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Datum der Einreichung: 19. Juni 2019
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Abstract

In this thesis, Cu(In,Ga)(Se, S)2 (CIGSSe) solar cells from an industrial sequential growth pro-
cess have been investigated. The evaluation of the cell performance has been performed based
on the electrical and optoelectronic characterisation in combination with analytical modelling
and simulations. The emphasis has been set on studying the impact of compositional gradi-
ents — such as Ga/(Ga+ In) (GGI) and S/(S+ Se) (SSSe) — within the absorber layer on the
inal device performance. The results showed that a S-incorporation into the surface region
and a Ga-accumulation at the back contact lead to the formation of bandgap grading inducing
quasi-electric ields, and therefore affecting charge carrier transport properties. It has been
demonstrated that it is possible to separate recombination processes from absorption and pho-
tocurrent collection by a S-incorporation into the absorber surface. The sulfurisation of the sur-
face region enhances the effective bandgap for recombination at the absorber/buffer interface,
whereas the absorber bulk responsible for the photocurrent generation remains unchanged.
Furthermore, it has been found that the application of the reciprocity relation (RR) between lu-
minescent emission and external quantum ef iciency as a diagnostic tool for solar cells with S-
and Ga-gradients have to be handledwith care, as under certain conditions deviations between
the measured and calculated spectra can be observed. The violation of the RR can be induced
by a back grading as a result of the Ga-segregation at the back contact as has become evident
from the experimental results. The compliance between the collection probability and excess
charge carrier distribution pro ile within the absorber layer is themain requirement for the RR
to hold. However, it was revealed that the collection probability of charge carriers is enhanced
due to a Ga-gradient which directs the photogenerated carriers towards the collecting junction
and not equal anymore to the injected charge carrier distribution pro ile which is restricted
by a graded region of the absorber. Besides that, locally reduced charge carrier mobility has
been recognised as another limiting factor for the validation of the RR, which in fact showed
the best it to the discussed measurements. Taking into accounts all the indings of this thesis,
it has been concluded that bandgap grading is an ef icient way to improve the inal device per-
formance as it allows to separate the effective bandgap for recombination from absorption and
photocurrent collection processes.





Abriss

In der vorliegenden Arbeit wurden Cu(In,Ga)(Se, S)2 (CIGSSe)-Dünnschichtsolarzellen aus
einem industriellen, sequentiellen Beschichtungsprozess charakterisiert und bewertet. Hier-
für wurden elektrische und optische Charakterisierungsverfahren in Kombination mit ana-
lytischer Modellbildung sowie Simulation eingesetzt und appliziert. Der Schwerpunkt der
Arbeit lag bei der Auswirkung von Materialgradienten (Ga/(Ga+ In) und S/(S+ Se)) in der
Absorberschicht auf die optoelektronischen Eigenschaften der Solarzellen. Die Ergebnisse
zeigen, dass der Einbau von Schwefel an der Grenz läche und die Akkumulation von Gal-
lium am Rückkonntakt Gradienten der Bandlückenenergie verursachen, die über quasielek-
trische Felder den Ladungsträgertransport beein lussen können. Die Möglichkeit, Rekombi-
nationsprozesse von der Photostromsammlung räumlich zu trennen konnte durch den Ein-
bau von Schwefel an der Absorbergrenz läche nachgewiesen werden. Diese Anreicherung
von Schwefel an der Grenz läche erhöht die effektive Bandlückenenergie für die Rekombina-
tion amAbsorber/Puffer-Ubergang, während die Bandlückenenergie für die Photostromerzeu-
gung im Volumen des Halbleiters unverändert bleibt. Darüber hinaus konnte aufgezeigt wer-
den, dass die Anwendung des Reziprozitätstheorems zwischen Lumineszenzemission und pho-
tovoltaischer Quantenausbeute als diagnostisches Werkzeug für Dünnschichtsolarzellen mit
Schwefel- und Gallium-Gradienten mit Vorsicht zu behandeln ist, da unter bestimmten Bedin-
gungen Abweichungen zwischen den gemessenen und berechneten Spektren beobachtet wur-
den. Abweichungen vom Reziprozitätstheorem als Folge der Gallium-Segregation am Rück-
kontakt wurden aus experimentellen Ergebnissen ersichtlich. Die Ubereinstimmung zwischen
der Ladungsträgersammlung photogenerierter Ladungsträger und dem Verteilungspro il in-
jizierterMinoritäten innerhalb der Absorberschicht ist die Hauptanforderung für die Gültigkeit
des Reziprozitätstheorems. Es zeigte sich jedoch, dass die Ladungsträgersammlung durch
einen Gallium-Gradienten im Bereich des Rückkontaktes begünstigt wird, während die Injek-
tion von Minoritäten in diesen Bereich durch elektrische Felder limitiert ist. Darüber hinaus
wurde eine lokal reduzierte Beweglichkeit der Ladungsträger als weiterer limitierender Faktor
für die Validierung des Reziprozitätstheorems identi iziert. Mit dem letzteren Modell konnten
die beobachteten Abweichungen vom Reziprozitätstheorem erklärt und interpretiert werden.
Unter Berücksichtigung aller Ergebnisse wurde in dieser Arbeit gezeigt, dass der gezielte Ein-
satz von Gradienten der Bandlückenenergie zu einer signi ikanten Steigerung des Wirkungs-
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grades dieser Solarzellen führt, da hiermit, eine räumliche Trennung der effektiven Bandlücke
für die Rekombination sowie der Bandlücke für die Photostromsammlung möglich wird.
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Introduction

It worked irst, was explained later. [1]

Cu(In,Ga)Se2 / Cu(In,Ga)(Se, S)2 (CIGS) solar cells is a thin ilm technology with the high-
est level of cell ef iciencies of 23.35%. [2] The production of CIGS solar cells is well-controlled
on both laboratory and industrial scales and therefore cost-effective. [3, 4, 5] The recent ef i-
ciency improvements have been very impressive and positioned these solar cells as a serious
counterpart to the market-ruling Si-technology. If this tendency is to be continued, CIGS will
have the best quali ications for a further strong market growth. To promote commercialisa-
tion, an optimised fabrication process which can transfer the laboratory scale ef iciencies to
commercial products has to be established. Such a process is a pledge of success not only for a
manufacturing company but for the CIGS technology in general.

CIGS solar cells which are fabricated nowadays have basically a similar device structure. [6,
7, 8, 9] The major difference, however, is the absorber growth process. Two processes already
able to demonstrate the world champions in terms of the device ef iciency are coevaporation
and sequential growth methods. The coevaporation technique requires the simultaneous and
homogeneous thermal evaporation of the constituent elements in the certain proportions to
form high quality CIGS absorbers. The sequential or sulfurisation after selenisation (SAS) pro-
cesses have been developed as the alternative way of the absorber layer deposition. In this
approach, the metallic precursors such as a Cu/Ga alloy and In targets are usually deposited by
sputtering. Next, the metal layers are converted to CIGS in a chalcogen containing atmosphere
(sequential selenisation/sulfurisation process). [10]

In this thesis, Cu(In,Ga)(Se, S)2 (CIGSSe) solar cells from an industrial sequential growth
process have been investigated. The evaluation of the cell performance has been performed
based on the electrical and optoelectronic characterisation in combinationwith analyticalmod-
elling and simulations. The aim of this thesis is to correlate results from different measure-
ment techniques with the device performance. This approach allows, irst of all, to see whether
a particular measurement method retates to the device performance, and, secondly, to build
a comprehensive understanding of the mechanisms taking place in CIGS solar cells. The em-
phasis has been set on studying the impact of compositional gradients – such as Ga/(Ga+ In)
(GGI) and S/(S+ Se) (SSSe) – within the absorber layer on the inal device performance. An
in-depth variation of the GGI ratio is an inherent and rather undesired feature of a sequential



2 Introduction

growth process. Due to the slow diffusion properties, Ga-atoms accumulate in the vicinity of
the CIGS/back contact interface. This leads to the phase segregation of the CuInSe2 layer with a
low bandgap Eg close to the pn-junction and the wide-gap CuGaSe2 layer at the backside of the
absorber. Such growth kinetics have a rather detrimental effect on the cell open circuit voltage
Voc due to a low Eg in the SCR. The incorporation of S into the absorber surface has been found
an effective approach to enhance the Eg and to reduce recombination losses.[11, 12] The sulfu-
risation step investigated in this thesis has been realised with reactive chalcogen compounds
(gaseous process in H2Se and H2S). The impact of both S- and Ga-gradients on the back contact
has been reported. Therefore, after analysing the discussed gradients with respect to the over-
all device performance and stability the effectiveness of the sequential growth process has been
assessed. The advantages and weak points of the investigated solar cells have been outlined.
Furthermore, possible optimisation approaches have been suggestedwhich could be viewed in
terms of the potential industrial implementation.

The thesis is structured in the following way. Chapter 1 provides fundamental information
on CIGS solar cells which has to facilitate a better understanding of the experimental results.
The state of the art of the CIGS thin ilm technology is brie ly discussed.

Themaximum theoretical conversion ef iciency of a solar cell can be de ined using Shockley-
Queisser limit also known as the radiative ef iciency limit. The latter name implies radiative re-
combination as amain and only ef iciency loss in an ideal solar cell. The principle statements of
the limit are described in Chapter 2. Furthermore, other non-radiative recombination mech-
anisms are presented which limit the ef iciency of real solar cells. As a potential ‘cure’ and
performance optimisation approach, bandgap engineering in terms of bandgap grading due to
the in-depth variations of the S/(S+ Se) and Ga/(Ga+ In) ratios is discussed.

Chapter 3 opens up the experimental part of the thesis. The absorber fabrication processes
of the investigated samples are described irst. As the absorber pro ile has a double graded
structure, the GDOES data is analysed with respect to the in-depth variations of the Ga- and S-
distribution throughout the absorber layer. Next, the characterisation techniques used in the
course of the research are given. The working principles of the measurement setups are de-
scribed. Additionally, the reciprocity relation (RR) between (electro/photo)luminescence and
quantum ef iciency of a solar cell is presented. The RR theorem is discussed as a non-classical
(alternative) quality assessment tool which can be used during the fabrication process.

Chapter 4 is an analytical partwhich dealswithmathematicalmodelling of graded bandgap
solar cells. In order to verify the theoretical models (which inevitably are based on many as-
sumptions and simpli ications) SCAPS-1D simulation results are shown. Apart from the anal-
ysis of the Ga- and S-gradients, the validity of the reciprocity theorem for graded bandgap ab-
sorbers is discussed.

The impact of a Ga-gradient on the device performance is investigated in Chapter 5. The
chapter starts with a short literature review and the motivation to study this question. Next,
SCAPS-simulation results are intended to visualise certain physical processes and to predict the
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measurement outcome. The experimental evidence on the Ga-impact on the optical and elec-
trical parameters as well as on the stability of solar cells with different Ga-distribution pro iles
inalise the chapter. A short summary on the experimental indings comes in the end.

The outline of Chapter 6 on the effect of a S-gradient on the overall performance of a solar
cell is similar to the one of the previous chapter. After the theoretical part, the experimental
results of the samples with different S-distribution pro iles induced by varied chalcogenisa-
tion process temperatures and S-contents are presented. A short summary on the observations
closes up the chapter.

The experimental results and simulations discussed in this thesis will be summarised in
Conclusions. Themethodswhich are already implemented (as deduced from themeasurement
data of the discussed samples) to optimise/enhance the overall device performance as well as
possible suggestions for a further improvement will be discussed.





