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Abstract

Photovoltaic technologies based on thin-lm Cu(In,Ga)Se2 (CIGS) absorbers
have demonstrated high eciency and durability. The performance of CIGS technologies is already at a level compatible with industrial production and commercialization. This is achieved despite a high degree of material complexity. A remarkable eort has been put into research over the past decades to obtain slow
but relentless performance improvements both on research-scale solar cells and
on industrial-scale modules. A wide range of methods for the characterization of
the materials' compositional, crystalline and electronic properties can be found in
the literature. These methods have provided a broad insight into the properties of
CIGS solar cells. The nal aim of this knowledge comes down to providing directions for modications of the deposition processes, in order to obtain the material
composition and microstructure which yields the best performance. In this sense,
not all hurdles have been crossed, and more investigations are necessary to further
improve the CIGS material quality.
Among the most interesting applications of CIGS is the possibility to deposit
the multi-layer necessary for a highly ecient photovoltaic device on exible substrates. This enables a potentially cost-eective roll-to-roll processing. The compatibility of the deposition methods with the deposition on the chosen exible
substrate must be ensured at all stages. Low-temperature co-evaporation of CIGS
thin lms is a process compatible with the deposition on exible polyimide (PI)
substrates, which can substain temperature not higher than approximately

450 ◦C.

This requirement implies a dierent material quality as compared to similar processes at higher temperatures, and a set of expedients must be put in place to
obtain comparable performance.
The task of this thesis is to investigate the properties of CIGS thin lms in
relation to the process parameters and photovoltaic performance. The chosen de-
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position method for CIGS is low-temperature multi-stage co-evaporation followed
by alkali-uoride post-deposition treatments. In many cases, the lms were completed into working solar cells and the process parameters were correlated with the
photovoltaic properties of the nal devices. The original results presented in this
thesis are divided into three chapters, besides the rst two chapters presenting an
introduction (1) and the experimental details(2).
In chapter 3, the low-temperature co-evaporation sequence is examined throughout its most salient stages. The microstructural and compositional evolution of the
CIGS lms is studied by scanning transmission electron microscopy. A mechanism
is proposed for the formation of structural defects. Segregation of Cu and Cu-Se
phases at the intermediate stage of the CIGS deposition is associated with the
formation of lateral compositional inhomogeneities and voids. The scale of compositional inhomogeneities and the density of voids are revealed by scanning transmission electron microscopy combined with energy-dispersive x-ray spectroscopy.
It is found, that the morphology of some voids allows the solution for the deposition of the buer layer to penetrate within, passivating their internal surface. The
consequences of the presence of these types of defects are studied by device simulations. The results show that voids in the CIGS lm have a detrimental eect on
the solar cells' photovoltaic properties, due to the introduction of highly recombinative unpassivated surfaces. Compositional inhomogeneities lead to bandgap
uctuations that may also have an impact on the electronic response of solar cells,
although it is hard to nd the correct set of assumptions needed for reliable device
simulations in this sense.
In chapter 4, the optical properties of CIGS thin lms are investigated in
relation to the overall composition and compositional (bandgap) grading. A set
of CIGS lms was produced by modifying the deposition parameters, obtaining
lms with a varying overall Cu concentration and bandgap prole throughout their
thickness. An improved quantum eciency response is found in the near-infrared
region of the quantum eciency curves upon an increased Cu concentration and
increased width of the low-bandgap region in the lms. A comparison between
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absorptance spectra and internal quantum eciencies reveals that the cells are
not limited by poor collection eciency of photogenerated charge carriers, and
optical losses dominate the observed quantum eciency trends. Device simulations
indicate that a combination of modied grading and increased Cu concentration
is responsible for the modied optical response, due to the dependency of the
absorption coecient on the Cu content.
In chapter 5, the surface composition and morphology of the CIGS lms is
studied in relation to the eects of heavy alkali-uoride post-deposition treatments (PDT), namely rubidium uoride (RbF) and potassium uoride (KF). These
treatments were always performed after a similar treatment with sodium uoride
(NaF). Final solar cell eciencies are comparable in the cases of a RbF and KF
PDTs, whereas samples treated only by NaF have poorer electronic quality. The
surface modications brought forth by RbF PDTs are compared to those obtained
by similar treatments with KF. Microscopy images indicate that a nanopatterned
ultrathin surface layer is formed in both cases. Analysis by inductively-coupled
plasma mass spectrometry and x-ray photoelectron spectroscopy reveal that this
layer is Cu- and Ga-depleted and alkali-rich. No such layer is seen on the surface of samples treated only by NaF. This corroborates results of rst-principle
calculations found in the literature. In this sense, KF and RbF produce similar
modications of the CIGS surface composition. In addition, both K and Rb partially substitute sodium in the bulk of the lm. A similar mechanism of enhancing
the electronic properties of CIGS solar cells can therefore be assumed.
Finally in chapter 6 (Conclusions and Outlook) the results are summarized
and possible pathways are indicated to address the remaining limitations to the
photovoltaic performance of CIGS solar cells, based on the results presented in the
previous chapters and further indications from the literature.
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Abstract

Le tecnologie fotovoltaiche basate su assorbitori a lm sottile in Cu(In,Ga)Se2
(CIGS) hanno dimostrato alta ecienza e durabilità. Le prestazioni delle tecnologie CIGS sono già ora a un livello compatibile con la produzione industriale e la
commercializzazione, nonostante un alto grado di complessità dei materiali utilizzati. Negli ultimi decenni, uno sforzo notevole è stato investito nella ricerca
per ottenere un lento ma inesorabile miglioramento delle prestazioni sia per piccole celle solari a livello di ricerca, sia nella produzione moduli fotovoltaici su
scala industriale. Nella letteratura scientica si trova una vasta serie di metodi
per la caratterizzazione delle proprietà composizionali, cristalline ed elettroniche
dei materiali utilizzati. Questi metodi hanno oerto una comprensione profonda
delle proprietà delle celle solari CIGS. L'obiettivo nale è di fornire indicazioni
su come modicare i processi di produzione, al ne di ottenere la composizione e
microstruttura che producano le prestazioni migliori. Non tutti gli ostacoli sono
stati superati in tal senso, e analisi aggiuntive sono necessarie per migliorare ulteriormente le qualità del CIGS. Uno degli aspetti più interessanti delle celle solari in
CIGS è la possibilità di depositare su substrato essibile tutti gli strati dei diversi
materiali necessari alla realizzazione di un dispositivo fotovoltaico funzionante ad
alta ecienza. Ciò permette l'implementazione di tecniche di fabbricazione rollto-roll, potenzialmente vantaggiose dal punto di vista del costo di produzione. La
compatibilità dei processi di deposizione con il substrato deve essere garantita in
tutti i passaggi. La co-evaporazione termica a basse temperature di lm sottili in
CIGS è un processo compatibile con i substrati essibili in poliimmide (PI), che
possono sopportare temperature massime di

450 ◦C

circa. Per queste ragioni la

qualità dei materiali risulta essere diversa rispetto a quella ottenuta da processi
simili ad alta temperatura, e una serie di stratagemmi devono essere sviluppati e
implementati per ottenere simili prestazioni.

ix

L'obiettivo di questa tesi è di investigare le proprietà di lm sottili in CIGS
in relazione ai parametri di processo e alle prestazioni fotovoltaiche. Il metodo di
deposizione scelto per il CIGS è la co-evaporazione termica multistadio a bassa
temperatura, seguita da post-deposition treatment (PDT) con uoruri di metalli alcalini. In molti casi, i lm sono stati completati in celle solari funzionanti
e i parametri dei processi di deposizione sono stati correlati alle proprietà fotovoltaiche dei dispositivi completi. I risultati originali di questa tesi sono divisi in
tre capitoli, in aggiunta a due capitoli di introduzione 1 e descrizione dei metodi
sperimentali 2. Nel capitolo 3, la sequenza di co-evaporazione termica a bassa
temperatura è studiata nei suoi stadi fondamentali. L'evoluzione microstrutturale
e composizionale dei lm sottili in CIGS è esaminata tramite microscopia elettronica a trasmissione a scansione (STEM). Viene proposto un meccanismo per
la formazione dei difetti strutturali. La segregazione di rame e selenuri di rame
agli stadi intermedi della deposizione è associata alla formazione di disomogeneità
laterali e pori. L'entità delle disomogeneità nella composizione e la densità di pori
sono rivelate da analisi STEM associate a spettroscopia EDX. La morfologia di
alcuni pori permette alla soluzione per la deposizione dello strato di buer di penetrare all'interno dei pori stessi, passivandone la supercie interna. Le conseguenze
di questo tipo di difetti sono studiate tramite simulazioni di dispositivo. I risultati
indicano che i pori hanno un eetto deleterio sulle proprietà fotovoltaiche delle
celle solari, a causa dell'introduzione di superci non passivate con alta velocità
di ricombinazione. Le disomogeneità nella composizione producono uttuazioni di
band gap che possono avere un impatto sulla risposta elettronica delle celle solari, tuttavia è dicile identicare un set di parametri corretti per simulazioni di
dispositivo adabili da questo punto di vista.
Nel capitolo 4 le proprietà ottiche dei lm sottili in CIGS sono investigate
in relazione alla composizione media e al grading (variazione intenzionale della
composizione, e quindi del band gap, attraverso lo spessore del lm). Un set di
lm in CIGS è stato prodotto modicando i parametri di deposizione, ottenendo
lm con diverse concentrazioni medie di rame e con diversi grading. Una migliore
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risposta nelle curve di ecienza quantica è osservata nel vicino infrarosso per i
campioni con un contenuto di rame maggiore e con un maggior spessore della zona a
band gap basso. Un confronto tra gli spettri di assorbimento e l'ecienza quantica
interna rivela che le celle non sono limitate da una bassa ecienza di raccolta
dei portatori di carica fotogenerati, e che quindi le perdite ottiche dominano i
trend di ecienza quantica. Simulazioni di dispositivo indicano che la combinazione
di incremento nel contenuto di rame e di modiche nel grading è responsabile
della variazione nella risposta di ecienza quantica, a causa della dipendenza dei
coecienti di assorbimento dalla concentrazione di rame.
Nel capitolo 5, la composizione e morfologia superciale dei lm in CIGS sono
studiate in relazione agli eetti delle PDT con uoruro di potassio (KF) e uoruro
di rubidio (RbF). Questi trattamenti sono sempre applicati dopo un trattamento
simile con uoruro di sodio (NaF). Le ecienze nali delle celle solari sono simili nei casi di RbF e KF, mentre i campioni trattati solamente con NaF hanno
una qualità elettronica inferiore. Le modicazioni superciali prodotte dalle PDT
con RbF sono confrontate con risultati ottenuti da simili trattamenti con KF.
Immagini di microscopia indicano che una supercie nanostrutturata è ottenuta
in entrambi i casi. Analisi da spettrometria di massa inductively-coupled e spettroscopia fotoelettrica a raggi x indicano che questo strato superciale è povero
in rame e gallio, e ricco in metalli alcalini. Questo tipo di modica non è osservato nel caso di PDT con solamente NaF. Questi risultati corroborano risultati di
simulazioni ab initio trovati in letteratura. PDT con KF e RbF producono modicazioni simili della composizione superciale del CIGS. Inoltre, sia il potassio che
il rubidio sostituiscono parzialmente il sodio all'interno del lm. Un meccanismo
simile di miglioramento delle proprietà elettroniche del CIGS può quindi essere
supposto. Inne, nel capitolo 6 (Conclusions and Outlook), i risultati sono riepilogati e vengono indicate varie possibilità per arontare le rimanenti limitazioni alle
prestazioni delle celle solari in CIGS, basando la discussione sui risultati presentati
nei capitoli precedenti e trovati in letteratura.
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Chapter 1

Introduction
1.1 Context
The transition to energy production by renewable sources is seen as a necessary
phase of human development. There are well-known environmental and political
problems related to the overconsumption of fossil fuels by combustion for energy
production. Renewable energy harvesting is a low-emission, geographically unrestricted alternative to energy production by combustion of fossil fuels. Electricity is
the energy sector with the highest potential for further renewable penetration [1].
Total PV yearly production is expected to have reached the

100 GW

(nomi-

nal power) benchmark in 2017 or 2018, a nearly double capacity as compared to
2014-2015. The market is dominated by mono- or poly-crystalline silicon-based
technologies, accounting for up to 95% of the total PV production. Thin lms account for approximately 3-4 %, shared between the two leading technologies based
on Cadmium Telluride (CdTe) and Cu(In,Ga)(Se,S)2 (CIGS) absorbers [2, 3].
As a leading thin lm technology, CIGS oers excellent durability and manufacturability. Of particular relevance is the possibility to deposit CIGS on exible
substrates, which enables the production of lightweight and exible modules by
roll-to-roll manufacturing [4]. The current world record for laboratory-scale small
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area CIGS solar cells (approximately

1 cm2

or below) is 22.9% by the Japanese

company Solar Frontier [5]. The highest large-area module eciency is 19.2%,
also by Solar Frontier. The record eciency for solar cells based high-temperature
co-evaporated CIGS is 22.6% by the Zentrum für Sonnenergie und WasserstoForschung (ZSW) [6] and 20.4% for low-temperature co-evaporated CIGS on a
exible substrate by Empa [7].

1.2 Basic architecture of CIGS solar cells
Solar cells with a CIGS absorber layer typically have a substrate conguration.
The basic architecture of a high-eciency CIGS solar cell is shown in Fig. 1.1.
The structure is composed of a rigid or exible substrate, a metal back contact,
the CIGS absorber layer, an ultrathin buer layer, window layers and metal grids,
and an eventual anti-reective coating.

Figure 1.1: Basic structure of a standard CIGS solar cell in substrate conguration and SEM cross
section of a real solar cell (in parenthesis: possible material choices for the dierent
layers). Credits SEM gure: Johannes Loeckinger / Laboratory for Thin Films and
Photovoltaics, Empa.
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Substrates
The most commonly used substrate in research is soda-lime glass (SLG). SLG
can withstand temperatures of up to

550 ◦C

[8] and is often used since it can to

provide benecial alkali metal impurities (especially sodium) to the CIGS layer
by diusion during growth [9, 10]. With growth on any substrate that is not SLG,
alkali metals must be provided to the CIGS layer by dierent strategies

[11].

Many of the the most recent CIGS solar cell world record eciencies have been
obtained on SLG

[6]. However, glass is rigid. From an industrial perspective,

substrate exibility is desired as allows the implementation of roll-to-roll largescale production concepts [4]. Several types of exible substrates have been used.
The most common exible substrates are steel and polyimide (PI) foil [12].
PI has been extensively used in research [12] and is being used by several
companies for the production of lightweight commercial CIGS modules [4]. PI,
however, can only withstand temperatures up to approximately

450 ◦C,

which is

a stringent limitation to the growth of high-quality CIGS lms. The world record
eciency for solar cells grown on exible PI is 20.4% [7].

Back contact
The most widely used choice for the back contact layer is molybdenum (Mo).
The thickness of the Mo substrate coating is typically in the sub-µm range [13], and
the most frequently used deposition method is sputtering. It has been observed that
a molybdenum selenide layer (MoSe2-x ) is formed spontaneously at the Mo/CIGS
interface during CIGS growth [14]. The thickness of the MoSe2-x is in the sub-

nm

range [15]. The presence of a MoSe2-x layer inuences the electronic transport

at the Mo/CIGS junction and can explain the observed ohmic behavior of the
Mo/CIGS contact, whereas a Schottky contact may otherwise be expected [14].
Besides Mo, additional layers may be deposited on the substrate in order to
achieve specic goals. A silicon oxide (SiOx ) diusion barrier may be deposited
between an SLG substrate and the Mo layer in order to prevent uncontrolled
diusion of alkali elements during CIGS growth [11].

4
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CIGS absorbers

Polycrystalline CIGS absorbers for high eciency solar cells have typical thicknesses of

2 µm

to

3 µ m.

This thickness range is considered sucient for eciently

absorbing most of the solar radiation. The indium-to-gallium ratio is varied throughout the thickness of the absorbers in order to implement a benecial bandgap grading. The lms typically exhibit p-type conductivity. Several strategies have been
implemented for introducing alkali metal impurities in the CIGS lms, which is
considered vital for good electronic performance. High-eciency CIGS absorbers
are grown as a slightly copper-decient material (80%-90% of stoichiometric Cu
ratios) to avoid segregation of undesirable secondary phases. These topics are
reviewed in detail in the following sections of this chapter (optical performance
in section 1.10.1, bandgap gradings in section 1.7, copper concentrations in section 1.8, and addition of alkali metals in section 1.9).
CIGS thin lms can be deposited by various vacuum-based and non-vacuumbased techniques. Co-evaporation methods consist in the thermal evaporation of all
CIGS matrix elements in high vacuum using specic evaporation sequences. The
record eciency for solar cells based on co-evaporated CIGS is 22.6% by ZSW [6].
Co-evaporation methods are described extensively in sections 1.5 and 1.6 of this
chapter.
Methods based on the sputtering of metal precursors and subsequent selenization have gained particular attention since they are used by Solar Frontier [16], the
world's largest commercial producer of CIGS modules and current holder of the
technology's world record solar cell and module eciencies [5]. The Solar Frontier
process consists in the sputtering of Cu-Ga and In metal precursor stacks, followed
by annealing in a furnace with H2 Se and H2 S atmosphere [17].
Non-vacuum methods consist in the deposition of metal precursors by electrodeposition or printing followed by selenization. This approaches have been reviewed by Romanyuk

et al. [18].
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Buer layers
The p-n junction is established between the CIGS lm and an ultrathin n-doped
buer layer with thicknesses of some tens of

nm.

The buer layer is an n-doped ultrathin layer with the function of establishing
the p-n junction with the CIGS.
World record eciencies have consistently been achieved by using cadmium
sulde (CdS) buer layers grown by chemical bath deposition (CBD) [4]. Typical
thicknesses of the CdS buer layer range from

30 nm

to

50 nm

with a minimal

required thickness depending on the status of the CIGS surface prior to CBD (discussed in more detail in section 1.9). The minimal required thickness for junction
formation may depend on the uniformity and conformality of the growth on grains
with dierent surface orientations [19].
The interest in reducing the thickness of the CdS buer layer is based on the
fact that CdS has a relatively narrow bandgap of
intensity loss at wavelengths below

530 nm.

2.4 eV,

leading to a partial light

As light absorbed in the CdS buer

layer does not contribute to the generation of a photocurrent, this reduces the
optical performance of the whole solar cell (parasitic absorption).
For the same reason, extensive research has been performed to nd alternative
buer layer materials with a larger bandgap. Widely investigated materials are
Zn(O,S), (Zn,Mg)O, and In2 S3 . Reviews of alternative buer layers and deposition
methods have been published regularily [4, 19, 20].

Window layers
Front contacts in CIGS solar cells are realized by transparent conductive oxide
lms (TCO). The choice of TCO is often a combination of unintentionally doped
zinc oxyde (i-ZnO or iZO) and aluminum-doped zinc oxide (Al:ZnO or AZO). The
preferred deposition method is magnetron sputtering.
AZO is an n
proximately

+

degenerate semiconductor and has an optical bandgap of ap-

3.3 eV

to

3.6 eV

depending on the Al content [21]. AZO exhibits

complete light absorption in the UV below the cuto wavelength and a partial

6
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opacity above. A tradeo optimization is often sought between low resistivity and
opacity at photon energies above the bandgap, both depending on the amount
of oxygen deciency in the lm [22]. Typical resistivities of AZO lms are below

10−3 Ω cm

[23, 24]. The minimum required AZO thickness depends on the max-

imum distance between the metal grid lines and the borders of the solar cell.
Optimized thicknesses of approximately

200 nm

cells, where a sheet resistance of approximately

may be used in small-area solar

100 Ω/sq

to

200 Ω/sq

is sucient.

Larger devices require increased AZO thicknesses which inevitably leads to current
losses due to increased parasitic absorption [25].
In theory, the presence of the highly resistive iZO layer leads to improved device
performance by reducing the impact of local shunts given by localized structural
defects in the CIGS and by pinholes in the buer layer [26]. The cuto wavelength
of the iZO bandgap is higher than that of AZO [27], causing additional parasitic
losses. This and other degradation concerns [28] justify the investigation of alternative window layers. A review of several possible alternative window layer choices
is given for example in [20].

Technological focus of this thesis
CIGS solar cells investigated in this thesis have a typical area of approximately

0.5 cm2

and the architecture depicted in Fig. 1.1. Unless stated otherwise, the

chosen technology employs:



SLG substrates coated with a sputtered

SiOx barrier layer to prevent un-

controlled diusion of alkali elements from the substrates;



Mo back contacts deposited by magnetron sputtering;



double-graded CIGS absorber layers deposited by multi-stage co-evaporation
at temperatures compatible with growth on exible PI (<450

◦

tual in-situ NaF and KF or RbF post-deposition treatments;



CdS buer layers grown by CBD ;

C), with even-
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i-ZnO and Al:ZnO window layers deposited by magnetron sputtering;



Ni/Al metal grids deposited by e-beam evaporation;



magnesium uoride (MgF2 ) anti-reective coating (ARC) deposited by ebeam evaporation.

Details about the deposition parameters and lm properties are given in Chapter 2. The multi-layer structure and its interfaces are summarized in the following chapters by the nomenclatures SLG/SiOx /Mo/CIGS/CdS/iZO-AZO/NiAl
grids/MgF2 .

