  351[11]
352[10]  352[9.10]
CuSnS; (Tetragonal) ~ 317[11]  336-337[14] 330[3] 330[3]
38[11]  338[3]
351 [14]
Cu;Sn;S, 3I5[11] 21819]
371111 31619]
575 9]
Cu;SnS; (Orthorhombic) 319[13] 295[14] 31619
337-346 [13] 318[14]  315-318[15]
348[14]
Cu,SnS, 283[12]
318112]
377112]
CusSnsSi 327[10]

[3] Chalapathi et al. 2013

[9] Berg et al. 2012

[10] Kanai et al. 2015

[11] Baranowski et al. 2015

[12] Cheng et al. 2011

[13] Marquez et al. 2016
[14] Fernandes et al. 2010
[15] Baranowski et al. 2014
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3.2 Manuscript Il — Pre-annealing of metal stack
precursors and its beneficial effect on kesterite
absorber properties and device performance

In @ multistep process to fabricate kesterite films, metal
multilayer (stack) precursor films can be sulfurized. A
precursor pre-annealing step can be included to facilitate
intermixing in the metallic precursor. The reason for a
specific temperature and its influence on absorber
properties is often unknown. This study follows a structural
approach where alloying of the metallic precurors is
performed at temperatures between 150 and 450 °C. The
influence on material properties is investigated and
correlated to the absorber films and solar device efficiency.

It is found that temperature influences presence of
Sn and Cu-Sn alloys in the precursor and its formation can be
monitored by in situ XRD. The presence of elemental Sn in
the precursor increases SnS; in the bulk and on the surface
of the absorbers. Consequently, device efficiency can be
negatively correlated to the presence of SnS;. This study
shows that temperature is an important parameter in the
precursor pre-annealing phase. An optimum temperature
can be found to avoid Sn and SnS; in the precursor and
absorber, respectively, in order to improve device
efficiency.
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3.2.1 Abstract

A variety of approaches is being used to fabricate kesterite
absorbers, such as sputtering, co-evaporation and solution
based techniques. Annealing at high temperatures is a
common processing step to stimulate elemental mixing and
grain growth. This study investigates the effect of pre-
annealing of metal stack precursors at 150 °C, 200 °C, 300 °C
and 450 °C on kesterite absorber and solar cell properties.
Structural, morphological and vibrational properties of the
thin films were investigated.

It was found that pre-annealing at 450 °C exhibited a
structural mixture distinct from precursors annealed at
lower temperatures. The absorber showed improved
thickness uniformity, compositional surface homogeneity
and absence of Sn-S phases. Lower temperatures resulted in
Sn-S compounds in the absorber. In situ XRD is used to
monitor phase transitions during pre-annealing. It is shown
that implementing a pre-annealing step can improve the
absorber properties and the device efficiency. The best
performing solar cell had a 4.02 % efficiency and was
achieved by pre-annealing the precursor layer at 450 °C.

3.2.2 Introduction

Kesterite, or CuzZnSnSs (CZTS), has been proposed as a
sustainable alternative to CIGS, since it consists of earth
abundant and non-toxic materials. Additionally, it has a
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direct optical bandgap between 1-1.5 eV and an absorption
coefficient above 10* cm™. Kesterite thin films are typically
aimed to be in the compositional region of 0.76—0.90 for
Cu/(Zn+Sn) and 1.1-1.3 for Zn/Sn. It was shown before that
off-stoichiometric films result in devices with better
electronical properties as opposed to stoichiometric films
[1]. Because of the narrow stoichiometric region of CZTS, off
stoichiometric films are more likely to have secondary
phases. Secondary phases have a detrimental effect on
device performance. This was found for example with the
presence of SnSe in CZTSe selenium based films [2]. Etching
methods aim to remove phases such as CuS/Se, ZnS/Se and
SnS/Se. However, they introduce an additional processing
step which is less favorable for industrial use[3]-[6]. A
variety of chemical and physical deposition techniques can
be used to obtain films in this compositional range;
sputtering[7], co-evaporation[6], spray-pyrolysis[8] and
solution based spin coating[9]. Most of the processing
methods involve a high temperature annealing step in order
to stimulate elemental mixing and grain growth.

Several research groups are using metal stacks as a
precursor for CZTS films in which the metal stack is ordered
in different ways, e.g. Mo/Sn/Cu/zn [10], [11],
Mo/Zn/Sn/Cu [12], Mo/Zn/Cu-Sn [13] or Mo/CZT [14]-[16].
To prevent Sn loss this element is usually deposited as the
bottom layer [17]. Cu can easily diffuse in both Zn and Sn
when it is in the middle. Zn is a volatile compound and is
sometimes placed at the bottom to prevent evaporation
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during the process. Co-deposition of the metals is another
approach and may improve homogeneity because of the
readily mixed compound [18].

As part of a processing strategy, several groups have
incorporated a soft annealing or pre-annealing step, which
occurs with or without adding sulfur or selenium. This pre-
annealing is implemented to stimulate diffusion and
intermixing of the metals, such that reaction pathways for
CZTS become dominant and compositional homogeneity of
the film is promoted. An overview of studies that include a
pre-annealing method is given in Table 1.

Table 1 Overview of studies where a similar pre-annealing of metal precursors
was performed before commencing the sulfurization/selenization process.

Pre-annealing

s/

Atmosphere Time

Stacking order Deposition technique Temperature PCE Ref.
ng positi a (Gas/P) (min.) P Se

()
Mo/CZT Electro co-deposition Ar/H2 (95/5 %) 30 350 - Se [19]
Mo/CzZT Electro co-deposition Ar 10 350 2.64% Se [14]
Mo/CZT Electro co-deposition Ar - 450 3.74% S [15]
Mo/CzZT Electro co-deposition Ar 60 250/300/350 - S [16]
Mo/Cu/Sn/Zn Electrodeposition Inert gas/1000 Pa 30 300 8.2% Se [20]
Mo/Cu-Sn/Zn Electrodeposition N2 20 350 - S [21]
Mo/Cu/Sn/Cu/Zn  Electrodeposition N2 3 270 - S [17]
Mo/Zn/Cu-Sn DC sputtering Ar/10° Pa 60 350 4.4% S [13]
Mo/Sn/Cu/Zn DC sputtering N> 30 240 2.81% S [22]

150/200/ This
Mo/Sn/Cu/Zn DC Sputterin, Ar/10° Pa 10 4.02% S

/Sn/cul puttering / 300/450 ° work

In this study, a pre-annealing strategy is being implemented
with regard to the metal precursor with Cu/(Zn/Sn) = 0.8 and
Zn/Sn = 1.2. Separate precursors are pre-annealed at 150 °C,
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200 °C, 300 °C and 450 °C. The effect of alloy formation on
the structural and morphological properties of sulfurized
films is investigated.

In particular, the relation between Cu-Sn and Sn in
the precursors and Sn-S compounds in the absorber is
investigated. The effect of Sn-S compounds on device
performance of pure sulfide CZTS is also studied. Finally, XRD
was explored as an in situ tool during pre-annealing to
monitor the occurence of Sn-S compounds.

3.2.3 Experimental methods

Pre-annealing and absorber formation

The metallic stacks were prepared by DC magnetron
sputtering using the deposition ordering
glass/Mo/Sn/Cu/Zn. This sequence was chosen assuming
that Cu diffuses easily into Sn and Zn and prevents Sn loss.
Precursor films with compositional ratios of Cu/(Zn+Sn) =0.8
and Zn/Sn = 1.2 were prepared.

Additional results of copper stoichiometric films
(Cu/(Zn+Sn) =1.0) can be found in the supplementary
information. Pre-annealing was performed by placing the
sample in a quartz crucible in a three zone tube furnace. A
background pressure of 1 bar Ar was used. A ramping rate of
20 °C/min was used and the samples were naturally cooled
down. The annealing temperature was held steady for
10 minutes. The time of ramping and natural cooling down
is not included in the 10 minutes.
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The sulfurization process took place in the same type of
furnace. Separate tubes were used for pre-annealing and
sulfurization in order to avoid preliminary inclusion of sulfur
into the metal stack. In both annealing processes the tubes
were flushed with Argon twice before starting. Samples
were placed in a graphite box alongside 50 mg of finely
ground sulfur powder (Alfa Aesar, 99.995 %). A ramping rate
of 20 °C/min and a background pressure of 1 bar of Ar was
used. The sulfurization was performed at 550 °C for
30 minutes and the samples were cooled down naturally.

Thin film characterization and solar cells

The compositional, structural, morphological and vibrational
properties were studied respectively with x-ray fluorescence
spectroscopy calibrated with ICP-OES (XRF, Fisherscope
XVD), x-ray diffraction (XRD, Siemens D500 diffractometer)
in 8-20 configuration, scanning electron microscopy (SEM,
ZEISS Series Auriga) using 5 kV and Raman spectroscopy with
Aexc = 633 nm. The Raman spectra were corrected with a Si
reference line at 520 cm™. For the XRF measurement,
16 different points were taken on each sample. The average
values were used to calculate the compositional ratios. The
standard deviation of the ratio was approximately 0.05.

The absorbers were treated with an HCl etching
method [4] in order to remove ZnS from the surface.
Subsequently, 50 nm of CdS was deposited by a chemical
bath deposition, followed by sputtering of 50nm undoped
ZnO and 250 nm of ITO with 90 % of In,03 and 10 % of SnO;
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(CT100 Sputtering System, Alliance Concepts). No additional
heating is used during sputtering, temperatures will be
approximately 100-150 °C. The solar cells were scribed in
3x3 mm? sections. Solar device characteristics were studied
with a solar simulator (Abet 3000) under one sun
illumination.