Chapter 1

Solar cells based on chalcopyrite thin
ilms

1.1 State-of-the-art

Research and development of solar cells based on chalcopyrite absorber layers have been con-
ducted formore than 40 years. [13]Having been born accidentally in the beginning of the 1970s
during the development of broad-band photodetectors for optical communication, CIGS so-
lar cells have covered a long way and experienced numerous modi ications before being able
to reach the current world record ef iciency of 23.35%. [13, 14] One of the most important
events which can be considered as a beginning of their evolution was the addition of Ga to
the CuInSe2 thin ilm. This technological step allowed to grow absorber layers with varying
bandgaps in order to match optimally the solar spectrum for the speci ic applications. [15, 4]
Using a Ga/(Ga+ In) ratio of 23%, the conversion ef iciencies of more than 10% have been
reported by Mickelsen and Chen in 1987 [16].

After the successful presentation of the ef iciencies at Boeing Aerospace Company, the co-
evaporation growth process has been adopted by ARCO Solar Inc. which after some time gave
birth to the 2-stage sequential process as a way for a lower-cost commercialisation of CIGS-
based solar cells. This company was the irst to introduce hybrid chalcogenisation processes
consisting of solid-state Se and hydride gases: H2Se for the improvement of the optoelectronic
properties and H2S for the bandgap increase at the surface region of the absorber layers. [17]
These modi ications led to signi icant ef iciency improvements due to the enhancement of the
device Voc. This process provided a groundwork for the sulfurisation after selenisation approach
for the absorber growth implemented nowadays at Solar Frontier.

The discovery of the bene icial effect of higher temperatures on the CIGS crystal growth al-
lowed to improve signi icantly the absorber quality and to design optimal temperature pro iles
at different growth phases.
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The implementation of the CdS ilm grown by chemical bath deposition (CBD) as a highly-
resistive buffer layer signi icantly improved the interface quality between the absorber and
buffer layers. This resulted not only in increased short circuit current densities Jsc, but also in
higher open circuit voltages Voc of the devices. [18] Since then CBD became a standard method
for the deposition of CdS buffer layers as it allowed the easily controlled andwell-adapted junc-
tion formation with chalcopyrite absorbers. From this point the life and optimisation of CIGS
solar cells in the con iguration as they are known today has begun.

Another breakthrough in the course of the development of CIGS solar cells is related to the
discovery of the effect of Na on the electronic properties and the crystal growth of CIGS thin
ilms reported in 1993. [19] Na impurities from the substrates (soda-lime glass) [19], from the
precursor layer (NaF) deposited between the back contact and the substrate [20] or after the
absorber layer growth as the post-deposition treatment (PDT) [21] resulted in the superior
morphology of thin ilms and signi icantly enhanced the doping level of the absorber layers.

A great boom of reported ef iciencies has begun after the introduction of the heavy alkali
elements as the PDT of CIGS absorbers. 20.4% has been achieved by Swiss Federal Laboratories
for Materials Science and Technology (EMPA) after the introduction of KF-PDT in 2013. [22] The
ef iciency of 20.8%has been announced one year later by ZSW. [23] This achievement indicated
the beginning of a new era for CIGS solar cells. The ef iciency territory which earlier belonged
solely to the Si-technology opened up for CIGS. One more year later the ef iciency increased to
21.7%with the RbF-PDT. [24] Further careful optimisation of growth processes and additional
modi ication of the layer structure resulted in the currentworld record ef iciency. [25, 14] How-
ever, despite the continuous advances CIGS solar cells still have not reached their technically
feasible limit of 30%. [26]

An intermediate goal on the way to the predicted technical limit is 25%. [6, 27] The lack-
ing percentage points are to be achieved by addressing the key ef iciency limiting factors in the
state-of-the-art CIGS solar cells. The factors are non-radiative recombination and light absorp-
tion losses. The improvement of the absorber material is one way to reduce recombination
events. A better match to the solar spectrum can be accomplished by employing novel doping
concepts to CIGS. [28] The heavy alkali metal dopants favor the formation of the secondary
phases with a large Eg, which can modify the electronic structure of the absorber material.
Moreover, this can lead to the passivation of the absorber surface and the grain boundaries hav-
ing a bene icial effect on minority carrier lifetimes. Intrinsic grain boundaries (GB) introduce
localised deep states within the absorber Eg which act as recombination centers being detri-
mental to the cell performance. The concept of GB engineering is under active investigation
and aimed at the elimination of the deep states and creation of the hole barriers and electron
sinkers which have to promote the effective charge separation at the GBs and to improve the
overall carrier collection. Furthermore, the mitigation of the detrimental effect of the potential
luctuations can be realised by the K-treatment and bandgap grading.
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About 2% ef iciency improvement is expected to be obtained by the introduction of novel
concepts to the surfaces and interfaces based on the adaptation of the well-established techno-
logical processes for Si-based solar cells (the concept of the passivated emitter and rear cells
(PERC)). The effects of the point-contact openings through a passivation layer both at the back
and front contact are studied. The idea of a point pn-junction has been demonstrated in [29] by
incorporating ZnS nano-dots into the In2S3 buffer layer leading to the improved device perfor-
mance. The author found that the positive surface charge induced by the passivation layer leads
to the occurrence of band-bending having a bene icial impact on the device Voc and ef iciency.
Recently, this approach has been transformed to the surface nano-patterning technique based
on the self-assembling of alkali condensates at the CIGS front surface. [30] The nano-sized point
contacts for the absorber/back contact interface has been actively investigated for ultra-thin
absorber solar cells. However, till now this concept has not been considered for the application
to conventional solar cells as back contact recombination was believed to be negligible due to
a Ga-back grading.

Theoptimisationof lightmanagement inCIGS solar cells canhavemultiple realisations. Par-
asitic absorption in the buffer and window layers is diminished by the application of wider gap
materials. [7, 6, 15]. Furthermore, alkali-PDT improves themorphology of the absorber surface
enabling to use thinner buffer/window layerswhich also bene its Jsc as has been reported in [7].
Optical losses associated with insuf icient absorption of light entering the absorber layer can
be reduced by enhancing light path inside the absorber. However, the macroscopic approaches
are limited by geometric optics. Therefore, the investigation of the nano-optical concepts is on-
going. [31] The concept of a dielectric spacer which was also borrowed from the Si-technology
is aimed at the reduction of the device rear re lection losses and to the enhancement of light
in the CIGS layer. The realisation of this concept can be done by using the MgF2/Al2O3 bi-layer
between the absorber and Mo back contact according to [32].

Furthermore, an innovative method for contacting the cells on the module level has been
developed by Solibro. This company implements a metal grid on the top of the window layer
to reduce the front contact resistive losses. Moreover, a thinner TCO layer can be used which
further reduces transmission losses on module level.

1.2 Chalcopyrite crystal structure

The Cu(In,Ga)Se2 alloy is formed from the CuInSe2 and CuGaSe2 compounds which belong
to the I-III-VI material family and crystalise in the tetragonal chalcopyrite structure. These
ternary materials in the chalcopyrite structure can be viewed as an analogue of a binary II-VI
compound in the cubic zinc-blende structure similar to ZnSe but where the Zn-sites are alter-
nately occupied by the Cu- and In-atoms. [33]

The sketch of the crystal structure of the chalcopyrite is shown in Figure 1.1a. The bandgap
energy Eg of the alloy can be varied by changing the ratio of the group III elements, In and Ga,
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(a)

(b)

Figure 1.1: (a) Chalcopyrite crystal structure. After [34]; (b) correlation between the lattice
constant and the bandgap of the chalcopyrite material. After [35]

from 1.03 eV for the pure CuInSe2 up to 1.68 eV for the pure CuGaSe2 material. Furthermore,
changing the ratio of the group VI elements, Se and S, Eg can be adjusted from 1.03 eV for the
CuInSe2 up to 1.53 eV for the CuInS2 material, or in case of the Ga-based compounds — from
1.68 eV for the CuGaSe2 up to 2.43 eV for the CuGaS2. Figure 1.1b clearly demonstrates how the
adjustment of the Ga/(Ga+ In) and S/(S+ Se) ratios can modify the lattice constants and thus
the bandgap energies of the corresponding compounds within the Cu(In,Ga)(Se, S)2 system.
The mentioned parameters vary approximately linear with respect to the atomic ratios of the
constituents following Vegard’s law. This implies that any desired compound can be produced
within this pentenary system, as there is nomiscibility gap in thewhole composition range. [33]
This outstanding material property gives a huge potential to the bandgap engineering process
by enabling to control the alloy composition or to grow layered ilms with alternating in-depth
compositions in order to boost ef iciencies of the devices based on these modi ied materials.
The practical implementation of this material property constitutes the basis of this thesis.

1.3 Thin ilm growth

The preparation of the CIGS-based solar cells usually beginswith the deposition of the absorber
material on a Mo-coated glass substrate. The heterojunction is formed by growing a thin n-
type (traditionally CdS) buffer layer. Transparent conducting oxides (TCO) are applied as the
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front contact. The typical front contact consists of a thin layer of the intrinsic ZnO followed
by the Al-doped ZnO layer. A more detailed description of the functional layers can be found
elsewhere. [34, 10]

1.3.1 Absorber preparation techniques

Despite awide range of the absorber growth processes, there are twomethodswhich dominate
both research and large scale production:

Coevaporation process — material deposition and the chalcogenide ilm formation take
place at the same processing step;

Selenisation process — two stage process where the ilm formation requires a second step,
also known as a chalcogenation stage.

1.3.1.1 Coevaporation process

During the coevaporation process the Cu-In-Ga-Se elements are deposited from the different
sources onto the heated substrate. Thereby, the chalcogenide ilm is formed already out of the
gas phase. The adjustment of the individual evaporation rates enables to optimize the growth
process and introduce desired compositional gradients. The composition of the deposited ma-
terial with respect to the metals corresponds to their evaporation rates. The stoichiometry
(concentration of the VI element relative to the metals) is maintained by the group VI element
overpressure in the initial state of cooling down the substrate. The molecularity (the ratio of
the group Imetal over the group III metal concentration) has to be adjusted by a precise control
of the metal source temperatures. [10]

The advantages of this process:

• the simultaneous material deposition and ilm formation. However, the ilm growth can
be done in one step (so-called a single layer coevaporation process) or in two- or three
stages when certain constituent luxes are directed alternately onto the substrate.

• a precise control over the ilm composition and bandgap is possible. [4]
• a high rate and low cost method suitable for an industrial inline process. Signi icant cost
reduction by using the coevaporation growth has been demonstrated by First Solar in the
production of CdTe solar cells. [5]

The disadvantages of the coevaporation method:

• the desired Cu-evaporation can be dif icult to control [36];
• scaling-up to large areas and high rates is dif icult while maintaining the composition
and microstructure uniformity in order to ensure highly ef icient devices. [37] However,
implementing this method, large area modules and high ef iciencies have been achieved
by Manz, Solibro. [38, 39]
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1.3.1.2 Selenisation process

The selenisation process, also known as the sequential deposition, consists of two different
processing steps. During the irst stage, a metallic precursor is deposited by sputtering. Due
to the low melting point of Ga, the Cu/Ga alloy and In targets are used. The semiconductor is
formed in the second step after exposing the precursors to a chalcogen atmosphere at elevated
temperatures (selenisation/sulfurisation).

The advantages of the method [10]:

• the Cu/III ratio can be precisely controlled at the irst stage;
• sputtering is scalable easily;
• good reproducibility and large area uniformity of the thickness of the individual layers.