1.3 Crystal structure, phases and defect chemistry
Compounds formed by Cu, In, Ga and Se belong to a ternary system as In
and Ga are isovalent. The phase diagrams of Cu-In-Se and Cu-Ga-Se show similar
existence ranges of phases with equivalent crystal structures and temperature dependencies [29], although some dierences are of course present. For the purposes
of this chapter, the more studied Cu-In-Se system is described.
A basic ternary Cu-In-Se diagram is shown in gure 1.2 (adatpted from various
souces and [30]). The isopleth along the Cu2 Se-In2 Se3 line corresponds to the
situation in which Cu has an oxidation state of I and In has an oxidation state of
III. The isopleth along the CuSe-InSe line corresponds to the situation in which Cu
and In both have an oxidation state of II. The phase sought for PV applications
is chalcopyrite (CP)

α

-CuInSe2 . The composition of CuInSe2 is found at the

intersection between the two lines. In the

α-CuInSe2 CP phase, Cu has an oxidation

state of I and In has an oxidation state of III [31]. Therefore the

α-CP

eectively

belongs to the Cu2 Se-In2 Se3 isopleth.
The Cu2 Se-In2 Se3 isopleth is a pseudobinary system [32], i.e. along this line
three-phase equilibria are reduced at all temperatures to two-phase equilibria,
whereby each composition along the system can be represented as linear combination of two boundary compositions. A simplied phase diagram constructed by
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Se

CuSe

CuInSe2

In2Se3
InSe

Cu2Se

Cu

In

Figure 1.2: Ternary phase diagram of the Cu-In-Se system with cuts along the two Cu2 Se - In2 Se3
and CuSe-InSe isopleths.

the temperature dependence along this line is shown in 1.3 (from [33]). The temperature scale is limited to 500°C since no signicant phase transition is present
at lower temperatures.
The CP

α-CuInSe2

phase lies at the center of the phase diagram and at tem-

peratures below approximately 800°C. The CP

α

phase belongs to a tetragonal

crystal system in which each Se atom is bound tethraedrically to two In and two
Cu atoms, and each metal atom is bound to four Se atoms [33]. As Se has a
larger electronegativity than Cu and In, the negative charge are partially shifted
away from the transition metals [34]. Therefore, Se is typically referred to as the
chalcogen anion and Cu and In as the metal cations. The chalcopyrite CuInSe2
and CuGaSe2 phases exhibit complete miscibility in a wide range of Ga to In
ratios [35] [36].
The tetragonal structure of the

α

phase is maintained in a wide range of Cu-

poor compositions. The CP phases can tolerate large amounts of Cu deciency due
to the relative weakness of the Cu-Se bond as respect to the In-Se bond [37]. The

β

phases corresponds to Cu-poor compositions and maintains the CP tetragonal

crystal of the

α

phase, but includes a large number of point defects accommo-

dating the lack of Cu atoms. Such defects are Cu vacancies VCu , InCu antisites
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Figure 1.3: Phase diagram constructed on the Cu2 Se-In2 Se3 pseudobinary line. From [33].
Reprinted by permission of Taylor & Francis Ltd, http://www.tandfonline.com

and defect complexes formed by two negatively charged VCu



and one positively

2+
chargedInCu
[37]. A periodic arrangement of this defect complex leads to phases
typically reported in literature as ordinary defect compound(ODC). ODCs have,
by denition, a well dened set of Cu-poor composition with stoichiometries de-



2+

ned by the concentration of the 2(VCu )-InCu

defect complex [38]. It was how-

ever noted that, at least when CuInSe2 is alloyed with CuGaSe2 , Cu-poor CIGS
phases do not always have such well dened compositions, but rather a smooth
transition from stoichiometric to Cu-poor [36].
Below a certain Cu threshold concentration, corresponding to approximately 9
at.% (i.e. the composition of the ODC CuIn3 Se5 ), the structure turns to hexagonal
layered (γ phase), similar to the one of pure In2 Se3
The existence range of the

α

[39].

phase is limited to an upper Cu concentration

of 24.5 at.%. A higher Cu concentration results in the segregation of Cu2-x Se
phases [40]. The segregation of Cu2-x Se even below the stoichiometric Cu concen-



tration of 25 at.% is possibly explained by the spontaneous creation of 2(VCu )-
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2+

InCu

defect complexes, which have a very low or even negative formation ener-

gies [38].
A large number of other intrinsic point defects and defect complexes in CIGS
has been identied and studied [41]. A comprehensive review of the chemistry and
electronic function of intrinsic defects goes beyond the scope of this chapter. It
is however worth mentioning that each defect might contribute to doping or act
as Shockley-Reed-Hall recombination center, depending on its concentration, energy level and ionization probability. The most important defect in this sense is
the copper vacancy VCu , which has a very low formation energy and is a shallow
acceptor (20-30 meV above the valence band)

[37], and is thus considered the

main responsible defect for p-type doping. The main compensating acceptor is the



InCu antisite, a double donor [42]. A large concentration of 2(VCu )-InCu

2+

com-

plexes, as well as other charged defects, results in a high degree of compensation.
It seems however that p-type doping is typically dominant in CIS and CGS, due
to the lower formation energy of the Cu vacancy. Whereas CIS could be grown as
intrinsically n-type only in some conditions, n-type doping in CGS is impossible
due to spontaneous formation of VCu s upon raising Fermi level [42].

1.4 Optoelectronic properties
Cu(In,Ga)Se2 is a direct semiconductor with both the valence band maximum
(VBM) and the conduction band minimum (CBM) located at the

Γ-point.

The

VBM is composed of Cu 3d and Se 4p anti-bonding orbitals. Group-III states are
located deeper into the VB. The VBM is thus only marginally aected by the
indium-to-gallium ratio. The CBM is instead composed of group-III 5s and Se 4p
bonding orbitals. Consequently, there is a strong dependency of the CB position on
the indium-to-gallium ratio, which in turn aects the bandgap energy
The relation between
equation:

Eg

Eg

[4345].

and the composition can be expressed by the following
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Eg = Eg,CIS · (1 − GGI) + Eg,CGS · (GGI) − b · (GGI)(1 − GGI)
with

Eg,CGS = 1.663 eV, Eg,CIS = 1.004 eV,

0.033 eV.

(1.1)

and the bowing coecient

b=

The values reported here haven been calculated from absorptance data

obtained on single-stage CIGS thin lms grown at Empa by Carron

et al. [27]. The

deposition of the CIGS lms and the determination of the composition in [27] are
consistent with the methods used in the experimental chapters of this thesis. Other
authors have reported slightly dierent values, with the largest discrepancies on
the bowing coecient (see for example [44]).
The dispersion relation of the VB (and to a lower extent also the CB) deviates from a parabolic behavior [46]. Therefore, the dependency of the absorption

α

coecient

relation (α

0.15 eV

∝

above

a range of
above

on the photon energy

Eg

p

hν − Eg )

Eg .

hν

can be approximated with a square-root

only in a very narrow energy range of approximately

Absorption coecients have values of

±0.1 eV

around

Eg ,

and beyond

104 cm−1

103 cm−1

to

104 cm−1

at photon energies

in

0.4 eV

[27].

In addition, CIGS absorbs in wide exponential (Urbach) tails below the bandgap
energy (the exact value may also depend on the choice of the experimental method
used for quantication [27]).

1.5 Co-evaporation methods: a brief history
The rst deposition of CuInSe2 thin lms by evaporation with the aim of
developing a solar cell was reported in 1976 by Kazmerski

et al. [47]. The method

consisted in the single-source evaporation of a CuInSe2 powder precursor and
further annealing in H2 Se.
A renement of the co-evaporation process was introduced by BOEING in
1980 [48]. The process consisted in the evaporation of slightly copper-rich material
followed by copper-poor material (bi-layer process) as long as needed in order
to obtain an overall Cu-poor composition. Further investigations revealed that
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the benets of the bi-layer process were related to lm growth in the presence
of segregated Cu-Se phases, which promote the formation of polycrystalline lms
with large grains with a low density of structural defects [49]. In 1982, Ga was
added to the BOEING recipe (see [50] and references herein). The bi-layer process
was used for more than one decade for the growth of highly ecient thin lms.
In 1994, Gabor

et al.

introduced for the rst time the three-stage deposition

process [51]. This consisted in a rst co-evaporation of (In,Ga)2Se3 precursors (rst
stage), an addition of copper selenide until the lm turned Cu-rich (second stage),
and a nal addition of (In,Ga)2Se3 to make the overall composition again Cu-poor
(third stage). The benets of this process consisted in a decreased lm roughness
and in an improved indium-to-gallium grading. A method to for in-situ control of
the lm stoichiometry was introduced later by Kohara

et al. [52], who realized that

the temperature of the lm decreased at the rst Cu-poor to Cu-rich transition.
This was later explained by the change in thermal emissivity of the lm due to
the surface segregation of Cu-Se phases [53]. In-situ stoichiometry control is thus
possible by monitoring the change in substrate temperature at the rst Cu-poor
to Cu-rich transition (known as as end-point detection).
The discovery of the end-point-detection method paved the way for the development of more complex deposition sequences. Notably, the CUPRO process
developed by the Ångstrom solar center [54] consisted in a process similar to the
three-stage but with a certain (understoichiometric) amount of Cu during the rst
stage. The multi-stage co-evaporation processes employed at Empa consist in additional Ga evaporation in the second stage, in order to improve the indium to
gallium grading proles for processes at low deposition temperatures [7, 55].

1.6 Microstructure and phase evolution in threestage processes
The evolution of phases and microstructure during three-stage co-evaporation
has been widely studied by the group of Mainz

et al. [5660] using in-situ analysis
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by various X-ray based methods during growth.
During the rst deposition stage, In and Ga are evaporated in a Se ovepressure
at substrate temperatures between

300 ◦C

and

400 ◦C.

The phase formed on the

surface is (In,Ga)2Se3 and the crystal structure depends on the relative amount
of Ga. In case Ga-free lms,
crystallizes in the

α

γ -In2 Se3

(hexagonal layered) is formed. Pure Ga2 Se3

phase, which has a cubic Se sublattice [56]. (In,Ga)2Se3 may

grow as a mixture of the two phases [61].
During the second deposition stage, the substrate temperature is increased, the
In and Ga evaporation is strongly reduced or interrupted and and Cu is evaporated
on the lm surface. Cu diuses into the (In,Ga)2Se3 and a phase transformation
gradually occurs. The phase evolution follows the (In,Ga)2Se3-Cu2 Se pseudobinary
line, until the formation of tetragonal

α-Cu(In,Ga)Se2.

The structure of Ga2 Se3

is not substantially modied, having already a cubic Se sublattice, and only the
lattice spacing increases as a consequence of the addition of Cu [56]. The structure
of In2 Se3 is heavily modied following the evolution

γ -In2 Se3

(hexagonal layered) -

γ -CuIn5 Se8 (hexagonal layered, Cu conc. 10 at.%) - β -CuIn3 Se5 (defect tetragonal,
Cu conc. 18 at.%) -

α-CuInSe2

(tetragonal, Cu conc. 25 at.%) [56]. This structural

transformations result in the accumulation of a high density of planar defects
(stacking faults) and of compressive stress in the nal

α-CuInSe2

[56, 57].

Further Cu addition beyond a concentration of approximately 25 at.% results
in the segregation of cubic Cu2-x Se. The segregation of Cu-Se phases on the surface is control by end-point detection. The Cu-poor to Cu-rich transition is also
accompanied by a re-crystallization of the CIGS lm, i.e. the formation of larger,
dierently oriented grains with a lower defect density

[54]. The specic mecha-

nism for the growth of larger grains does not appear to be fully understood. It has
been proposed that following Cu-Se segregation at grain boundaries, directional
grain-to-grain diusion rates of Cu2-x Se and Cu(In,Ga)Se2 lead to a net accumulation of material on one side of a migrating grain boundary, with the consequent
growth re-crystallizing material behind it (diusion-induced grain-boundary migration model) [58]. Energetically, the driving force for the formation of larger
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grains and recrystallization is given by the decrease in energy density associated
to GBs and by the relaxation of compressive lateral stress that had been accumulating in the lm due during the second stage. It has been suggested that the
re-crystallization process might be initiated even slightly before the Cu-Se segregation at the sample surface, but its timing with respect to the Cu-Se segregation
at GBs is still unclear [57].
Another major feature of the re-crystallization process is the decrease of the
density of planar defects accumulated in the lm during the second stage [5660].
The features indicating a high density of stacking faults, as measured by in-situ
X-ray diraction, disappear upon the re-crystallization at the Cu-poor to Cu-rich
transition. This has also been proven by complementary ex-situ TEM measurements [57]. The reduction of the density of planar defects is achievable only in
Cu-rich material independently of the substrate temperature. In low-temperature
processes, the presence of Na during growth impedes the planar defect annihilation
process [5660].
During the third stage, the Cu ux is interrupted and In and Ga are evaporated
again on the lm until the Cu-Se phases are consumed and the targeted average
undestoichiometric Cu concentration is reached.

1.7 Ga gradings
: T. Feurer,
P. Reinhard, E. Avancini, B. Bissig, J. Löckinger, P. Fuchs, R. Carron, T.P. Weiss, J.
Perrenoud, S. Stutterheim, S. Buecheler and A. N. Tiwari. Progress in thin lm CIGS
photovoltaics - Research and development, manufacturing, and applications [4], Progress
in Photovoltaics-Research and Applications 25(7) p. 645-667, 2017.
The following section is mainly based on a section the following publication

My own contribution to this publication consisted in drafting the section Compositional grading in the absorber layer", which corresponds the extract on which the section
below is based. With adaptations and additions according to the scope of this section.
Granted by John Wiley and Sons under license no.4523101161881.
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State-of-the-art CIGS thin lms grown by co-evaporation have a varying indium to gallium ratio across their thickness. As introduced in section 1.4, this
implies a varying energy bandgap across the thickness of the absorber. Average
bandgap energy values of

1.1 eV

-

1.2 eV,

corresponding to a GGI of around 0.3,

are used in record eciency devices.
A typical Ga grading is shown in Fig. 1.4.

Figure 1.4: Typical double-graded GGI and bandgap proles of a highly ecient CIGS solar cell,
with larger GGIs towards the front and the back surfaces and a low-GGI region in the
center-front. The region around the GGI minimum is referred to as grading notch
. Credits data: Patrick Reinhard / Laboratory for Thin Films and Photovoltaics,
Empa.

An intentional Ga-grading prole was rst described by Contreras

et al.

[62]

and later extended as a consequence of the introduction of a three-stage deposition process [51]. Double-graded absorbers have a higher Ga content towards the
front and the back interfaces, and a lower Ga content in the central-front region
(notch). This can be explained by a more favorable reaction between Cu and In
than between Cu and Ga [63] and by dierent potential barriers for the diusion
of In and Ga via Cu vacancies [64].
There is a strong interplay between the amount of excess Cu supplied during
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the 3-stage process, the nal overall amount of Cu, and the shape of Ga-grading
prole [13, 65]. The formation of the Ga grading can also be inuenced by other
factors such as the presence and amount of alkalis during growth [10, 66, 67] and
the deposition temperature [68].
One of the advantages of a Ga grading in CIGS absorbers is the presence of a
bandgap grading towards the back surface, which assists the drift of free electrons
towards the front junction (back-surface eld or BSF). This results in an improved
collection of charge carriers, especially for photon energies in the near infrared [69].
Recently, the eects of the back-surface eld were highlighted by the development
of highly ecient CIS solar cells with a single Ga back surface grading by Feurer

et al. [70]. As compared to non-graded CIS lms, this approach leads to longer free
carrier lifetimes as well as improved carrier collection and the open-circuit voltage
in the completed devices.
Another advantage of the double grading consists in the presence of a lowbandgap (notch) region close to the front surface, necessary for the absorption of
low-energy photons. Larger Ga content at the front interface of the absorber than
in the notch (front grading) may be needed for improved junction quality. A small
conduction band oset (<0.03 eV) at the CdS/CIGS junction is reportedly benecial for the interface quality, although a larger oset could result in a potential
barrier for electrons and lead to increased interface recombination [7173]. The
signicance of the potential barrier at the CIGS/CdS interface is however controversial, especially in the light of the results of Feurer

et al.

[70] on the front of

the back-graded CIS lms is completely Ga-free, whereas the high ll factors and
Voc decits clearly indicate an interface quality comparable or even superior than
standard high-eciency CIGS solar cells.
The ideal shape of the front and back gradings was investigated in depth by
computer simulations, without consensus being reached [64, 74, 75]. At Empa, in
order to achieve a smoother front grading, the standard 3-stage process has been
modied into a multi-stage process, with the addition of several sub-stages in the
evaporation rates of In and Ga [13, 76].
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1.8 Role of copper concentration
A Cu excess in CIGS lms results in the segregation of conductive Cu-Se phases
at surface and grain boundaries which lead to shunt paths, severely degrading the
performance of solar cells [77]. Therefore, CIGS lms are typically grown as slightly
Cu-poor, with [Cu]/([Ga] + [In]) (CGI) ratios of 0.8 to 0.95. It was reported, that
lower Cu concentration lead to an increased level of compensation and therefore
to an increased inuence of uctuating potentials, as well as lower free carrier
concentrations ( [78] and references herein). Several authors reported that the
Urbach energy decreases with increasing CGI, indicating a reduced defect density
and disorder and reduced amplitude of the potential uctuations [27, 79].
The overall Cu concentration also inuences the optical properties of CIGS thin
lms. Minoura

et al. [80] reported that the optical absorption coecient, strongly

depends on the Cu concentration. In particular, the onset of the absorption coecient above the bandgap depends on the CGI, and becomes steeper when the Cu
concentration is closer to stoichiometry, as conrmed by Carron

et al. [27](Fig. 1.5).

Figure 1.5: Absorption spectra of non-graded CIGS absorbers with dierent Cu concentrations ([Cu]/([Ga]

+ [In])ratios,

or CGI) but similar

[Ga]/([Ga] + [In])

ratio (GGI).

From [27]. The Version of Record of this manuscript has been published and
is freely available in Science and Technology of Advanced Material, 2018, at
https://www.tandfonline.com/doi/abs/10.1080/14686996.2018.1458579.
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Cu content-dependent absorption coecients in CIGS can be explained by the
fact that the upper valence band maximum is composed of hybridized Cu
Se

4p

3d

and

states [43]. A reduced density of the Cu 3d states, given by the reduced

Cu concentration, results in a reduced density of states states (DOS) below the
valence band and thus to weaker absorption coecients [81].
Interestingly, Carron

et al.

also showed that the bandgap energy itself is not

strongly inuenced by the Cu concentration. Previous reports indicated a stronger
inuence of the Cu concentration on the bandgap [82].

1.9 Eects of incorporation of alkali elements
The next section is partly based on the following publication

: E. Avancini, R. Carron,

T. Weiss, C. Anders, M. Buerki, C. Schreiner, R. Figi, Y. Romanyuk, S. Buecheler, A.N.
Tiwari Eects

of Rubidium Fluoride and Potassium Fluoride Postdeposition Treatments

on Cu(In,Ga)Se2 Thin Films and Solar Cell Performance

, Chemistry of Materials 22(29),

9695-9704, 2017. [83]. Adapted with permission from Chem. Mater. 2017, 29, 22, 96959704. Copyright 2017 American Chemical Society.
A certain amount of alkali metal impurities in CIGS thin lms is essential for
high eciencies. Stolt

et al. [9] rst reported that CIGS lms grown on soda-lime

glass yield better eciencies as compared to those ones grown on borosilicate glass.
It was soon realized, that Na diusing from SLG had been the main responsible
for such improved electrical properties [84]. Na incorporation, in concentrations
around or below 0.1 at.%, leads to an increased net free carrier density and thus ptype conductivity [85]. Typical free carrier densities of Na-containing CIGS lms,
as measured by Hall measurements and by capacitance-voltage proling, are in
the order of

1016 cm−3

[85, 86]. The increased free carrier density yields higher

open-circuit voltages and ll factors [87]. Such improvements have been observed
regardless of the Na incorporation method, may it be diusion from SLG [9] (used
up to now for record eciency devices, for example in [88]), the use of several
types of Na-containing precursor layers on the substrate prior to CIGS deposi-
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tion [85, 89] or post-deposition treatments (PDTs) consisting in the co-evaporation
of Se and sodium uoride (NaF) [11]. NaF PDT is the preferred method for processes compatible with depositions on alkali-free exible substrates [55, 89], but
also applicable on SLG, especially at low deposition temperatures.
A possible explanation for the doping role of Na is the reduction of the density
of compensating donors in the CIGS lm [67,90]. Several mechanism for the doping
role of Na have been proposed, including: active doping by the creation of NaIn antisite acceptors; passivation of the InCu double donor [91]; catalysis of the oxidation
of double donors VSe [91, 92]. No consensus has been reached yet [67]. Atom-probe
tomography studies revealed that Na mainly accumulates at grain boundaries [93],
however, in-grain concentrations compatible with the reported doping eect have
not been excluded by density functional theory (DFT) calculations [94].
Since 2013, the incorporation of heavier alkali metals (K, Rb,Cs) has has been
the main driver for a surge in new world record CIGS solar cell eciencies. The
preferred K incorporation method is potassium uoride post-deposition treatment
(KF PDT)(rst introduced by Chiril , Reinhard

et al. [7]), consisting in the evap-

oration of KF in a Se atmosphere at substrates temperatures of approximately

350 ◦C.

KF PDT is typically performed on absorbers in which Na has been al-

ready incorporated by diusion from SLG or by NaF PDT.
Benets of KF PDTs include gains in the open-circuit voltages and ll factors.
Such benets were initially reported for solar cells based on CIGS lms grown by
co-evaporation with a CdS buer layer [7, 95]. Typical increases in the open-circuit
voltage are in the order of

20 mV

to

50 mV

[7, 76, 96] or even higher [6, 97]. Simi-

lar improvements have also been later reported for cells with alternative Zn(O,S)
buer layers and for CIGS absorbers grown by sequential sputtering and selenization [98, 99]. KF PDT also allows to reduce the thickness of the CdS buer layer
without degradation of the electronic performance. Possible thickness reductions
approximately from

50 nm

current density of up to

to

30 nm

2 mA cm

−2

have been reported, with a possible gain in

by reduced CdS parasitic absorption [7, 86].

The benets of KF PDT have also been associated with modications of the
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surface. Pianezzi

et al. reported that despite a lower apparent free carrier density,

KF-treated CIGS absorbers yield improved open-circuit voltages possibly due to
improved CIGS/CdS interface quality. Enhanced Cu depletion at the CIGS surface
after KF PDT was reported by several authors [7, 96, 100]. This would lead to a
possible bandgap widening and thus passivation of the CIGS/CdS junction [101].
An initial hypothesis had been that such enhanced Cu depletion promotes of indiusion of Cd ions into the CIGS surface region [7]. This may lead to n-type
doping of the CIGS and thus the establishment of a passivating buried homojunction beneath the surface of the CIGS. Recent transmission electron microscopy
(TEM) investigations seem to disprove this hypothesis [100].
Further investigations of the surface composition and morphology revealed the
formation of a Cu-poor and In-, Se-, and K-rich "KIS" layer with a thickness of a
few nanometers [96]. The formation of a KInSe2 under PDT conditions has been
theoretically predicted by DFT calculations [94], whereas the same calculations
indicate that a similar segregation of NaInSe2 during NaF PDT is unlikely, which
is in agreement with the observations. The K-In-Se phase results in a signicant
lowering of the surface valence band maximum, resulting in an increased surface
bandgap of up to
Malitckaya

et al

2.5 eV

[102]. This value is consistent with DFT calculations by

[94]. Te KIS layer could act as a hole-blocking layer passivating

the CIGS/buer interface. A model proposed by Lepetit [103] suggests that the
enhanced Cd incorporation at KF-treated CIGS surfaces could be explained by the
transformation of the KIS layer into a CdIn2 S4 phase during CdS CBD, with the
substitution of K and Se by Cd and S, respectively. The electronic and material
properties of this layer are however still unknown and direct proof is missing. Lepetit

et al. also showed that a K-In-Se phase can be intentionally co-evaporated on

the CIGS surface, resulting in eects similar to those of KF PDT [104]. In combination with a NaF PDT, the presence of a thin layer with a modied composition
can result in a nanopatterned morphology. This concept could be used as a basis
for the development of a passivated junction with point contacts [105]. Another
feature of the addition of potassium is the partial substitution of Na in the lm
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observed after KF PDT. Several groups have shown that lighter alkali elements
are replaced by heavier ones during the PDTs. This was initially observed with
the substitution of Na with K [76, 96] and was also reported by for Rb and Cs
replacing K and Na [6]. The substitution mechanism is still not understood.
The use of PDTs with rubidium uoride (RbF) and cesium uoride (CsF) is
an obvious follow-up to the introduction of KF PDT. Jackson

et al.

reported a

signicant increase in the performance of solar cells by substituting KF PDT with
RbF PDT. A comparison between the eects of KF PDT and RbF PDT is the
main subject of Chapter 5.