3.2.4 Results and discussion

Composition of alloyed precursor thin films

The compositional ratios of the pre-annealed precursors are
depicted in Figure 1. The Zn/Sn ratio follows a decreasing
trend at elevated pre-annealing temperatures. Some zinc
loss is expected due to its high volatility and for being the
top layer of the metal precursor stack.
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Figure 1 Comparison of compositional ratios of copper poor precursors with respect
to pre-annealing temperatures. The dashed trend line serves as a guide to the eye.
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Structural properties of precursors and absorbers

XRD patterns of the annealed films are depicted in Figure 2
as false-color intensity plots. Figure 2A and B show patterns
of the pre-annealed precursors and absorbers, respectively.
Elemental Sn is present up to 450 °C (arrow 1) in the
precursors. The intensity evolution of elemental Sn (arrow
1) is in accordance with the evolution of the Sn peaks at 44—
46°. In stoichiometric films, elemental Sn is only present up
to 150 °C (see Sl Fig.S5). The persistence of elemental Sn is
expected in copper poor films, because there is higher
competition between Zn and Sn to alloy with Cu than in
stoichiometric films.

There is a broad contribution of Cu-Sn and Cu-Zn
alloys in the 43° region (arrow 2). For higher temperatures,
these peaks become more pronounced and narrow,
indicating further crystallization of the alloys after pre-
annealing at 200 °C and 300 °C. Note that above the melting
point of Sn (230 °C), liquid Sn might facilitate intermixing.

Between 300 °C and 450 °C significant structural
changes occur in the precursor film which is visible across
the whole pattern. From the Cu-Sn phase diagram it can be
seen that above 408 °C a transition from CugSns = Sn(l) +
CusSn takes place [23]. The CusSn reflection is observed at
42° (arrow 3). Because CueSns dissolves, it is plausible that
CusZng becomes dominant in the 43° region. However, the
reverse reaction takes place when cooling down. Therefore,
it is likely that reflections from both CueSns and CusZng
remain in this region where peaks nearly overlap. Also,
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multiple reflections from CusSns can still be found in the 27—
39° region.

Precursor Absorber - Sulfurized @ 550°C
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Figure 2 XRD patterns of copper poor precursors and absorbers. (A) Pre-annealed
precursor films: arrow 1 indicates evolution of CusSns and elemental Sn. Arrow 2
indicates Cu-Sn and Cu-Zn phases and arrow 3 shows presence of CusSn after pre-
annealing at 450 °C. (B) Absorber films based on the pre-annealed precursors.
Arrow 4 is related to SnS and arrow 5 indicates SnS,. The regions indicated by
arrows 1, 4 and 5 are presented in Figure 3 with more detail.

These are less present in the stoichiometric films at
450 °C pre-annealing (see SI, Fig.S5). Figure2B shows XRD
patterns of the CZTS films obtained form sulfurization of the
preannealed precursor stacks. The sample pre-annealed at
25 °C showed the presence of SnS in the absorber layer
(arrow 4).

For the absorbers pre-annealed at 150, 200 and
300 °C SnS; was detected (arrow 5). No Sn-S binary phases
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were detected in the absorber formed after pre-annealing
the precursor at 450 °C. Figure 3 illustrates the correlation
between the peak intensities of Sn in the precursor and Sn-
S phases in the absorber (regions indicated by the arrows 1,
4 and 5 from Figure 2).

In Figure 3A, Cu poor precursors show a contribution
of Sn up to 300 °C. Initially, the intensity of the Sn peak is
higher than the CueSns phase. Due to this presence of
elemental Sn, SnS is easily formed in the absorber and shows
a contribution at 32° (arrow 4, Figure2B). The intensity of
elemental Sn between 150 °C and 300 °C fluctuates and
remains below the intensity of the CueSns phase. A similar
trend can be observed for the SnS; phase in the absorbers.
This is visually depicted in Figure3C, where dashed lines
indicate resemblance between the intensity trend of the
SnS; and Sn peaks in the absorbers and precursors
respectively. This finding suggests that a higher content of
elemental Sn in the precursor translates to a higher content
of SnS; in the absorber. Diffraction peaks at 13° and 14.5°
could not unambiguously be assigned to a precursor phase.
However, it is plausible that these peaks are related to SnS;
or Sn;S3 [24]. The intensity trend exactly resembles with SnS;
at 15°.

Another indicator for this assumption is the absence
of these peaks in the Cu-stoichiometric absorbers and the
absence of the Sn peak (32°) in the stoichiometric
precursors, pre-annealed above 200 °C.
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The XRD patterns of the stoichiometric absorbers do not
show the Sn-S compounds and appear therefore very similar
between pre-annealing temperatures (See Sl, Fig.S5). It was
found that presence of elemental Sn in the precursor has led
to the presence of Sn-S phases in the Cu poor absorbers.
Other phases such as Cu-S are unlikely in Cu-poor films and
Mo-S was not observed with SEM.

Morphological properties of absorbers

Figure 4 shows scanning electron micrographs (SEM) of the
copper poor films. Figure 4a depicts the as-deposited
precursor film or metal stack. The films appear to have a
surface with pillar-like structures and channels in between.
The upper surface layer consists of a fine granular structure
(see SI, Fig.S1 for more detail). SEM energy-dispersive x-ray
spectroscopy (EDX) measurements revealed there is less
copper and tin present in the areas between the pillar
structures. The smaller grains on top consist of Cu-Zn with
Cu-Sn below, in line with the stacking order. The channels in
between the pillars provide an additional pathway for sulfur
to get into the film during sulfurization. All pre-annealed
precursors show a similar morphology. There are several
differences to be observed in the surface morphology of the
absorbers (Figure 4b-f).
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Figure 4 Top view and cross sectional electron micrographs of copper poor films
(a) as-deposited precursor stack and (b-f) absorber films sulfurized at 550 °C.
Indicated is the pre-annealing temperature. The arrows indicate presence of Sn-
S platelike structures and the circles indicate a fine-grain structure that consists
mainly of Zn-S.

The black arrows indicate Sn-S platelike structures and are
distributed across surface areas 10-100 um wide. These
structures have been observed in other studies before [25]-
[27]. Black circles indicate finer grains that consist of Zn-S.
Some of these areas clearly follow the morphology of the
precursors and have lower film thickness. This was
concluded from careful analysis of the cross sections. In case
of absorber (e), the Zn-S grains are mainly present on top of
bigger grains. Furthermore, absorber (d), pre-annealed at
200 °C, has much bigger grain sizes and no presence of Sn-S
structures on the surface. The absorber originated from the
pre-annealed precursors at 450 °C (f) shows no Sn-S platelike
structures on the surface and has a smaller grain size. As
opposed to absorbers (b-e) there are no distinct areas with
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obvious secondary phases, the grains are less densely
packed and thickness variation is reduced.

Vibrational properties of absorbers

To understand more about the vibrational properties of the
absorbers Raman spectroscopy was performed. The spectra
were obtained after removal of ZnS by HCI etching and are
shown in Figure 5. Different spots were taken on each film
in order to account for the inhomogeneous distribution of
the Sn-S surface structures. The vibrational modes at 263,
287, 337 and 366 cm™? can be assigned to CZTS in the
kesterite type structure[28].

A =633 nm SInS2 % * =CZTS

Pre-annealing @
450°C

300°C

200°C

Intensity (a.u.)

150°C

No pre-anneal

. . y .
200 300 400 500

Raman shift (cm™)

Figure 5 Raman spectra of copper poor absorbers after etching with HCI. Several
vibrational modes of kesterite can be observed. At 313 cm-! there is a contribution
from SnS,.
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The mode at 313 cm™ is related to SnS; and is assigned to
the platelike structures on the surface [24], [27]. Several
spots on the same sample were taken but the mode at
313 cm™? was not always observed for absorbers pre-
annealed at 150 °C and 300 °C. This aligns with observations
from SEM that SnS, platelike structures are
inhomogeneously distributed on a 10-100 um scale.

Since Raman is a surface sensitive technique, it is
concluded that SnS;, detected by XRD in the 200 °C absorber
originates from deeper regions in the film. This was also the
case in a study by Ren et al., where SnS; was detected by
XRD after 1 and 2 min annealing. However, in the form of
surface structures it was only observed after 13 min
annealing [24].

Device properties of copper poor solar cells.

Each absorber was divided into 3x3 mm? sections and
resulted in >15 solar cells for each pre-annealing
temperature. The results are depicted in Figure 6A with the
boxplot method.

Absorbers pre-annealed at 450 °C resulted in cells
that were significantly higher in PCE than cells from pre-
annealing at 300 °C and lower, where PCEs are below 0.5 %.
The performance of the 450 °C solar cells lie between 3.29 %
and 4.02 %. The JV-curves of the mean, and maximum
efficiency of the solar cells pre-annealed at 450 °C are
depicted in Figure 6B, together with their device
parameters.
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The shunt resistance of cell 1 (96 Q cm?) is lower compared
to cell 2 (211 Q cm?) causing a lower fill factor. The series
resistances of the solar cells 1 and 2 are respectively 2.3 and
6.6 Q cm?. Shunts might be caused for example by local
inhomogeneities, voids or pinholes. The remarkable result
from this set of solar cells is the inverse proportionality
between the XRD intensity of SnS, peaks (Figure 2B) and the
PCEs of the corresponding absorbers that were pre-
annealed at 150 °C, 200 °C, 300 °C. XRD patterns (Figure 3)
show the highest intensity of the SnS; phases for the 200 °C
pre-annealed absorber, yet the lowest PCEs.
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Figure 6 (A) Statistical boxplot representation of photo-conversion efficiencies
(PCEs) of copper poor solar cells with respect to their pre-annealing treatment.
Each boxplot presents > 15 solar cells on the same sample, for each pre-
annealing temperature. The distribution of the PCEs is indicated by the
percentiles as depicted in the legend. The minimum (hexagon), maximum (star),
mean (square) and median PCEs are also indicated. For pre-annealing at 450 °C,
cell 1is the maximum value 4.02 %, cell 2 is the mean value that equals to 3.53 %.
(B) JV-curves and device parameters are depicted for cell 1 and 2. The dark and
illuminated (AM1.5) curves are both shown.
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This suggest that tin phases within the bulk of the absorber
are contributing negatively in addition to the Sn-S surface
structures. The presence of these phases causes unwanted
recombination centers. On the surface/interface they may
act as a shunt pass [13]. This may explain why absorbers that
were pre-annealed at 150 °C, 200 °C, 300 °C show almost no
photovoltaic activity and PCEs < 0.5 %.