The disadvantages:

• additional processing steps needed;
• the ilm formation heavily depends on the thermodynamics and phase formation kinetics.
Fortunately, the in-depth variations of the element concentrations after the selenisation
step prove to be close to optimal, especially, if the sulfurisation step is involved (see Chap-
ter 6 and 7);

• high temperature and chemically aggressive environment cause enhanced equipment
degradation.

1.3.1.3 Alternative processes

In search of alternative methods to improve the quality of semiconductor ilms or to reduce
production costs on large area scale, other absorber growth techniques have been developed.
High-quality semiconducting ilms can be prepared by using molecular beam epitaxy or metal
organic chemical vapour deposition methods. However, these methods are usually applied for
research purposes in order to study the intrinsic semiconductor properties.

Non-vacuum absorber preparation processes are another economic solution for largemass
production. CIGS absorbers have been prepared by the particle-based screen printing tech-
nique followedby rapid thermal annealingdensi ication. Thismethod retains the ideal stoichio-
metric ratio due to the CIGS particles in the coating paste and thereby eliminates the necessity
of the conventional selenisation process. [40] A two-step process based on the electrodepo-
sition of the metal precursors with a subsequent atmospheric pressure thermal treatment to
produce Cu(In,Ga)(Se, S)2 absorbers by reacting with elemental Se and S resulted in 17.3% so-
lar cell and 14% full scale module ef iciencies. No hydride gases were used in this non-vacuum
growth process making it more environment friendly and less expensive at the same time. [41]
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1.4 Defect chemistry and compositional gradients

1.4.1 Intrinsic defects

The electronic properties of semiconductors strongly depend on their doping level. Unlike Si
and GaAs semiconductors which are doped extrinsically, the electronic properties of CIGS ma-
terial are determined by intrinsic defects. These defects stem from the deviation from the ideal

Table 1.1: Electrical activity of the native point defects.

Point defect Electrical activity
𝐶𝑢 , 𝑆𝑒 , 𝐼𝑛 single donor
𝑉 , 𝐼𝑛 double donor
𝐼𝑛 triple donor
𝑉 , 𝑆𝑒 , 𝐶𝑢 single acceptor
𝑆𝑒 , 𝐶𝑢 double acceptor
𝑉 triple acceptor

stoichiometry in the chalcopyrite crystal. There exist 12 point defects which can act either as
donor or acceptor levels affecting the electro-optical properties of the CIGS semiconductor:

• 3 vacancies (𝑉 , 𝑉 , and 𝑉 );
• 3 interstitials (𝐶𝑢 , 𝐼𝑛 , and 𝑆𝑒 );
• 6 antisites (𝑆𝑒 , 𝐼𝑛 , 𝐼𝑛 , 𝑆𝑒 , 𝐶𝑢 , and 𝐶𝑢 ).

The electrical activity of the point defects is described in Table 1.1 [42]. The denotation ”single”,
”double” and ”triple” corresponds to the number of the energy levels in the forbidden gap in-
duced by the corresponding defect. [42] The activation energies of the shallow and deep defect
levels have been calculated, for example, using the effective mass theory and compared to the
experimental results in [42].

The formation enthalpies of the point defects and defect complexes differ signi icantly. The
formation energies depend on material composition and for some native defects can be very
small and even negative. For example, the copper vacancy 𝑉 has a negative formation energy
meaning that large amount of these defects may form under equilibrium conditions. [33] The
negatively charged 𝑉 acts as a single acceptor and is a dominant defect center which governs
the p-type doping of the CIGS semiconductor. A 𝑉 − 𝑉 double vacancy has been reported
to be the origin for different metastabilities in CIGS solar cells. [43, 44] The defect complexes
(2𝑉 +𝐼𝑛 ), (𝐶𝑢 +𝐼𝑛 ) have positive but very low formation energies. The dependence of
the formation energy on the electron Fermi level explains the high degree of self-compensation
observed in the chalcopyrite semiconductors. The growth of CIGS thin ilms is a complex pro-
cess which is affected by many variables.
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1.4.2 Impact of alkali ion impurities

As has been mentioned before, one of the turning points in the evolution of CIGS-based solar
cells was an introduction of the alkali metals into CIGS absorber. The bene icial impact of Na on
the electrical performance has been reported for the irst time in [18, 19]. The Na-containing
glass substrate facilitated the preferred <112 > crystal growth orientation and resulted in a su-
perior morphology of CIGS thin ilms. Probably, even amore important effect was the enhance-
ment of the effective p-type doping which led to increased device ef iciencies due to improved
Voc and FF. [45] Some years later the CIGS devices were deposited on the polycrystalline alu-
mina substrates, and the in luence of different alkali-based precursors on the CIGS ilm growth
was investigated. [20] The presence of the NaF precursor layer yielded devices with increased
majority carrier concentrations and boosted ef iciencies by more than Δ𝜂 = 20% compared to
the control samples. A similar effect but with a smaller gain was observed after using the KF
and CsF precursors. It was suggested that Na annihilates donor states stemming from the 𝐼𝑛
point defects and therefore increases the net acceptor concentrations. However, this passiva-
tion mechanism became less effective in Cu-poor materials as the probability of forming the
𝐼𝑛 defects was supposed to decrease. [20] An impact of the Na-diffusion after the CIGS ilm
growth (as PDT) has been investigated in [21]. It has been found that NaF-PDTdid not affect the
crystal growth kinetics, but signi icantly increased the net carrier concentrations and conduc-
tivities compared to the sodium-free absorbers. A strong increase in the device ef iciencies has
been assigned to the grain boundary passivation. The chemical behaviour of Na has been in-
vestigated further in [46] and was related to the oxidation-related passivation of Se-vacancies
𝑉 present at Cu(In,Ga)Se2 surfaces and grain boundaries. However, the indings published
in [47] concluded the incorporation of Na into the Cu(In,Ga)Se2 lattice replacing In or Ga. The
extrinsic defects𝑁𝑎 /𝑁𝑎 were expected to act as acceptors and enhance the p-type conduc-
tivity. This conclusionwas in agreement with results in [20] which indicated the increase in the
unit cell volume based on x-ray diffraction measurements. Furthermore, it has been reported
that the presence of sodium at different stages of the absorber deposition strongly in luences
the grain growth and the Ga/(Ga+In) ratio. [48] During the absorber layer formation Na im-
pedes the interdiffusion of Ga- and In-atoms enhancing the bandgap grading. A comprehensive
overview on the effects of sodium and its incorporation strategies can be found, for example,
in [49].

The implementation of the K-treatment acts as a doping and a surface modi ication proce-
dure. [50] Even though potassium has been often detected in CIGS ilms earlier, its potential
impact on the device electrical properties had not got a proper attention up to 2013 when a
new world record ef iciency has been announced by a Swiss group [22]. The authors reported
that the KF-PDT modi ied the CIGS surface by promoting Cd-diffusion into the Cu-depleted ab-
sorber surface and thereby improving the CIGS/CdS interface quality. After this discovery,
many groups started to experiment with KF-PDT applying it during different stages of the ab-
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sorber deposition process. 21.0% has been achieved from a 1 𝑐𝑚 laboratory cell grown by a
coevaporation process at Solibro. A Japanese group announced 22.3% for a sequentially grown
Cu(In,Ga)(Se, S)2 laboratory cell with a standard CdS/ZnO windowmaterial and 22.8% with a
(Zn,Mg)O/Zn(O, S,OH)modi ied window. In [6], the researchers from Solar Frontier reported
that the enhancement of Voc originated from the increase of carrier concentration in the SCR
and the reduction of interface recombination. Compositional and electronic changes of the CIGS
surface have been also reported in [50]. A strong Cu-depletion at the near surface region has
been detected in the K-treated samples. The removal of Cu-atoms from the CIGS material re-
sults in a higher bandgap and ahigher amount of Cu-vacancies in this region. [51]As a result, the
bandgapwidening due to the lowering of the VBmaximum ef iciently reduced interface recom-
bination losses and boosted the device Voc by 60–70𝑚𝑉. [50]Moreover, it is interesting tomen-
tion that a method of incorporating K into the absorber ilm can bring different by-side effects.
The KF-precursor has a strongly hygroscopic nature. Therefore, an in-situ incorporation of K
has to be preferable as an ex-situ incorporationmay lead to enhanced surface oxidation causing
decreased FF. [50] Furthermore, the K incorporation by using sputtered CuGa ∶ KF precursors
can considerably affect the Ga-distribution pro ile during the selenisation step. [52] In contrast
to the KF-PDTwhich constricts the Ga-in-diffusion towards the front interface due to the forma-
tion of 𝐾 defects, the presence of the CuGa ∶ KF surface layer increases the Ga-content close
to the interface layer resulting in a notch-type overall pro ile. The bandgapwidening due to the
K-treatment of the absorber surface has to be considered as an alternative or supplementary
approach to the S-incorporation step.

The successwith the Na- and K-incorporation provoked a variety of experimentswith heav-
ier alkali metals. It has been found that similar to Na and K, the incorporation of Cs and Rb as
PDT improves the absorber surface morphology. Therefore, thinner CdS buffer layers could be
grown resulting in improved photon absorption in the high energy wing, and thereby an in-
creased Jph. Furthermore, it has been found, both experimentally and by DFT-modelling, that
light alkali are replaced by heavy alkalis on the Cu- and interstitial sites leading to an increased
Cu-depleted region. Moreover, the incorporation of K, Cs and Rb leads to the formation of the
secondary phases such that Eg(AlkGaSe2) > Eg(AlkInSe2). Thus, the Alk(In,Ga)Se2 layer may
act as the passivation layer on the CIGS surface. The electronic effect of alkalis has to be still
investigated.

1.5 Charge carrier transport

Technically, a CIGS solar cell is a complex device which comprises of several heterointerfaces.
The principle heterointerface which de ines the device performance is a pn-(hetero)junction
formedbetween thep-type absorber andn-typebuffer/window layers. The absorber layerwith
the bandgap energy Eg is a photosensitive semiconductor which is responsible for the absorp-
tion of incident photons with energies 𝐸 ≥ 𝐸 and where the photogeneration of electron-
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hole pairs takesplace. Themain functionof thepn-junction then is the collection and separation
of photogenerated charge carriers in such away that electrons are driven to the n-typematerial
and holes are transported to the back contact. The collection probability can be greatly affected
by geometry and bandgap gradients of the absorber layer.

Thus, the operating principle of CIGS solar cells is similar to the one of a pn-junction if the
buffer layer is assumed negligibly thin. A comprehensive reading on the operation and proper-
ties of a pn-junction can be found in [53].

The transport of charge carriers within a pn-(hetero)structure is commonly formulated in
terms of two physical mechanisms, drift and diffusion. A starting point for the analysis of the
transport of electrons and holes is the transport equations given by [34]

𝐽 (𝑥) = 𝜇 𝑛(𝑥) ⋅ 𝑑𝐸 (𝑥)
𝑑𝑥 (1.1)

𝐽 (𝑥) = 𝜇 𝑝(𝑥) ⋅
𝑑𝐸 (𝑥)
𝑑𝑥 , (1.2)

where Jn(x) and Jp(x) are the current densities of electrons and holes, respectively; n and p
are the carrier densities, and 𝜇 and 𝜇 are their mobilities. The physical meaning of these
equations is that the electric current in a semiconductor device is driven by a gradient of the
electrostatic potential, gradients of the electron af inity and the bandgap energy as well as by
gradients of the quasi-Fermi levels of electrons and holes EFn and EFp. [34]

The continuity equations are traditionally used for the analysis and the determination of the
electrical parameters and characteristics of a semiconductor device. The equations introduce
the particle lux densities of electrons and holes, Jn/q and Jp/q, additionally accounting for their
generation and recombination (see Equ. 1.3 and 1.4 [34]).