1.10 Loss analysis
For typical

Eg

values of

1.15 eV, the maximum theoretical eciency of CIGS so-

lar cells is approximately 32.5%, following the model of Shockley and Queisser [106]
(tabulated values can be found in [107]). The eciency is however further limited
by possibly avoidable optical losses and by nonradiative recombination.

1.10.1 Optical losses
A typical external quantum eciency (EQE) curve of a CIGS solar cell is shown
in Fig. 1.6 (from [108]), along with a schematic band diagram.
All areas where the EQE is below 100% indicate incomplete conversion of the
incident light into electric current. These losses can be caused by reections; (I-II)
parasitic absorption from layers on top of the CIGS absorber; (III) incomplete
absorption (transmission); and incomplete collection of charge carriers. In each
wavelength range, the relative Jsc loss can be calculated by integrating the product
of the EQE and the incident photon ux (AM 1.5G spectrum). A maximum Jsc of

42 mA cm−2

could be obtained by complete absorption and collection of photons

at energies above a bandgap of
is approximately
to

7 mA cm−2

35 mA cm

−2

1.15 eV

to

is expected [108].

[108]. The actual typical Jsc for such cell

36 mA cm−2 ,

thus a total Jsc loss of

6 mA cm−2
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Figure 1.6: Left: external quantum eciency (EQE) of a typical CIGS solar cell with related loss
areas and estimated optical loss. From [108]. Right: schematic energy band diagram of
a CIGS solar cell. Based on Empa property template that originated similar gures,
for example to be found in [76]

The areas indicated in Fig. 1.6 as I and II represent the current losses due to
band-to-band absorption in the window and buer layers, respectively. Light absorbed in these two layers does not contribute to the generation of a photovoltage,
possibly due to the very high recombination rate in the CdS buer layer. The total
Jsc loss in this area is approximately

4 mA cm−2

[108].

Area III corresponds to transmission or collection losses in the near-infrared
(NIR). The total loss in this region is approximately
sorption coecients of

3 µm

5

10 cm

−1

2 mA cm−2

[108]. With ab-

or even higher, absorber thicknesses of

2 µm

to

are sucient to nearly completely absorb all photons, but only for photon

energies suciently higher than the bandgap. In a relatively wide photon energy
range above

Eg

of approximately

0.15 eV,

absorption coecients can have values

up to one order of magnitude lower (see sections 1.4 and

1.8). Furthermore, in

graded CIGS absorbers, the low-bandgap notch is substantially narrower than the
absorber thickness, with thicknesses of

0.1 µm

to

0.2 µm.

This leads to signicant

transmission losses especially for near-infrared (NIR) photons.
Additional losses are given by reection and grid shading.
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1.10.2 Electronic losses
Carrier collection
As suggested by the model of Klenk and Schock [109], the collection eciency
is strongly reduced at depths in the absorber beyond an eective diusion length

Lef f ,

given by the sum of the diusion length and the width of the SRC. Charge

carriers generated deeper in the absorber layer likely recombine in the bulk or at
the back interface.
Therefore, the internal quantum eciency is may be reduced at wavelengths
corresponding to lower absorption coecients, i.e. at which photons are in average
absorbed deeper in the CIGS lm.

Recombination
Any recombination process leading to a reduction of the density of photogenerated minority carriers is associated to an eciency loss. The Voc of a single-junction
solar cell is limited in a rst approximation by the energy splitting of the quasiFermi levels (QFLS) of electrons and holes during operation. A formal description
can be found for example in [34]. The QFLS is proportional to the natural logarithm of the product of free electron and free hole densities. The quasi-Fermi level
of majority carriers is primarily dominated by the free majority carrier density,
whereas the quasi-Fermi level of minority carriers is determined by the density
of photogenerated charge carriers. At

25 ◦C,

a reduction of the density of either

majority or minority carriers by one order of magnitude would lead to a

60 mV

loss of QFLS and thus Voc [34]. A widely used parameter to estimate the eect
of recombination losses is the Voc decit, dened by

Eg /q − Voc

(where q is the

unit charge). For CIGS solar cells grown at Empa, Voc decits are in the order of

420 mV

to

460 mV.

In this sense, some clear indications relevant for the purposes

of this thesis have been identied by dierent methods:



With insucient CdS thicknesses, a high recombination rate at the CIGS/CdS
junction leads to a severe degradation of the Voc [108];
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the QFLS is higher for absorbers treated by RbF PDT (as compared to
NaF PDT only), even when the analysis is performed on absorbers without
the CdS buer layer. Therefore, RbF PDT leads to reduced recombination
rates in the bulk or at the CIGS surface, as well as possibly improving the
CdS/CIGS junction quality [110];



recombination rates at unpassivated, free surfaces have values between
and

104 cm s−1

103 cm s−1

(this values were calculated assuming at-band conditions

at the surface). CdS coverage reduces surface recombination velocities to a
maximal value of (but possibly below)

1.4 · 103 cm s−1

[111].

Potential and bandgap uctuations
Lateral inhomogeneities of the compositional and local charge density distributions lead to bandgap and potential uctuations. Bandgap and potential uctuations degrade the solar cell perfomance by eectively decreasing the average
eective bandgap (and thus activation energy) for radiative and nonradiative recombination processes. Rau and Werner [112] estimated the Voc loss caused by
bandgap uctuations (∆Voc (uct.)) as:

∆Voc (uct.) = σE 2 /2kT
where

kT

(1.2)

is the thermal energy, and

σE 2 = σE,g 2 + σE,a 2
where

σE,g

and

σE,a

are respectively the average uctuation amplitudes of the

bandgap and of the electrostatic potential.
deviation of

(1.3)

σE,g

corresponds to the lateral standard

Eg .

Abou-Ras

et al.

[113] suggested that a minumum amplitude

necessary for a signicant impact on the Voc . An upper limit for

σE

σE

of

of

25 meV

is

80 meV was

estimated in real CIGS devices considering that bandgap and potential utuations
are not the only source of Voc loss.
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Larger amplitudes of

σE

cence studies by Siebentritt
to

100 meV.

relative

σE,g

Werner

have been suggested by other authors. Photolumines-

et al.

[79] indicated that

σE,a

et al. [114] suggested values of σE

contribution estimated around

50 meV.

may have values of up

of up to

140 meV,

with the

Assuming the model by Rau

and Werner [112], however, these values seem incompatible with the high eciency
shown by real devices.
The estimation of

σE,g

can be made by calculating the lateral dependence of

the bandgap on the composition measured by lateral mapping [113].
be substantially enhanced by strain (by uo to several tens of

σE,g

might

meV), induced by the

uctuations of the lattice constants caused by the inhomogeneous compositional
distributions [114].

1.11 Aim of the thesis
The aim of this thesis is to investigate low-temperature multi-stage co-evaporation
processes for the growth of highly ecient CIGS thin lms at low deposition temperature (<450

◦

C).

Particular attention is given to the correlation between the

growth parameters, the microstructure and composition of the CIGS lms, and the
solar cells' optical and electronic properties. The reported investigations have the
nal goal of identifying process modications that might lead to increased solar
cell eciency. In particular, three topics are covered:



the formation mechanism of structural defects such as voids and compositional inhomogeneities during the multi-stage deposition process, and their
impact on the solar cell electronic properties;



the correlation between the overall Cu concentration, the GGI grading, and
the NIR optical response;



the compositional modications induced by post-deposition treatments with
dierent alkali uorides, especially rubidium uoride.

26

Chapter 1. Introduction

Chapter 2

Experimental methods
The following chapter is partially based on the publications:

E. Avancini, R. Carron, B. Bissig, P. Reinhard, R. Menozzi, G. Sozzi, S. di Napoli,
T. Feurer, S. Nishiwaki, S. Buecheler, A.N. Tiwari

Impact of compositional grading and

, Progress

overall Cu deciency on the near-infrared response in Cu(In,Ga)Se2 solar cells

in Photovoltaics-Research and Applications 25, 233-241, 2017. [115]. With adaptations
and additions according to the scope of this thesis. The license for the publication is
available at: https://creativecommons.org/licenses/by-nc/4.0/
E. Avancini, R. Carron, T. Weiss, C. Anders, M. Buerki, C. Schreiner, R. Figi, Y. Romanyuk, S. Buecheler, A.N. Tiwari Eects of Rubidium Fluoride and Potassium Fluoride
Postdeposition Treatments on Cu(In,Ga)Se2 Thin Films and Solar Cell Performance,
[83] Chemistry of Materials 22(29), 9695-9704, 2017. [83]. Adapted with permission.
Copyright 2017 American Chemical Society.

E. Avancini, D.Keller, R. Carron, Y. Arroyo, R. Erni, A. Priebe, S. di Napoli, M.
Carrisi, G. Sozzi, R. Menozzi, F. Fu, S. Buecheler, A.N. Tiwari Voids

and compositional

inhomogeneities in Cu(In,Ga)Se2 thin lms: evolution during growth and impact on solar cell

, Science and Technology of Advanced Materials 19(1), 871-882, 2018. [116]. With

adaptations and additions. The Version of Record of this manuscript has been published and is freely available in Science and Technology of Advanced Material, 2018, at
https://www.tandfonline.com/doi/full/10.1080/14686996.2018.1536679
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2.1 Multi-stage co-evaporation of CIGS
2.1.1 Setup
CIGS absorbers have been deposited by multi-stage co-evaporation in an experimental setup originally designed for molecular beam epitaxy. The deposition
chamber is designed as depicted in Fig. 2.1. In the top part of the chamber, a
5x5

cm2

substrate is mounted on a rotating sample holder. The substrate tem-

perature is controlled by a non-contacting thermocouple and a resistance heater
placed beneath the substrate. The heater is powered by a PID-controlled power
source. In the bottom part of the chamber, Knudsen evaporation sources are disposed concentrically pointing towards the sample holder. The two sub-chambers
are separated by a main shutter (MS). The base pressure in the chamber is approximately

10−8 mbar,

but increases during the deposition process.

Figure 2.1: Schematic design of the deposition setup used for CIGS deposition.

The six evaporation sources contain six elements or compounds: Cu, In, Ga,
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A

B

C

Copper

10.34

17231

280

Indium

9.51

14563

270

Gallium

9.02

12040

270

Table 2.1: Antoine coecients calculated starting from tabulated temperature-pressure values
found in [117]

Se, NaF and RbF (or KF). The compounds are contained in crucibles made of
pyrolytic boron nitride (except for Se -steel- and KF/RbF -graphite). The Cu, In
and Ga sources have a dual lament design with separate lip and bottom heating.
The evaporation rate is controlled by the bottom temperature. The lip temperature
is kept

100 ◦C

to

200 ◦C

above the bottom temperature at all times. The Cu, In,

Ga bottoms and the NaF source are heated by PID-controlled power sources. The
Se and the KF (or RbF) sources and the lips are controlled by manually adjusting
the current output of the power sources.

2.1.2 Source temperature vs. deposition rates
The temperature and the vapor pressures at each source can be related by the
semi-empyrical Antoine equation:

log10 p = A − B/(C + T )

(2.1)

where p is the pressure, T is the temperature and A, B, C three empirical
parameters. The parameters A, B and C were determined by tting the pressuretemperature values available on the website of the producer of the sources [117].
The results of the ts are shown in Table 2.1.
This allows to calculate the evolution of the vapor pressures throughout the
process. The sought information is, however, the sublimation rate at the surface
of the growing lm. This depends on the distance between each source and the
rotating substrate, the lip temperatures, the sticking coecient of each of the
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evaporated species, the source aperture geometry as well as on possible systematic errors in the determination of the temperature of each source. The combined
eect of these parameters is unknown. Therefore, the evaporation proles were
re-calibrated by imposing that the integral CGI and GGI ratios are equal to those
measured by X-ray uorescence (XRF) on the completed CIGS lm. In this way, it
is possible to estimate the Cu, In and Ga deposition rates at each point during the
deposition. The results are given in arbitrary units and have the aim of displaying
the relative changes in the metals' evaporation proles throughout a deposition
(Fig. 2.2).

2.1.3 Deposition sequence
The multi-stage deposition process consists of a modied three-stage process
based on the principles outlined in sections 1.5 and

1.6 of the introduction. The

temperature evolution of the sources throughout the deposition and the resulting
deposition rates are shown in Fig. 2.2.

Figure 2.2: Source temperature evolution during a standard multi-stage co-evaporation process.

During the rs stage, In and Ga are evaporated in Se overpressure. The duration of the rst stage is 20 min. The temperature of the Ga source is gradually decreased in order to obtain a grading of the Ga concentration towards the
Mo/CIGS interface. The substrate during this stage is approximately

350 celsius.

During the second stage, the In evaporation is interrupted whereas Ga is added
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in several sub-stages to avoid an excessively pronounced GGI grading [76]. When
the Cu source reaches its maximum temperature, the substrate temperature is
increased to approximately

450 ◦C.

As the Cu concentration nears stoichiometry,

the In source is turned on again in order to obtain a slower Cu-poor to Cu-rich
transition. The In rate at this stage is not sucient to compensate for the Cu rate,
and the lm thus reaches a Cu-rich composition. The transition from Cu-rich to
Cu-poor is identied by end-point detection. Afterwards, Cu is added in excess
in order to reach an excess concentration of approximately 5% to 10% relative as
compared to stoichiometric ratios. Afterwards, the Cu evaporation is completely
shut down.
During the third stage, only Ga and In are evaporated. The temperature of the
Ga source is gradually increased to obtain a grading of the Ga concentration towards the CIGS surface. Finally, the Ga evaporation is interrupted approximately

30 s before interrupting the In evaporation, to obtain a slightly indium-rich surface.

2.1.4 Post-deposition treatments
PDTs have been performed at a substrate temperature of approximately

350 ◦C.

Standard post-deposition treatments consist of the evaporation of NaF for

20 min

followed by KF or RbF for another

−1

20 min, at a rate of 1-2 nm min

, under a con-

stant Se ux. The temperature of the NaF source is maintained stable, and so is
the expected evaporation rate during NaF PDT. The temperature of the KF/RbF
source gradually decreases during PDT at a rate of approximately

0.7 ◦C min−1 .

The evaporation rate decreases by approximately a factor 2 with a temperature reduction of

30 minute

20 ◦C.

A prolongation of the KF/RbF PDT from

20 minute

to

results therefore in an additional amount of KF/RbF of approximately

30%, whereas a prolongation to

60 min

in an additional 120%. The base tempera-

tures of the NaF and RbF sources are periodically adjusted in order to obtain the
best P-V parameters on completed solar cells.
After PDT, the sample is extracted from the deposition chamber and rinsed in
diluted ammonia to wash away unreacted alkali uorides.
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2.2 Additional layers
2.2.1 SiOx alkali diusion barrier
To prevent uncontrolled diusion of alkali elements from the substrate, a silicon oxide barrier layer was deposited by pulsed DC magnetron sputtering. The
eectiveness of the barrier layer can be indicated by the concentration of alkali
elements in the layer during growth. Fig. 2.3 shows SIMS depth proles of Na and
K of layers with depositions interrupted just before and just after the Cu-poor
to Cu-rich transition. In the sample extracted before the transition, the intensity
of the Na signal is approximately two orders of magnitude lower than the one
typically measured in samples treated by NaF PDT, and one order of magnitude
lower than the one typically measured on samples treated by NaF PDT + KF or
RbF PDT. The K signal is approximately two orders of magnitude lower than the
one measured on samples treated by NaF + KF PDT. In the sample extracted
after the transition, the Na and K concentrations are below the detection limit,
thought to be in the ppm range. This agrees well with a likely lower solubility of
alkali metals after the re-crystallization process, due to a reduction in the density
density of grain boundaries.
The SiOx barrier layer prevents uncontrolled alkali diusion during growth
with concentrations up to two orders of magnitude lower than those obtained by
typical intentional incorporation of alkali impurities.

2.2.2 CdS Buer layer
Buer layers with thicknesses of

20 nm

to

50 nm

were deposited by chemical

bath deposition (CBD).
CdS CBD is performed in a cadmium acetate (Cd(CH3 CO2 )2 ,
thiourea (SC(NH2 )2 ,

22.4 mM)

1.56 mM)

and

acqueous solution with diluted ammonia (NH3 ,

2.5 M). An ammonia and Cd acetate solution is initially pre-heated in an immersion
heater at

70 ◦C

for two minutes. Then, thiourea is added together with the CIGS

samples. Tyical CBD durations are

23 min

for CIGS lms treated with only NaF
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Figure 2.3: SIMS Na, K, Cu and Mo signals of CIGS samples extracted just before and just after
the Cu-rich to Cu-poor transition and subsequent re-crystallization.

PDT and

14 min

for samples treated with additional KF or RbF PDTs. Samples

are subsequently rinsed in water, dried and annealed for

2 min

at

180 ◦C.

2.2.3 TCOs, metal grids and anti-reective coating
Unintentionally doped zinc oxide (iZO) and aluminum doped zinco oxide (AZO)
were deposited by RF-magnetron sputtering (13.56 MHz). iZO was deposited from
a ZnO target using a power density of

1.85 W cm−2 ,

in Ar atmosphere (with ad-

ditional O2 1 mol.%). The nal iZO thicknesses are approximately

50 nm.

AZO

was deposited from a from a Al:ZnO target (Al2 O3 2 wt.%) using a power density of

2.46 W cm−2 ,

in an Ar atmosphere (with additional O2 0.05 mol.%). The

nal AZO thicknesses are approximately

200 nm

resulting in a sheet resistance of

100 Ω/sq. to 150 Ω/sq., which is considered sucient for the employed cell size and
metal grid geometry.
Ni/Al grids were deposited by electron-beam evaporation with thicknesses of

5 nm

and

400 nm

respectively, monitored by a quartz crystal. The grid shape is

dened by a mask pressed on the sample surface. The geometry of the metal grid
has been designed to minimize the distance between the grid ngers and each point
in the area of cells with an approximate size of

0.5 cm2 .

A scan of a standard cell,
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showing the grid geometry, is shown in Fig. 2.4

Figure 2.4: Scan of a standard cell with an area of

0.57 cm2

MgF2 anti-reective coatings (ARC) were deposited to reduce reection losses
and suppress interference fringes arising atf the window layers. The MgF2 layers
were deposited by electron-beam evaporation monitored by a quartz crystal with
a nal thickness of

105 nm.

2.3 Optical and electronic characterization
2.3.1 J-V characterization
The current density-voltage (J-V) characteristics of a solar cell can be described
by the illuminated diode equation with a series and a parallel resistance (singlediode model)(adapted from [34]):





q · (V − J · Rs )
V − J · Rs
J = −J0 · exp
−1 −
+ Jsc
A · kb T
Rp
where J0 is the diode saturation current density,

(2.2)

A the diode quality factor, Rs

and Rp are the series and parallel resistances, kb T is the thermal energy and q is
the unit charge.
The Voc is dened as the voltage at open circuit conditions. The maximum
power point (mpp) is dened as the point in the J-V curve with the maximal
product between voltage and current density (respectively Vmpp and Jmpp ). The
ll factor (FF) is an indicator of the extent to which the maximum possible photocurrent density and the maximum possible photovoltage are conserved at the
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mpp, and is dened as
ciency

η

F F = (Vmpp · Jmpp )/(Voc · Jsc ).

The photoconversion e-

of a solar cell can thus be written as:

η=

Pcell
Pillumination

=

Vmpp · Jmpp
F F · Voc · Jsc
=
Pillumination
Pillumination

(2.3)

The photoconversion eciency and the other parameters of solar celly are typically measured under standard test conditions (STT). STT consist of an illumination power density of

1000 W m−2 ,

a temperature of

25 ◦C,

and an AM 1.5G

spectrum (corresponding to the solar spectrum at sea level with a solar zenith
angle of 48.2° [34]).
Here, the J-V characteristics of completed solar cells were analyzed under an
AM 1.5G solar simulator equipped with a Xe lamp. The power density was calibrated to

1000 W m−2

by measuring the current output of a Si cell with a certied

response. The temperature of the solar cell was kept at a constant value of

25 ◦C

using PID-controlled Peltier heat pumps. A Keithley 2400 four-probe source meter was used for the measurements. The reported uncertainty on Jsc is calculated
assuming a maximal error of 2% on the calibration of the power of the solar simulator lamp. The reported uncertainty on the open-circuit voltage is calculated
assuming an uncertainty of

1 ◦C

on the measurement temperature, propagated on

Voc utilizing the open-circuit diode equation. The reported uncertainties on the
FF and eciency are calculated by propagating the errors on Jsc and Voc utilizing
the open-circuit (zero current) diode equation and the mathematical expressions
for FF and the eciency. Equal uncertainties are assumed for Jsc and the Jmpp ,
as well as for Voc and the Vmpp . In the cases where average values are reported,
averages were calculated on the four cells with the highest eciency in each sixcell sample. The reported error represents the standard deviation, if above the
estimated measurement uncertainty on a single-cell measurement.

2.3.2 External quantum eciency
The external quantum eciency (EQE) response of a solar cell determines
the probability that an incident photon with a specic wavelength generates an
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electron-hole pair that is converted into electric current. The EQE can be dened
at each wavelength as the ratio between the photon ux
If the EQE is measured at zero bias and at

25 ◦C,

Φ

and the photocurrent.

the STT Jsc corresponds to the

integral of the EQE multiplied by the AM 1.5G spectrum:

Z

∞

Jsc = q ·

EQE(λ) · Φ(AM 1.5G) (λ)dλ

(2.4)

−∞
In the experiments, the EQE response was measured at zero bias with an inhouse-built system equipped with a halogen lamp and a monochromator (triple
grating), chopped with a frequency of 260 Hz. The measurements were carried
out under bias illumination with an intensity of approximately
solar cell temperature was kept constant at

◦

25 C

100 W m−2 .

The

using PID-controlled Peltier

heat pumps. The spectra calibration was performed by comparing the spectral
response of the cell with the of a silicon cell with a certied spectral response from
Fraunhofer ISE.