Pre-annealing at 450°C has led to changes in
structural properties and composition. These combined
effects contributed to a distinct morphology and has led to
the absence of SnS; on the surface. This resulted in better
device performance as opposed to lower pre-annealing
temperatures.

The precursor composition is slightly altered by the
pre-annealing process (Figure 1). However, the composition
remains in the Cu-poor and Zn-rich regime. The relatively
lower Zn-rich nature can reduce formation of Zn-S phases.
This might explain the absence of Zn-S surface clusters on
the surface of the 450 °C absorber. Together with the
absence of Sn-S platelikes, this resulted in a more
homogeneous compositional surface distribution.

Also, pre-annealing at 450 °C results in a distinct XRD
pattern (Figure 2A) with a variety of crystal structures of
CusSns and CusSn. CusSn was not observed below 450 °C.
The Cu-Sn phase diagram shows that annealing above 408 °C
facilitates formation of CusSn [23]. Since conversion of CusSn
to CueSns is an intermediate step in the formation of CZTS
[29], [30], pre-annealing above 408 °C might accelerate the
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formation of CTS, and thus CZTS, while CusSn is already
present:

CueSns = 2 CusSn + 3 Sn (1)
2 CusSn +Sn +9S > 3 CuzSnSs (2)
Cuz5nSs3 + ZnS = Cu2ZnSnSy (3)

In situ monitoring of precursor annealing

Due to the relevance of the structural transitions in the pre-
annealing stage, process monitoring and control s
investigated with in situ XRD. The in situ measurements
were obtained by using a heating stage together with the
XRD setup described before.

Additional temperature steps were added at 75 °C,
175°C, 225°C, 375°C, 400 °C and 425°C to gain more
information in ranges where transitions are expected based
on the phase diagram. It should be noted that the
measurement process was performed in one run. This
means that the total heat exposure time is extended with
respect to a single pre-annealing in a tube furnace. Also the
volume of the heating stage is smaller. The inert gas and
pressure are unchanged (Argon at 1 bar).

The in situ results can be found in Figure 7. A shift to
smaller diffraction angles can be observed due to thermal
expansion. In accordance with ex situ data, elemental Sn
(30.5°) is observed at lower temperatures. Also, a broad
contribution of Cu-Sn and Cu-Zn alloys can be observed at
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43°. Above 225 °C, peak intensities of the alloys increase and
line widths narrow, indicating better crystallinity.

Above 400 °C, as expected from the Cu-Sn phase
diagram, a transition occurs related to Cu-Sn alloys.
The 2 2-1 and 1 3 2 peaks of CusSns at resp. 30.1° and 43°

Precursor Cu/(Zn+Sn)= 0.8
50 end In situ
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Figure 7 In situ XRD patterns obtained during pre-annealing of copper poor
precursors. For the black areas there is no recorded data. After cooling down from
450 °C a pattern was acquired at 50 °C, this is indicated as ‘50 end’.

and the 3 3 0 peak of CusZng at 43.2° are transformed into a

4 2 -2 peak of CugSns at 43.3°, a 3 3 0 peak of CusZns at
43.2° and a 0 0 2 peak of CusSn at 41.8° at 450 °C. A similar
observation was made in the ex situ data (Figure 2).
Although elemental Cu and Zn have reference peaks in the
42-45° range, it is unlikely that highly mixed films show a
strong contribution from these elements.

In general, the in situ measurement resembles the ex
situ measurements. With this relatively straightforward
method it is possible to monitor phase transitions during
high temperature pre-annealing to obtain a precursor with
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desired structural properties for further absorber
processing.

Perspective on Sn-S phases

Pre-annealing was found to stimulate the formation of
different alloy phases and transitions between them in a Cu-
Zn-Sn metal precursor stack. Free elemental Sn remains
present up to 450 °C and promotes SnS and SnS; growth in
the sulfurized absorbers. Sn-S platelike structures are
observed on the surface and SnS; was found to be present in
the bulk of the film.

The highest peak intensity of Sn and CusSns was
observed (Figure 3A) after pre-annealing at 200 °C and
resulted in bigger grains in the absorber. A study by Chen et
al. integrated SnS in the precursor and found a similar result.
The stacking order glass/Mo/SnS/Cu/Sn/Zn was used [31].
This SnS layer facilitated formation of CTS. Reaction with a
ZnS top layer formed CZTS and resulted in a densely packed
film with bigger grains and no voids at the back. In another
study, a CZTS layer was created from a Mo/CTS/ZnS stack. A
similar result with respect to grain formation was observed
[32].

In our study, it is plausible that the strong
contribution from Sn and Cu-Sn facilitates formation of SnS
and CTS at the back. Especially due to its presence in the
deeper regions of the film where sulfur can access via the
channels around the pillar-like structure. When Sn becomes
liquid at 230 °C the process might be accelerated, resulting
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in larger grains [33], [34]. Neuschitzer et al. observed
enhanced grain growth by using a Ge nano-toplayer and
tuning the Ge/Sn+Ge ratio [35]. Higher Ge content led to
bigger grains but above 11 % it deteriorated device
performance. Bigger grain growth was attributed to the
presence of SnSe; phases during growth. Also, SnSe platelike
structures on the surface were observed due to the
substitution of Sn by Ge.

Even though bigger grains were observed in our
study, a positive correlation with device performance was
not observed. Devices with strong contribution of SnS;
showed almost no PCE (Figure 6). Etching with (NHa),S can
improve device performance between 20 to 65 % as found
by Xie et al. [5]. However, although Sn-S on the surface can
be etched away, the Sn-S present in the bulk would remain
or etching might induce voids.

While etching is a method to remove Sn-S on the
surface, it introduces an additional process step. An
alternative approach would be to integrate SnS in the
precursor as proposed by Chen et al. who discussed SnS as a
passivating layer with several benefits; suppressed backside
decomposition of CZTS, improved crystallinity and
homogeneity [31]. It resulted in a void free absorber with
densely packed grains and showed better PCE than a
reference film without passivating layer. Kumar et al.
modelled a device with SnS as a passivating layer and SnS;
as a buffer layer [36]. The SCAPS model of Mo/p-SnS/p-
CZTS/n- SnS2/Zn0 showed an improved Voc, Jsc and FF with
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respect to other cell configurations without SnS. Integration
of SnS could lead to more sustainable kesterite films.
Succesful experimental integration as a buffer layer in CIGSe
was previously demonstrated [37].

Alternatively to etching or integrating Sn-S phases,
controlling process parameters might help prevent these
phases to occur. A possible reduction of SnS on the surface
might be achieved by controlling the partial pressure of
sulfur. A recent study by Alvarez et al. on CZTS showed that
partial pressures Ps > 0.34 bar caused SnS; flakes to form on
the surface. There was no Sn loss observed but rather a
displacement. SnS; structures were confirmed by XRD (15°)
and Raman (314 cm™) [27]. A quasi in situ method was used
by Ren et al. to monitor the sulfur partial pressures by means
of a Sn-S reference film [24]. Presence of SnS, and absence
of SnS/Sn,S; generally meant that the Ps and annealing time
were sufficient. SnS platelets were only observed after
13 min annealing, while SnS; was already observed by XRD
after 1-2 minutes annealing. Alvarez found that the cooling
rate had little effect on the surface morphology and
presence of SnS flakes [27]. They concluded that SnS flakes
are a consequence of gaseous Sulfur that keeps reacting
with Sn on the surface layers.

3.2.5 Conclusion

This study investigated the effect of pre-annealing of
Mo/Sn/Cu/Zn stacks on structural, morphological and
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vibrational absorber properties in relation to solar cell
performance. The XRD peak intensities of CueSns and Sn
could be correlated to SnS; in the absorber. Also, presence
of SnS; was negatively correlated to device performance.
Pre-annealing at 200 °C resulted in the biggest grain sizes
and highest XRD peak intensity of SnS,. Surface presence of
ZnS and SnS; was observed with resp. SEM and Raman,
except for the 450 °C pre-annealed absorber. Only pre-
annealing at 450 °C resulted in an absorber with a
homogeneous surface distribution of the elements. This
absorber showed absence of SnS, and the highest PCE of
4.02 %. Furthermore, it was shown that in situ XRD can be
used to monitor the pre-annealing process. This provides the
possibility to obtain a precursor with certain structures and
compounds favorable to absorber properties. This study
paves the way to create an optimal precursor leading to a
CZTS absorber with beneficial properties to device
performance.
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3.2.7 Supplementary information

The supplementary information (SI) provides additional
information on copper poor films and includes data of
copper stoichiometric films.

Copper stoichiometric precursors

22
°
20k e ° ° °
o 18}
=
= 16 @ Cu/Sn
i ® Zn/Sn
o ---- guide to eye * Cu/Zn+Sn
=141
7]
o]
a
8 e o « . *
1.0 R . SN S
0,8 1 1 1 - L : '
0 100 200 300 400 500

Annealing temperature (°C)

Figure S1 Compositional ratios of pre-annealed copper stoichiometric precursors.

Figure S2 shows a typical top view image of the precursor.
Whether the precursor is pre-annealed, cu poor or
stoichiometric does not change the appearance significantly.
The channels in between the pillar-like structures are low in
Cu and Sn, but have Zn present. Annealed stoichiometric
precursors are shown in Figure S3. Growth of dense grains
occur scarcely in the stoichiometric films as opposed to the
copper poor films.
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Figure S2 Close-up of precursor with small Zn rich grains on top. Regions between
the grainy structures have a lower density of copper and tin. Left: a negative
image to emphasize the channels around the pillar-like structures.

Figure S3 Topview (a,b,..) and crossectional (al,bl,..) scanning electron
micrographs of copper stoichiometric absorbers of which precursors were pre-
annealed at stated temperatures. (a) topview: precursor with no temperature
treatment (no TT). SEM EDX analysis shows the red area is Zn rich and deficient
in Cu and Sn, indicating presence of ZnS.