𝛿𝑛(𝑥)
𝑑𝑡 = 𝐺 (𝑥) − 𝑈 (𝑥) + 1

𝑞 ⋅
𝑑𝐽 (𝑥)
𝑑𝑥 (1.3)

𝛿𝑝(𝑥)
𝑑𝑡 = 𝐺 (𝑥) − 𝑈 (𝑥) − 1

𝑞 ⋅
𝑑𝐽 (𝑥)
𝑑𝑥 , (1.4)

where Gn/Un and Gp/Up are the generation/recombination rates of electrons and holes, respec-
tively. Under equilibrium conditions, Gn = Un and Gp = Up. In case of generation and recombi-
nation via trap states Gn ≠ Gp and Un ≠ Up.

The Poisson equation relates the charge densities and the electric potential. Under assump-
tion of 𝜖 = 𝑐𝑜𝑛𝑠𝑡, the equation reads

𝑑 𝜙(𝑥)
𝑑𝑥 = −𝜌(𝑥)𝜖 , (1.5)

where 𝜌 is the space charge.
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The space charge can be de ined as

𝜌(𝑥) = 𝑞
𝜖(𝑥) ⋅ 𝑝(𝑥) − 𝑛(𝑥) + 𝑁 (𝑥) − 𝑁 (𝑥) (1.6)

with n(x) and p(x) being mobile charge carriers and ND and NA ixed charges in the form of
charged donors and acceptors, respectively.

The ideal current-voltage characteristic of a pn-device is given by Shockley [53]

𝐽(𝑉) = 𝐽 + 𝐽 = 𝐽 ⋅ exp 𝑞𝑉
𝑘𝑇 − 1 (1.7)

having a strong voltage-dependence with J0 =
qDpn2i
LpND

+ qDnn2i
LnNA

comprising the electron and hole
current components. The Shockley equation is based on the abrupt depletion layer approxi-
mation and assumes no generation-recombination current in the depletion region. In order to
account for the recombination current in the SCR, the expression 1.7 has to be rewritten as [53]

𝐽(𝑉) = 𝑞 𝐷
𝜏

𝑛
𝑁 exp 𝑞𝑉

𝑘𝑇 + 𝜋
2
𝑘𝑇𝑛
𝜏 Ε exp 𝑞𝑉

2𝑘𝑇 (1.8)

where Ε = ( ) is the electric ield at the location of maximum recombination for an
abrupt n p-junction [34].

The disadvantages of the heterojunction are the following: signi icant lattice mismatch can
create numerous interface defects leading to the photovoltage losses; the difference in the
bandgap energies can lead to unfavourable band alignments. It is where bandgap engineering
comes in handy.

1.6 Band diagram

The performance of CIGS solar cells signi icantly depends on the band alignment at the inter-
faces and absorber bandgap pro ile. Thus, the electronic properties of CIGS solar cells can be
investigated using the energy band model or band diagram. The band diagram describes a de-
vice behavior in terms of the energy levels between valence EV and conduction EC bands. The
key characteristic of the semiconductor material is the energy bandgap Eg. The value of Eg is of
fundamental importance to the operation of solar cells as it corresponds to the minimum en-
ergy needed to release an electron from a covalent bond to the conduction band to enable the
electron to contribute to the current low.

The equilibrium band diagram of the 𝑀𝑜/𝐶𝑢(𝐼𝑛, 𝐺𝑎)𝑆𝑒 /𝐶𝑑𝑆/𝑍𝑛𝑂 heterostructure is
sketched in Figure 1.2. The band diagram is deliberately simpli ied in order to explain the basic
electronic transport properties of CIGS solar cells. The band diagram consists of the conduc-
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Figure 1.2: Schematic drawing of a ZnO/CdS/CIGS heterojunction solar cell. After [54]

tion EC and valence EV band energies of the Cu(In,Ga)Se2 absorber, CdS buffer and ZnO win-
dow layers. Apart of the Eg of the functional layers, the bandgap discontinuities or bandgap
offsets play a crucial role. Here, only the interfaces between the absorber/ buffer and ab-
sorber/back contact layers will be discussed. The conduction band Δ𝐸 offset between the
absorber and buffer layer de ines the potential barriersΦ andΦ for holes and electrons, re-
spectively. Φ describes the barrier height which has to be overcome by holes in order to reach
the absorber/buffer interface. This parameter is important in terms of interface recombination
losses. The barrier height for electronsΦ affects the ill factor of a solar cell and is determined
as Φ = Δ𝐸 + Δ𝐸 , where Δ𝐸 is the energy difference between the Fermi level EF and
the EC at the absorber/buffer interface. [1] The valence band offset Δ𝐸 between the absorber
and buffer layers is traditionally determined by photoelectron spectroscopy. [1] By knowing
the valence band maximum (VBM) and the semiconductor bandgap energy Eg, the position of
the conduction band minimum (CBM) can be calculated.

The position of the Fermi level EF at the absorber/buffer interface is another critical aspect
regarding carrier recombination losses and the device performance in general. Depending on
the Eg and the composition of the absorber layer, the EF can lie above or below the midgap.
In state-of-the-art CIGS solar cells, the EF is located close to the CB implying the inverted sur-
face. The type inversion (from p- to n-CIGS due to the diffusion of Cd-ions during the buffer
layer deposition leading to the Cd-doped CIGS surface [55]) reduces the concentration of mo-
bile holes at the interface signi icantly suppressing interface recombination. The presence of
the inversion layer can be also explained in terms of the electronic states at the CIGS surface.
Positively charged Se-vacancies (VSe) induce band-bending at the absorber surface giving rise
to the n-type inversion and pinning the position of the EF level.
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At the absorber/back contact interface, the potential barrier Φ describes the barrier of
the transport of holes to the back contact. This barrier is equal to the Schottky barrier height
between the p-CIGS and Mo-metal contact. The Schottky contact hinders the transport of ma-
jority charge carriers resulting in different JV-characteristic anomalies. [56, 57, 58]





Chapter 2

Performance limitation and
optimisation of solar cells

The main aim of the optimisation of a solar cell is to increase its power conversion ef iciency. To
attain this aim three steps have to be followed: (a) determination of the upper ef iciency limit; (b)
identi ication of ef iciency loss mechanisms; (c) implementation of preventive measures with re-
spect to the lossmechanisms. In this chapter, a general introduction to the concept of the Shockley-
Queisser (SQ) limit also known as the radiative ef iciency limit of a solar cells will be given. Since
the ef iciency limitation of real devices is not restricted only by radiative processes, other non-
radiative recombination mechanisms are described additionally. As one of the approaches to op-
timise the performance of existing solar cells, bandgap engineering in terms of bandgap grading
is discussed in the end.

2.1 Shockley-Queisser limit

The detailed balance limit of the ef iciency derived by Shockley and Queisser in 1961 [59] es-
timates the maximum conversion limit and the theoretical potential for the improvement of a
photovoltaic cell. The derivation assumes a single absorber bandgap and a single pn-junction.

The SQ-model assumes the following: (1) absorption of light is solely determined by the ab-
sorber bandgap Eg: all photonswith energy 𝐸 ≥ 𝐸 are absorbed; (2) exactly one electron-hole
pair is generated by each absorbed photon; (3) the only loss mechanism is radiative recombi-
nation of electron-hole pairswith successive emission of photons; (4) the collection probability
of all photogenerated charge carriers is unity.

According to the assumption (1) and (2), the photogenerated current density can be esti-
mated as a product of the solar spectrum 𝜙 and the absorber absorptance 𝛼(𝐸) which is
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interpolated as a step-function [60]:

𝐽 = 𝑞 𝜙 (𝐸)𝛼(𝐸)𝑑𝐸 = 𝑞 𝜙 (𝐸)𝑑𝐸 (2.1)

The principle of detailed balance postulates that every microscopic process in a physical
system must be compensated by its respective inverse process, when the physical system is at
thermodynamic equilibrium with its ambient. In agreement with the assumption (3), in the
dark and without applied bias to a solar cell the absorbed and emitted photon luxes have to be
equal and counterbalance each other. Under these conditions, a solar cell behaves as an ideal
black body radiator. Thermal radiation emitted by a solar cell as a black body at temperature
T is given by Planck’s law. The emission properties of a solar cell under non-equilibrium con-
ditions, that is under illumination or voltage bias, are described by Würfel’s generalisation of
Planck’s law. Non-equilibrium emission is determined by the splitting of the quasi-Fermi levels
of electrons and holes 𝜇 = 𝐸 − 𝐸 . The quasi-Fermi levels are lat according to the assump-
tion (4) which implies the perfect connection of the junction to the entire volume in a solar cell.
The emitted photon lux under the applied voltage V is thus given by

𝜙(𝑉, 𝐸) = 2𝜋𝐸
ℎ 𝑐 ⋅ 𝛼(𝐸)

exp − 1
, (2.2)

where ℎ is the Planck constant, 𝑐 is the velocity of light in vacuum, and 𝑘𝑇 is the thermal energy.
For small voltages ((𝐸 − 𝑞𝑉) ≥ 𝑘𝑇), Equ. 2.2 can be simpli ied to the product of the black body
emission and voltage-dependent part

𝜙(𝑉, 𝐸) = 𝛼(𝐸)2𝜋𝐸ℎ 𝑐 exp −𝐸
𝑘𝑇 exp 𝑞𝑉

𝑘𝑇 = 𝛼(𝐸)𝜙 exp 𝑞𝑉
𝑘𝑇 (2.3)

The emission lux described by Equ. 2.3 has to originate from the radiative recombination of the
charge carriers injected by the junction and result in the recombination current Jrad,rec in order
to ful il the requirement (3). Therefore, the dark current density of a solar cell (with radiative
recombination only) can be written as

𝐽 = 𝐽 , = 𝑞 𝛼(𝐸)𝜙(𝑉, 𝐸)𝑑𝐸 = 𝑞 𝜙 𝑑𝐸 exp 𝑞𝑉
𝑘𝑇 − 1 = 𝐽 , exp 𝑞𝑉

𝑘𝑇 − 1 ,

(2.4)
where 𝐽 , is the radiative saturation current density.

Under illumination and applied bias the current-voltage characteristic of a solar cell in the
SQ-limit is de ined as the superposition of the dark Jd and photogenerated Jsc current densities
which are derived in Equ. 2.4 and 2.1, respectively. Therefore, the total current through a solar
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cell is equal to
𝐽 = 𝐽 − 𝐽 = 𝐽 , exp 𝑞𝑉

𝑘𝑇 − 1 − 𝐽 (2.5)

In order to extract the Voc in the SQ-limit, the total current 𝐽 has to be equated to 0 and the
obtained expression solved for V. This gives

𝑉 = 𝑘𝑇
𝑞 ln 𝐽

𝐽 ,
+ 1 (2.6)

The maximum achievable ef iciency of a solar cell under the AM1.5 spectrum is therefore
33% according to the SQ-model. This ef iciency corresponds to an absorber material with Eg =
1.35 𝑒𝑉.

Résumée

The SQ-limit can be considered as one of the key contributions in the photovoltaic ield. Nowadays,
the conversion ef iciencies calculated from this model serve as a starting point for the estimation
of technically feasible ef iciencies which can be achieved with CIGS absorbers but are much lower
than the predicted ones. Obviously, one of the reasons is the neglect of non-radiative recombina-
tion which signi icantly dominates radiative events in the performance of real solar cells. This is
the largest inconformity of this model. Therefore, different types of recombination mechanisms
which degrade the ef iciency and the regions where recombination is likely to occur in real solar
cells are discussed below.