2.3.3 Capacitance-Voltage spectroscopy
Capacitance-Voltage proles were measured with an Agilent E4980A LCR meter at a temperature of
of

123 K, a frequency of 300 kHz, and a modulating amplitude

25 mV. Net free carrier concentrations were extracted at the C-V curve minimum
+

assuming an n p junction following the method detailed in [118].

2.3.4 Transmittance-reectance spectroscopy
Transmittance-reectance spectra were measured on batches of CIGS lms
lifted o the Mo-coated substrate. Lift-o was performed by gluing the surface with
transparent 3M Scotch-Weld DP100 epoxy on a transparent glass substrate dried
for 2 days at room temperature and additionally for

2h

at

60 ◦C.

The measure-

ments were performed with a UV-3600 Shimadzu UV-VIS-NIR spectrophotometer
equipped with an integrating sphere to measure. Absorptance was evaluated using
the function:
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1 − Tabs /(1 − Rabs )

(2.5)

where Tabs and Rabs are, respectively, spectral-dependent transmittance and
reectance measured on the lifted CIGS absorber layer. This approximation was
considered to be acceptable for our purposes after comparing it with the more
accurate model from Ritter and Weiser [119], which also takes into account multiple
reections at the CIGS/epoxy/glass interfaces, and nding negligible dierences
between the two dierent approximations.

2.3.5 Internal quantum eciency
The internal quantum eciency (IQE) response is dened here as the EQE
clear of reections, shading and and parasitic absorption in the layers above the
CIGS absorber. It gives indications on the combined transmission and collection
losses.
The IQE was calculated here as:

IQE =

EQE
(1-ATCO,CdS )(1-Cg )(1-Rcell )

(2.6)

where ATCO,CdS is the combined absorptance from the buer and window layer
and Cg is a constant accounting for the grid coverage, estimated to be 1.5% of the
total area. IQE were calculated by measuring EQEs, reectance Rcell spectra of
completed solar cells and absorptance spectra of window and buer layers.

2.4 Material characterization
2.4.1 X-ray uorescence spectroscopy
X-ray uorescence spectroscopy (XRF) was used to determine compositional
ratios in CIGS lms. XRF is based on the emission intensity of characteristic x-ray
lines from core electrons of atoms after higher-energy x-ray excitation. The compositional ratios were calibrated using standards with known compositions. The
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intensity of a characteristic line can be inuenced by re-absorption and re-emission
with dierent intensities for lines at dierent energies. For example, in CIGS, K-

α

lines of Cu (8.1 keV) and Ga (9.2 keV) are at lower energies than that of In

(24.2 keV). The relative re-absorption intensities expected to be inuenced by a
variation of the lm thickness. This may lead to systematic errors in the determination of metal ratios. Calibration of XRF measurements should be performed by
standards with compositions and thicknesses as close as possible to those of the
measured samples [27].
CGIs and GGIs were determined from the intensity of characteristic XRF
lines of Cu (overlapping Kα1+Kα2 at
Kα1+Kα2 at

9.2 keV),

8.1 keV,

and In (Kα1 at

Kβ 1 at

24.2 keV

and Kα2 at

house-built system was used. Excitation energy was
imately 1x1

cm

2

8.9 keV),

Ga (overlapping

24.0 keV).

An in-

45 keV, with spot size approx-

. The spectra were tted using the software PyMca from ESRF.

Calibration factors were previously deduced from a CIGS reference with composition determined by ICP-MS. The errors on the CGI and GGI are estimated as
twice the standard deviation (2σ ) of repeated measurements on a reference sample,
and correspond to

0.02

for the CGI and

0.01

for the GGI.

2.4.2 X-ray photoelectron spectroscopy
Changes of the surface composition of CIGS lms upon dierent surface treatments were analyzed by X-ray photoelectron spectroscopy (XPS). XPS core levels
singals were measured with a monochromated Al Kα source (1486.6 eV) in a xed
analyzer transmission mode in a Quantum 2000 instrument from Physical Electronics. Core-level spectra were measured with a pass energy of
size of
at of

0.5 eV/step

0.5 eV

93.9 eV with a step

and charge compensation. A mild presputtering with Ar

+

ions

for approximately 20-30 s was applied before acquiring the spectra to

remove surface contaminants.
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2.4.3 Inductively coupled plasma mass spectrometry
Inductively-coupled plasma mass spectrometry (ICP-MS) measurements were
performed on samples grown on exible polyimide foil to determine the concentrations of alkali elements in the CIGS lms. Samples of approximately

0.55 cm2

were

either rinsed in an aqueous solution of 10 mL of diluted NH3 (2 M; Sigma-Aldrich,
=99.99% trace metals basis) or also etched with a 3 M HCl solution (Alfa Aesar,
=99.99% trace metals basis), in both cases for dipping times of

1 min.

Measure-

ments were performed on as-deposited absorbers and after the rinsing and etching
processes. The chemical composition of the PI/Mo/CIGS samples was measured
by triple quadrupole inductively coupled plasma mass spectrometry (QQQ-ICPMS) and inductively coupled plasma optical emission spectroscopy (ICP-OES).
The matrix elements (Cu, In, Ga, and Se) were subjected to wet chemical extraction by means of HNO3 (67% Merck ultrapur) and H2 O2 (30% Merck suprapur)
at room temperature. The solutions were diluted to

25 mL

in ultrapure water pre-

eluted plastic vials and directly quantied by ICP-OES under the use of certied
element standard materials, using a VARIA VISTA Pro Radial measurement unit.
Alkali elements were measured by ICP-MS after further dilution of 1:10, in the
O2 reaction mode, with an Agilent 8800 triple quadrupole measurement unit under the use of certied element standard materials. In one sample series, the Se
concentration was not measured, and concentrations of alkali elements were calculated assuming a stoichiometric amount of Se in the CIGS. The assumption is
validated by previous measurements. The measurement and sample preparation
accuracies were tested by analysis of ultrapure-water-eluted empty deposition vials
and standard reference material with no intentional deposition of alkali containing
compounds.

2.4.4 Secondary ion mass spectrometry
Secondary-ion mass spectrometry (SIMS) is a destructive technique in which
the surface of a sample is bombarded with an ion beam to produce free secondary
ionic species. The secondary ions are then analyzed by a mass spectrometer. The
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basic SIMS equation describes the relation between the ion current
species

m

Ip

is the primary ion ux,

ym

(2.7)

is the sputter yield for the species m,

is the fractional concentration of the species m,

η

of a given

and various instrumental parameters and sample properties:

Im = Ip · ym · αm · Φm · η
where

Im

αm

Φm

its ionization probability and

is a factor given by the ion losses in the system [120].
In a rst approximation,

Im

is proportional to

Φm .

Many of the other param-

eters are usually unknown. Therefore, SIMS is typically not used as a quantitative technique but rather to observe the relative changes in the lateral or depthdependent concentrations. The sputter yield
depend on the nature of

m,

ym

and ionization probability

αm

as well as to the chemical environment and structural

properties of the matrix. Therefore, a variation

Im

is not necessarily related to a

Φm , but possibly also to a change of the surroundings (matrix). SIMS can be used
to study relative concentration changes only when there is sucient condence
that matrix eects are not dominating.
SIMS depth proles are obtained by gradually etching the surface with an ion
beam, which can be the same one used to generate secondary ions or a supplementary one. The depth resolution is dened by the roughness of the surface following
the multiple ion bombardments. Artifacts in the measurement can be given by
relocation and mixing of atomic and molecular species within the sample following ion bombardment. Mixing can occur at the topmost atomic layers due to ion
impact, and at a deeper depth due to migration of ions induced by the surface
charging during sputtering.
In CIGS, SIMS depth proling is often used to measure In to Ga gradings and
proles of the concentrations of alkali species. Some authors report SIMS alkali
concentrations in ppm after calibration using implanted standards [6]. The calibration method is often not described. Particularly concerning is the fact that, in
implanted standards, alkali species are expected to be homogeneously distributed
wihtin the grains of CIGS, whereas in typical CIGS lms alkali ions are segregating
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with very high concentrations at grain bondaries. Matrix eects, bombardmentinduced mixing and ionization yields may thus dier between implanted standards
and real CIGS lms.
Here, compositional depth proling was measured by time- of-ight (TOF)
SIMS using a TOF SIMS

5 measurement unit from ION-TOF. The primary beam

ions were Bi+ with 25 keV acceleration, total current of
100x100

µm

2

. The sputtering beam was a

on-sample area of 300x300

µ m2 .

2 keV, 400 nA

1 pA

and a raster size of

+
O2
ion source with an

GGI depth proles were determined by re-scaling

the total TOF-SIMS counts over their FWHM range for

71

Ga and

113

In over the

average GGI composition measured by XRF.

2.4.5 Transmission electron microscopy
Compositional cross-sectional mapping of CIGS lms was measured in a transmission electron microscope (TEM) to investigate the elemental distribution at
various stages of the CIGS growth.
High-angle annular dark eld scanning TEM (HAADF-STEM) micrographs
were obtained using a Titan Themis TEM/STEM operated at

3.9 nA

300 kV

with a

beam current. Energy-dispersive x-ray spectroscopy (EDX) mapping was

performed with a lateral sampling from

1.16 nm to 4.5 nm using a SuperX EDX de-

tector in the same experimental setup. At.% maps were calculated by the software
Velox using multi-polynomial background correction, parabolic background order,

100 nm, 5.7 g cm−3

density, Schreiber-Wims model for the ionization cross section.

Quantication was performed on the Cu, In, Ga, Se, Na, Rb, O signals, with additional deconvolutions of the K, Mo, Zn, Cd, S and Si signals. GGI and CGI
maps were calculated based on the Cu, In and Ga at.% maps. The average Cu, In
and Ga concentrations were re-calibrated so that the average CGI and GGI of the
calculated map match the average values previously determined by XRF. This was
necessary due to an over-estimation of the In signal in the quantication of STEMEDX at.% maps. XRF values are considered more reliable than the STEM/EDX
quantication, after a careful calibration of the XRF-based quantication method

42

Chapter 2. Experimental methods

by ICP-OES (described in [27]).
A possible artifact in EDX-STEM CGI and GGI maps is given by the dierent
re-absorption intensities of characteristic x-ray lines at dierent energies. Variations of the specimen thickness within the same map may lead to articial CGI
and GGI variations. Care must be taken to ensure that eventual CGI and GGI
non-uniformities are not correlated with variations of the specimen thickness. This
can be done by comparing the compositional maps with HAADF micrographs and
with the intensity map of an element assumed to be uniformly distributed (Se
or Cu in areas with no secondary phase segregation). Also a comparison of CGI
and GGI maps is useful: since In characteristic lines have signicantly higher energies of those of Cu and Ga, thickness-related artifacts should appear at the same
positions in CGI and GGI maps. For the measurements presented in this thesis,
the specimen thicknesses were suciently uniform and no correlation was found
between variations of the HAADF signal, CGI, and GGI distributions.
For given samples (specied in the gure captions), slightly thinner TEM
specimens were obtained. In combination with the choice of a high resolution
(1.16 nm/pixel), this resulted in CGI and GGI maps with a low signal to noise
ratio (SNR). In order to make the data more readable and comparable, the In, Cu
and Ga at.% maps were binned two times before calculating the CGI and GGI
maps (bilinear binning of neighboring pixel, DigitalMicrograph software). Further
smoothening (DigitalMicrograph software) was applied to the already-calculated
CGI and GGI maps. This did not lead to any loss of information which may aect
the interpretation. Figure 2.5 shows CGI and GGI maps at the dierent steps of
the image processing.
In some other cases (specied in the gure captions) a Jeol 2200FS TEM/STEM
microscope was used, operated at

200 kV.

EDX spectra were analyzed by using

the software DigitalMicrograph. The Cd and In signals were separated by multiple
linear least squares (MLLS) tting the measured spectra to previously measured
Cd and In reference spectra.
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Figure 2.5: EDX-STEM map of the compositional ratios (CGI and GGI) obtained with dierent
image binning and smoothening steps.

Conventional sample preparation for TEM
Correct sample preparation is an essential requirement for high-quality crosssectional EDX-STEM mapping of CIGS specimens. To prepare TEM specimens,
batches of absorber layers or completed cells were removed from the substrate at
the Mo/CIGS interface by lift-o. Lift-o was performed by gluing the CIGS or solar cell surfaces onto pieces of Si wafers and subsequently removing the substrate.
Two Si wafer/glue/CIGS (solar cell) stacks were then glued facing each other to obtain double-stack sandwiches. Cross sections of the sandwiches were then thinned
by conventional mechanical polishing to thicknesses of approximately

200 nm. Ar+

ion milling with liquid N2 cooling was then performed to obtain nal specimen
thicknesses between

50 nm

starting from energies of

and

5 keV

100 nm.

+

Ar -ion milling was performed gradually

down to

0.5 keV.

In some cases, an insuciently

gradual reduction of ion milling energies or the choice of a wrong incidence angle
led to degradation of the specimen surface, resulting in Cu segregation.
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2.4.6 Scanning electron microscopy (SEM)
Scanning electron microscopy (SEM) top-view and cross-sectional micrographs
were obtained using a Hitachi S-4800 unit with electron acceleration voltage of

5 keV

4 mm.

and a working distance of

The sample cross section was prepared

by cleaving the sample and substrate stack just before the measurement. For the
top-view measurements, an approximately

1 nm

Pt coating was deposited by DC

magnetron sputtering prior to the measurements to avoid sample charging.

2.4.7 FIB etching
A Focused Ion Beam Scanning Electron Microscopy (FIB-SEM) Lyra3 by Tescan was used to etch the surface of a sample. The sample surface was sputtered
with

20 kV

+

energy Ga

in-situ using

15 kV

beam at

182 pA

ion current. SEM images were acquired

electron beam.

2.4.8 X-ray diraction (XRD)
X-ray diraction was used to compare structural properties related to the crystalline quality of the CIGS lms at dierent growth stages. XRD was measured
in a Bragg-Brentano conguration from 10 to 60° (2
with a X'Pert PRO

Θ-2Θ

Θ)

scan using Cu-Kα1 radiation.

and 0.0167° step intervals

Chapter 3

Morphology and elemental
distribution of CIGS thin lms
This chapter is mainly based on the following publication:
E. Avancini, D.Keller, R. Carron, Y. Arroyo, R. Erni, A. Priebe, S. di Napoli, M.
Carrisi, G. Sozzi, R. Menozzi, F. Fu, S. Buecheler, A.N. Tiwari Voids and compositional
inhomogeneities in Cu(In,Ga)Se2 thin lms: evolution during growth and impact on

, Science and Technology of Advanced Materials 19(1), 871-882, 2018. [116].

solar cell

With adaptations and additions. The Version of Record of this manuscript has been
published and is freely available in Science and Technology of Advanced Material, 2018,
at https://www.tandfonline.com/doi/full/10.1080/14686996.2018.1536679
My own contribution to this publication consisted in: design of the the experiments, deposition of CIGS thin lms (in collaboration with Romain Carron), completion into working
solar cells, measurement and analysis of: SIMS, XRF, J-V; sample preparation for TEM
(in collaboration with Debora Keller); EDX-STEM data processing into GGI and CGI
maps (in collaboration with Debora Keller); data interpretation; outline of input parameters and interpretation of device simulations (in collaboration with the co-authors from
University of Parma, who planned in detail and conducted the simulations).
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3.1 Motivation and concept

This chapter analyzes the microstructural and compositional evolution of CIGS
thin lms during a multi-stage co-evaporation process, with the aim of investigating the formation of structural defects possibly limiting the eciency of CIGS solar
cells. Special focus is given to the formation of voids and compositional inhomogeneities. The scale, properties, size and distribution of such structural defects are
analyzed and an attempt is made to understand their formation mechanism. For
this, CIGS samples were extracted at dierent stages of the multi-stage deposition process and analyzed by various techniques. Particular attention was given to
the change of compositional and morphological properties the Cu-poor to Cu-rich
transition. The analysis is limited to low-temperature multi-stage co-evaporated
CIGS absorbers with no presence of alkali elements during growth.
As previously mentioned in sections 1.7 and 1.10 of the introduction, the compositional grading plays an important role in the nal eciency of a solar cell.
However, the compositional grading is typically measured, reported and treated
as a laterally averaged property, i.e. possible lateral non-uniformities are not taken
into account. Lateral compositional inhomogeneities may lead to bandgap uctuations, which may be a limiting factor to the Voc . The presence of voids in CIGS
lms may lead to the presence of free, unpassivated surfaces with high recombination velocities within the absorber layers. Voids were already observed by several
authors [121, 122].
An analysis of the scale, formation mechanism and impact of voids inhomogeneities is also made in this chapter, with the aim to asses their impact on the
device performance and to suggest adjustments to the deposition process. An earlier model for their formation mechanisms is compared with original results and
linked to the formation of compositional inhomogeneities. The impact of the presence of such structural defects is analyzed by 2-dimensional and 3-dimensional
device simulations.

3.1. Motivation and concept
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Figure 3.1: Selected sections of XRD patterns of Samples 1 (growth interrupted before the 1st
stoichiometry point) and 2 (growth interrupted just after the 1st stoichiometry point)
with corresponding cross-sectional SEM micrographs.

3.1.1 Morphology and phase evolution
Three samples were extracted at dierent stages of the multi-stage deposition:
Sample 1 just before the rst stoichiometry point. Sample 2 was extracted just
after the rst stoichiometry point, without additional Cu excess. Sample 1 and
Sample 2 derive actually from the same CIGS growth: a slight gradient of the
Cu evaporation rate from the eusion source was exploited to obtain two sections
on one substrate where the Cu-rich to Cu-poor transition would occur at slightly
dierent times. Sample 3 corresponds to a complete growth and to the completion
of a full solar cell (including buer layer, TCOs, metal grids and ARC).
Figure 3.1 shows a selected section of XRD patterns and SEM cross section
images of Sample 1 and Sample 2. All measurements were performed ex-situ at
room temperature. SEM cross sections indicate that larger, well dened grains are
formed when the CIGS lm turns from Cu-poor (Sample 1) to Cu-rich (Sample
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2). This is consistent with the re-crystallization process known to occur after the
rst stoichiometry point [57]. The grain size and texture of Sample 2 are similar to those typically observed for completed CIGS growths (for example in [76]).
Two prominent XRD peaks are observed for both samples at 27° and 28°, corresponding to the expected positions of the (112) and (103) reections of the CIGS
alpha-phase. The XRD pattern of Sample 1 exhibits a further small peak at

25°

and a large shoulder between the 112 and 103 peaks. These two features have been
described as the signature for a large density of stacking faults in CIGS lms that
did not undergo a Cu-rich stage. These features are not visible in Sample 2. This is
consistent with the re-crystallization of the CIGS lm and annihilation of stacking
faults at the Cu-poor to Cu-rich transition in low-temperature multi-stage deposition with no alkali elements (section 1.6 and [58]). XRF measurements indicate
that both samples have nearly stoichiometric or stoichiometric Cu amounts (CGI
0.98±0.02 for Sample 1 and 1.00±0.02 for Sample 2). It is not surprising that
Sample 2 exhibits Cu-Se phase segregation despite the stoichiometric Cu concentration. Phase diagrams indicate in fact that Cu-Se phases may segregate already
at CGIs above 0.95 [40].

3.2 Sample preparation and compositional grading
The average GGI gradings of the three samples, as measured by SIMS, are
shown in Fig. 3.2. Sample 3 shows the expected double grading. Sample 1 shows a
slightly more pronounced GGI grading with respect to Sample 2. The re-crystallization
process leads therefore to a moderate smoothening of the GGI the grading prole
by promoting In and Ga intermixing.
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Figure 3.2: SIMS GGI gradings measured on CIGS lms grown until selected stages of the multistage deposition process. Sample 1 just before the Cu-poor to Cu-rich transition,
Sample 2 just after the Cu-poor to Cu-rich transition, Sample 3 corresponds to a
complete growth. GGI and thickness calibration: XRF.

3.3 Compositional inhomogeneities
3.3.1 Evolution during growht
A HAADF-STEM micrograph and STEM/EDX compositional mappings of
Sample 1 are shown in Fig. 3.3. Cu is homogeneously distributed across the specimen, except for the area surrounding of the hole at the right-hand side of the
area shown in the micrographs, where some variations of the Cu concentration are
due to of the specimen preparation. Also, CGI maps indicate a homogeneous Cu
distribution in the lateral direction. GGI maps show the expected GGI grading
across the thickness of the lm up to the low-GGI region at the front (top of the
gure). This is consistent with the interruption of the deposition before the Curich stage. The sample presents some randomly distributed GGI inhomogeneities.
The lateral variations of the GGI values are 0.10-0.15. The inhomogeneous areas
have granular shapes and diameters of

100 nm

to

200 nm.

Fig. 3.4 shows HAADF-STEM micrographs and STEM-EDX compositional
mapping of Sample 2. Cu-Se phases accumulate at grain boundaries and at crevices
between CIGS grains, as shown by the Cu at.% and CGI maps. Very similar patterns have been observed in all other analyzed sections of the same specimen. The
openings lled with Cu-Se can reach sizes of up to several hundreds of nanome-
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Figure 3.3: Sample 1: STEM-HAADF (top left), EDX Cu at.% map (top-right), GGI map
(bottom-left) and CGI map (bottom-right) (At.% GGI and CGI maps binned and
smoothened as described in section 2.4.5).
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Figure 3.4: Sample 2: STEM-HAADF (top left), EDX Cu at.% map (top-right), GGI map
(bottom-left) and CGI map (bottom-right)

ters. These regions are located in general, but not exclusively, at the surface of the
Cu-rich CIGS lm. In and Ga are not present in the crevice areas, as shown in
Fig. 3.5. The presence of small voids can also be observed in the HAADF-STEM
micrograph in correspondence of Cu-Se segregation squares (one void area has
been enlarged for better view).
The GGI map of Sample 2 shows laterally uniform Ga to In ratios in the lower
half of the lm. In the upper half of the lm some regions can be observed where
the GGI values are laterally inhomogeneous, with widths of

100 nm

to

200 nm

and average GGI variations of approximately 0.05-0.10. Higher GGI values can be
observed only in the regions surrounding those where Cu-Se segregation is present.
All other regions show largely uniform lateral GGI distributions.
Figure 3.6 shows HAADF-STEM micrographs and STEM-EDX compositional
mapping of Sample 3 (nished device). The CGI and GGI calculated at the location
of the ZnO lm are not meaningful. In the CIGS lm, the Cu intensity map shows
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Figure 3.5: Sample 2: STEM-EDX at.% maps of Cu, Se, Ga and In distributions.

some Cu-poor grain boundaries, elsewhere the Cu concentration is largely laterally
homogeneous. The GGI presents instead large lateral inhomogeneities. The lower
half of the lm is fairly laterally homogeneous. Large columnar inhomogeneities are
present in the central-top part of the lm, with GGI variations of up to 0.10-0.15.
The largest GGI inhomogeneities, with variations of up to 0.20, are observed in the
top

200 nm close to the front surface. The GGI inhomogeneities are not correlated

with grain boundaries but they are correlated with the presence of voids in the
front regions of the lm (in red squares in STEM-HAADF of gure 3.6, three void
areas have been enlarged for better view).
Lateral variations of the GGI grading were estimated by measuring the GGI
grading along lines across the depth of Sample 3 (average values over 20 nm-thick
lines). The grading proles of Figure 3.7 shows that the GGI grading is more
homogeneous at the back of the lm and less homogeneous at the front. GGI
values were taken also along lines parallel to the surface (average values over 20
nm-thick lines). The standard deviations of the GGI along those lines are largest in
areas close to the front surface, with values of up to 0.034 close to the CIGS/CdS

Figure 3.6: Sample 3: STEM-HAADF (top left), EDX Cu at.% map (top-right), GGI map (bottom-left) and CGI map (bottom-right).