Pre-annealed at 150 °C has a similar surface morphology as
the unannealed based absorber. The pillar-like surface has
transformed into a cauliflower structure. Lateral
inhomogeneity is present and regions with smaller grains are
Zn-rich and Cu- and Sn-poor. Similar to the copper poor
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films. The cross sectional images look similar and appear to
have a bi-layer structure with a smaller and porous grains
closer to the bottom. As opposed to the copper poor films,
there are no Sn-S platelike surface structures. This is
expected in copper stoichiometric films, where CTS and CZTS
are much more likely to occur than binary phases due to the
abundance of copper.

Both absorbers (poor/stoichiometric) pre-annealed
at 450 °C have a similar surface morphology. CTS was
observed with Raman spectroscopy (Figure S4) on the
surface layers of copper stoichiometric absorbers. Figure S5
shows false-color plots of the ex situ XRD patterns of the
copper poor and stoichiometric films compared. The
patterns were obtained after pre-annealing and
sulfurization. Four parts with each five xrd patterns are
shown with indicated temperature. The copper poor films
have already been discussed in the main text but are
included in the figure for comparison purposes.
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Figure S4 Raman spectra of copper stoichiometric films
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Figure S5 Comparison of XRD patterns of copper poor and stoichiometric
precursors and absorbers.

In the copper stoichiometric films, contributions of
elemental Sn and CusSn disappear and CusSns increases with
pre-annealing at 150 °C. Pre-annealing at 200 °C and 300 °C
gives similar XRD patterns, peak intensities of Cu-Zn/-Sn
alloys increase further, indicating interdiffusion of the

125



3 | Results

elements. Above the melting point of Sn (230 °C), liquid Sn
might help with this diffusion process. At 450 °C,
contribution of both  Cu-Sn and Cu-Zn alloys in the 42-43°
region have reduced intensity and CusSn re-appears at 42°.
In the Cu-Sn phase diagram can be seen that above 408 °C
and dependent on the relative composition, CueSs is
converted into liquid Sn and CusSn.

With respect to Cu poor films, Sn contributions are
only present up to 150°C. The persistent presence of
elemental Sn is expected in copper poor films, because there
is higher competition between Sn and Zn to alloy with Cu
than in copper stoichiometric films. At 450 °C there are
several Cu-Sn peaks in the 27-39° region present which are
not present in the stoichiometric films. The peak intensities
are higher in the copper poor films.

The XRD patterns of the Cu stoichiometric absorbers
are similar. With respect to the Cu poor films, there are no
contributions of SnS; observed, and a relatively low intensity
of SnS. Higher copper content makes it more likely to grow
CTS or CZTS phases. Less secondary phases are expected due
to its stoichiometric nature of the films.
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situ process monitoring and characterization of co-
evaporated and stacked Cu-Zn-Sn-S based thin films

Vacuum deposition techniques can be used to fabricate Cu-
Zn-Sn-S based thin films. Unwanted Cu-S and Zn-S phases
likely occur due to a preferred Cu-poor composition and a
narrow stoichiometric region of CuZnSnSs (kesterite).
Reflectometry can be used to determine material
properties, such as thickness and band gap. This study
investigates whether reflectometry can be employed in situ
to monitor presence of unwanted phases such as Cu-S and
Zn-S during physical vapour deposition (PVD). A
reflectometry setup was designed and integrated with a PVD
system to monitor reflection during deposition. The onset of
ZnS deposition could be monitored for a Mo/CTS/ZnS
multilayer film. Also, it was found that CuS leaves a
characteristic dip in ex situ reflection spectra. But this dip
could not unambiguously be identified in situ due to the
presence of interference fringes during film growth.
However, the onset of interference fringes is related to the
growth rate and band gap. Therefore, this could be used as
a novel in situ fingerprinting method for the deposition of
Cu-Zn-Sn-S based thin films.
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3.3.1 Abstract

During preparation of compound semiconductor thin films
undesired secondary phases and inhomogeneities may
occur. Therefore, process control and monitoring are
important aspects towards thin film optimization. In this
study, white light reflectometry (WLR) was investigated as
an in situ non-destructive optical technique to monitor thin
films during thermal vacuum evaporation (PVD) of kesterite-
type Cu-Zn-Sn-S thin films. The impact of composition on
optical properties was studied ex situ by Raman
spectroscopy and reflectometry to identify possibilities for
in situ detection of secondary phases. A WLR setup was
designed and integrated with the PVD system. Four Cu-Zn-
Sn-S films were prepared by evaporation and direct
reflection was monitored in situ. Reflection spectra were
analyzed to identify the influence of process parameters and
phases such as CuS and ZnS. Transfer matrix simulations
were performed to further explain experimental
observations. It is shown that the occurrence of different
phases, growth rate/thickness are well related to reflection
spectra. Time-dependent reflection spectra reveal specific
properties that could serve as characteristic footprints for
process control and monitoring. Therefore, this study
extends the possibilities for reflectometry as a
straightforward, low cost method for in situ process control
of Cu-Zn-Sn-S based films.
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3.3.2 Introduction

Kesterite, Cu2ZnSnS, or short CZTS, is an interesting material
for energy conversion applications due to its non—toxic and
earth abundant constituents. Various methods are
employed to fabricate kesterite thin films. The most
common method is precursor deposition followed by a high
temperature annealing step [1-3]. However, decomposition
of CZTS and loss of volatile compounds cause inconvenient
compositional changes during the process, as well as the
formation of secondary phases such as CuS, ZnS and CTS
[4,5]. Methods have been developed to remove the
superficial occurrence of CuS and ZnS compounds with
respectively KCN and HCl etching. This has proven to be
beneficial for the solar cell performance[6,7]. However,
prevention of secondary phases would be optimal and
would contribute to process simplification.

Methods for process control and monitoring can be
implemented in order to increase reproducibility and obtain
information of thin film properties during the process. In situ
XRD has been demonstrated to be able to monitor structural
properties [8,9]. Unfortunately, this is a rather complex
method when synchrotron radiation is used. Alternatively,
optical methods such as Raman spectroscopy and spectral
reflectometry might be used as straightforward in situ non-
destructive techniques to monitor thin film properties
during deposition [10-12]. Thin film properties such as
thickness, roughness can be extracted from single
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wavelength reflection spectra [10,13,14]. White light
reflectometry (WLR) is a method where a broad reflection
spectrum as a function of wavelength is recorded. With this
method absorber fundamental properties such as band gap
and Urbach energy can be extracted [11]. Raman
spectroscopy can be used to identify phases and detect and
monitor phase transitions in the surface regions. This was
demonstrated during high temperature annealing and
deposition processes in previous studies [12,15].

In this study, the impact of composition on optical properties
and morphology was experimentally investigated for six Cu-
Zn-Sn-S absorbers by correlating the compositional ratios to
reflection and Raman scattering.

Furthermore, a white light reflection (WLR) setup
was integrated in a physical evaporation system (PVD) to
provide a method for in situ monitoring and control during
the deposition process. Two co-evaporated Cu-Zn-Sn-S films
and two multilayer film stacks (Mo/CuS/SnS/CuS/ZnS and
Mo/Cu-Sn-S/ZnS) were prepared and WLR was recorded
during deposition. For the two Cu-Zn-Sn-S films the Cu-
evaporation rate was varied. For the stacked films the effect
of sequential deposition on reflection spectra was studied.
Optical simulations were performed to investigate and
validate the observations in the reflection spectra.

Morphological, structural and vibrational properties
of the thin films were investigated by respectively scanning
electron microscopy (SEM), X-Ray diffraction (XRD) and
Raman spectroscopy (Raman) to support analysis of the
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reflection spectra and related optical simulations. Finally, an
overall conclusion is formulated on the benefit of using
white light reflectometry as an in situ method for process
monitoring and control of Cu-Zn-Sn-S based films.

3.3.3 Experimental methods

A physical vapor deposition (PVD) system equipped with
copper, zinc and tin effusion cells and a sulfur cracker was
used for the preparation of thin films. The PVD setup is
schematically shown in Figure 1. The six CZTS films used in
the investigation prior to the in situ monitoring experiment
were fabricated by co-evaporating Cu-Zn-Sn in a sulfur
atmosphere of 1 x 10 mbar. The substrate heating was set
to approximately 550 °C and substrate rotation was used to
obtain a uniform film. The composition of the films was
obtained by X-ray fluorescence using K-lines of copper and
zinc and the tin L-line. Calibration was performed with CZTS
films of known composition [16].

An optical WLR setup was designed to monitor
reflection during the deposition of thin films. A tungsten-
halogen lamp (type SLS201L) was fiber coupled to a dichroic
mirror directed towards the center of the substrate. The
angle of incidence is 8 =37°. The reflected light was collected
in a similar way and transmitted to fiber-coupled
spectrometers. To process the full UV-VIS-NIR spectrum an
Avantes AvaSpec UVVIS and a NIRQUEST512 from
OceanOptics were used. Acquisition time has been kept on
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the order of 10-100 ms. The acquired spectra were averaged
every eight seconds, one substrate rotation, to reduce
systematic intensity fluctuations due to substrate non-
idealities. Reflection intensity was calibrated with the
molybdenum substrate. The substrate temperature was
approximately 200 °C during deposition of these additional
four in situ monitored films. Two films were co-evaporated
as Cu-Zn-Sn-S (labelled C1 and C2) and two films were
deposited as stacks; Mo/CuS/SnS/CuS/ZnS and Mo/Cu-Sn-
S/ZnS labelled as S1 and S2 respectively.

. 2

Figure 1 Schematic of the physical vapor deposition system with light source and

§

A

detector for WLR in situ monitoring. The angle of incidence is equal to 6 = 37°.

The structural, vibrational, optical and morphological
properties of the films are characterized by X-ray diffraction
(XRD) and fluorescence (XRF), Raman spectroscopy,
spectrophotometry and scanning electron microscopy
(SEM), respectively. The XRD measurement was conducted
with a PANalytical X'Pert PRO MRD diffractometer at 2°
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grazing incidence geometry, vibrational properties were
measured with a Renishaw Raman setup equipped with
Aexc= 325 nm, 532nm and 633 nm lasers, surface
morphology was analyzed with a GEMINI electron
microscope at 7 kV beam voltage and ex situ reflection
spectra were measured with a Perkin EImer LAMBDA 950
spectrophotometer. Optical simulations were performed
with OptiSim [17-25].