2.2 Recombination

A semiconductor is said to be in thermal equilibrium if every process in the semiconductor is
exactly balanced by its inverse process. In this state, in any region of the semiconductor the
product of the concentrations of free electrons and holes is equal to the intrinsic carrier con-
centration squared

𝑛 ⋅ 𝑝 = 𝑛 (2.7)

When thermal equilibrium is disturbed, in response to light or voltage bias, recombination (𝑛 ⋅
𝑝 > 𝑛 ) and generation processes (𝑛 ⋅ 𝑝 < 𝑛 ) take place alternately in order to restore the
energy balance. Any defects or impurities within or at the surface of a semiconductor promote
recombination events.

2.2.1 Recombination processes

Absorption of a photon with suf icient energy excites an electron from the valence band to a
higher energetic level in the conduction band. This process is known as generation. However,



22 Performance limitation and optimisation of solar cells

in order to restore the energy balance in a material, the electron will tend to occupy a vacant
place in a lower energetic level in the valence band again. This process is called recombina-
tion. Dominant recombination processes which take place in CIGS solar cells can be divided
into following categories:

Band-to-band recombination

The band-to-band recombination is a radiative process resulting in the emission of a photon
with the energy Eph = EC − EV. The net recombination rate under non-equilibrium conditions
is proportional to the product of the electron and hole concentrations by

𝑅 = 𝑈 − 𝐺 = 𝐵 ⋅ (𝑛 ⋅ 𝑝 − 𝑛 ), (2.8)

where 𝑈 is the recombination rate, 𝐺 is the thermal generation rate, and 𝐵 is the recombina-
tion coef icient. The net recombination rate 𝑅 is used to de ine the Shockley-Queisser limit for
an ideal pn-junction solar cell as discussed in Section 2.1.

Auger recombination

The Auger recombination is another intrinsic recombination process when electrons and holes
recombine in a band-to-band transition but the resulting energy is transferred to a third parti-
cle (hole or electron). Since electrons are minority carriers in the p-type CIGS semiconductor,
the probability of this recombination process is very low. The Auger recombination is the lim-
iting process in case of highly doped semiconductors (e.g. Si solar cells) or under high injection
conditions (e.g. solar cells under concentration) [61].

Recombination via a defect state

The recombinationvia defect states complements theband-to-band recombination. As its name
implies, this transition involves defect states which may arise from incorporated impurities,
lattice or surface defects. Since the energy released in this sub-transition is smaller than in a
band-to-band one, phonon processes (non-radiative events) dominate the energy transfer. [34]
This recombination process has been studied by Shockley and Read and Hall independently,
therefore it is referred as Shockley-Read-Hall (SRH) recombination. Four sub-processes are
possible in this transition:

1. capture of electrons:
𝑅 , = 𝑛 ⋅ 𝛽 ⋅ 𝑁 ⋅ (1 − 𝑛 ) (2.9)

2. reemission of electrons:

𝑅 , = 𝛽 ⋅ 𝑁 ⋅ 𝑁 ⋅ 𝑛 ⋅ exp −𝐸 − 𝐸
𝑘𝑇 (2.10)
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3. capture of holes:
𝑅 , = 𝑝 ⋅ 𝛽 ⋅ 𝑁 ⋅ 𝑛 (2.11)

4. reemission of holes:

𝑅 , = 𝛽 ⋅ 𝑁 ⋅ 𝑁 ⋅ (1 − 𝑛 ) ⋅ exp −𝐸 − 𝐸
𝑘𝑇 (2.12)

with𝛽 , corresponding to the capture coef icients for electrons and holes, respectively;𝑁 - the
density of defect states; 𝑛 - the probability that a defect is occupied by an electron. According
to SRH statics, the net recombination rate is given by:

𝑅 = 𝑛 ⋅ 𝑝 − 𝑛
𝜏 ⋅ (𝑝 + 𝑝∗) + 𝜏 ⋅ (𝑛 + 𝑛∗) , (2.13)

where 𝜏 , is the lifetimes of electrons and holes, respectively; 𝑝∗ = 𝑁 ⋅ exp − ; 𝑛∗ =
𝑁 ⋅ exp − . 𝑛∗ and 𝑝∗ are the carrier densities which would emerge if the Fermi energy
level 𝐸 would coincide with the defect energy level 𝐸 .

The defect states located in the middle of the forbidden gap will act as recombination cen-
tres, whereas the shallow levels will act as trapping states.

2.2.2 Regions of recombination

The limitations imposed by non-radiative recombination is one of the major reasons why the
ef iciency of CIGS solar is below the theoretical limit de ined by radiative recombination only.
The (dark) recombination current of a typical CIGS solar cell can be described by the general

Figure 2.1: Band diagram with possible recombination mechanisms in CIGS solar cells: (1)
CIGS/CdS interface recombination; (2) QNR recombination; (3) CIGS/Mo back contact inter-
face recombination; (4) SCR recombination. The image is adapted from [34]
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diode equation:
𝐽 = 𝐽 ⋅ exp 𝑞𝑉

𝐴𝑘𝑇 − 1 (2.14)

with the saturation current 𝐽 = 𝐽 ⋅exp , where𝐸 is the activation energy of the satura-
tion current 𝐽 and the weakly temperature dependent prefactor 𝐽 . The ideality factor A and
the activation energy Ea depend on the recombination mechanism which dominates J0. Thus,
de ining the Ea and A the dominant recombination mechanism can be identi ied. The different
recombination paths in a typical CIGS solar cell are indicated in Figure 2.1.

The temperature-dependent study of the recombination current density Jrec is one of the ap-
proaches to determine the activation energy Ea and discriminate between the limitation of bulk
and interface recombination. [17] A direct correlation between the recombination current and
the device Voc exists. The temperature dependence of Voc can be deduced from the expression
for the device Jsc under given illumination intensity (see Equ. 2.15)

𝐽 = 𝐽 exp 𝑞𝑉
𝐴𝑘𝑇 − 1 = 𝐽 exp −𝐸

𝐴𝑘𝑇 exp 𝑞𝑉
𝐴𝑘𝑇 − 1 (2.15)

From Equ. 2.15 the correlation between the device Voc and the activation energy Ea for non-
radiative recombination can be derived

𝑉 = 𝐸
𝑞 − 𝐴𝑘𝑇

𝑞 ln 𝐽
𝐽 (2.16)

Hence, the extrapolation of Voc to 0𝐾 yields the activation energy for non-radiative recombi-
nation Ea as long as Jsc and J00 are temperature-independent. In the following, the limitations
imposed on Voc by recombination in the bulk of the absorber (QNR and SCR) and at the inter-
faces (CIGS/CdS and CIGS/Mo) as shown in Figure 2.1 are discussed.

Path 1 - recombination at the CIGS/CdS interface

Electronic loss mechanism by recombination at the absorber/buffer interface may be caused
by lattice mismatch or segregation of impurities. This recombination path has been a limiting
factor and still is for wide-gap CGS/CdS-based solar cells. In case of interface recombination
the activation energy for recombination current can be smaller than the Eg (Ea < Eg) and be
equal to the potential barrier for holes at the interfaceΦ . Holes are minority at the interface,
therefore the recombination rate at the interface is determined by the hole concentration. [62]
The recombination current is given by [63]

𝐽 = 𝐽 exp −Φ
𝐴𝑘𝑇 exp 𝑞𝑉

𝐴𝑘𝑇 − 1 (2.17)
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In case of Ea < Eg, Voc can be limited by a small value of Φ as a result of enhanced interface
recombination. There is a linear correlation between Voc andΦ [1]

𝑉 = Φ
𝑞 − 𝑘𝑇

𝑞 ln
𝑞𝑆 𝑁
𝐽 , (2.18)

where 𝑆 is the interface recombination velocity for holes.

Path 2 - recombination in the QNR

Under assumptionof long lifetime,most of injected charge carriers pass the SCRwithout recom-
bination and diffuse to the QNR. Being minority carriers they are subjected to recombination
via defect states. [34] Under conditions that the absorber thickness is much larger than the dif-
fusion length of minority carriers, that is 𝑑 ≫ 𝐿 , back surface recombination can be neglected.
Therefore, the recombination current in the limit of QNR recombination can be calculated from
the continuity equation for electrons using the SRH statistics. [34] The expression for the re-
combination current reads

𝐽 = 𝐽 exp
−𝐸
𝑘𝑇 exp 𝑞𝑉

𝑘𝑇 − 1 (2.19)

with 𝐴=1. The device Voc in the limit of QNR recombination can be de ined as [1]

𝑉 =
𝐸
𝑞 − 𝑘𝑇

𝑞 ln 𝑞𝐷 𝑁 𝑁
𝐽 𝑁 𝐿 (2.20)

resulting in the activation energy equal to the absorber bandgap Ea = Eg.

Path 3 - recombination at the CIGS/Mo back contact interface

Back contact recombination can be considered as a dominating loss mechanism under condi-
tions when 𝑑 ≪ 𝐿 . In this case, injected electrons diffuse to the back contact and recombine
there with abundant holes. [34] In the limit of back surface recombination different operating
regimes of a solar cell can be distinguished. [64] ”Solar cell regime” is a normal diode-like be-
haviour observed at high temperatures. The activation energy for SRHnonradiative recombina-
tion is determined by the bandgap of the absorber, that is Ea = Eg. The recombination current
is de ined similar to Equ. 2.19. The expression for Voc is similar to Equ. 2.20 but the diffusion
length of minority carriers Ln has to be replaced by the effective diffusion length Leff [1]

𝐿eff = 𝐿 ⋅ cosh 𝑙 + 𝑠 sinh 𝑙
𝑠 cosh (𝑙 ) + sinh (𝑙 ) , (2.21)

where 𝑠 = 𝑆 𝐿 /𝐷 and 𝑙 = 𝐿 /𝑑.
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The ”double-diode” behaviour can be usually detected at low temperatures when the
CIGS/Mo contact forms a Schottky contact. Such a contact induces signi icant resistive losses
due to the Schottky barrier. The Schottky contact is a rectifying junctionwith the polarity oppo-
site to the polarity of themain junction. Under conditions when the Schottky diode is activated,
themeasured A can be signi icantly larger than two. Performance losses with respect to the de-
vice Voc have been detected even though the presence of the back contact barrier has not been
re lected in JV-characteristics. [65]

The Schottky back contact model can be extended to the phototransistor model. [58] This
model is applicable to the cases when the diffusion length of charge carriers is in the range
or larger than the absorber thickness leading to the signi icant carrier injection to the back
contact. In this case, the Schottky contact demonstrates pronouncedminority carrier collection
properties acting reciprocally to the ”electronic mirror” induced by the (quasi)-back surface
ield. The expression for Voc in the limit of the phototransistor behaviour reads

𝑉 =
𝐸 −Φ

𝑞 − 𝑘𝑇
𝑞 ln 𝛼𝐽

𝐽 , (2.22)

where Φ is the Schottky barrier height at the back contact, 𝛼 is the ampli ication factor, 𝐽
and 𝐽 are the temperature-independent prefactors of the main and Schottky diode, respec-
tively. From Equ. 2.22 one can see that the device Voc becomes independent of the Jph and
therefore illumination intensity what is one of the characteristic features of the phototransis-
tor model.