3.3. Compositional inhomogeneities
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Figure 3.7: Sample 3: GGI gradings from the STEM/EDX GGI map along cross-sectional lines
with 20 nm thickness (the value at each point is the average over the given thickness),
at position marked as A, B and C in the GGI map of Fig. 3.6. Thickness calibration:
STEM.

interface. This would correspond to a standard deviation of the lateral bandgap
values at the surface of

24 meV.

3.4 Voids: size, distribution and internal surface
composition
Fig. 3.8 shows a specimen area of Sample 3 where many voids are present. The
specimen was prepared from a completed solar cell which included the deposition
of CdS by CBD. Voids with diameters of

50 nm to 100 nm can be clearly observed.

No specic shape could be identied. The voids are located

200 nm to 300 nm below

the surface of the CIGS. This agrees well with the position of the voids observed
in Fig. 3.6. The specimen is a two-dimensional random section of the CIGS bulk
which may or may not cross the voids present in the CIGS bulk. A very large
number of specimens should therefore be analyzed in order to achieve a good
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Figure 3.8: Right: HAADF-STEM micrograph of a completed CIGS solar cell and BF image of a
selection of the same area (selection of BF image of the area at the right-hand side of
the HAADF-STEM micrograph is shown for a better view). A large density of voids
can be observed below the surface. Left: EDX spectra of selected areas. Measurement
unit: Jeol 2200FS.

statistics on the voids distribution and concentration. Since this is practically not
feasible by TEM, an alternative approach was used, as described in the following
section.
STEM/EDX spectra were acquired along the borders of three voids (shown in
Figure

3.8 as positions 1, 2 and 3). Matrix elements were identied in the areas

surrounding all voids, as expected. EDX elemental mapping of the void at position
2 conrmed that matrix elements were much reduced or absent within the void
area. For example, EDX mapps of a void in a neighboring area are shown in Fig. 3.9.
Along the voids at position 1 and 3, no additional species were identied by EDX.
However, along the void at position 2, EDX signals of Cd (Lα1 at
(Kα1, at

2.3 eV)

3.1 eV)

and S

were observed. The presence of Cd and S at the void's internal

surface indicates that the CBD solution could penetrate within at least some of
the voids. Therefore, the voids at positions 1 and 3 are completely buried beneath
the surface, whereas the void at position 2 is not.
To better assess the voids density and distribution, the surface of a CIGS sample was etched with a Ga-ion FIB and subsequently observed by SEM (Fig. 3.10).

56

Chapter 3. Morphology and elemental distribution of CIGS thin lms

Figure 3.9: EDX intensity maps of selected elements from a void in Sample 3 (same scaling for
all gures). Measurement unit: Jeol 2200FS.
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Figure 3.10: SEM micrograph of a completed CIGS sample surface (equivalent to Sample 3) after
sputtering with Ga FIB on a 10x10

A 10x10

µ m2

µm2

area (20 keV,

182 pA).

area was etched for a depth of approximately

300 nm

to

400 nm.

Approximately 80 voids can be counted, as they are exposed due to the etching of
the top surface. The size of the voids is much larger than that measured by TEM
as the Ga-ion beam preferentially etches the voids edges and enlarges their size.
The density of the voids is approximately 0.5-1.0

µm−2 ,

with a random lateral

distribution.

3.4.1 Formation mechanism
Small GGI inhomogeneities are observed before re-crystallization (Sample 1) at
randomly distributed positions across the sample. These inhomogeneities may be
created during Cu addition, as Cu reacts with In and Ga selenides to form CIGS
crystals. This could be a consequence of lateral Ga accumulation due to preferential
In reactivity at facets of preferential growth. A similar mechanism has been used
to explain the formation of Ga gradients in three-stage CIGS growth [123]. The
appearance of small voids even before re-crystallization could arise due to the
formation of empty spaces between growing crystallites.
The evolution of the elemental distribution from Sample 1 to Sample 2 suggests
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that the appearance of voids and crevices is a consequence of the re-crystallization
process during the Cu-poor to Cu-rich transition. Possibly, the crevices are formed

by migration and accumulation of vacancies at Cu-rich conditions during re-crystallization
as suggested by Lei

et al.

[124]. The results shown in the previous section indi-

cate that these areas are simultaneously or subsequently lled with Cu-Se phases
segregating at surfaces and GBs.
In the sample with the completed growth, most voids are present starting from
depths corresponding to the end of the Cu-rich deposition stage. This suggests that,
after the Cu-rich stage, Cu diuses from the crevices to the interior of adjacent
grains. A void or an empty crevice is left behind. An analogous void formation
mechanism was assumed by Schöldström

et al.

for the CURO process [122] (Cu-

rich rst stage followed by a Cu-poor stage) and by Kessler

et al.

[54] for the

CUPRO process (similar to the three-stage used for our samples). These ndings
provide evidence for the hypothesis of Kessler

et al.

that Cu-Se phases segregate

at crevices between GBs, and voids form by out-diusion of Cu during the nal
deposition stage. It cannot be excluded that a partial conversion of Cu-Se phases
to CIGS also occurs, as In and Ga may diuse into the crevice area.
The small GGI inhomogeneities observed after the rst stoichiometry point
(Sample 2) seem to be present only in the regions surrounding the crevices. The
In and Ga distributions are therefore homogenized by the re-crystallization process, except for the areas where Cu-Se phases accumulate. In the sample with
a completed CIGS growth (Sample 3), very prominent GGI inhomogeneities are
found in the near vicinity of voids and crevices on the CIGS surface (300 nm). No
large voids or crevices are instead observed in the areas of laterally uniform GGIs.
This suggests that the formation of voids may be correlated with the formation of
compositional inhomogeneities and therefore with the presence of Cu-Se phases.
Indeed, segregated Cu(2x)Se has been associated with an increased Ga and
In inter-diusivity [125, 126]. Schroeder

et al.

[35] showed that when CuInSe2 is

grown epitaxially with over-stoichiometric Cu supply on a Ga-rich substrate, Ga
diuses from the substrate to the lm, to the extent that the nal CGI never
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exceeds 1. Consequently the diusivities of Ga in CuInSe2 increase by two orders of magnitude from lms grown stoichiometrically to lms grown with an
0.2-0.4 Cu excess (from approximately
temperatures above700

◦

C

10−13 cm2 s−1

10−11 cm2 s−1 ,

to over

at

[35]). Therefore, diusion of group-III elements may

be enhanced both within the Cu-Se phases, and in the CIGS neighboring those
phases as a way to compensate the over-stoichiometric Cu supply. A consequence
is the widely reported smoothening of the GGI grading occurring when a larger
Cu excess is provided at the intermediate stage of the three stage co-evaporation
growth [13, 126128]. Similarly, Cu-dependent group-III diusivities can explain
GGI inhomogeneities in Sample 2 and Sample 3. The inhomogeneous GGI regions
surrounding crevices in Sample 2 have in fact a larger Ga concentration. This indicates enhanced diusion of Ga from the Ga-rich back regions of the lm. During
the nal deposition stage, Cu-Se phase segregation is still expected until it is completely phased out. The large GGI inhomogeneities in the completed CIGS lm
are formed during the nal In and Ga evaporation, and can be caused by increased
In and Ga diusivities in the vicinity of the crevices lled by Cu-Se phases. This is
supported by the correlation between voids (or surface crevices) and GGI inhomogeneities in Sample 3. The front of the completed absorber is deposited during the

rd stage), i.e. con-

transition from Cu-rich to stoichiometric and nally Cu-poor (3

sumption of the Cu-Se phases at the sample surface. This transition corresponds
to an abrupt change in Ga and In diusivities in a narrow CGI range [35]. The
largest GGI inhomogeneities at the very front of Sample 3 are likely the consequence of an inhomogeneous distribution of the second stoichiometry point during
the nal deposition stage.

3.4.2 Consequences for solar cell performance: device simulations
Two-dimensional device simulations were performed to estimate the impact of
the inhomogeneities on the performance of CIGS solar cells (Software: Sentaurus TCAD Suite). More details on the two-dimensional simulations can be found
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in [129]. Structures with

100 nm width were simulated, comprising a double-graded

CIGS absorber divided into two areas with a low-bandgap and a higher-bandgap
grading, with widths of of

85 nm

and

15 nm

respectively. The GGI variations were

most pronounced in the central-front regions of the absorber, as observed in the
actual samples. The simulated gradings are shown in Figure 3.11.

Figure 3.11: GGI gradings used for Sentaurus 2-D simulations. High-GGI" prole and "lowGGI" prole have been employed in a inhomogeneous 2-section structure with a
15%-85% width ratios, respectively. The baseline grading corresponds to the average composition at each depth, weighted over the respective width. The baseline
grading prole was also used to simulate the performance of a reference homogeneous
structure

Several simulations were performed assuming interface acceptor trap densities
ranging from

2 · 1013 cm−3

1020 cm−3 ,

to

−14

10

16

10

cm

cm

2

−3

to

to

8 · 1018 cm−3 ,

donor trap densities from

1015 cm−3

capture cross sections for electrons and holes at the interface from

10−9 cm2

and donor trap densities in the bulk from

5 · 1015 cm−3

to

. At the structures' lateral boundaries, total electron and hole reection

were assumed. At the absorber/buer junction, the CdS conduction band was kept
at constant energy dierence from the Fermi level, so that a change in the CIGS
bandgap (GGI) at the interface would lead to a dierent interface conduction band
oset (CBO). The simulations were compared to simulated uniform structures with
a baseline grading. The baseline grading corresponded to the average between the
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gradings of the inhomogeneous sections, weighted over the corresponding widths.
In none of the cases the GGI inhomogeneities led to considerable dierences
in the simulated device performance, as compared to the uniform structures. The
maximum simulated Voc dierence is

3 mV

between the homogeneous and the

inhomogeneous case. The maximum eciency loss is 0.2%. Therefore, the simulations indicate no major impact of the inhomogeneous GGI grading and interface
CBO on the optical properties or on the interface quality of real devices in the GGI
range investigated. This is consistent with the analysis by Abou-Ras

et al.

[113],

who suggested a negligible impact of the compositional inhomogeneities on the
Voc , as discussed in section 1.10 of the introduction. The inhomogeneities shown
standard deviation of approximately

24 meV was calculated close to the CdS/CIGS

junction, which would lead to a Voc loss limited to maximum of

10 meV.

An additional enhancement of the bandgap uctuations may be induced by
lattice strain, caused by GGI-dependent variations of the tetragonal distortion, as
introduced in section 1.10. However, precise data on the strain are not available
and a direct eect on the Voc can therefore not be calculated. In addition, the device simulations do not take into account possible increases in the local deep defect
density at higher-GGI interface regions, which has been reported at the CdS/CIGS
interface [130]. The inhomogeneous grading may therefore lead to localized channels of high interface recombination velocities. In absence of precise values for
interface and bulk defect densities, a simulation of inhomogeneous bandgap structure would also be unreliable. The GGI inhomogeneities, in the investigated range,
are not a source of performance loss if only the direct dependency of the GGI on
the bandgap is considered. However, possible losses may arise due to the additional
eects of lateral strain on the bandgap uctuations, and due to varying deep defect
densities. With the current state of knowledge, the consequences of local lateral
strain and varying deep defect densities on the solar cell performance cannot be
reliably predicted.
The impact of voids was investigated by three dimensional simulations using
the Sentaurus TCAD Suite software. Cylindrical structures with a diameter of
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Figure 3.12: Structures employed in three-dimensional void simulations. Three-dimensionality
is obtained by rotation around the edge at the right-hand side of each structure,
creating cylindrical shapes for both the solar cell stacks and the voids. Right: the
void is adjacent to the CdS buer layer. Left: the void is buried

50 nm

beneath the

CIGS surface.

1 µm

were employed. The following three scenarios are simulated: no voids; one

cylindrical void adjacent to the CdS; one cylindrical void buried

50 nm

the CIGS surface. In both cases the simulated voids had a diameter of
a height of

50 nm.

beneath

100 nm and

The structures are shown in Figure 3.12.

Illuminated J-V characteristics (AM1.5G) were calculated using input parameters shown in Table 3.1. The employed optical properties were previously measured on CIGS samples with dierent compositions and on all additional layers
by transmittance-reectance spectroscopy and spectroscopic ellipsometry (details
published in [27]).
Analysis of time-resolved photoluminescence (TRPL) measurements (by Thomas
Weiss

et al.

tween

10 cm s−1
3

[111]) indicate that surface recombination velocities have values beand

104 cm s−1

at free CuInSe2 surfaces. Neither the TRPL model

nor the 3D Sentaurus simulations assume surface band bending or trapped charge
densities at free surfaces. These have to be taken therefore as eective surface
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Material
ZnO:Al
ZnO

Eg (eV)

Thickness (µm)

El. anity (eV)

3.3
3.3

4.5

Doping (cm

19

4 · 10

0.2

4.5

17

1 · 10

0.08

CdS

2.4

4.3

0.03

CIGS

graded

4.6

3

−3

)

Bulk traps (cm
Acceptor (1
Acceptor (1

−3

· 10

16

· 10

16
15

)

σe (cm2 )

σe (cm2 )

)

1 · 10

−15

1 · 10−12

1 · 10

−15

1 · 10−12

1 · 10

−15

1 · 10−12

1 · 10−15

1 · 10−15

)

17

1 · 10

Acceptor (3

· 10

1 · 1016

Donor (6.67

· 1014 )

)

Table 3.1: Parameters employed in the three-dimensional simulations of cylindrical cell structures, with and without the voids. All optical coecients used were measured at Empa
and reported in [27].

σe

and

σh

are the electron and hole capture cross sections, re-

spectively.

recombination velocities which lead to correct surface recombination rates. No reliable numbers are yet available for CIGS, but surface recombination velocities
may be higher in Ga-containing material. The results of 3D simulations are shown
in Fig. 3.13.
For surface recombination velocities values between
the void-related losses vary from limited (9
to severe (more than

30 mV

mV

2·103 cm s−1 and 104 cm s−1 ,

Voc , 0.6% FF and 0.4% eciency)

Voc , 2% FF and 1.6% eciency). The Jsc is largely

unchanged in this range of surface recombination velocities (maximal reduction

0.2 mA cm−2 ), and hence neglected. The eects on the FF and Voc are slightly more
pronounced if the void is adjacent to the CIGS/CdS interface, rather than buried
beneath the surface. It must be noted, however, that a void at the CIGS/CdS interface would likely have a CdS-passivated surface. The CdS-CBD solution would
in fact reach the inner void internal area. The structure diameter and void sizes
were chosen following the measured statistical distribution and size. However, the
possibility of partial passivation of the voids' internal surface was omitted in the
simulations, due to the lack of reliable statistics. CdS coverage would passivate
the void surface by establishing an inversion layer at the CIGS side and strongly
reduce the surface recombination velocities (an upper limit of

1.4 · 103 cm s−1

was

evinced from TRPL measurements [111]). Simulated passivated voids, with zero
recombination velocities on the sidewalls, have no eect on the cell's performance.
It can be concluded, that voids introduce free surfaces close to the CdS/CIGS
interface which may severely impact the electronic performance of solar cells. Ef-
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Figure 3.13: Simulated variations of solar cell parameters depending on the position of the unpassivated void and on the surface recombination velocity.
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ciency limitations of above 1% absolute are expected for surface recombination
velocities above

5 · 103 cm s−1 .

These eects may be possibly mitigated by the use

of wet buer layer deposition methods: some of the voids' internal surfaces can
be reached by the deposition solution and are therefore be partially passivated.
Statistics in this sense is still missing. It may still be speculated, that a partial
void surface passivation could explain the typically observed superiority of wet
buer layer deposition methods as compared to dry ones in case of multi-stage
co-evaporated CIGS.

3.5 Conclusions
Lateral GGI inhomogeneities were observed in the front region of CIGS thin
lms grown by multi-stage co-evaporation at low temperature. Lateral GGI variations up to 0.10-0.15 are observed in the central-front of the absorber and up
to 0.20 at the front surface. Voids were observed beneath the CIGS surface with
diameters of up to 100 nm and a lateral occurrence of one void every two square micrometers. To understand the formation mechanism of such defects, CIGS growths
were interrupted at dierent stages of the co-evaporation process. It was concluded
that the largest GGI inhomogeneities are formed as a consequence of inhomogeneous Cu distributions after the Cu-rich deposition stage. Voids are formed due
to out-diusion of Cu from Cu-Se segregation at crevices in the lm during the
nal deposition stage. Three-dimensional simulations indicate that voids lead to
degraded solar cell performance with an eciency loss of up to 1% absolute for
surface recombination velocities consistent with those estimated by TRPL measurements on CIS surfaces, which may be higher for CIGS. Further investigations
are still needed in this sense. The deposition of buer layers by wet chemistry
methods may lead to a partial passivation of the voids internal surfaces, as the
CBD solution can penetrate within some of the voids, which may mitigate the
detrimental eect of their presence on the solar cell electronic properties.
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3.6 Sample references
According to the internal sample numbering system, the samples and specimen used for this chapter
have names:
Samples named as 1, 2 and 3:

TL2947c, TL2947s, TL2910;

Fig 3.10:

TL3037

Chapter 4

Copper concentration, Ga
grading and optical response
This chapter is mainly based on the following publication:
E. Avancini, R. Carron, B. Bissig, P. Reinhard, R. Menozzi, G. Sozzi, S. di Napoli, T.
Feurer, S. Nishiwaki, S. Buecheler, A.N. Tiwari Impact of compositional grading and
overall Cu deciency on the near-infrared response in Cu(In,Ga)Se2 solar cells,
Progress in Photovoltaics-Research and Applications 25, 233-241, 2017. [115]. With
adaptations and modications to some sections and with additions according to the
scope of this thesis. The license for the publication is available at:
https://creativecommons.org/licenses/by-nc/4.0/.

My own contribution to this publication consisted in: design of the the experiments, deposition of CIGS thin lms, completion into working solar cells, measurement and analysis
of: SIMS, XRF , J-V, EQE; analysis of: transmittance-reectance (in collaboration with
Romain Carron) interpretation of all the results.
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4.1 Motivation and concept
The study presented in this chapter has the objective of investigating the eects
of Cu concentration on the optical properties of Ga-graded CIGS thin lms. In the
experiments, the overall Cu concentration and the grading proles were modied
with the aim of studying and modifying the near-infrared optical response of CIGS
thin lms by implementing: 1. larger notch widths, to allow larger path lengths of
infra-red photons in the low-bandgap region of CIGS, and 2. higher Cu contents,
to increase the NIR absorption coecients and possibly the diusion length. The
main eects were observed in the NIR region of EQE response upon a combined
increase in the Cu content and in the Ga-grading notch width. A distinction was
made between the eects of optical and collection losses, which allowed to identify
the mechanisms behind the observed changes in the optical properties by device
simulations.

4.2 Modications of the deposition sequence and
grading
Four CIGS absorbers were produced by gradually modifying the evaporation
prole. The overall Cu concentration was changed by reducing the duration of the
nal deposition stage. At the same time, the Ga prole was adjusted in order to
obtain similar Ga concentrations at the surface for all samples. The calculated
evaporation sequences are shown in Fig. 4.1. Such modications resulted in a
reference CIGS absorber and three samples with an increased CGI (namely 8%,
14% and 18% CGI increase, as measured by XRF).
The resulting GGI grading proles are shown in Fig. 4.2. The front end (lefthand side) of the grading prole corresponds to the interface with the CdS buer
layer, and the opposite end to the interface with the molybdenum back contact.
Here, the GGI notch is dened as the region with GGI values of 0.1 above the
GGI minimum. The notch width increases by 3%, 9% and 10% as compared to
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Figure 4.1: Estimated evolution of the metal evaporation rates for four samples with graduadual
recipe modications in order to increase the CGI. The duration of the nal stage
after the shuto of the Cu source was gradually decreased, whereas the Ga prole
was adjusted.

the reference respectively for the samples with 8%, 14% and 18% CGI increase.
The GGI minima decrease from 0.18 of the reference to respectively 0.16, 0.14 and
0.15. A double grading is present in all samples as expected from a multi-stage
deposition process [68, 96].
The observed changes in the Ga grading proles in the front part of the absorber
layers are a consequence of the approach chosen for varying the Cu content: as the
nal deposition stage is shortened, so is the duration of the nal Ga ramp, bringing
the notch closer to the surface [13]. Moreover, a shorter nal Ga ramp leads to a
reduced Ga diusion into the low-Ga notch, resulting in lower GGI minima and
larger notch widths.
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At the front surface of the absorber, GGI values are limited to a range between 0.28 and 0.32. The front GGI is believed to have a major inuence on the
performance of the completed devices as it determines the sign and size of the
conduction band oset (CBO) between CIGS and the CdS buer layer. Given the
complexity of a multi-stage deposition process and the inuence of the Cu content in the diusion of In and Ga, any attempt to vary the CGI is expected to
aect the GGI grading. The chosen approach allows to obtain Ga contents at the
CIGS/CdS junction in a range which is here not assumed to severely impact the
band alignment properties.

Figure 4.2: GGI gradings obtained by reducing the duration of the nal stage and by adjusting
the nal Ga ramp accordingly, with increasingly higher Ga rates in the nal Ga
evaporation ramp.