3.3.4 Results and discussion

Relation between optical properties, composition and
morphology in CZTS absorber films

Prior to the in situ experiments, six absorbers were
fabricated and the relation between composition, secondary
phases and reflection were analysed.
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Figure 2 Compositional ratios of six co-evaporated absorbers measured by XRF
and are error bars.

Figure 2 gives an overview of the elemental compositions of
the samples as obtained by XRF. Since some of the samples
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exhibit Cu/ Sn ratios > 2 and Zn/Sn ratios > 1 the presence of
CuS and ZnS secondary phases are expected [16].

Figure 3A and B show Raman spectra of the six
absorbers excited with A= 532 nm and 325 nm. The presence
of ZnS and CuS can be clearly identified on some of the
samples. Interestingly, the Raman peak intensity ratio of
CuS/CZTS (475 cm™ /337 cm™) correlates with Cu/Sn ratio
(Figure 3C). At higher Cu/Sn ratios the Cu concentration has

increased.
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Figure 3 A and B, Raman spectra obtained by using, respectively, Aexc = 532 and
325 nm. (C) Proportionality between the ratio of Raman CuS peak (475 cm™) and
CZTS peak (337 cm™) intensities is depicted with respect to the Cu/Sn ratio based
on (A). (D) Relation between ZnS and CZTS peak ratio I34¢/1337 and Zn/Sn based on
(B). The dashed line is a guide to the eye.
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Previous results showed that copper rich films, Cu/Sn > 2,
will exhibit CuS segregation due to the condition of Cu/Sn < 2
within the CZTS phase [16]. This can be observed in
Figure 3C, where the Raman measurement follows a Cu/Sn-
2 proportionality.

Figure 3D indicates the relation between the
presence of ZnS (349 cm™?), expressed in peak intensity ratio
ZnS/CZTS, and compositional ratio Zn/Sn. Changes in the
peak ratio occurs more abrupt as opposed to CuS. There
seems to be a threshold value where the ZnS signal increases
rapidly. The Raman signal intensity related to ZnS is affected
by the influence of the resonance condition and is also
strongly surface sensitive, because the short penetration
depth of the 325 nm laser of 50 nm in CZTS. Thus the
absolute magnitude of the Raman signal is mainly affected
when there are changes in the ZnS surface segregation. A
segregation of ZnS for Zn/Sn ratios > 1 in CZTS was previously
determined for thin films by X-ray absorption[16]. Since the
Raman measurement is surface-sensitive rather than
volume-sensitive and given the error bars, the result of
Figure 3D is in good agreement with these previous findings.

Figure 4A shows reflection spectra of the films with
different composition as depicted in Figure 2. Absorbers 4
and 4a originate from the same process, except that the
latter is etched with KCN to remove CusS. Reflection of a pure
CusS reference film is added for comparison. A reflection dip
can be observed around A = 600 nm. The magnitude of this
dip strongly depends on the Cu/Sn ratio as follows from the
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comparison between the unetched/etched absorbers

(sample 4 versus 4a).
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Figure 4 (A) Total reflection spectra of CZTS absorbers with different Cu/Sn ratios
compared to a pure CuS film. Sample 4a is the KCN etched sample 4. (B)
Integration method applied to absorbers from (A). (C) Reference spectrum of ZnS.
(D) SEM surface images of unetched absorbers.

The dip has disappeared in the spectrum of the etched
absorber. These results clearly show that a variation in
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copper content influences the reflection intensity, in
particular in the A = 450-700 nm regime.

To quantify the presence of the CuS related reflection
dip, the area between a straight baseline and the reflection
minimum is integrated from A = 450 nm to 700 nm. The
result of such an integration for the films with different
Cu/Sn ratios is shown in Figure 4B. It can be seen that the
integration value increases strongly with increasing Cu/Sn
ratio, proportional to Cu/Sn-2, similarly to the Raman
measurement. Figure 4C shows the reflection of a 2um ZnS
reference film. High crystallinity and smooth surface
morphology in ZnS films contribute to an interference
pattern. Figure 4D depicts the surface morphology of
unetched films.

Absorber 1 has a high Zn/Sn ratio and appears to
have a smoother surface as opposed to other absorbers. This
promotes the occurence of interference. The films 2 to 6
have higher copper content and a grainier surface, reducing
the probability of interference. It was found that reflection
from films 2 to 5 is almost totally diffuse. Films with higher
Zn/Sn ratios, 1 and 6, have increased portions of direct
reflection, starting in the infrared region at approximately
A =800 nm.

Ex situ characterization of in situ monitored co-evaporated
and stacked absorber films

The previous section illustrated influences on reflection
spectra due to compositional changes and presence of
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secondary phases in CZTS films. This section presents ex situ
characterization of four different films (CZTS based and
stacked films) that were monitored in situ with white light
reflection during deposition.

Two co-evaporated films with Cu-Zn-Sn-S (C1 and C2) and
two stacks configured as Mo/CuS/SnS/CuS/ZnS (S1) and
Mo/Cu-Sn-S/ZnS (S2) were prepared. The total deposition
time for C1, C2 and S2 was 45 minutes, with S1 the process
time was 15 minutes. Figure 5 shows the XRD patterns and
Raman spectra of the four different films. C1 shows reflexes
related to SnS and Sn,S3 around 30° and a broad contribution
at 73°. Additionally, two reflexes at 47.5° and 56.3° are
related to CZTS, CTS and ZnS.
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Figure 5 Grazing incidence XRD (2°) patterns and Raman spectra of the
evaporated films C1, C2, S1 and S2. A break is inserted in the XRD patterns at the
main peak position of Molybdenum at 40.5°. The dashed lines in the Raman
spectra indicate CZTS modes.

Note that the XRD pattern of C1 measured in Bragg —
Brentano (BB) geometry shows a major 47.5° reflex
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associated with 220/204 kesterite planes, which is related to
the columnar film structure (see supplementary information
for SEM and XRD-BB,Figure 13 and 14). A broad Raman
spectrum occurs in the region 300-375 cm™ which confirms
presence of CZTS and CTS. Even though the C1 film is
Cu/Sn =0.89 and Sn-S reflexes are observed in the XRD
pattern, there is no SnS observed in the surface regions with
Raman.

Absorber C2 was deposited with a higher copper
evaporation rate and copper rich phases are likely to be
present due to the Cu/Sn = 2.67 of this film. Reflexes at 28.5°,
47.5° and 56.3° indicate presence of CTS, CZTS and ZnS.
Although this cannot be unambiguously be assigned to one
phase due to overlapping patterns. The peak at 32° can be
related to CuS or CTS, CZTS and ZnS. CuS is not detected with
Raman spectroscopy (475 cm™) but CZTS is found. The
vibrational modes at 287, 302, 338, 366 and 374 cm™ are
attributed to kesterite and indicated by dashed lines [26].
The line width of the main CZTS peak at 338 cm™ for C2 is
much smaller than for C1 and indicates better crystallinity.

The stacked film S1, Mo/CuS/SnS/CuS/ZnS, shows
similarities with absorber C2 in both XRD and Raman
spectra. The three main peaks in the XRD pattern are related
to CTS, CZTS and ZnS are present and a low intensity reflex
from CuS at 32.9°. The vibrational mode of CuS is observed
at 475 cm™ which is likely due to unreacted CuS from the
stack. The broadening around the 28° peak is caused by
several SnS peaks present in this region. Due to a shorter
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process time of 15 minutes, the films are thinner than C1, C2
and S2, causing additional molybdenum peaks at 58.7° and
73.8° to be detected. In the Raman spectrum there is a
broader peak observed as opposed to film C2. This is likely
caused by the simultaneous presence of CTS and CZTS,
because CTS has several modes in the region overlapping
with CZTS. For example, cubic CuzSnSs has modes at 299,
303, 352 cmt, monoclinic CuzSnSs at 290 and 352 cm™ and
tetragonal CuaSnSsat 317 cm™ [27-29].

The XRD pattern of the Mo/CTS/ZnS film S2
resembles S1. Furthermore, Sn-S phases can be identified.
An additional peak is observed at 14.8° and is assigned to
SnS;. As before, the broadening around the 28° peak is
caused by the presence of several reflexes of SnS in this
region. SnS reflexes occur additionally at 45.3° and 49.8°.
The reflex at 34.5° is assigned to Sn;Ss. The Raman spectrum
is a broad spectrum in comparison to the other films. This is
caused by a superposition of modes from SnS, SnS,, CTS and
CZTS phases. The modes at 184 and 225 cm™ are related to
SnS and the peak at 313 cm™ is related to the main mode of
SnS; cm™® [30,31]. CTS has several modes in this range
overlapping with Sn-S and CZTS. A contribution from
different CTS structures occurs between 260 to 352 cm™* and
a contribution from CZTS is expected since the interface
between CTS and ZnS is close to the surface and ZnS is
transparent for Aexc = 633 nm. It is obvious that ZnS is present
on the surface being the deposited top layer.
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Although Raman measurements show presence of CZTS
phase the line-width and number of modes varies in the
grown films. For C1 and C2, this corresponds to the
compositional variation in the copper content. Also, line
broadening is expected because the substrate temperature
was around 200 °C and films were not annealed at high
temperature (>450°C) [28]. Therefore, stimulated
elemental diffusion and further crystallisation has not
occured. This causes the S1 film to have a single broad CZTS
peak and a contribution from CusS. For the S2 film, this results

in a variety of contributions from Sn-S, CTS and CZTS phases.
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Figure 6 reflection spectra of the four different absorbers at the end of the
deposition process. The dashed red line indicates a simulated CZTS spectrum.