Path 4 - recombination in the SCR

Recombination rates in the SCR are governed by the SRH statistics. Maximum SCR recombina-
tion occurs at the position with 𝜏 𝑛 = 𝜏 𝑝. The recombination current density in the SCR is
given by [1]

𝐽 = 𝐽 exp
−𝐸
𝐴𝑘𝑇 exp 𝑞𝑉

𝐴𝑘𝑇 − 1 (2.23)

with 𝐴=2 and 𝐸 = 𝐸 . The device Voc in the limit of SCR recombination can be written in the
form

𝑉 =
𝐸
𝑞 − 𝐴𝑘𝑇

𝑞 ln 𝐴𝑘𝑇𝐷 𝜋 𝑁 𝑁
𝐽 𝐹 𝐿 , (2.24)

where𝐹 = is the electric ield at the position ofmaximumrecombination. Theparam-
eter 𝐹 is a function of the doping density 𝑁 , band-bending 𝑉 and the dielectric constant of
the absorber 𝜖 . The term 𝜋𝑘𝑇/𝑞𝐹 can be interpreted as an effective width of the recombina-
tion zone. [34]
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2.3 Bandgap engineering

CIGSmaterial used to fabricate highly ef icient solar cells usually has the bandgap in the range of
1.0 - 1.2 𝑒𝑉 depending on the deposition process. [3, 7] These values are somewhat lower than
predicted to achieve the maximum conversion ef iciency. [59] Bandgap engineering has been
recognised as an ef icient way to increase the ef iciency of CIGS-based solar cells by tuning the
absorber electronic properties (by varying the absorber Eg) in order to enhance absorption
and photocurrent collection and to mitigate recombination processes. This approach is based
on alloying the absorberwith Ga and/or S depending on the absorber depositionmethod. [7, 6]
The incorporation of the heavy alkali atoms have been also found effective in the modi ication
of the electronic properties of CIGS absorbers. [25, 28]

Recent world record ef iciencies have been achieved by using absorber ilms with a double
graded structure. [7, 6] Awide gapmaterialwas ensured towards the front (CIGS/CdS) andback
(CIGS/Mo) interfaces with a characteristic notch of a low gap material in-between by means of
the depth-dependent [Ga]/[In]+[Ga] and/or [S]/[Se]+[S] ratios. In literature and hereafter, the
notation ”front” and ”back” grading with respect to the corresponding interface is used. Such
composition gradients directly affect the Eg-pro ile and thereby the device electronic proper-
ties. The bene icial effects of an optimised Eg-grading can be seen in the reduction of the recom-
bination probability, and therefore charge carrier losses. However, the modi ication of the light
absorptionproperties in solar cells by introducing awide gapmaterial has to be kept inmind. In
this context, a wide bandgap alloywould be preferred at the front and back interfaces to reduce
recombination losses whereas the absorber bulk should have a low Eg to enhance absorption.
Such a double graded approach effectively separates two mutually exclusive processes, recom-
bination and collection of charge carriers. Suppressed recombination at the interface(s) by a
wide Eg material increases the device Voc whereas a preserved low Eg material in the bulk does
not deteriote the device Jph. This approach is often referred as the separation of recombina-
tion processes from absorption and photocurrent collection. [66]

Due to the technological aspects, a S-incorporation into the absorber surface close to the
front interface is traditionally used for the sequentially grown absorbers. [67, 6, 12] S shifts
the valence band edge downwards leading to the hole depleted surface and decreased inter-
face recombination with electrons from the CdS layer. [66] Furthermore, increasing the Eg at
the absorber surface by varying S/(S+Se)-gradients has a minor impact on EC, and therefore a
favourable band alignment between the absorber and buffer layers is not affected.

In coevaporated CIGS, a Ga-gradient for the front grading is used. In contrast to S, Ga pre-
dominantly changes the conduction band minimum EC lifting it upwards which indeed results
in an increased bandgap close to the interface, but additionally changes the band alignment be-
tween the absorber and buffer layers. Therefore, the role of an increased bandgap towards CdS
due to a Ga-grading is not always conclusive with respect to the overall ef iciency improvement
of coevaporated devices. [7] An optimal Ga-concentration and a gradient slope is very impor-
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tant for the device performance. [7, 68, 69] Moreover, the position of a Ga-notch relative to the
front interface has to be also considered. [7]

Furthermore, an increased Eg towards the Mo back contact as a result of a Ga-accumulation
proved to be bene icial for both coevaporation and sequential technologies. Acting as a quasi-
back surface ield (also known as ”electron mirror”), a EC-grading accelerates close to the back
contact generated electrons towards the pn-junction. This improves the carrier collection as
well as reduces back contact recombination and suppresses the phototransistor effects.

A recent trend in the absorber optimisation approach is the development of the postdeposi-
tion treatment based on the incorporation of heavier (thanwidely usedNa) alkali atoms such as
K, Cs and Rb. [23, 25] The implementation of the KF post-treatment modi ies the absorber sur-
face leading to the formation of the surface layer with a larger Eg [50], presumably the KInSe2
secondary phase [28]. The impact of Cs andRb is still under investigation, but the similar action
to K has been predicted theoretically [28] and observed experimentally [25]. These indings
emphasise the potential of the alkali-based post-deposition treatment in terms of the absorber
surfacemodi ication and further optimisationof the overall performanceof CIGS-baseddevices.



Chapter 3

Experimental

In this chapter, the process of Cu(In,Ga)(Se, S)2 absorber formation will be described. Fabrica-
tion details of the investigated solar cells will be given. Data on compositional gradients, such
as in-depth pro iles of gallium and sulfur, necessary to understand the diode characteristics and
optoelectronic properties of the studied devices will be also outlined. Moreover, a general intro-
duction to the measurement techniques used in this work will be provided. A brief theoretical
background is followed by the description of the corresponding measurement setup.

3.1 Investigated sample sets

3.1.1 Cell fabrication process

The standard process sequence to fabricate Cu(In,Ga)(Se, S)2-based solar cells is described
in [70, 3]. It starts with dc magnetron sputtering of the 0.4 𝜇𝑚 thick molybdenum back elec-
trode on the preconditioned soda lime glass (3𝑚𝑚). Then, laser patterning of themolybdenum
contact (P1-scribe) is performed to de ine the cell width for themonolithic cell interconnection.
The two-stage absorber growth process comes next. In the irst step, the metallic CuGaIn pre-
cursor stack is sequentially deposited by dc magnetron sputtering from separate CuGa alloy
and In targets. Alternating layers of CuGa and elemental In are sputtered at elemental ratios
of [Cu]/([In] + [Ga]) = 0.92 and [Ga]/([In] + [Ga]) = 0.26. The chalcopyrite is formed in the
second step. During the chemical reaction process, the metallic precursors were irst exposed
to a H2Se ∶ Ar gaseous mixture at around 400∘C for about 60 𝑚𝑖𝑛 to form composite alloys
consisting of binary selenides and I-III-VI ternary alloy. Next, the samples are heated to reac-
tion temperatures of about 550∘C in the presence of H2S diluted in Ar to produce single-phase
Cu(In,Ga)(Se, S)2 absorbers. The duration of chalcogenisation is 2 ℎ. The reaction of themetal-
lic precursor and the chalcogens is controlled via the concentration of the reactive species and
the temperature pro ile of the process. The schematic of this absorber formation technology is
demonstrated in Figure 3.1.
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As a next step, the ilms are processed to complete solar cells by growing a 50 𝑛𝑚 thick CdS
buffer layer in a wet chemical bath. Afterwards, reactive RF magnetron sputtering of the 50
𝑛𝑚 intermediate layer of intrinsic ZnO (i-ZnO) comes followed by the second patterning step
(P2)which integrates cell series connection. In the end, the 1.2 𝜇𝑚 thick transparent front elec-
trode is deposited froma ceramic ZnO ∶ Al2O3 bydcmagnetron sputtering. The thirdpatterning
scribe (P3) is performed to insulate the front electrode and the neighbouring cells.

Figure 3.1: Schematic of a two-stage absorber formation process. Adopted from [11]

As the absorber ilm is formed from stacked elemental layers and its growth process is
driven by the interdiffusion of elements, the exact control over composition is very dif icult
for this deposition method. Therefore, unintentional elemental gradients in the absorber ilm
can adversely affect the ef iciency of potential solar cells. The formation of the CuInSe2 phase
is faster than that of the CuInGa2 phase as the ilm growth starts from the top. As a result,
most of the Ga-atoms are concentrated at the back surface of the absorber. To the contrary,
S from the sulfurisation step is found at the surface region of the absorber ilm. Therefore, a
non-uniform bandgap through the absorber thickness is formed. The in-depth variation of Ga-
and S-distributions will be discussed in the following section.

The discussed absorber growth process has been irst demonstrated at the University of
Johannesburg and then applied on a commercial level by Johanna Solar Technology GmbH. [71]
Later, this company has been transformed in BOSCH Solar CISTech GmbH which provided the
discussed samples for investigation.

3.1.2 Samples under investigation

Due to complex reaction chemistry between intermetallic phases the chalcogenisation of the
precursor ilms result in phase-segregated multinary alloys. The spatial variations in Ga/III
and S/VI ratios therefore result in compositionally graded absorber ilms. In order to study the
impact of the in-depth variations of Ga and S on the performance of solar cells, the absorber
formation process has been modi ied in the following ways:

(a) Ga-gradient
To produce samples with different Ga-gradients, the temperature pro ile and duration of

the selenisation step has been altered. A better homogenisation of Ga-distribution has been
ensured by increased temperatures from 400∘C to 580∘C during selenisation of the sputtered
metallic precursors CuInGa. The timewindowof this high temperature step varied from45𝑚𝑖𝑛
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Figure 3.2: SEM micrographs of the cross-section of the samples with a varied S-amount and
chalcogenisation temperature.
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up to 60𝑚𝑖𝑛 which correspond to the samples with medium and high diffusion times (see Ta-
ble3.1), respectively. A soda lime glass which serves as a substrate for the reference process
has been changed to a special high temperature glass. It has to be noted that a high tempera-
ture glass usually contains less alkali ions in order to increase the melting point and transition
temperature of the glass. This, in turn, should also affect the sodium diffusion from the sub-
strate into the absorber layer compared to the reference case where the SiO2 diffusion barrier
on soda-lime glass is sputtered.

(b) S-gradient
A control over S-pro iles was enabled via different S-supplies and process temperatures.

The S-incorporation was done by evaporating S in combination with a H2S ∶ Ar transport gas at
475∘C, 500∘C, and 525∘C which are assigned to ‘low’, ‘medium’, and ‘high’ temperature process.
Moreover, the S-supply was varied by using different amounts of evaporated S: 0𝑔 corresponds
to ‘no S’; 18 𝑔 → ‘low S’, and 70 𝑔 → ‘high S’ cases. These S-amounts are relevant for the ‘low’
and ‘high’ temperature modi ications of the sulfurisation step whereas only 30 𝑔 was used for
the ‘medium’ temperature variation.

The fabrication details of the investigated sample sets are summarised in Table 3.1.

Table 3.1: Fabrication details of the investigated sample sets

Investigated Sample Diffusion Diffusion Chalcogenisation S content,
set time,𝑚𝑖𝑛 temperature, ∘C temperature, ∘C 𝑔

reference reference 60 400 550 70

S-
in
co
rp
or
at
io
n high T

no S 60 400 525 0
low S 60 400 525 18
high S 60 400 525 70

low T
no S 60 400 475 0
low S 60 400 475 18
high S 60 400 475 70

med T med S 60 400 500 35

Ga annealing medium 45 580 550 70
long 60 580 550 70

Themicrostructureof themodi ied absorbers (see the S-incorporation samples inTable3.1)
can be analysed from the SEM micrographs shown in Figure 3.2. Large grains at the CIGS/CdS
interface change to smaller ones close to the CIGS/Mo interface. The region of smaller CIGS
grains is associated with an increasing Ga-content as has been reported in [72].