4.3 Eects on solar cell performance and optical
behavior
The EQE responses of the completed solar cells are shown in Fig. 4.3. All
samples with an increased Cu content show an improvement in the near-infrared
(NIR), i.e. an increase in the slope of the EQE curve above the bandgap. The
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absorption onset is determined by the chemical composition, namely the GGI and
CGI (e.g. [80]) and by contributions from the Urbach tails. No further attempt
has been made to extract quantitative information from the absorption onset, but
rather to compare eects at photon energies above the minimum bandgap.

Figure 4.3: EQE responses of the samples with increased Cu contents and optimized front gradings.

Table 4.1 shows the J-V parameters of the completed solar cells as average
values of the 3 best performing cells in each 6-cell sample. The error corresponds
to the standard deviation. The Jsc of the sample with 8% CGI increase is higher
than in the reference by

1.1±0.2 mA cm−2 , which can be attributed to the improved

NIR-EQE response. Despite similar NIR-EQE behaviors, the Jsc is again lower for
the two samples with 14% and 18% CGI increase. This is partly due to variations
in the thickness of the CdS buer layers determining the amount of parasitic
absorption in the low-wavelength region (below
in Jsc of

0.5 ± 0.1 mA cm

−2

530 nm), accounting for a dierence

between the samples with 8% and 18% CGI increase.

Minor variations in the CdS thickness are present, which could be the result of
temperature gradients in the CBD solution, or small dierences in the amount of
alkali elements evaporated on the surface during PDTs.
The NIR-EQE response is similar for all samples with an increased Cu content,
despite the dierences in the Cu contents and in the Ga-grading proles among
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Sample

CGI (±0.02)

GGI (±0.01)

Voc (mV)

Reference

0.79

0.34

719 ± 1

8% CGI increase

0.85

0.32

706 ± 1

−2

Jsc (mA cm

Na (cm

−3

FF(%)

η (%)

34.7 ± 0.2

76.0 ± 0.1

19.0 ± 0.1

< 6 · 1015

35.8 ± 0.1

75.1 ± 0.1

19.0 ± 0.1

7 · 1015

)

14% CGI increase

0.90

0.31

701 ± 1

35.2 ± 0.1

74.6 ± 0.1

18.4 ± 0.1

6 · 1015

18% CGI increase

0.93

0.31

701 ± 1

35.0 ± 0.1

72.9 ± 0.3

17.9 ± 0.3

3 · 1015

)

Table 4.1: XRF CGI and GGI, J-V parameters and net free carrier concentration (extracted
from C-V measurements) of the completed solar cells (average values of the three best
performing cells in each six-cell sample, error values represent the standard deviation).

them. This could be the result of: 1. an improved collection eciency due to
the increased Cu content [78, 131], which is expected to aect the EQE mostly
at long wavelengths, since NIR photons are absorbed deeper in the absorber than
higher-energy photons 2. increased absorption length for low-energy photons due to
wider low-bandgap Ga notch 3. increased absorption due to larger NIR-absorption
coecients resulting from the increase in the overall Cu content as indicated by
ellipsometry measurements by Minoura [80].

4.4 Characterization of optical properties and simulations
To investigate the eect of the Cu content on the collection eciency, parts
of the bare CIGS absorber layers were removed from the Mo back and transmittance (Tabs ) and reectance (Rabs ) spectra were measured on the CIGS absorbers,
whereas reectance spectra (Rcell ) were measured on completed solar cells. The
dierence between the IQE and the function

1 − Tabs /(1 − Rabs )

can in a rst

approximation represent the spectral-dependent photocurrent collection loss. A
direct comparison between the EQE and the

1 − Tabs /(1 − Rabs ) indicator for each

sample is shown in Fig 4.4. A comparison of the IQEs and the

1 − Tabs /(1 − Rabs )

indicators within the sample series is shown in Fig. 4.5.
For the samples with the 8% and 18% CGI increase, the IQE spectrum shows
slightly larger values than the

1 − Tabs /(1 − Rabs )

spectra between

1000 nm

and
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Figure 4.4:
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1−Tabs /(1−Rabs )and IQE spectra in the NIR-region (750 nm to 1200 nm) above the
minimum bandgap for each sample listed in Table 4.1. Comparison for each sample.

1100 nm,

which can be attributed to possible inhomogeneities in the composition

of each sample between the dierent areas where EQE, (Tabs ) and (Rabs ), and
Rcell were measured. These eects are considered minor.
The estimated loss in photocurrent due to incomplete collection was calculated
by integrating the dierence between the

1 − Tabs /(1 − Rabs ) and the IQE over the

AM1.5G spectrum with between 800 nm and 1200 nm. For all cases this is lower
than

0.1 mA cm−2 .

All cells show therefore near complete photocarrier collection.

It is possible to exclude that the observed photocurrent gain is associated to a
reduction of the collection losses caused either by variations in the back-surface
grading or Cu-related changes in the material quality. The

1 − Tabs /(1 − Rabs )
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Figure 4.5:

1 − Tabs /(1 − Rabs )and

IQE spectra in the NIR-region (750 nm to 1200 nm) above

the minimum bandgap for each sample listed in Table 4.1. Comparisons within the
sample series.

spectra and IQEs show very similar behavior in the NIR, with a similar increase
in the slope of the absorption onset above the optical bandgap for all the samples
with increased Cu content.
In a separate experiment (performed and published by Bissig

et al.

[132])

electron-beam induced-current (EBIC) mapping was measured on a cleaved crosssection of a similar solar cell with an approximately

5 nm

aluminum oxide pas-

sivation layer to reduce the eect of surface recombination. The results showed
that the collection loss was negligible in the absorber region relevant for NIRabsorption (corresponding to the Ga notch), further conrming the observation of
nearly optimal collection described above.
To investigate the role of the Ga-grading modications, two more absorbers
were produced with similar Cu contents and dierent gradings. The evolution of
the deposition rates during growth are shown in Fig. 4.6. Both samples have a CGI
of 0.9. The evaporation sequences used to obtain the dierent gradings are shown
in Fig. 4.6. The grading proles and the EQE spectra are shown in Fig. 4.7.
Sample 1 has a GGI minimum at 0.21 and a notch 6% wider with respect
to Sample 2 and by 13% wider with respect to the 0.79 CGI reference. Sample
2 somehow replicates the GGI grading of the sample with 14% CGI increase in
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Figure 4.6: Estimated evolution of the metal evaporation rates for two samples with dierent
GGI grading (Fig. 4.7). The overall Ga rate and the nal Ga ramp were modied to
obtain a steeper grading in Sample 2.

the set described above. EQE spectra show that Sample 2 has a smaller minimum bandgap, which correlates with the dierence between the GGI minima. The
slope of the EQE onset above the bandgap is slightly larger for Sample 1, which
correlates with the wider notch. However, the dierence in slope is much smaller
than that observed between the reference and the sample with 8% CGI increase
in the previous set, which had even smaller dierences in notch width. Therefore,
it was not possible to reproduce the changes observed in the NIR EQE responses
by simply varying the GGI minimum and the notch width.

4.4.1 Simulations: dierence between the eects of grading
and Cu concentration on optical behavior
In order to further investigate the dierent role of the Ga grading and of the
Cu content, simulations were performed comparing the response of the IQE of
absorbers with various gradings but same absorption function (same Cu content),
and same grading but dierent absorption functions (dierent Cu content). The
IQE simulations were based on two of the GGI gradings reported in Fig. 4.2. Absorption coecients used in the simulations were calculated as a function of Cu
and Ga contents starting from total transmittance and reectance measurements
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Figure 4.7: SIMS gradings and EQE spectra of samples with similar Cu contents (CGI increase of
14%), dierent Ga evaporation rates during initial and nal stages of the deposition
process

.

performed on non-graded single-stage absorbers with dierent compositions, using
the datasets and following a method that is explained in detail in [27]. The simulations were based on the Synopsys Sentaurus-Tcad suite (as described more in
detail in [73]) and assume constant CGI across the sample and 100% collection of
photocarriers.
In a rst set of simulations, the gradings were kept constant and only the Cu
content was modied to investigate the eects of a variation in the Cu content on
the optical properties. The grading prole chosen for this simulation corresponds to
the reference sample, whereas the CGI was varied from 0.78 to 0.93, corresponding
to an increase in CGI of 18%. An improvement in the IQE response, shown in
Fig. 4.8, is observed above the minimum bandgap upon increasing Cu content.
This behavior is similar to the results obtained in the experiments.
In a second set of simulations, the Cu content was kept constant (with CGI
xed at the reference value) whereas the GGI grading was modied, according to
the reference and to the sample with 18% CGI increase (10% wider notch). Besides
a small shift in the position of the absorption onset, no eects on the NIR-IQE
slope above the bandgap are observed. According to these simulations the increase
in the notch width alone does not explain the variations in the NIR-EQE observed

4.5. Engineering of the interface properties
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Figure 4.8: Simulated IQEs for (left) dierent Cu content, same grading and (right) dierent
grading, same Cu content.

in the experiments.
The increase in short-circuit current observed upon higher Cu contents, as
shown in Table 4.1, did not initially lead to any gain in eciency as lower FFs
and open-circuit voltages out-balance the Jsc gains. Whereas the lower open-circuit
voltages could correlate with the GGI minima, the decrease in FF indicates changes
in the material or interface quality. The results of C-V measurements (Table 4.1)
show, however, no trend in the apparent net free carrier concentration Na upon
increasing Cu content.

4.5 Engineering of the interface properties
Another experiment was performed to investigate whether the losses in opencircuit voltage and FFs could be contained despite the increase in Cu content.
The CIGS deposition process was similar to the case of the sample with 14% CGI
increase and resulted in an overall CGI of 0.89, a GGI of 0.34 and compositional
grading more similar to the one of the reference, as shown by the SIMS gradings
in Fig. 4.9. In addition, to re-adapt the interface properties to the modications
of the absorber composition, the KF evaporation rate was increased by 20%-30%
during PDT and the CdS CBD deposition time was reduced by 20%.
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The modications of the GGI, KF rate and CBD duration led to improved
electronic properties. Along the expected increase in Jsc , similar values for the
open-circuit voltage and a higher FF could be achieved, leading to the following
J-V parameters: Voc

718 mV,

Jsc

35.9 mA cm−2 ,

FF 76.8%, eciency of 19.9%.

Fig. 4.9 shows the EQE spectra of the two cells. Also in this case, the sample
with the increased CGI shows an improved NIR-EQE response. This is particularly
interesting since the GGI gradings of two absorbers have very similar GGI minima
and notch widths. Combined with the observation that the reference NIR-EQE
response is not aected by collection losses, this reinforces the conclusion of the
previous sections that the increased CGI is the main responsible for the improved
optical behavior.
Larger Jsc can be ascribed partly to a thinner CdS buer layer and partly to
the improved NIR-EQE. By integrating the EQE curves with the solar spectrum,
the relative contributions to the increase in Jsc were calculated to be
due to the thinner CdS and

0.7 mA cm−2

0.5 mA cm−2

due to the improved NIR absorption.

Figure 4.9: EQE spectra and SIMS gradings of the reference sample and the cell with 14% CGI
increase and re-adjusted PDT and CBD processes.

Each change in the co-evaporation process for CIGS growth requires adjustments in the subsequent PDT and CBD processes, for which understanding and
predictability is still lacking. The reported optimization of KF-PDT and CdS-CBD
should be seen more as a technical detail rather than having scientically relevant
meaning. Nevertheless, it was possible to exploit the improved NIR absorption
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upon increased Cu content to obtain larger eciencies with respect to the 0.79
CGI reference.

4.6 Modications of the Cu excess
Another possible strategy to modify the Cu content is acting on the amount of
Cu excess evaporated after the rst stoichiometry point. This strategy has been
already explored already by several authors [13, 127, 128]. All authors reported a
smoothening of the GGI grading prole upon increased Cu excess. This is consistent with the reported inuence of the Cu content on the In and Ga diusivities.
Barreau

et al.

[128] reported a strong inuence of the Cu excess also on the mor-

phology of the lm, suggesting that larger Cu excess leads to increased roughness
and to the appearance of large crevices between grain boundaries.

Figure 4.10: EQE responses of solar cells grown on absorber layers grown with dierent Cu excess
after the second stoichiometry point.

An experiment was performed to analyze the impact of the Cu excess on the
EQE response. In the experiment, the Cu excess evaporated after end-point detection was reduced from 5-10% to 0-5% while keeping the rest of the process
identical. A CGI reduction from 0.88 to 0.86 was obtained. The EQE responses of
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solar cells fabricated using the absorbers obtained by this process modication are
shown in Fig. 4.10. The sample with the largest CGI has the steepest EQE onset
above the bandgap. The Jsc is thus reduced by decreasing the Cu excess. These results qualitatively support the ndings of the previous sections, i.e. a lower overall
CGI leads to a decreased NIR-EQE response.
In another experiment, another attempt was made to modify the Cu excess.
The Cu excess evaporated after end-point detection was reduced in a three-sample
series from 5-10% to 2-7% and 0-5%. The EQEs of completed solar cells are shown
in Fig. 4.11. XRF CGI and GGI values are shown in Table 4.2, along the J-V
parameters of the completed cell (corresponding to the cell measured by EQE).

Figure 4.11: EQE responses of solar cells grown on absorber layers grown with dierent Cu excess
after the second stoichiometry point.

No change in the slope of the EQE onset above the bandgap of the kind reported
in the previous sections was observed in this case, and only variations of the
position of the EQE onset are present. A lower Jsc for the cell with the lower Cu
excess can therefore be ascribed to changes in the minimum bandgap. The nal
solar cell eciency is similar for all of the three processes. Interestingly, the FF
increases in the cells with reduced Cu excess, partially compensating the reductions
of Jsc . The Voc shows only minor dierences which do not reect the bandgap
variations observed in the EQEs. This may be due to variations of other factors
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−2

Cell

CGI (±0.02)

GGI (±0.01)

Voc (±1) (mV)

Jsc (±0.3) (mA cm

FF (±0.2) (%)

η (±0.3)(%)

5 - 10% Cu excess

0.89

0.32

680

35.4

76.8

18.5

2 - 7% Cu excess

0.84

0.33

682

35.0

77.5

18.5

0 - 5% Cu excess

0.80

0.32

677

34.1

78.7

18.2

)

Table 4.2: XRF values and best-cell J-V parameters of the cells of gure 4.11.

determining the Voc , like the quality of the CIGS/CdS interface or variations in the
impact of the PDT processes, which are aected by a varying Cu concentration as
discussed in section 4.5. No further attempt was made to understand why the EQE
in the sample series of Fig. 4.2 do not show the expected behavior. Still, it has to
be noted that shape of EQEs in the NIR is somewhat dierent as compared to the
sample series shown in the previous experiments, possibly due to a combination
of a modied baseline GGI grading and of possible collection losses which might
aect the result interpretation.

4.7 Further modications of the grading prole
Despite the improvements obtained by increasing the Cu concentration, absorption at high wavelengths is clearly still a major source of Jsc loss. This motivates
further attempts to modify the GGI grading in order to provide a longer optical
path length for NIR photons, for example by further increasing the width of the
low-bandgap (low-GGI) notch region. The results shown in the previous section
suggest that a modication of the grading notch width may have a chance to
tangibly modify the NIR absorption only if much more substantial than the ones
reported in Section 4.2. Increasing the notch width towards the back surface of the
CIGS lm may lead to collection losses, due to a dierence between the positions
of the region of NIR absorption and the SCR.
An attempt was therefore made to increase the notch width towards the front
of the CIGS absorber. The Ga evaporation prole was modied at the nal stage
of the deposition process by delaying the nal Ga evaporation ramp, and at the
same time increasing the nal Ga rate to obtain similar GGI at the surface for all
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samples. The modications of the Ga evaporation rate are shown in Fig. 4.12.

Figure 4.12: Estimated evolution of the metal evaporation rates for two samples produced by
varying the nal ramp of the Ga rate.

The corresponding GGI proles, as measured by SIMS, are shown in Fig 4.13.
Almost no dierence of GGI grading was observed. Therefore, it was not possible to
act on the width of the grading notch by this apparently straightforward approach.
These results suggest a that the slope of the nal Ga ramp has only a minor
inuence on the shape of the front GGI grading, which is mainly determined by
the reaction and diusion processes occurring during the nal stage deposition
stage. Therefore, changes in the position and width of the grading notch may also
have to involve modication of other growth parameters, i.e. the Cu evaporation
sequence or the overall thickness of the absorber.

4.8. Conclusions and outlook
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Figure 4.13: SIMS GGI gradings of the two samples produced by the deposition sequences in
Fig. 4.12.

4.8 Conclusions and outlook
CIGS absorbers were produced with modication of the Cu concentration below stoichiometry and the Ga-grading notch width. A distinction between charge
carrier collection and optical absorption losses was made by comparing absorptance spectra of the bare absorbers and the IQE of the completed solar cells. It
was found, that the samples exhibit nearly complete carrier collection, and that
the incomplete NIR-EQE response is to be ascribed almost solely to transmission
losses of photons at high wavelengths. The NIR-EQE losses were reduced in the
samples with a higher Cu concentration and notch width, with a resulting gain in
the Jsc . The improved NIR-EQE was observed after a rst increase in the CGI of
8%, while further increases did not lead to substantial improvements. More experiments were made in order to distinguish between the eects of the Cu content and
the grading modications. Samples with similar GGI gradings but dierent CGIs
showed similar dierences in the NIR-EQE, with improved responses for higher
CGIs. Samples with similar CGIs and dierent widths of the grading notch did
not show substantially dierent NIR-EQE responses. These results indicate that
the increased Cu concentration may be responsible for the improved absorption in
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the NIR. Even larger modications of the GGI gradings may be needed to obtain
further improvements in the optical absorption. More experiments to modify the
grading in this sense are needed.
Device simulations were performed using optical data obtained on non-graded
CIGS material produced in the same deposition system and with an identical
method for the determination of the integral composition [27]. The simulations
conrm that upon a Ga grading modication (in the investigated range) only a
shift of the minimum bandgap could be achieved. Rather, a Cu-content dependent
improved optical response in the NIR, identied as a change in slope of the absorption onset above the bandgap, can be obtained by increasing the CGI, resulting
in a Jsc gain.
However, a modication of the overall Cu concentration also modies the surface properties, thus the alkali PDT and CdS CBD processes had to be re-adjusted
in order to obtain comparable Voc and FF. A cell with an improved eciency with
respect to the reference was produced, partially also thanks to the improved optical
response upon the increased CGI.
The baseline process was modied according to these results after this study,
with a change in targeted CGI from approximately 0.79-0.83 to 0.87-0.93 and a
modied Ga grading to obtain an improved optical response in the NIR for all
samples.

4.9 Sample references
According to the internal sample numbering system, the samples used for this chapter have names:
Fig. 4.2, Fig. 4.3, Fig 4.4, Fig 4.5 and Table 4.1:

in the order TL2788, TL2794
4.9: in the order TL2836, TL2853
4.10: in the order TL2971, TL2972
4.11: in the order TL2960, TL2964, TL2965
4.13: in the order TL2852, TL2855

Fig. 4.7:
Fig.
Fig.
Fig.
Fig.

in the order TL2836, TL2838, TL2839, TL2840

Chapter 5

Post-deposition treatments
with dierent alkali uorides
This chapter is mainly based on the following publication:
E. Avancini, R. Carron, T. Weiss, C. Anders, M. Buerki, C. Schreiner, R. Figi, Y.
Romanyuk, S. Buecheler, A.N. Tiwari Eects of Rubidium Fluoride and Potassium
Fluoride Postdeposition Treatments on Cu(In,Ga)Se2 Thin Films and Solar Cell
Performance [83]

, Chemistry of Materials 22(29), 9695-9704, 2017. Adapted with

permission. Copyright 2017 American Chemical Society.
My own contribution to this publication consisted in: design of the the experiments, deposition of CIGS, completion into solar cells, measurement and analysis of: SIMS, XRF, J-V,
EQE, SEM; analysis of: XPS, ICP-MS (in collaboration with M. Buerki, C. Schreiner, R.
Figi-who conducted the measurements- and Y. Romanyuk); interpretation of the results.
ICP-MS, XPS and in part SEM experiments on KF-PDT treated samples are shown and
described here for comparison but were designed, measured, analyzed, interpreted by P.
Reinhard. ICP-MS and XPS data on KF-treated samples (Fig.5.2 (a) (b) and and 5.3):
previously in part published by P. Reinhard in [96], and also, in the modied format shown
below in agreement with the publiher, in [83].
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5.1 Motivation for application of heavier alkali uorides
As mentioned in section 1.9 of the introduction, record eciencies have been
obtained by using post-deposition treatments with both potassium uoride (KF)
and rubidium uoride (RbF). Both lead to substantial improvements of the solar
cell performance as compared with NaF PDT alone (or other methods of Na incorporation). The comparison of record results in the literature oers however little
indication of the specic dierence and similarities between the two treatments.
Similar treatments performed on absorbers with dierent qualities may in fact lead
to very dierent outcome in terms of properties of the the CIGS lm and related
solar cell performance.
The most recent density functional theory (DFT) calculations [94] indicate
that a similar K- or Rb-containing compound segregation could be occurring at
the CIGS surface following KF or RbF PDT. This suggests that similar mechanism
may be responsible for the solar cell performance enhancement in the two cases.
In the following chapter, the eects of KF and RbF PDTs are investigated on
CIGS absorbers with comparable deposition parameters and properties. The study
investigates the eects on the solar cell electronic properties, as well as the CIGS
lm's composition at surfaces and in the bulk. Some older results obtained on KF
PDT-treated CIGS lms (from [96]) are compared with newer results obtained by
RbF PDT.

5.2 Eects of dierent PDTs on the solar cell electronic properties
Table 5.1 compares the J-V parameters of solar cells based on CIGS absorbers
layers treated with dierent PDTs. Individual cells were selected from samples
with similar Cu concentration and GGI grading in the absorber. Absorbers with
average GGI values between 0.34 and 0.36 are used, as determined by the intensity
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PDT

NaF only

Eg

Voc decit

Voc

FF

(±10) (meV)

(±10) (meV)

(±1) (mV)

(±0.2) (%)

1160

460

Average sample
NaF+KF

1140

420

Average sample
NaF+RbF

1150

430

Average sample

Jsc

eta

−2

(±0.3) (mA cm

)

(±0.3)(%)

696

76.3

33.6

17.9

695

76.5 ± 0.4

33.2

17.6

718

76.8

35.9

19.9

719

76.8 ± 0.3

35.6

19.6

716

77.3

35.7

19.7

717

77.6 ± 0.3

35.2 ± 0.5

19.6

Table 5.1: J-V parameters of solar cells grown on CIGS absorbers with dierent PDTs, comparing
NaF only, NaF+KF and NaF+RbF. Values are given for the best cell and for the
average of the four cells with the highest eciency in each six-cell sample. The standard
deviation is reported on average values only if larger than the estimated uncertainty
on a single-cell measurement.