Figure 6 shows the total reflection spectra of the four
absorbers at the end of the deposition process measured
with a Perkin EImer spectrophotometer. Between C1 and C2,
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only the copper evaporation rate was varied and, prior to the
process, chosen to be C2 > C1. This resulted in Cu/Sn =0.89
and 2.67 for C1 and C2, respectively, as measured by SEM
Energy-dispersive X-ray spectroscopy (EDX). The Zn and Sn
evaporation rates were kept the same.

The higher copper evaporation rate during the C2
process resulted in a thicker film than C1, approximately
3um and 2um, respectively (see supplementary
information for SEM). The spectrum of C2 shows a reflection
dip around A =600 nm (Figure 6). This dip was also observed
in the copper rich absorbers and a pure CusS film (Figure 4)
and is assigned to the higher copper content.

A simulated spectrum (dashed red line) of a
glass/Mo/CZTS film in comparison to C1 is included in
Figure 6, with n, k values from literature [32]. The n, k values
were shifted by 0.1 eV to lower energy to account for the
smaller band gap of the C1 film compared to the reference
sample.The thickness for the simulation was based on the
SEM image of C1 (Figure 13). An absorber thickness of
2.4 um and a Molybdenum thickness of 835 nm was used.
Since these spectra were taken ex situ, the angle of
incidence is normal to the surface. The CZTS simulation
matches the C1 spectrum. The spectrum of C1 can be dvided
into two sections, up to A = 700-800 nm the reflection is
constant and dominated by specular reflected light. After
800 nm, an interference pattern arises due to the interaction
between incident light reflected from the surface and light
reflected from the Molybdenum substrate.
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The onset of the interference pattern can be used for the
estimation of the band gap by drawing an envelope as
indicated in Figure 7 [33]. The absorption coefficient is
proportional to In[(R(E)-Rmin)*]. Here, R(E) represents the
mean reflection of the envelope extrema and Rmin the
minimum reflection in the considered spectral range.
Figure 7 shows the application of this method and the band
gap of the C1 absorber is estimated to be 1.52 eV. Even
though the film has a low copper content it corresponds the
band gap of a typical CZTS film.
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Figure 7 Bandgap estimation based on the envelope drawn around the
interference fringes. The inset shows the Tauc plot and indicates the band gap.

Analysis of in situ monitored thin film deposition

During deposition of the four films white light reflection
spectra were in situ monitored and are depicted in Figure 8.
Accumulation of the reflection spectra are shown as false-
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color plots, where the reflection intensity is represented by
color. The characteristic pattern of lines, with changing
reflection intensities, is caused by the presence of
interference fringes in the individual reflection spectra. The
onset of the interference fringes changes with increased film

thickness.
— Reflection
intensity
0%
—_ —_
£ £
Ew» £
@ @
£ E
= =
2 0
0
B s 8
£ &
0 0 —
450 600 750 900 1050 1200 1350 1500 1650 450 600 750 900 1050 1200 1350 1500 1650
Wavelength (nm) Wavelength (nm)
45
08
g =
E @ X
g £
£ =
= 1]
[} [
g Q —e]
]
o = 15
& o
o E s o -
450 BO0 750 900 1050 1200 1350 1500 1650 450 600 750 900 1050 1200 1350 1500 1650
Wavelength (nm) Wavelength (nm)

Figure 8 False color plots of white light reflection spectra. C1 and C2 are CZTS
films with a difference in the evaporation rate of copper (C2 > C1). While S1 and
S2 are deposited as Mo/CuS/SnS/CuS/ZnS and Mo/Cu-Sn-S/ZnS stacks,
respectively. The interference fringes, phase deposition changes and inflection
point are indicated by arrows, black solid lines and dashed lines, respectively.

The evolution of this inflection point, interference fringes
and phase deposition changes are indicated by dashed lines,
arrows and black solid lines, respectively. The stacked film
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S1 has a final thickness of approximately 600 nm (See SI).
The relatively thin film causes interference patterns to occur
across the measured spectrum range. The change of the
spectrum (Figure 6, S1) is caused by the different refractive
indices, layer thicknesses and bandgaps of each material in
the Mo/CuS/SnS/CuS/ZnS stack. The refractive index for SnS
is between 3 and 4 in the wavelength region 400 to 1700 nm
[22]. While Covellite (CuS) varies between 1.2 and 1.5 in the
region 400 to 1050 nm [19]. Together with the changing
growth rate, this causes the interference minima/maxima to
shift at deposition transitions from CuS to SnS and from SnS
to ZnS, as indicated by the changing slope of the black lines
in Figure 8 for S1.

Inflection point analysis

The dashed lines in Figure 8 indicate the evolution of the
interference fringes onset which is related to the
thickness/growth rate and band gap of the material. During
all processes there is an evolution of this, so called, inflection
point. It can be found by drawing an upper and lower
envelope function around the reflection curve and taking
the difference of the envelopes at each wavelength. The
wavelength where the onset occurs can be found when the
difference starts to diverge.

The evolution of the inflection point during the
process is depicted for all four films in Figure 9 as energy
versus process time. It shows that the inflection point is
redshifted from C1 to C2 and from C2 to S2. This is explained
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by the higher copper content of C2 and a faster growth rate,
leading to a thicker film and by S2 being a film consisting of
mostly CTS. Reference points can be found by adding the
inflection points of simulated spectra at 300 K of CTS and
CZTS with different film thicknesses, indicated by the
crossed circle and star, respectively. The relative difference
between the C1, C2 and S2 films corresponds to the position
of these reference values.
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Figure 9 Evolution of the inflection point for all four absorber films C1, C2, S1 and
S2. A polynomial function was used for fitting. Inflection points of simulated CTS
and CZTS films with different thicknesses are indicated above the graph. The band
gaps of monoclinic CTS and CZTS are indicated.

For the films C1, C2 and S2 the evolution is much more
defined due to longer process times and, in case of S2, single
phase deposition for the first 35 minutes of the process,
while S1 consists of sequential deposition of four different
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phases within just 15 minutes. Differences between C1, C2
and reference CZTS (star) can be attributed to the elevated
growth temperature and difference in composition. For
instance, the band gap of CZTS is at =1.34 eV at 400 K, which
is significantly lower than 1.5 eV at 300 K [34]. The CTS
references (crossed circle) lie close to the S2 film, there are
several differences between experiment and simulation. The
simulation is based on monoclinic CTS and even though S2
exhibits monoclinic CTS (Raman), there are additional
phases present. Also, ZnS is deposited after 35 minutes.

These results show that monitoring the inflection
point during the deposition process could be used as an in
situ fingerprinting method.

Analysis of CuS detection

Despite the presence of the CZTS layer, CuS imposes a strong
effect on the reflection spectra, as observed in absorbers
with different Cu/Sn ratios (Figure 4). Quantification of this
reflection dip is performed with the integration method
indicated in Figure 4B. The integration method is applied to
the four processes and is depicted in Figure 10. When the
formation of CuS occurs it would be noticeable as an
increase such as in Figure 4.

The fluctuation at the beginning of the processes is
related to the evolution of the interference fringes in the
reflection curve as shown in the supplementary part in
Figure 15, where modelling of the dependency on the
integrated area on different CuS-phases thickness is
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performed [19,24,25]. Although presence of CuS at the
beginning of the processes is likely, in particular for S2, it
cannot unambiguously be determined due to the
contribution from interference fringes.
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Figure 10 Integrated area below the reflection curve in the A = 450-700 nm range
(as described in section 3.1) for the four processes that were monitored in situ.
For S1 and S2, the deposited material is indicated besides the dashed lines.

If CuS precipates later in the process it should be visible by a
clear increase in the integrated area. this could also not be
observed in the plots of these specific processes. Even
though CuS is observed in the XRD measurement (Figure 5,
C2, open square icon), Raman measurements do not show
superficial presence of CuS (475 cm™) in the C1, C2 and S2
films. Therefore, it is possibly not detected with this
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integration method, when the CuS is located deeper in the
film depth. An increase can be observed in the S2 film,
however, this is related to the ZnS deposition as will be
discussed in the following section.

Even though CusS leaves a dip in the reflection spectra, the
integration method did not result in identification of Cus for
these specific processes due to the dominant presence of
interference fringes and the absence of CuS in some films.

Analysis for detection of ZnS precipitation

Besides the aim to detect CuS it can be seen that the onset
of ZnS deposition can be observed in both S1 and S2 (see
inset S2, Figure 10) processes by an increase in the
integrated area. To further provide insight, the full area
below the reflection curve (baseline R = 0) has been
integrated for the processes S1 and S2. Note, this is different
method than for the CuS reflection dip.
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Figure 11 Reflection spectra during the course of the process of absorbers S1 and
S2. The area below the reflection curve between 450 and 1100 nm has been
integrated, taking R = 0 as baseline. For S2, when the deposition of ZnS begins,
the reflection intensity increases, as indicated by the inset.
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Figure 11, shows the integrated area between 450 and
1100 nm during the course of the deposition process. When
ZnS deposition commences in S2, reflection intensity
increases slightly in the visible range. This can also be
observed in the false-color plot (Figure 8, S2) where intensity
changes accordingly, i.e. becomes brighter. For S1, there is
also an increase to be observed.

However, a contribution from the development of

interference fringes is more likely here due to the lower
thickness and shorter process time.
A possible explanation for the reflection increase observed
on commencing ZnS deposition in the S2 absorber, is the
smoothening of the surface roughness by ZnS as indicated
by a schematic representation shown in Figure 12A. In order
to test this hypothesis, simulations were performed with
varied roughness of a pure CTS film (Figure 12B) and a
Mo/CTS/ZnS stack with different roughness ratios. To
assume ZnS smoothening, a roughness ratio CTS/ZnS > 1 was
used.