3.1.3 In-depth variations of gallium and sulfur distributions

The concentrations of elements in the absorber layer have been obtained from glow discharge
optical emission spectroscopy (GDOES). Unfortunately, details on the setup of this characteri-
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sation technique are not available as the measurements have been performed externally by a
private company. The principle of operation of this optical spectroscopy technique is described
in [17].

GDOES-pro iling gives an insight into the elemental distribution versus a ilm depth. Unfor-
tunately, the data discussed in this work correspond to the samples with modi ied deposition
parameters, and there is no data on a reference sample. However, the results demonstrate a
corresponding proportionality with respect to a varying parameter. The absorber thickness
has been determined from the Mo signal at the point where it reaches half its intensity. [67].

Figure 3.3: Reference in-depth variations of the Ga- and S-distribution.

Figure 3.4: In-depth variations of the Ga-distribution after different diffusion times.

The ratio of the emission intensity of S over the intensity of (Se+S) is reproduced in Fig-
ure 3.5a and 3.5b. The ratio of the emission intensity of Ga over the intensity of (Ga+In) is not
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shown here as it is similar to the reference sample (see Figure 3.3). Varying process parame-
ters with respect to the S-incorporation do not affect the Ga-distribution pro iles in the studied
samples. Using the GDOES data, the variations in Eg pro ileswith a Ga-content 𝑥 and a S-content
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Figure 3.5: GDOES depth pro iles for (a) low temperature, and (b) high temperature samples
with different S-contents.

𝑦 can be estimated by the relation given in [73]:

𝐸 = 1 + 0.13 ⋅ 𝑥 + 0.08 ⋅ 𝑥 𝑦 + 0.13 ⋅ 𝑥𝑦 + 0.55 ⋅ 𝑥 + 0.54 ⋅ 𝑦 (3.1)

The calculated Eg-grading pro iles for the low and high temperature processes are shown in
Figure 3.6. As one can see the grading pro ile of the studied samples is U-shape (plateau-type)
with the basically unaffected Eg in the bulk. Except for the device with the high S-content from
the high temperature process which exhibits some modi ications of the bulk Eg. The slightly
increased Eg at the back contact interface can be related to the increased S-concentration.

3.2 Characterisation techniques

3.2.1 Current-voltage characteristics

Theory

A typical solar cell can be represented by the electrical circuit based on the one-diode model
shown in Figure 3.7. The one-diode equivalent circuit of a solar cell is a current source in par-
allel with a single diode. Additionally, series resistance Rs represents series resistance losses
originated from contact and sheet resistances which limit the current low through the cell. Rs
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Figure 3.6: Calculated Eg from the GDOES depth pro iles for the samples with different S-
contents.

Figure 3.7: Schematic drawing of an equivalent circuit of a solar cell based on the one-diode
model.
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reduces the solar cell ef iciency by dissipating the power in thermal form. The leakage current
from themanufactured defects in the solar cell are described by parallel or shunt resistance Rsh.
Under illumination, the current delivered by the solar cell can be expressed via the photocur-
rent density Jph, the current density through the diode Jd and the leakage current via shunts Jsh
using Kirchoff’s law

𝐽 = 𝐽 − 𝐽 + 𝐽 (3.2)

The expression 3.2 modi ies the Shockley equation to the following form

𝐽 = 𝐽 ⋅ exp 𝑞(𝑉 − 𝐽𝑅 )
𝐴𝑘𝑇 − 1 + 𝑉 − 𝐽𝑅

𝑅 − 𝐽 , (3.3)

where A is the diode ideality factor. Electrical characterisation of a solar cell involves measur-
ing the current density-voltage (JV)- characteristics and determination of the equivalent circuit
parameters in order to calculate the power conversion ef iciency, 𝜂. The ef iciency of the solar
cell is de ined as a ratio of the electrical power output from the solar cell to the incoming power
of the solar irradiance, 𝜂 = .

The typical current-voltage response of the studied solar cells are demonstrated in Fig-
ure 3.8. The maximum power output of an ideal cell is equal to the product of the open circuit
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Figure 3.8: Reference JV-characteristics with the performance parameters.

voltage, Voc, and the short circuit current, Jsc, where Voc is the cell voltage when the current in
the circuit is equal 0, i.e. open circuit conditions; and Jsc is the current available from a cell when
the voltage is 0, i.e. short circuit conditions, 𝑃ideal = 𝑉 ⋅ 𝐽 . Since Pideal represents a theoretical
limit, the performance of a real cell can be characterized by the ill factor, FF, which measures
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the ’squareness’ of the current-voltage curve in the power quadrant in comparison to the ideal
solar cell. FF is calculated as a ratio of the products of Vmpp and Jmpp, which are the voltage and
the current at the maximum power point, Pmpp over the product of Voc, and Jsc, that is, gives a
fraction of Pmpp and Pideal:

𝐹𝐹 =
𝑃
𝑃 =

𝑉 ⋅ 𝐽
𝑉 ⋅ 𝐽 (3.4)

Further electrical parameterswhich are critical to the solar cell performance and important
to determine performance losses are series resistance, Rs, parallel or shunt resistance, Rsh, and
the diode ideality factor, A. These parameters will be also included into the analysis process of
JV-characteristics.

As the electrical behaviour of a solar cell depends considerably on the external factors, such
as device temperature, irradiation spectrum, and illumination intensity, its electrical perfor-
mance is measured under standard test conditions (STC) which specify a cell temperature,
Tcell = 25∘C and integrated illumination intensity of 1000 W/m2 with air mass (AM1.5G) to en-
sure comparable evaluation conditions.

Measurement setup

In this work, current-voltage measurements have been performed using Keithley 4200-SCS semi-
conductor characterization system. This system includes software with a graphical interface and
a mathematical formulator which allows direct derivation of the measurement parameters. The
Keithley 707A switching matrix provides the possibility of automatic switching between different
measurements. All measurements are done in a black box with blackened interior to avoid the
impact of ambient light and reduce interference with re lected light inside the box. The temper-
ature of a sample is maintained constant with help of a heating plate. To test the behaviour of a
solar cell under illumination, the sun simulator from LOT based on the 300𝑊 Xe short arc lamp
with the integrated collimating and collecting optics is used. This optical system meets class A
solar spectrum match speci ications. The constant current to the lamp is provided by the power
supply LSN252 to ensure constant light lux. The intensity of the light beam is adjusted using a
reference Si-photodiode calibrated at the Centre for solar energy and hydrogen research Baden-
Württemberg (ZSW) in Stuttgart.

3.2.2 Admittance measurements

Theory

An admittancemeasurement is widely used to investigate bulk and interface properties of CIGS
solar cells. An alternating voltage with a frequency 𝜔 = 2𝜋𝑓 is applied to a solar cell. The
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response to the applied AC signal is the complex admittance of a pn-junction which writes as
follows:

𝐴(𝜔) = 𝐺(𝜔) + 𝑗𝜔𝐶(𝜔), (3.5)

where 𝜔 = 2𝜋𝑓 is the angular frequency, 𝐺(𝜔) is the conductance and 𝐶(𝜔) is the capacitance
of the pn-junction, respectively. The conductanceG is described by shunt and series resistances,
material bulk resistance, contact resistances, etc. Meanwhile, the capacitance is deduced from
the imaginary part of the measured admittance and assigned to the SCR capacitance. There-
fore, the evaluation of the capacitance value is based on the analysis of the equivalent circuit
consisting of a capacitance and a conductance in parallel.

The measurement of the pn-junction capacitance is traditionally carried out as a function
of a voltage bias, a frequency of an alternating voltage or temperature.

Free carrier densities, depletion widths, deep trap densities and potential barriers can be
obtained from the AC response of the pn-junction. [74]

3.2.2.1 Capacitance-voltage pro iling

The pn-junction capacitance originates from the SCR in a solar cell which is fully depleted of
free charge carriers and considered as the insulating layer. Therefore, it is calculated based on
the parallel plate capacitor approximation of the depletion region.

The space charges which are located in the depletion region on both sides of the metallur-
gical boundary of the pn-junction are of equal magnitude but of opposite sign. After applying
a small voltage bias to the pn-junction, the charges are added and removed only at the edges
of the depletion region, so that the capacitance depends only on the dielectric constant 𝜖CIGS of
the absorber layer, the width of the SCR w, and the device area A:

𝐶SCR =
𝜖 𝜖CIGS𝐴

𝑤 , (3.6)

where 𝜖 is the vacuum permittivity. This capacitance imitates the capacitance of a parallel
plate capacitor with the distance between the plates equal to the depletion layer width.

Assuming one-sided abrupt pn-junction, Equ. 3.6 can be represented as

𝐶SCR =
𝑞𝜖 𝜖CIGS𝑁 𝐴
2(𝑉 − 𝑉) , (3.7)

where 𝑉 is an applied voltage bias. Measuring the capacitance versus voltage, the built-in Vbi
and the doping density Na can be obtained. According to the Mott-Schottky analysis, the recip-
rocal of the square of the capacitance 1/C2 has a linear dependence on the applied voltage V
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(see Equ. 3.8)
1
𝐶 = 2

𝑞𝑁 𝜖 𝜖CIGS𝐴
⋅ (𝑉 − 𝑉) (3.8)

which allows to extract the doping density Na from the slope of the 1/𝐶 (𝑉) curve as following

𝑁 = 2
𝑞𝜖 𝜖CIGS𝐴

⋅ −
𝑑
𝑑𝑉 (3.9)

From the extrapolation of 1/C2 to 0 in Equ. 3.8, the built-in voltage Vbi can be determined.

3.2.2.2 Capacitance-frequency spectroscopy

The carrier concentration in the CIGS absorber is not controlled by the introduction of doping
elements, but determined by the intrinsic defects and defect complexes. The shallow defects
govern the doping level of CIGS absorbers and therefore the pn-junction formation whereas
deep defects are responsible for recombination of photogenerated carriers and metastable be-
havior of CIGS solar cells. [13] Furthermore, in addition to intrinsic defects, doping in CIGS ab-
sorbers can be in luenced by defects introduced by impurity atoms which can be incorporated
intentionally or diffuse from the substrates (Na, K, O from the soda-lime glass; Fe from the steel
foils). [75, 76, 49] The occupation of defect states by charge carriers (carrier trapping) con-
tributes to the space charge, and therefore to the measured capacitance. Thus, charging and
discharging the trapping states will directly affect the measurement outcome. In order to con-
tribute to the junction capacitance, trapping and re-emission events have to be fast enough to
follow the applied AC frequency. Therefore, the defect contribution to the device capacitance
will be detected in a low frequencymeasurement, but not in a high frequency onewhere the ca-
pacitance will decrease and approach its geometrical value Cgeo. Such a frequency-dependence
gives rise to the capacitance step which occurs at the characteristic frequency𝜔 given by [77]

𝜔 = 2𝛽 𝑁 exp −𝐸𝑘𝑇 , (3.10)

where 𝛽 is the capture coef icient for holes, and 𝐸 is the defect energy level which is given by

𝐸 = 𝑘𝑇 ⋅ ln
2𝛽 𝑁
𝜔 , (3.11)

The capture and re-emission of trapped carriers are thermally-activated processes. Bymea-
suring the small signal admittance as a function of frequency and temperature, the discrete trap
levels in the bulk of the material (predominantly, majority carrier traps [78]) as well as the in-
terface states (minority carrier traps [79]) can be analysed.
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The position of the capacitance step can be visualised by plotting the derivative of the ca-
pacitance as a function of the angular frequency 𝜔 ̇ . Such representation of the admittance
data is very comfortable as the characteristic frequency can be easily determined from the ex-
tremes. Plotting extracted 𝜔 for different temperatures as a function of 1000/T, the energy
level of a defect can be determined from the slope of the Arrhenius plot. The intercept of the
plot with the y-axis will give the capture-cross-section 𝜎 and the attempt-to-escape frequency
𝜈 in agreement with Equ. 3.10.