XRF. The CGI ratios range between 0.88 and 0.92. The minimum bandgap was

2

determined by linear extrapolation of the Tauc plot ((photon energy x EQE)

vs

photon energy) for values between 25% and 75% of the EQE maximum. An uncertainty for so-derived energy band gap values is estimated to be

10 meV.

It is

important to ensure similar response of the EQE in the near-infrared (NIR) region,
in order to minimize the impact of possible systematic errors in the determination
of the minimum bandgap. The Voc decit of the dierent cells, calculated as the

Eg /q − Voc ,

is also given in Table 5.1.

All cells with NaF+KF and NaF+RbF PDTs show an improved performance
in comparison to the cell treated with NaF PDT only, with a reduction of the
Voc decit of approximately

30 mV

to

40 mV,

as well as higher FFs and Jsc s. This

results in higher eciencies for the KF and RbF treated cells. The EQEs of the
samples presented in Table 5.1 are shown in Fig. 5.1. For the NaF-only cell a
lower Jsc originates from a reduced response in the UV region due to increased
parasitic absorption by the thicker buer layer, necessary when a NaF-only PDT
is employed. Also, the Jsc is reduced by a decreased EQE response in the nearinfrared, due to a possible incomplete photocarrier collection.
Table 5.2 shows the photovoltaic properties of solar cells based on absorbers
treated by NaF+RbF PDT with variations of the RbF evaporation time and rate.
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Figure 5.1: EQEs of solar cells presented in Table 5.1.

The results are compared to a reference (standard 20min+20min, i.e. 20min NaF
+ 20min RbF) corresponding to the baseline process for RbF PDT. In order to
reduce as much as possible the eects of unwanted uctuations in the multilayer
quality, all samples in Table 5.2 belong to the same sample series (consecutive
CIGS growth runs, same CBD bath and ARC deposition, equivalent parameters
for the ZnO-based window layers). Larger amounts of RbF were evaporated by
either a longer evaporation time and by a larger RbF evaporation rate. In the
rst case, the RbF PDT duration was prolonged by 10 minutes. Considering the
cool-down of the RbF source during the PDT, this results in an additional amount
of evaporated RbF of approximately 30% as compared to the standard. The larger
evaporation rate was obtained by increasing the source temperature by 20°C. This
corresponds to a doubling of the RbF evaporation rate.
Previously reported results [7] and the results above show that, by adding
suitable amounts of KF or RbF during PDTs, the Voc decits are reduced by
approximately

30 mV

to

40 mV,

and the FFs are increased by 1-2% absolute com-

pared to cells with a NaF PDT only. Furthermore, the additional KF treatment
allowed a reduction of the CdS layer thickness without losses in the FF and Voc .
This led to an increased Jsc due to reduced parasitic absorption. Similarly reduced
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PDT

Est. add. RbF

NaF+RbF (std. 20min+20min)

Eg

Voc decit

Voc

FF (%)

(±10) (meV)

(±10) (meV)

(±1) (mV)

(±0.2) (%)

1160

440

standard

Average sample
NaF+RbF (20min+30min)

+30%

1160

450

Average sample
NaF+RbF (20min+20min, RbF+20

◦

C)

+100%

Average sample

1150

470

Jsc

eta

−2

(±0.3) (mA cm

)

(±0.3)(%)

723

77.8

32.6

18.4

722

77.6 ± 0.4

32.4

18.2

711

75.9

33.2

17.9

710

75.7

33.1

17.8

676

72.0

34.5

16.8

672 ± 3

70.6 ± 1.0

34.7

16.5

Table 5.2: J-V parameters of solar cells grown on CIGS absorbers with dierent PDTs, comparing
NaF only, NaF+KF and NaF+RbF. Values are given for the best cell and for the
average of the four cells with the highest eciency in each six-cell sample. The standard
deviation is reported on average values only if larger than the estimated uncertainty
on a single-cell measurement.

buer layer thicknesses are also possible in the case of NaF+RbF PDTs. Results
regarding even further reductions of the CdS buer layer are shown in section 5.5
of this chapter.
Similarly to the case of KF [86], degraded FF and Voc are observed when too
much RbF is added by either increasing the evaporation rate or the PDT duration.
As previously observed [86], KF PDT results in the formation of a barrier for the
injection current, which can in some cases lead to signicant deterioration of the
Voc and FF. In the case of RbF, the formation of a similar barrier is also suspected,
which counter-balances the benecial eects of RbF PDT when too much RbF is
added. A detailed study of the formation and eects of such barrier is published
in [133]. Slightly increasing or decreasing the amount of RbF added by PDT does
not signicantly aect the solar cell performance. Similar J-V parameters could
be obtained for RbF PDT durations between 15 min and 25 min, corresponding
to approximate variations of respectively -17% and +19% in the total RbF added,
with respect to the standard process (20 min). Further reductions of the amount
of RbF lead to solar cell performances approaching those obtained by NaF PDT
only.
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5.3 Compositional modications: surface alkali content
According to recent rst-principle calculations, a segregation of a KInSe2 layer
is expected as a consequence of KF PDT [94]. Such compositional modication of
the surface was experimentally observed for KF-treated CIGS layers [127]. In the
following, compositional and morphological analysis of CIGS layers is presented,
comparing NaF-only, NaF+KF and NaF+RbF PDTs, in order to investigate if
experimental evidence corroborates the theoretical predictions. CIGS layers are
analyzed by ICP-MS and XPS after dierent surface chemical treatments. The distribution of alkali elements in the absorbers is analyzed by SIMS and TEM/EDX.
ICP-MS/OES and XPS results obtained on absorber treated with KF were previously shown and are presented again here to allow for direct comparison with the
corresponding measurements concerning PDTs with RbF.

5.3.1 ICP-MS
The concentrations of alkali elements in CIGS lms with dierent PDTs and
surface treatments, as measured by ICP-MS, are shown in Fig. 5.2. The measurement error is estimated from the amount of external contamination measured in
empty sample preparation vials if available. Else, the detection limit is given to
underline the condence in the data.
Fig. 5.2 (a) shows a comparison of alkali concentration in CIGS layers treated
by NaF-only and NaF+KF PDTs, measured before and after rinsing with diluted
ammonia. In layers without rinsing, the Na concentration is approximately 1 at.%.
K concentrations are below the detection limit in the NaF PDT sample and 0.5
at.% in the NaF+KF PDT sample. In the rinsed layers, the Na concentrations
drop but a signicantly larger potassium concentration is measured in KF treated
layers (data: [12] and related experiments).
In a separate experiment (Fig. 5.2 (b)), three dierent PDTs were compared:
NaF only (20 min), NaF+KF (20 min and 20 min), and a modied NaF+KF (KF

5.3. Compositional modications: surface alkali content

Figure 5.2:
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*(a), (b): previously partially shown by Reinhard et al. [96] Concentrations of Na,
K and Rb in CIGS lms treated with dierent PDTs, measured by ICP-MS on asdeposited absorbers, after rinsing with diluted ammonia (2 M) and after etching
with diluted HCl (3 M). In Fig. (a) and (b), the CIGS was removed from the PI
and molybdenum substrate before the measurement, whereas the concentrations reported in Fig. (c) and (d) include possible contamination of the substrate with alkali
elements.
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PDT increased to 60 min). Na and K concentrations were measured in layers after
rinsing and after etching with diluted HCl. In the rinsed layers, Na concentrations
are

(0.07 ± 0.04) at.% for the sample with NaF-PDT only and below the detection

limit for the samples with additional KF. Potassium concentrations are
0.01) at.% for the sample with no intentional KF, and respectively
at.% and

(0.39 ± 0.01)

(0.04 ±

(0.26 ± 0.01)

at.% for the samples with shorter and longer KF PDT.

In the layers etched with HCl, Na concentrations are unchanged in all samples,
but potassium concentrations are reduced signicantly (data:

[12] and related

experiments).
Fig. 5.2 (c) shows elemental concentrations measured on samples treated by
NaF PDT only and by NaF+RbF PDT. The alkali concentrations were measured on as-deposited absorbers and after rinsing with diluted ammonia. In the
as-deposited samples, Na concentrations above 2.5 at.% and 1.5 at.% are measured
respectively for the samples with and without intentional RbF. The Na concentration is reduced by the rinsing to
and to

(0.10 ± 0.01)

(0.16 ± 0.02)

at.% in the sample with NaF PDT

at.% in the sample treated with NaF+RbF PDT. Rb con-

centration is always below the detection limit in the sample with no intentional
Rb addition. In the sample with additional RbF PDT, the Rb concentration is
reduced from

(0.17 ± 0.01)

at.% before the rinsing to

(0.10 ± 0.01)

at.% after.

In Fig. 5.2 (d), ICP-MS measurements on samples with NaF PDT followed by
a standard (20 min) and longer (60 min) RbF PDT are presented. Similarly as in
the experiments illustrated in Fig. 5.2 (b), alkali elements are measured in layers
after rinsing with diluted ammonia and after etching with diluted HCl. The Na
concentration is equal in rinsed and etched layers. Na concentrations of respectively

(0.10 ± 0.01)

at.% and

(0.04 ± 0.01)

at.% were measured in the samples with the

shorter and longer additional RbF PDT. In rinsed samples, the Rb concentration
is

(0.11 ± 0.01)

at.% for the shorter RbF evaporation time and

(0.19 ± 0.01)

at.%

for the longer one. The etching step reduces the Rb concentration to equal values
of

(0.8 ± 0.01)

at.%.in both samples.
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*previously shown by Reinhard et al. [96]. XPS core-level intensities of matrix elements on CIGS surface dipped in a diluted ammonia solution with Cd acetate.
Measurements performed on CIGS samples with no, NaF and NaF+KF PDTs.

5.3.2 XPS
Further characterization of the surface composition was performed by XPS on
samples treated by dierent PDTs. The samples were dipped for approximately 20
min in a diluted ammonia solution with cadmium acetate. Cd acetate is typically

2+

used as the source of Cd

ions in the deposition of the CdS buer layer. Results

in Fig. 5.3 were previously shown and discussed [96], and are re-discussed here for
comparison with the experiments concerning RbF PDT . XPS core level intensities
are compared between CIGS absorbers treated with PDT, NaF PDT and NaF+KF
PDTs. The In 3d5/2 and Se 3d5/2 intensities are similar for all samples. The Cu
2p33/2 and the Ga 2p3/2 core level intensities are similar in the cases of no- and
NaF- PDT, but greatly reduced in the sample with additional KF PDT. The Cd
3d5/2 peak intensity is also similar for the cases of no- and NaF- PDT, and strongly
increased on the sample with additional KF (data: [96] and related experiments).
In Fig. 5.4 the XPS core level intensities are compared between a sample treated
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Figure 5.4: XPS core-level intensities of matrix elements on CIGS surface dipped in a diluted
ammonia solution with Cd acetate. Measurements performed on CIGS samples with
NaF, NaF+RbF, and NaF+longer RbF PDTs.

by NaF PDT, and samples with NaF PDT followed by a standard (20 min) and
longer (60 min) RbF PDT. The Se 3d5/2 peak is similar for all samples. The In 3d52
intensity is slightly more intense on the two samples with RbF PDT, as compared
to the NaF-only reference. The Cu 2p3/2 and Ga 2p3/2 core level intensities are
reduced on the samples with RbF. In, Cu and Ga peaks do not show signicant
dierences when comparing the samples with the shorter and longer RbF PDT.
The Cd 3d5/2 core level intensity is lowest in the sample with no intentional Rb
addition, and increases with increasing RbF evaporation time.
The Rb 3p3/2 core level intensity was measured by XPS on the sample series
presented in Fig. 5.2 (d) and in Fig. 5.4. Fig. 5.5 shows a comparison of the Rb
intensity after the samples were rinsed with diluted ammonia, after a bath in
diluted Cd acetate, and after ammonia rinsing plus etching by diluted HCl. A
poor signal to noise ratio is obtained due to relatively low Rb concentration. As
expected, the Rb 3p3/2 peak cannot be distinguished from the background noise
for the sample with no intentional Rb addition. The appearance of a Rb 3p3/2 peak

5.3. Compositional modications: surface alkali content
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Figure 5.5: XPS core-level intensities of matrix elements on CIGS surface dipped in a diluted
ammonia solution with Cd acetate. Measurements performed on CIGS samples with
NaF, NaF+RbF, and NaF+ longer RbF PDTs.

can be observed in the samples with intentional RbF PDT and rinsed in diluted
ammonia. The peak is more intense for the sample with the longest RbF PDT
duration. Similar trends in the Rb 3p3/2 peak are observed in the samples dipped
in the Cd

2+

ion bath, although with a reduced peak intensity, especially in the

case of the sample with the longest RbF PDT. Signicant amounts of Rb remain
therefore on the surface even after the Cd-ion treatment. On the samples treated
by HCl, only a small Rb 3p3/2 signal can be distinguished from the background
for the two samples with RbF.

5.3.3 Interpretation of results
The reduction of the alkali concentrations in rinsed layers, measured by ICPMS, is consistent with the dissolution in water or dilute ammonia of alkali uoride
crystals accumulated on the CIGS surface, which was previously shown in the case
of NaF and NaF+KF PDTs [105]. Relatively to the total amounts added by PDTs,
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nearly all of the Na is reduced (dissolved) by rinsing to concentrations in the order of the reported solubility limit of Na in polycrystalline CIGS thin lms (0.1
to 0.2 at.%). Lower amounts of K and Rb are removed by the rinsing relatively
to the concentrations measured on non-rinsed absorbers (total amounts added by
the PDT). Compared to Na, larger parts of the K and Rb added by PDTs remain therefore incorporated in compounds that cannot be washed away by rinsing
with diluted ammonia. Rb concentrations in PI/Mo/CIGS stacks increase with
increasing RbF evaporation time (Fig. 5.2 (d)) both in as-deposited and in rinsed
absorbers. The amount of Rb removed by etching is larger in the sample with a
longer RbF evaporation time. This conrms the presence of a Rb-rich surface layer
that can be completely or partially removed by HCl etching. The amount of Rb
accumulated in this surface layer increases with increasing duration of the RbF
PDT. Due to a possible overestimation of the Rb concentration (potential incorporation of Rb in the PI/Mo substrate) in ICP-MS measurements, it is not possible
to quantify the exact concentration of Rb incorporated at the surface layer and
in the bulk of the CIGS. An upper limit can however be given. After rinsing in
diluted ammonia, Rb is present in maximal concentrations of approximately 0.1
at.% for the standard RbF PDT and 0.2 at.% for the longer one. After etching
the Rb-rich surfaces with diluted HCl, the maximal Rb concentration in the CIGS
layer is found to be independent of the RbF PDT duration, indicating that the
Rb accumulates in the CIGS layer up to a given solubility limit which does not
depend on the PDT duration. These results also suggest that additional amounts
of Rb accumulate at the surface in compounds that can be etched away by diluted
HCl. An analogous behavior is observed for potassium in KF-treated absorbers
(Fig. 5.2 (a) and (b)) [96]. The XPS Rb 3p3/2 peak intensities conrm that the
amount of Rb at rinsed CIGS surfaces increases with increasing RbF evaporation
time. The peak is strongly reduced after HCl etching, independently of the PDT
duration. This conrms that a Rb-rich surface layer can be completely or partially
etched out by diluted HCl. No uorine core-level signal could be distinguished
from the background in any of the samples measured by XPS , indicating that the
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rinsing procedure eciently removes the uorine-rich compounds present on the
surface after PDT. XPS results also indicate that RbF PDT induces Cu and Ga
depletion at the CIGS surface. After the Cd

2+

ion treatment, the Cd concentra-

tion at the CIGS surface is larger for the layers treated with RbF, as indicated by
the core level intensities of Cd 3d5/2 . A similar result was previously observed for

2+

KF PDT. The XPS measurements of Fig.4 show that, after the Cd

ion bath, a

signicant amount of Rb is still present at the surface. It was recently suggested
by Lepetit [103] that the alkali elements could be substituted by Cd during CdS
CBD. A complete substitution of Rb by Cd at the surface is not observed after

2+

the treatment with Cd

ions, however, a partial substitution cannot be excluded.

RbF PDT leads therefore to the formation of a Rb-rich, Cu-poor and possibly
indium-rich and Ga-poor surface. The Cd surface enrichment is likely to occur
also during the rst minutes of the deposition of CdS by CBD, when no heterogeneous nucleation of CdS takes place yet but Cd

2+

ions are available in the CBD

solution. These trends in the XPS core-level intensities of Cu, Ga, In and Cd are
also observed for KF PDT, as already discussed [7, 96] and presented again for
comparison in Fig. 5.3.

5.4 Alkali distribution and ion substitution
The distribution of alkali elements throughout the thickness of CIGS thin lms
was investigated by SIMS depth proling. Fig. 5.7 shows SIMS proles of samples
with NaF, NaF+KF, and NaF+RbF PDTs. The Cu prole is shown as a reference
matrix element to guide the eye for the relative changes in the intensities of alkali
element. The samples have similar CGI ratios of approximately 0.9 as measured
by XRF. No signicant change in the Cu distribution is expected throughout the
sample thickness. A small increase of the Cu signal from the front to the back of
the absorber is observed, which could be the consequence of forward implantation

2+

of Cu atoms during the sputtering with O

ions. A small variation in the Cu

concentration throughout the lm thickness cannot be ruled out. A similar eect
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Figure 5.6: STEM/EDX cross-sectional mapping of the Rb distribution in a completed CIGS
solar cell.

on the alkali elements cannot be excluded. All alkali elements tend to accumulate at the front and the back interfaces of the absorbers, with somewhat lower
concentrations in the center. The majority of alkali elements are expected at surfaces and grain boundaries but a small alkali accumulation can also be observed
in the central region of each layer. Fig 5.6 shows a TEM cross STEM/EDX crosssectional mapping of the Rb signal intensity (sample referred to as Sample 3" in
chapter 3). The map conrms that Rb mostly accumulates at grain boundaries
and at the surface. Quantication is however dicult due to the poor S/N ratio
obtained in the TEM map.
The accumulation at the front appears to be relatively smaller for Na in the
NaF PDT layer and larger for K and Rb in the NaF+KF and in the NaF+RbF
layers, respectively. The sharpness of the front K peak has been subject of previous
investigation by Reinhard

et al. [96]. The SIMS signals at an interface can however

be inuenced by the dierent sputtering yields for Rb and K and by dierent
implantation yields for recoil and cascade mixing, which may lead to apparent
interface broadening [134] and may dier depending on the atomic weight of the
elements at the surface. Due to such possible artifact, it is dicult to give an
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unequivocal interpretation to these results in terms of segregation of an alkali-rich
phase at the surface.
The Na signal is reduced by more than one order of magnitude in the samples
with additional KF or RbF PDTs, despite an initial NaF PDT in all of the three
samples with equal duration. SIMS measurements indicate therefore that a large
part of potassium and Rb accumulate mostly close to the CIGS front surface. This
is in line with the previously reported ion exchange mechanism [7]. Both K and
Rb tend therefore to partially substitute Na during KF or RbF PDTs.

Figure 5.7: SIMS depth proles signals from Na, K, Rb and Cu in samples treated by NaF PDT
(left), NaF and KF PDT (center) and NaF and RbF PDT (right).

5.4.1 Modications of the surface morphology
SEM micrographs of the CIGS surface after dierent PDT treatments are
shown in Fig. 5.8. The surface of NaF PDT CIGS layers after rinsing appears
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smooth and similar to the surface of absorbers without any PDT (not shown),
as previously reported [105]. A signicantly altered morphology can be observed
on the surfaces of the layers treated by NaF+KF and NaF+RbF. In both cases,
patterned surfaces are observed. The patterning pores on the RbF-treated surface appear smaller (approx.

10 nm)

than for the KF treatment (30 nm to

50 nm).

The size and distance of the patterning can be heavily inuenced by the CIGS
deposition and PDT parameters.
After etching the CIGS surface for 1 min with a 3 M HCl solution, the patterning is completely removed in the case of KF and partially removed in the case
of RbF. In the latter case, the features appear blurred and less dened than after
rinsing. An apparent blurring of a specic surface morphology could be aected
by SEM-related artifacts. However, the SEM micrographs showing comparison of
layers with or without HCl etching were acquired in the same measurement session
without breaking the vacuum and with no change in the stigmation and contrast
parameters. Comparable quality of the focusing was veried by similar denition
of the grain edges. Etching of RbF-treated surfaces with a more concentrated HCl
solution (6 M) resulted in further fading of the patterned morphology. The Rb-rich
surface layer seems therefore to be more resistive to HCl etching than the corresponding K-rich surface layer induced by KF PDT, which completely disappears
after etching.
Patterned surface layers with signicantly dierent morphologies were also observed. Two examples (for KF and RbF PDTs) are given at the bottom of Fig 5.8.
In these cases, the surface patterning appears like a precipitate of nanosized grains,
with diameters of

10 nm

to

20 nm.