The stacked film S2, Mo/CTS/ZnS, consists of a thick
layer of CTS and a thin film of ZnS on top. The total absorber
thickness is approximately 2.3 um (See S.1.). The thickness of
the CTS film was estimated to be 2.1 um and the ZnS
thickness 200 nm. The band gap of ZnS is about 3.7 eV,
mostly transparent for light above A = 335 nm. The refractive
indices of ZnS and CTS are similar in the considered
wavelength range, between 2 and 2.5 [18,20].
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Figure 12 (A) Schematic illustration of cross section of the CTS/ZnS stack. It shows
the assumed smoothening by the ZnS film based on the SEM image (Figure 13 Sl).
(B) Simulation of reflection spectra of a Cu,SnSs film (dashed line) and a film with
an EMA refractive index calculated from the mean indices of CTS, SnS and SnS;
(solid line). The values in de boxes indicate the surface roughness used in the
model. (C) shows the simulation of the CTS/ZnS with different roughness ratios
(solid lines). The dashed line is the same as red dashed line in (B) and corresponds
to CTS with 80 nm roughness, without ZnS.

Since the CTS/ZnS stack is deposited at around 200 °C, other
phases such as SnS, SnS, are present in the CTS layer as
indicated by Raman and XRD (Figure 5). In order to simulate
the CTS layer properly, a comparison was made between a
pure CTS layer and a layer with an effective medium
approximated (EMA) refractive index of SnS, SnS, and CTS
(Figure 12B). No significant difference was found between
different EMA models (mean, Bruggeman and Maxwell-
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Garnett) for this particular multilayer stack. Therefore, the
mean refractive index was used to calculate the EMA
refractive index.

The complex refractive indices in the 400—1700 nm
regime for SnS, SnS; and CTS are very similar [20,22,23]. For
monoclinic CTS, formed at low temperature [35], and SnS
the value lies around n = 3 and for SnS; between n =3 and 4.
The extinction coefficient k lies for these materials between
0 and 0.8 for all phases. The refractive index of ZnS lies
between 2 and 3 in the wavelength regime and k is below
0.02 [18]. Figure 12B shows simulated reflection spectra
with varied roughness for the CTS layer. The solid line shows
the EMA based CTS layer and the pure CTS is represented by
dashed lines. The surface roughness is stated in the boxes.
There is a significant difference to be observed between the
spectra with different roughness values. The reflection
intensity between A = 500 and 1200 nm fluctuates but
decreases with increased roughness from 20 to 200 nm. The
onset of the interference pattern starts around A = 1200 nm
for the EMA based film and at A = 1300 nm for the pure CTS
film (dashed). However, there is no substantial difference in
reflection between the EMA based and pure CTS layers for a
specific roughness value.

In order to estimate the effect of ZnS deposition, a
CTS film with 80 nm roughness is taken as a base and a ZnS
layer is added with different roughness values. As
mentioned, a roughness ratio CTS/ZnS > 1 was used. The
simulations are shown in Figure 12C. The simulated spectra
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reveal that the increased reflection intensity as a result of
ZnS deposition is likely caused by the smoothening of the
surface. Detection of ZnS surface precipitation during the
annealing/sulfurization of CZTS films [36] would be
preferable since ZnS acts as an inactive insulator phase [37].
This in situ method could be a first step in the investigation
towards detection of ZnS surface precipitation.

3.3.5 Conclusion

This study shows correlations between composition and
optical properties by Raman spectroscopy and reflectometry
of Cu-Zn-Sn-S based absorbers. It was found that CuS leaves
a characteristic reflection dip in the A = 600 nm regime which
can be integrated and was found to be proportional to
Cu/Sn-2.

An in situ reflectometry setup coupled to a PVD
chamber was designed to investigate this method for in situ
process control. CuS could not unambiguously be detected
with the integration method in the monitored absorbers,
due to the presence of strong interference fringes.

Increased reflection was observed after the
deposition of ZnS in Mo/CTS/ZnS stacked films. With
simulations this was explained with surface smoothening
leading to reduced light scattering and therefore increased
direct reflection caused by the ZnS deposition.

Furthermore, the in situ reflection spectra showed a
clear evolution of the interference fringes onset, which is
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related to the thickness/growth rate and band gap of the
films which can be used as an in situ fingerprinting method.
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3.3.7 Supplementary information

Morphology

Figure 13 shows SEM images of the four films. The C1
absorber exhibits a columnar structure, while absorber C2 is
thicker due to the increased copper evaporation rate and
has a different grain morphology. The difference in process
time between S1 and S2 clearly effects the film thickness. For
S1, the contrast changes from halfway and upwards of the
film and might indicate transition between phases. This area
is indicated by the light blue shaded area. The S2 film has a
clear bi-layer structure, the CTS part shows a closely packed
thorn-like structure with a thin layer of ZnS on top.

Figure 13 SEM images of the in situ WLR monitored thin films. Note that SEM
images S1 and S2 are slightly viewed at an angle, C1 and C2 are depicted from
the side.
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Figure 14 shows the XRD pattern of sample C1. Figure 15
depicts the integration method applied to thickness
simulations of different CuS phases
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4 Conclusions and outlook

In the past decade, research on CZTS has become attractive
due to its potential as a sustainable, non-toxic alternative for
CIGS. Even though tremendous progress has been made on
processing and fundamental knowledge of CZTS films, IBM’s
record of a 12.6 % CZTSSe solar cell has not yet been broken.
Most characterization and analysis occurs on the finished
thin films and devices. As such, in situ monitoring and
control could possibly lead to optimization of processing
steps for Cu-Sn-Zn-S based thin films.

This work investigated Raman spectroscopy, XRD and
reflectometry for their potential to in situ monitor and
control important deposition and annealing processing steps
in Cu-Zn-Sn-S based thin films. These methods were chosen
since they were found as common ex situ characterization
methods for thin film properties investigations.

With in situ Raman spectroscopy, vibrational modes
of both CTS and CZTS can be observed during high
temperature (up to 550 °C) annealing. A remarkable result is
the observation of CZTS formation from a Mo/CTS/ZnS
multi-layer film. Research groups that report their
processing method for CZTS show little information on the
time point of CZTS formation. In Cu-poor CZTS films,
secondary phases, reproducibility and homogeneity are
often challenges, dependent on the processing method.
However, the amount of secondary phases can possibly be
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reduced by resolving the optimum annealing time such that
decomposition of CZTS is reduced. Raman spectroscopy
could provide a method to obtain this information.

Dependent on the deposition system or annealing
strategy, temperature measurement can be inaccurate.
Thermocouples are often used in vacuum deposition or
annealing systems but not integrated in the substrate
heater. Therefore, the position of the thermocouple
influences  the  temperature  measurement. The
thermocouple in the Raman heating stage was integrated in
the substrate heater providing an accurate temperature
control. It was found that the main vibrational mode of CZTS
is linearly proportional to temperature in the range of 50—
550 °C. This could be used as a calibration method to
indirectly monitor temperature during annealing and
growth processes.

Future work on in situ Raman spectroscopy could be
focused on the integration of in situ Raman spectroscopy
during annealing in real processing environments such as a
regular tube furnace or a vacuum deposition chamber. The
latter was demonstrated before in CulnSe,. Practical
challenges are related to a.o. working distance, signal-to-
noise ratio and a gaseous atmosphere. The latter might
contaminate the optical objective, unless heated
appropriately. For sulfurization in a tube furnace a proper
graphite box should be designed such that the sample can
be monitored. Visible access to the sample can possibly be
obtained through fiber optics.
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Some research groups apply post annealing
treatments in air and Raman could be helpful in
understanding possible phase transitions at the surface
during air annealing. The approach in this thesis was done
with a single wavelength (532 nm laser). It would be
interesting to develop a multiwavelength setup because
some phases are more sensitive to certain wavelengths. For
example, a laser with Aexe= 325 nm enhances vibrational
modes of ZnS due to resonance effects. It should be
mentioned that Raman spectroscopy is typically a localized
measurement on the area of few um2. A mapping setup
could serve to monitor spatial inhomogenieties and a multi-
laser setup would support detection of secondary phases
and CZTS simultaneously. Dependent on the Raman
scattering intensity of the material, the acquisition times
may differ from real time to seconds or minutes.

Several groups incorporate pre-annealing of metal
precursors. Usually it is not stated why a specific
temperature is employed. In this study, a temperature range
was used to pre-anneal metal precursors. It was found that
Cu-Sn alloys and elemental Sn in Cu-poor precursor films are
key factors that determine the formation of SnS; in the
absorber which is detrimental for solar cell efficiency. The
best cell did not exhibit SnS, phases in the absorber and
resulted in 4 % efficiency. Since several groups reported
presence of SnS phases, it would be beneficial to investigate
in situ XRD and determine the optimum temperature in their
respective precursor annealing regime. Finding the optimum

167



annealing temperature could reduce or avoid elemental Sn
and Cu-Sn in the precursor. Additionally, when fabricating
the absorber, in situ Raman could be used to obtain the
point of formation of SnS; and other secondary phases on
the surface.

Reflectometry was investigated as a third method for
process control. Reflection was found to strongly depend on
the copper content in CZTS films. CuS leaves a characteristic
dip at about 600 nm in the reflection spectrum. This can be
correlated to the Cu/Sn ratio by using an integration
method. An in situ reflectometry setup was designed and
integrated in a PVD system. The CuS dip could not be
observed due to the occurrence of interference fringes. The
deposition of thin films with different layers and
compositions resulted in characteristic time dependent
reflection spectra. The inflection point where interference
fringes commence, can be monitored during the deposition
process. Since this inflection point is related to the band gap
and thickness of the deposited film, it can be used as a
characteristic fingerprinting method for thin films.
Furthermore, the onset of ZnS deposition in a CTS/ZnS
multilayer film could be observed due to reduced surface
roughness caused by ZnS deposition.

Currently, four processes were carried out with in
situ reflectometry. It was found that these four films leave
characteristic fingerprints. The monitoring of different
materials can lead to a range of fingerprints serving as a
reference database. Extending with CZTS thin films of a wide
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compositional range would also further improve the validity
of the method. In this setup only direct reflection was
measured. In order to measure scattered reflection, one
could upgrade the system with a second detector to
measure reflection at oblique angle.