The morphology strongly depends on the de-

position and PDT conditions, such as the Se pressure and the Cu concentration
in the CIGS.
As previously reported for KF PDT layers [105] and discussed above, the
nanopatterned surface was associated with the presence of a layer of a dierent
phase, namely "KIS" (potassium- and indium- rich, Cu poor, possibly KInSe2 ).
The K-rich phase could be completely etched away by HCl (3 M for 1 min). Dier-
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ent patterned morphologies can be observed both in the case of RbF and KF PDTs.
With the concentrations and etching times used in these experiments (1 min, 3
M) the patterned morphology of RbF-treated surfaces does not vanish completely
after the HCl treatment.
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Figure 5.8: SEM top-view images of CIGS thin lms treated by NaF PDT, NaF+KF PDT, and
NaF+ RbF PDT. Samples were rinsed in diluted ammonia (H2O+NH3) or etched
with a diluted H2O+HCl solution, as specied in the gure. Credits samples, SEM
gures for: "NaF+KF" rinsed and "NaF+KF" etched: Patrick Reinhard/Empa

5.5. CdD buer layer thickness and growth
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5.5 CdD buer layer thickness and growth
The introduction of KF PDT allowed a signicant reduction of the CdS thickness without degradation of the photovoltaic properties. A possible explanation
for this has been given by Friedlmeier and co-workers [98], who showed that CBDCdS grows with improved coverage on KF-treated CIGS surfaces. In particular,
at non KF-treated CIGS surface, CBD-CdS may grow inhomogeneously and with
poorer coverage at facets of CIGS grains with particular surface orientations. A
CdS layer with a large average thickness is thus needed to achieve everywhere a
sucient coverage for the formation of a high-quality junction. This also implies
that, on facets where CdS grows with higher rates, an unnecessarily thick CdS layer
may be present. This is mitigated by KF treatments, where an average thinner
CdS layer is thus sucient.
The improvements achieved by KF PDT in this sense naturally motivate more
investigations on samples treated by RbF PDT. It was already shown in the previous sections that similar CdS thicknesses can be employed at KF-treated and
RbF-treated absorbers. But are further thickness reductions possible?
Table 5.3 shows J-V parameters and Voc decits for solar cells with CdS-CBD
deposition times below the standard (14 min) for CdS deposition (best cell in each
six-cells sample). Corresponding EQEs of the same cells are shown in Fig. 5.9. As
apparent from the EQE shoulders corresponding to CdS absorption in the
to

400 nm

550 nm range, the CdS thicknesses are reduced with reduced CBD duration. The

12 min CdS CBD resulted in a CdS thickness slightly larger than than typically
achieved by a standard 14 min CBD, possibly due to dierent initial conditions of
the CIGS surface. All other samples have apparent CdS thicknesses below those
achieved by a standard 14 min CBD, as expected from the shorter CBD durations.
Dierences of the minimum bandgap within the sample series prevent a direct
comparison of the Jsc s. However, whereas bandgap variations produce opposite
and compensating eects on the Jsc and Voc , reduced parasitic losses by the CdS
should result in a net eciency gain.
It is encouraing to see that the shorter CdS deposition corresponds indeed to
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Eg

Voc decit

Voc

FF

(±10) (meV)

(±10) (meV)

(±1) (meV)

(±0.2) (%)

Jsc

eta

12 min

1163

443

720

76.9

33.9

18.8

11 min

1155

454

701

76.1

34.8

18.5

10 min

1178

453

725

74.7

34.1

18.5

9 min

1154

429

725

75.0

35.1

19.1

−2

(±0.3) (mA cm

)

(±0.3)(%)

Table 5.3: J-V parameters of solar cells with decresed CdS-CBD durations.

Figure 5.9: EQE response of solar cells with low CdS-CBD deposition times. Corresponding J-V
parameters are shown in table 5.3

the highest eciency within the series and that the Voc decits do not show a
decreasing trend. Also, the Voc decit of the sample with the shortest CBD duration is comparable to that of high-eciency baseline devices (see chapter 5).
However, these gains are mitigated by reduced FFs. In addition, Voc decits show
a somewhat large variability with higher values for the samples with 11 min and 10
min CBD, which does not allow an easy interpretation. This irreproducible behavior might indicate that with such low CdS thicknesses, even minor unpredictable
uctuations of the deposition parameters lead to relatively strong eects in the
interface quality, aecting therefore process reliability.
Another issue of concern is the texture of the grown CdS lm. In the CBD solution, ammonia complexes Cd

2+

ions. The reaction rate is determined by the avail-
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2

ability of S

and thus by the decomposition rate of thiourea, which is thermally

activated. The presence of surfaces aect the stability of the ammonia-Cd

2+

com-

plexes, which promotes heterogeneous nucleation. The concentrations and heating
rates are designed to minimize the rate of homogeneous nucleation in the solution.
Still, the formation of colloidal particles is inevitable and their precipitation on
the CIGS sample surface can occur in some cases even for short deposition times.
Fig. 5.10 shows two situations, in which a CdS-CBD (12 min and

40 s)

two dierent concentrations of precipitated CdS particles with radius of

results in

30 nm

to

50 nm.
The two RbF-treated CIGS lms were deposited by two slightly dierent deposition processes. The sample resulting in reduced colloidal precipitation was
annealed for

1 hour 1 h

in Se atmosphere at

450 celsius

after CIGS growth and

prior to PDT. It is unclear, whether the dierent concentration of precipitates is
a direct result of the dierent initial conditions of the CIGS surface or if it simply
given by the dierent position in the CBD baker.

Figure 5.10: Dierent concentrations of precipitated CdS particles on two dierent CIGS surfaces
after performing CdS deposition in the same bath for the same deposition time. The
sample with the larger particle concentration was deposited via a modied CIGS
deposition process. The modication consisted in an additional

1h

annealing in Se

atmosphere after CIGS deposition and prior to PDT.

In conclusions, for RbF-treated CIGS lms, it is probably possible to reduce
the CdS thickness below that of the baseline process shown in chapter 5, without

106

Chapter 5. Post-deposition treatments with dierent alkali uorides

loss in electronic performance, although it is not yet demonstrated that high FF
can be obtained. However, this may result in irreproducible behavior which could
complicate the interpretation of experiments not focused on the properties of the
CIGS/CdS interface. The CIGS surface conditions needed to minimize aggregation
of colloidal particles are still not identied.

5.6 Conclusions
J-V parameters indicate that the RbF PDTs and KF PDT similarly improve
the performance of solar cells based on low-temperature co-evaporated CIGS thin
lms. The benets of RbF and KF PDT consist in increased open circuit voltages
and ll factors. Excessive amounts of RbF or KF result instead in degraded photovoltaic properties, possibly due to the creation of a barrier at the CIGS/CdS
interface. The thickness of the CdS layer can be reduced without loss of photovoltaic properties if KF or RbF PDTs are applied. Further reductions are possible,
although high FF and process reliability with very thin CdS layers are still to
be demonstrated. In both cases of KF and RBF PDT, the CIGS surface is depleted of Cu and enriched with Rb or K, as measured by XPS and ICP-MS and
earlier already reported for KF PDTs [96]. The ndings presented in this chapter
experimentally corroborate the predictions of DFT calculations [94] that, during
PDTs, secondary phases consisting of RbInSe2 and KInSe2 segregate at the CIGS
surface. The segregation of such secondary phases at the CIGS surface results in
a patterned surface morphology. Furthermore, both Rb and K substitute Na in
the CIGS bulk. This analysis suggests therefore that KF PDT and RbF PDT are
equally eective in improving the performance of CIGS solar cells, likely due to
similar mechanisms of chemical modications of the CIGS surface and bulk.

5.7 Sample references
According to the internal sample numbering system, the samples and specimen used for this chapter
have names:

5.7. Sample references

in the order TL2885, TL2853, TL2892
in the order TL2887 15'CBD, TL2888 15'CBD, TL2893
Fig 5.2: a-TL2500 TL2499 (PR), b-TL2621,2620,2642 (PR), c-TL2907 and TL2909, d-TL2990
TL2991 TL2992
Fig 5.3: TL2599, TL2598, TL2597
Fig 5.4: TL2990, TL2991, TL2992
Fig 5.5: TL2990, TL2991, TL2992
Fig 5.6: TL2910
Fig 5.7: in the order TL2907, TL2838, TL2909
Fig 5.8: (in the order NaF, NaF+KF (top to bottom), NaF+RBF (top to bottom)): TL2885;
TL2638 1 year (PR), TL2638 1 year HCl (PR), TL2797; TL2997, TL2997HCl, TL2904
Table 5.3: in the order TL2921, TL2929, TL2930, TL2931
Fig 5.10: TL2911, TL2911 1h Se anneal

Fig. 5.1 and Table 5.1:
Table 5.2:
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Chapter 6

Conclusions and Outlook
In this thesis, the material properties of CIGS thin lms were investigated in
relation to the optical and photovoltaic characteristics of completed solar cells.
In chapter 3, the CIGS low-temperature multi-stage co-evaporation process
was studied at its dierent stages with the aim of understanding the formation
mechanism of structural defects such as voids and compositional inhomogeneities.
It was found, that the formation of these structural defects is related to a necessary
intermediate deposition stage during which the Cu concentration in the growing
CIGS lms is brought to exceed stoichiometric ratios. The distribution and properties of voids and compositional inhomogeneities in completed lms were studied,
and results of device simulations were shown to investigate their impact on the
photovoltaic parameters of CIGS solar cells.
In chapter 4, the Ga-to-In compositional grading and the overall Cu concentration were modied to understand their inuence on the optical characteristics of
CIGS thin lms. An improved near-infrared optical behavior was obtained upon
an increased Cu concentration and modied compositional grading in the CIGS
absorbers, partially exploiting the inuence of the Cu concentration on the NIR
absorption coecients. These modications yielded an improved short-circuit current density in completed solar cells.
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In chapter 5, post-deposition treatments with dierent alkali uorides were
analyzed to study their eect on the composition of CIGS surfaces and bulk. It
was found, that potassium uoride and rubidium uoride PDTs similarily alter
the surface composition, leading to Cu surface depletion and alkali accumulation.
This supports the results of theoretical models found in the literature indicating
the formation of secondary KInSe2 and RbInSe2 phases. CIGS thin lms treated
by KF and RbF PDTs yield very similar photovoltaic parameters in completed
solar cells.
A more detailed summary of the main ndings of this thesis is the main topic
of this chapter. A discussion is also made on how these results, the methods for
obtaining them, and their comparison with more indications found in the literature
may suggest possible pathways to further investigate and tailor the properties and
characteristics of CIGS thin lms.

6.1 Compositional grading and structural defects
Investigations on the compositional and microstructural evolution during lowtemperature multi-stage co-evaporation, presented in chapter 3, showed that voids
and compositional inhomogeneities are formed during the intermediate stages of
the deposition process. It appears, that the formation of such defects is an intrinsic
consequence of the chosen deposition method, which requires a stage in which
the lm stoichiometry turns from Cu-poor to Cu-rich. This is essential for the
formation of large grains with a low density of planar defects, following a recrystallization process triggered by the compositional transition. It is indeed this
stage that also results in the formation of voids and compositional inhomogeneities,
caused by the inhomogeneous segregation of Cu-Se phases at open crevices and
grain boundaries.
Device simulations indicated that the impact of the Ga and In inhomogeneities
on the scale observed by EDX-STEM is limited and does not eect the solar cells'
PV properties. However, the simulations performed so far excluded some yet poorly
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quantiable phenomena. Especially, lattice strain may enhance the bandgap uctuations beyond the magnitude expected from the bare dependency of the bandgap
of the GGI. Lattice strain can be caused by compositionally-dependent variations
of the lattice constants. Direct measurements of the bandgap uctuarions do not
seem to be easily accessible by electron microscopy-based methods [135], and precise quantication is probably dicult. Theoretical considerations suggest that
compressive strain may enhance the bandgap uctuations to a magnitude likely to
have an impact on the electronic properties of the solar cells [114], and limit the
Voc by several tens of

mV.

A rather straightforward solution to eliminate this type of bandgap uctuations may be to completely eliminate Ga from the front region of the CIGS
lms. Although Ga alloying may still be essential for the passivation of the back
interface with a back-surface grading, high eciencies of above 19% have been
demonstrated at Empa using Ga back-graded CIGS absorbers with pure CIS at
the front [136]. In those absorbers, the thickness of the Ga-free layer is thought to
include the whole space-charged region and the region where most of the optical
absorption takes place. Obviously, these cells cannot be eected by lateral GGI
inhomogeneities, which may partially explain their rather low Voc decits. This,
however, comes at a cost. The bandgap of CIS is outside the range corresponding
to the maximum theoretical solar cell eciencies in the Schockey-Queisser limit,
which compensates the possible benets of the reduced material complexity. Still,
there are other possibilities to increase the minimum band gap.
Sulfur alloying is already employed in record-eciency sequentially grown (sputteringselenization) absorbers, but this does not seem to be feasible during co-evaporation
processes. S has a high volatility and once introduced in a co-evaporation vacuum
chamber, a certain S vapor pressure is always expected regardless of the precautions taken to avoid cross-contamination between the dierent eusion cells.
Active control of the S incorporation at dierent stages is therefore likely problematic. Incorporation of evaporated S is promoted by Cu-rich conditions, resulting
in S gradients across the thickness [137]. This is also likely to lead to lateral S
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and Se inhomogeneities of the kind already observed with respect to In to Ga in
double-graded CIGS, due to inhomogeneous Cu distributions in the intermediate
deposition stages. A more feasible option could be S incorporation by annealing
in S or HS atmosphere after CIGS deposition in a separate chamber.
Also silver alloying seems to be a viable possibility: reasonably at Ag to Cu
gradient proles have been reported in Ag-alloyed co-evaporated CIGS layers with
good crystallinity [138]. This suggests that Ag, similarly to Cu, may distribute
evenly across CIGS lms. Still, pure AgInSe2 has a band gap only approximately

0.18 mV

larger than CuInSe2 [139], and a very substantial Ag concentration is

therefore needed to increase the minimum bandgap closer to values corresponding
to the Schockley-Queisser maxima. More investigation is needed on the eects of
Ag alloying on the phase formation and elemental distribution during three- or
multi-stage co-evaporation processes.
Void formation seems to be an intrinsic feature of low-temperature multi-stage
co-evaporation growth. In Chapter 3, the formation mechanism was examined
throughout the growth. It was observed, that Cu-Se phases are consumed during
the nal deposition stage and voids are formed due to out-diusion of Cu and Se
from open crevices. Voids have also been reported or can clearly be observed in
SEM cross sections in lms grown by research groups employing co-evaporation
at higher temperatures [140, 141]. A conrmation is however still missing that a
similar mechanism is responsible for void formation in high-temperature growth.
Regardless of the formation mechanism, voids introduce free surfaces with high
recombination velocities which act as recombination sinks and degrade the electronic properties of CIGS lms. Device simulations suggest that this leads to Voc
and FF losses accounting for eciency reductions of up to 1% absolute (assuming
a void size and distribution compatible with the observations on low-temperature
grow lms). It was also observed, that some voids are internally passivated by the
CdS buer layer, suggesting that part of the voids have access to the surface. More
investigations are still needed on the occurrence and quality of this CdS coverage
of internal surfaces.
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Although inhibiting void formation may be hard, modications of the deposition process could target a modied morphology. In particular, dierent deposition
parameters may be employed to increase the void size or change their morphology
so that most or all voids are exposed to the surface. It would then be possible
to achieve full passivation of the void's internal surface by CdS. Modications of
the void morphology may be obtained by acting on the Cu excess or on on the Se
pressure in the nal deposition stage [128, 142], although a trade-o between good
crystallinity and reduced unpassivated surface area will likely have to be sought.
Another possibility is to reduce to minimum the duration of the nal deposition
stage, along with a minimal amount of copper excess after the rst stoichiometry
point. In this way, it would be possible to produce lms with nearly stoichiometric Cu concentrations and no buried voids. This would require, however, a more
precise method for the control of the stoichiometry and crystallinity.
In-situ X-ray based methods have already been shown to give a precise control of compositional and structural changes occurring at the Cu-poor to Cu-rich
transition [57], and possibly allow to detect re-crystallization and Cu-Se segregation with lower amounts of Cu excess as compared to traditional end-point detection methods. Modications of the third stage durations impact the formation
of the GGI grading prole, therefore, a similar approach will require additional
re-adjustments of the evaporation sequence and of the subsequent processes of the
kind already discussed in Chapter 4. In single-graded lms with a CIS front, this
approach would require re-adjustments of the Ga evaporation sequence to ensure
a suciently thick Ga-free region.
More understanding is still needed to precisely assess the impact of the several
types of structural defects in co-evaporated CIGS and to estimate the impact of
their eventual elimination. A complete picture including the eects of substrate
temperature on their formation mechanism is still missing. Future work may concentrate on improving the lms crystal quality by further modications of the
Cu excess and duration of the nal deposition stages, of the nal Cu concentration, and Ga prole. This motivates the quest for sophisticated methods of in-situ
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stoichiometry control. Additional approaches may include further renements of
single-graded absorbers with a Ga-free front and possible Ag or S alloying.

6.2 Optical characteristics
The results shown in Chapters 5 and 4 suggest that further gains of the photocurrent may be obtained by reducing optical losses caused by parasitic absorption and transmission.
A major source of parasitic losses is given by the presence of the CdS buer
layer. The results shown in Chapter 5, obtained on RbF-treated CIGS absorbers,
indicate that further reductions of the CdS layer thickness may be possible, but
no substantial eciency improvement has been obtained yet. Possible degradation
of the absorber/buer interface causes in fact a drop of FF and unpredictable Voc
trends. These results are partially supported by similar data obtained at Empa
and published by Löckinger

et al. [143] using RbF-treated absorbers from a second

CIGS deposition unit. Their work attributed the degraded electronic properties to
poor CdS coverage causing unfavorable band alignment and sputter damage during
the deposition of the window layer. Fortunately, a solution seems to be available.
The introduction of an ultrathin, highly resistive layer between the buer and
window layers (in the case of Löckinger

et al.,

TiO2 ) improves interface stability

of CIGS solar cells with CdS thicknesses below standard. Still, such additional
layer reduces the baseline electronic quality by introducing a potential barrier for
the photocurrent, which results in an overall lower FF. A demonstrated eciency
improvement following this or similar approaches is still sought.
The results of chapter 4 show that the EQE in the NIR is mainly limited by
optical transmission, as the collection eciency of is nearly optimal in high-quality
samples. Optical transmission losses in the near-infrared still accounts for more
than

2 mA cm−2 ,

as estimated assuming a potential best-case scenario in which

the EQE rises to the maximum values at wavelength just below the band gap. In
reality, otaining such a square" behavior of the EQE is no easy task. The results
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shown in chapter 4 indicated that a partial reduction of the NIR transmission
losses can be obtained by exploiting modications of the compositional grading
and the dependency of the absorption coecients on the Cu concentration.
A further substantial improvement of the NIR absorption can be obtained
only by major changes of the Ga and In grading. However, it is very challenging
to modify the low-Ga notch width without also changing the minimum GGI value
and the steepness of the front and back Ga gradings. This can lead to hardly
predictable degradation of the electronic transport at the front and back interfaces
and of the collection eciency, possibly out-balancing the improvements of the
optical behavior. A promising approach also in this sense is the one from Feurer

et

al. [70], i.e. a complete elimination of Ga from the front part of the CIGS absorber.
This substantially reduces the complexity at the interface and may allow stronger
modications of the width of the low-bandgap, Ga-free region. Drawbacks of this
approach and possible solutions have been discussed in the previous section.
Another possible way to address NIR losses is an increase in the optical thickness by exploiting multiple internal reections, for example with the implementation of back-surface NIR reectors. This was recently presented by Bissig
who demonstrated an increased current density of several tenths of

et al. [144]

mA cm−2

us-

ing to a stack of reecting layers at the Mo/CIGS interface. Also in this case, a
change of the back contact properties, especially the thermal emissivity, had an
impact on the formation of the compositional grading, and more investigations on
the nal quality of the CIGS lms are necessary. Finally, reection losses at the
ARC/air interface must also be taken into account. The thicknesses of the antireective coatings and TCOs are typically optimized to obtain minimal reections
in the visible range. Substantial reections in the near-infrared region could be
hampered by re-adjustments of the ARC thicknesses or by the use of structured
or multi-layer anti-reection coatings.
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6.3 Photovoltaic properties and PDTs
Since the introduction of potassium uoride post-deposition treatments, a major focus in the CIGS community has been to nd out which combinations of
alkali elements lead to the best possible electronic quality of the bulk and interfaces of CIGS absorbers. In this thesis, original results were shown regarding the
eects of RbF PDTs and compared to results on KF PDT previously published by
Empa. The electronic properties of CIGS solar cells are similarly aected by KF
and RbF PDTs, and changes in the CIGS lm composition at the surfaces and in
the bulk also indicate analogous eects on the material properties. These include
the formation of a Cu- and Ga-poor, alkali-rich ultrathin nanostructured layer at
the surface, and the partial substitution of Na in the bulk by the heavier alkali
element.
In this thesis, a rough estimation of the eect of the combined electronic losses
was given by the Voc decit, dened as
by the parallel resistance, and

Eg

Eg − Voc . The Voc

is however aected also

does not correspond to the maximum theoretical

Voc due to inevitable radiative recombination. A better estimator for the eect
of nonradiative recombination processes could be given by the quasi-Fermi level
splitting(QFLS). A possible method to measure the QFLS was recently proposed
by Wolter

et al. using photoluminescence data obtained on absorbers produced at

Empa [110]. The calculated QFLS increases by moving from a CIGS lm with no
intentional alkali incorporation to a NaF-treated absorber and even further in an
absorber treated by NaF and RbF PDTs, which is indicatively consistent with the
trends of the Voc decits reported in chapter 5. An interesting result is that the
QFLS increased both in absorbers with and without the CdS buer layer, revealing
that the benets of heavy-alkali treatments extend beyond improvements of the
CdS/CIGS interface properties. A complete picture is still missing on how the
incorporation of KF and RbF improve the electronic quality of CIGS absorbers
and whereas the main benets arise from modications of the defect structure at
interfaces and surfaces, within the CIGS grains, or at grain boundaries.
The addition of alkali elements is a key factor in determining the free carrier

117

6.3. Photovoltaic properties and PDTs

concentration in CIGS absorbers, although no clear recipe has yet been identied
to increase the carrier concentrations beyond the values achievable by Na incorporation alone [86]. First-principle calculations indicate that in-grain incorporation
of lithium may be obtained with higher concentrations than that of Na [94]. However, literature on the eects of Li incorporation is still scarce and there is no
conclusive evidence indicating that the doping mechanism of Na and possibly Li
takes place at grain boundaries or within the CIGS grains. Another possibility
to obtain increased carrier concentrations is to use heat-light soaking treatments
to exploit well-known metastable eects of deep defects [45]. As the width of the
space-charged region is reduced upon increased carrier concentration, the collection eciency may be degraded [145]. Any modication of the carrier concentration
may thus also require adjustments to the compositional grading.
The results shown in Chapter 4 indicate that, in the investigated range, modications of the Cu content do not substantially modify the apparent free carrier
concentrations. More recent investigations by Feurer

et al.

[136] show nonethe-

less that absorbers with Cu concentrations even closer to stoichiometry do in fact
yield excellent PV parameters and increased carrier concentrations. Such proximity to stoichiometric Cu concentration is hard to control in real multi-stage coevaporation. Once again, this suggests that in-situ control of the lm stoichiometry
is essential. An excellent homogeneity across the substrate and in-situ control of
the metal evaporation rates will be demanded in the future for deposition processes
of record eciency CIGS thin lms.
Ag and S alloying, precise morphology and crystallinity control, near-stoichiometric
Cu concentrations, dierent combinations of alkali impurity incorporation, the use
of back reectors and alternative front and back contacts will all require adjustments to the CIGS deposition process. In the future, precise in-situ control of the
lm stoichiometry will further push the boundaries of process reliability allowing
even more rened tuning of the CIGS composition, morphology, growth rate and
impurity incorporation. Further narrowing down on the optimal deposition parameters will lead the production of CIGS lms yielding higher solar cell eciencies,
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and allow increased structural and material complexity in order to further curtail
the impact of the loss mechanism currently limiting the eciency of CIGS solar
cells.
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