With respect to time resolution, reflectometry can be
performed in a matter of milliseconds. While time resolution
for Raman and XRD depend on the material properties. For
typical setups used in this study, it is in the range of seconds
to minutes. The low Raman scattering intensity imposes a
trade off between time and spectral resolution. With XRD,
time resolution also imposes constraints on the pattern
range and resolution. Therefore, the pattern range of
interest should be chosen wisely to reduce acquisition time
and increase suitability for in situ monitoring. For in situ
reflectometry, direct reflected light is reduced in rough films
that scatter light strongly and may impose restrictions on
signal intensity. With respect to working distance,
reflectometry and XRD can be used from a relatively long
distance (meter) as opposed to Raman spectroscopy
(centimeter/millimeter). Unlike XRD or reflectometry, with
Raman spectroscopy a laser power study should always be
done prior to a measurement in order to prevent thermal
effects from the laser.

Three characterization methods were investigated for in
situ monitoring during annealing and vacuum deposition of
Cu-Sn-Zn-S based thin films with respect to structural
properties, secondary phases, temperature, thickness and
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band gap. The methods operate at different temporal and
spatial resolution and can be used complementary. The
results of this thesis can lead to optimization and improved
reproducibility of crucial processing steps and possibly break
the current 12.6 % solar efficiency barrier for CZTS films.
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6 List of abbreviations and
symbols

AM1.5 Air Mass ratio 1.5

a-Si Amorphous silicon

a Absorption coefficient

CCD Charge-coupled device

CIGS CulnGaSe;

c-Si Crystalline silicon

CTS Cu-Sn-S

CZTS/Se Kesterite, Cu2ZnSnSas/Ses

d Thickness

10) Phase shift

n Efficiency, see also PCE

EDX/EDS Energy Dispersive X-Ray Spectroscopy

Eg Band gap

EMA Effective Medium Approximation

FF Fill Factor

GIXRD Grazing Incidence X-Ray Diffraction

h Planck constant

HZB Helmholtz-Zentrum Berlin

ICP-OES Inductively Coupled Plasma Optical Emission
Spectroscopy

ICSD Inorganic Crystal Structure Database

ITO Indium Tin Oxide

IREC Catalonia Institute for Energy Research
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v Current-Voltage characterisation

I Intensity of light travelled through film once

Is Intensity of light directly reflected from
surface

Lot Total light intensity directly reflected

I Total incident light intensity

Isc Short circuit current

Ji Current density

Jup Current density at Maximum Power Point

k Extinction coefficient;
imaginary part of refractive index

kg Boltzmann constant

A Wavelength

Aexe Laser excitation wavelength

mc-Si Multi-crystalline silicon

MPP Maximum Power Point

MRD Materials Research Diffractometer

ne Complex refractive index of layer ¢ =0,1,2,..

n Real part of refractive index

Positive integer in Braggs law
Ideality factor in Diode equation

v Wave frequency

nc-Si Nano-crystalline silicon

NIR Near infrared

PCE Photo Conversion Efficiency
PV Photovoltaics

PVD Physical Vapour Deposition
q Elementary charge
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QD
Rs,Ts

Rp,Tp

Ry

Rtot

Rseries

Rshunt
SEM

Quantum Dots

Reflection, transmission coefficient at air/film
interface

Reflection, transmission coefficient at air/film
interface (diffuse/scattered)

Reflection coefficient at film/molybdenum
interface

Reflection Fresnel coefficient

Series Resistance

Shunt/Parallel Resistance

Scanning Electron Microscopy

Root mean square roughness

Angle of incidence

Angle of refraction

Acquisition time

Temperature

Transmission coefficient at film/air interface
Uppsala University Angstrom Solar Center
Ultraviolet

Visible

Open circuit voltage

Voltage

Voltage at Maximum Power Point

White Light Reflectometry

X-Ray Diffraction

X-Ray Fluorescence

181



7 Acknowledgements

First of all | would like to thank the people who gave me the
opportunity to continue my interest for research in the field
of material science, solar energy and engineering. | am
thankful to the project coordinators of KESTCELLS,
Dr. Edgardo Saucedo and Dr. José Miguel Sanjuan. To my
supervisor, Dr. Thomas Unold, for letting me carry out my
research project in his group at the Helmholtz-Zentrum in
Berlin. | am grateful for the constructive discussions to the
approach of the research project and discussions to sharpen
the interpretation of the results. | am grateful for Prof. Dr.
Aleksander Gurlo at the Technical University to facilitate my
pursuit for a PhD in his group.

I am thankful for all the people within the HZB Energy
Materials department, especially Sergej Levcenco and
Anastasia Irkhina for the good atmosphere and many
discussions related to research and life in general. A special
word of thanks to Lars Steinkopf, for his sense of humor and
because he was there to assist with solving technical
challenges of the PVD system, anytime. Also thanks to Justus
Just, Steffen Kretzschmar and Marc Heinemann for the good
times and discussions on optics and other science topics.
Also, | would like to thank Pascal Becker for the German
translation of the summary. | am also grateful to the
members of the KESTCELLS project, in particular all my

182



fellow ESRs, for the collaborations, discussions and good
times.

Furthermore, | would like to thank some people for
being very helpful and hospitable during my research visits.
At Uppsala university, thanks to the members in the
department of Engineering Sciences, in particular Dr.
Jonathan Scragg, Prof. Dr. Charlotte Platzer-Bjorkman and
Dr. YiRen. Thanks to Dr. José Maria Delgado Sanchez and Dr.
Rémi Anitat from Soland R&D Center at Abengoa Research.
And thanks to all the people of the Solar energy group at
IREC, with a special thanks to Dr. Diouldé Sylla, Dr. Mirjana
Dimitrievska and Dr. Victor Izquierdo-Roca.

Also, | would like to thank the people that
contributed to shape me into the person who | am today.
The people and friends | grew up with, in high school and
college. My former colleagues. My parents, sister, brother
and other family members. And all the people and friends |
have met and made during my PhD, with their interesting
stories and different backgrounds. Thanks a lot!

Finally, 1 am very grateful to have a wonderful
woman by my side, who has supported me unconditionally
throughout the years. Even though we lived separately most
of the time during my PhD project, we became even more
closely connected. In this period | have realized that it is very
special to be with you. And | am looking forward to the many
joyful years to come. Thank you Marijke :)

Stephan van Duren

183






—

Schriftenreihe Advanced Ceramic Materials
Hrsg.: Prof. Dr. Aleksander Gurlo

ISSN 2569-8303 (print)

ISSN 2569-8338 (online)

: Colmenares, Maria: Ordered mesoporous

silica COK-12: mesoscale tailoring, upscaling,
continuous synthesis and application in the
oxidative coupling of methane. - 2018. - xx,
180 S.

ISBN 978-3-7983-2988-1 (print) EUR 12,00
ISBN 978-3-7983-2989-8 (online)

DOI 10.14279/depositonce-6744



Universitatsverlag der TU Berlin

Keramische
Werkstoffe

Development of in situ methods for process monitoring and control and
characterization of Cu-Zn-Sn-S based thin films

In recent years, kesterite CuZnSnSs (CZTS) has become an interesting alternative to copper
indium gallium (di)selenide (CIGS) and cadmium telluride (CdTe) due to its non-toxic and earth
abundant constituents. A variety of methods is being used to fabricate kesterite thin films, such
as coevaporation, sputtering, electrodeposition and spray pyrolysis. Most of them include a
high temperature annealing step to stimulate elemental mixing and interdiffusion. Experimen-
tal and theoretical studies are needed to investigate the effect of the occurrence of unwanted
phases and detrimental defects on the electronical properties of the CZTS based solar devices.
In this work non-destructive techniques are investigated and developed for in situ process con-
trol and monitoring of Cu-Zn-Sn-S based thin films. In particular, Raman spectroscopy, X-ray
diffraction and reflectometry are investigated to study and optimize crucial processing steps
such as metal precursor pre-annealing, high temperature annealing and vacuum deposition of
Cu-Zn-Sn-S based thin films.

ISBN 978-3-7983-3064-1 (print)
ISBN 978-3-7983-3065-8 (online)

ISBN 978-3-7983-3064-1 E

o

http://verlag.tu-berlin.de



	Frontcover
	Title page
	Imprint
	Summary
	Zusammenfassung
	Table of contents
	1 | Introduction
	1.1 World energy outlook
	1.2 Thin film photovoltaics
	1.3 Kesterite
	1.3.1 Kesterite challenges
	1.3.2 Preparation methods
	1.3.3 Process control

	1.4 Structure and aim of the thesis

	2  |Experimental techniques
	2.1 Thin film deposition and annealing
	2.1.1 Sputtering
	2.1.2 Thermal (co-)evaporation
	2.1.3 Annealing and sulfurization

	2.2 In situ process control and monitoring
	2.2.1 Raman spectroscopy
	2.2.2 Reflectometry
	2.2.3  X-ray diffraction

	2.3 Morphology and composition characterization
	2.4 Solar cell characterization

	3 | Results
	3.1 Manuscript I – In situ monitoring of Cu2ZnSnS4 absorber formation with Raman spectroscopy during Mo/Cu2SnS3/ZnS thin-film stack annealing
	3.1.1 Abstract
	3.1.2 Introduction
	3.1.3 Experimental methods
	3.1.4 Results and discussion
	3.1.5 Conclusion
	3.1.6 References
	3.1.7 Supplementary information

	3.2 Manuscript II – Pre-annealing of metal stack precursors and its beneficial effect on kesterite absorber properties and device performance
	3.2.1 Abstract
	3.2.2 Introduction
	3.2.3 Experimental methods
	3.2.4 Results and discussion
	3.2.5 Conclusion
	3.2.6 References
	3.2.7  Supplementary information

	3.3 Manuscript III – Investigation of reflectometry for in situ process monitoring and characterization of co-evaporated and stacked Cu-Zn-Sn-S based thin films
	3.3.1 Abstract
	3.3.2 Introduction
	3.3.3 Experimental methods
	3.3.4 Results and discussion
	3.3.5 Conclusion
	3.3.6 References
	3.3.7 Supplementary information


	4 Conclusions and outlook
	5 References
	6 List of abbreviations and symbols
	7 Acknowledgements
	Backcover