If the defects are energetically continuous and spatially homogeneous, the evaluation of the
defect distribution canbeperformedbasedon thedependenceof the capacitanceon the angular
frequency as proposed in [77]. The density of states Nt as a function of the energy 𝐸 can be
evaluated using Equ. 3.12

𝑁 (𝐸 ) = −𝑉
𝑞w ⋅ 𝑑𝐶𝑑𝜔 ⋅ 𝜔𝑘𝑇 , (3.12)

where 𝑉 is the built-in potential, w is the SCR width.
However, the interpretation of admittance measurements is not limited to the defect analy-

sis. Comprehensive information on other possible interpretations can be found in [80] andwill
be discussed in the experimental parts of Chapter 6 and 7.

Measurement setup

In this work, CV-measurements were performed using Keithley 4200-SCS semiconductor charac-
terisation systemwhich is coupled to theKeithley 707A switchingmatrix. All measurements were
carried out at room temperature in the dark. Themeasurement frequency is 100 𝑘𝐻𝑧 and applied
voltage is 50𝑚𝑉 RMS.

Cf-measurements were performed usingHewlett Packard 4192 LF impedance analyser in the
frequency range of 0.1–1 000 𝑘𝐻𝑧. The measurements were recorded from 80K to 360K in 20K
steps inside an evacuated Optistat DN2-V cryostat cooled with liquid Nitrogen. The same cooling
system has been used to measure JV(T)-characteristics. All measurements were carried out in the
dark.

3.2.3 Quantum ef iciency

Theory

Apart from the power conversion ef iciency, the operation of a solar cell can be characterized
in terms of the quantum ef iciency (QE) which is literally the spectrally resolved measurement
of Jsc. By de inition, the external quantum ef iciency, (EQE), is a ratio of the total number of the
collected electrons over the total number of the incident photons per unit area of a solar cell:

𝐸𝑄𝐸(𝐸 ) = 1
𝑞 ⋅

𝑑𝐽 (𝐸 )
𝑑Φ(𝐸 ) , (3.13)
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where 𝑑Φ(𝐸 ) is the incident photon lux in 𝑐𝑚 𝑠 in the photon energy range𝐸 per time
unit resulting in 𝑑𝐽 .
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Figure 3.9: Representation of a quantum ef iciency curve of one of discussed devices and asso-
ciable loss mechanisms. Adopted from [81].

Unlikely to JV-measurements which provide only the absolute value of Jsc produced by a so-
lar cell, QE identi ies the lossmechanismswhich are responsible that not all generated electrons
are collected. According to the detailed balance limit discussed in Chapter 2.1, each photonwith
energy greater than Eg must produce one electron-hole pair which to be collected at the termi-
nals of a solar device. However, in reality parasitic absorption, recombination and re lection
losses lead to the signi icant deviation of Jph from the theoretically justi ied value.

From the absolute value of EQE it is possible to calculate Jsc by integrating over the complete
wavelength range for a given illumination spectrum:

𝐽 = 𝑞 ⋅ 𝐸𝑄𝐸(𝜆)Φ(𝜆)𝑑𝜆 (3.14)

Due to the mismatch of the most solar simulators, an EQE-measurement gives a more pre-
cise value of Jsc than a regular JV-measurement.

Figure 3.9 reproduces the EQE-spectrum of a reference solar cell investigated in this
work. While in the ideal case EQE has the square shape with EQE(Eph) = 1 for Eph ≥ Eg and
EQE(Eph) = 0 for Eph < Eg, in the reality the following loss mechanisms will lower it to a cer-
tain extent:

• re lection losses occur at the material interfaces and can be minimized by using anti-
re lective coatings. The discussed solar cells have no such coating;
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• transmission losses are inherent to any semiconductor as no light is absorbed below its
bandgap energy;

• buffer absorption causes a charge collection loss in the blue region of the solar spectrum
and scales with the buffer thickness. Similarly, absorption in thewindow layer reduces
EQE in the short wavelength region, but these losses are usually neglected;

• recombination losses are related to the reduced charge collection probability due to the
deep generation or low diffusion length.

Measurement setup

EQE-measurement setup used in this work is based on imaging spectrometer Horiba i320. The
monochromator is equipped with a ilter wheel in order to provide light in a continuous spectrum
for ameasurement. Photocurrents aremeasured from both a solar cell and the reference detector.
Then the measurement data is transferred to the computer and the calculation of EQE is done by
the LabVIEW program. The measurements are recorded in the range of 320–1400 𝑛𝑚. As a light
source a combination of the 𝑋𝑒 and 𝐻𝑎 lamp spectra is employed.

3.2.4 Luminescence measurements

Theory

By de inition, luminescence is the non-thermal optical emission in response to external excita-
tion. The thermal equilibriumcanbedisturbedbydifferent excitation sources. In case of optical
excitation, the absorption of light with suf icient energy by a solid matter results in the transi-
tion of an electron from a higher occupied electronic state in the EV to a lower unoccupied state
in the EC. Afterwards in order to restore the equilibrium the electron relaxes back to the ini-
tial state with a consequent photon emission inducing photoluminescence (PL). The photon en-
ergy then is approximately equal to the semiconductor Eg. However, radiative transitions may
also involve localised defects or impurity levels. In this case, the analysis of the PL-spectrum
can help to identify the localised states. The basic recombination transitions in a semiconduc-
tor can be divided into three main groups: (a) interband transitions; (b) transitions involving
chemical impurities or physical defects; (c) intraband transitions. [53] The detection of PL at
a certain energy indicates that an electron populated the state associated with this transition
energy. The probing of discrete electronic states underlies the principle of PL spectroscopy. At
low temperatures, the PL-spectrum is dominated by the exciton transitions and the transitions
via impurity levels, whereas at high temperatures (room temperature) impurities and excitons
become ionised, and therefore the band-to-band and free-to-bound transitions become most
probable. [17] Therefore, deviations in stoichiometry have to be re lected in the PL-spectrum.
This makes a spectrally-resolved PL-measurement a powerful tool in the investigation of CIGS
absorbers with different Ga/(Ga+ In) and S/(S+ Se) in-depth concentrations.
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However, not all transitions are radiative. Nonradiative recombination occurs via deep de-
fects in the Eg. This limits signi icantly the measured recombination lifetime to much smaller
values than the radiative lifetime and is related to defect densities. [17] Therefore, a PL inten-
sity decay as a function of time is extensively used in time-resolved PL (TRPL) measurements
in order to extract minority carrier lifetimes and evaluate the quality of the absorber layer.

3.2.4.1 Reciprocity relation between luminescence and quantum ef iciency of a solar
cell

The analysis of a luminescent spectra of a solar cell can be extended using the reciprocity rela-
tion (RR) between electroluminescent emission and photovoltaic quantumef iciency discussed
in [82]. This theorem is a direct consequence of the principle of detailed balance but with the
extrapolation to a non-equilibrium situation. RR connects two reciprocal phenomena: light ab-
sorption and light emission which represented by injection and radiative recombination with
absorption and charge carrier collection processes, respectively.

According to RR the emission spectrum can be calculated from EQE-measurements and
black body radiation:

𝜙 (𝐸 ) = 𝐸𝑄𝐸 (𝐸 )𝜙 (𝐸 ) (3.15)

Next, the reciprocity theorem has been extended to the case of photoluminescence emis-
sion [83]. A linear superposition between EL and PL emission spectra is given by

𝜙 (𝐸) = 𝜙 (𝐸, 𝜙 ) + 𝜙 (𝐸, 𝑉) = 𝜙 (𝐸, 𝜙 ) + 𝑄 ⋅ 𝜙 (𝐸) ⋅ exp 𝑞𝑉
𝑘𝑇 − 1 (3.16)

implying that the combined EL and PL emission is a sumof the EL part governed by the junction
voltage V and the PL part driven by optical excitation 𝜙 of a solar cell under short-circuit
conditions.

The application of the RR allows a detailed characterisation of photovoltaic properties of a
solar cell only by measuring its luminescent (either EL or PL) spectra or vice versa.

Measurement setup

In this work, spectral PL emission is detected using a near infrared camera/photodiode based on
the InGaAs detector. The excitation source is a laser with an excitation wavelength of 𝜆=830 𝑛𝑚
working at room temperature. PL-decays have been measured on CIGS absorbers after removing
the CdS buffer layerwith diluted hydrochloric acid (5%-HCl). The etching duration is 5𝑚𝑖𝑛. To in-
duce luminescence, a pulsed diode laser with an excitation wavelength of 𝜆=638 𝑛𝑚 and the pulse
duration of 88𝑝𝑠was used. Themaximum incident photon density per pulse is about 9⋅10 𝑐𝑚
(hereafter as 100% excitation). For temperature-dependent PL-measurements, investigated sam-
pleswere heated up by injecting current into theMo layer. The sample temperaturewas controlled
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by ixing a thermocouple in a distance of 1..3 𝑚𝑚 from the laser spot on the sample surface. To
vary the excitation level, a ilter wheel with different neutral density ilters was employed.



Chapter 4

Modelling and simulations

In this section, a short introduction to the baseline parameters of CIGS solar cells and the corre-
sponding SCAPS model are presented. This SCAPS model will be used to verify and support the
results of analytical modelling demonstrated and discussed thereafter. It will be shown in agree-
ment with the experimental results that a Ga-gradient acts as a passivation layer at the back
contact reducing back contact recombination and thereby improving Voc. Additionally, the de-
pendence of the effective back surface recombination on the electron mobility and the strength
of quasi-electric ield induced by a Ga-grading will be highlighted. Moreover, an enhancement of
the charge carrier collection and therefore photocurrent will be veri ied due to a Ga-rich layer at
the back contact. On the other hand, different grading pro iles due to a S-incorporation into the
absorber surfacewill be investigated. Themaximumachievable increase in the bandgapwhich de-
ines the activation energy for recombination in the SCR relative to the overall bandgap increase
in the SCR will be estimated. The application of the reciprocity relation theorem solar cells with
graded gap absorber will be discussed.

4.1 SCAPS modelling

SCAPS is a simulation tool based on numerical modelling of physical processes in thin ilm solar
cells using the inite element method. It allows to test the viability of proposed models devel-
oped to explain the underlying physics and to predict the changes in the device performance
after varying certain parameters. Since the aim of this thesis does not include exact modelling
and itting of CIGS solar cell parameters, but rather focuses on the interpretation of the ex-
perimentally observed behaviour, only relevant parameters will be discussed neglecting those
which do not play a primary role in the discussed situation. Therefore, the baseline parameters
which are constantly used throughout the work are given hereafter, if not stated otherwise in
the text. The effective masses for electrons and holes are set to 0.09 ⋅ 𝑚 and 0.71 ⋅ 𝑚 , re-
spectively, in accordance to [34] with the mass of free electron 𝑚 . The effective density of
states NC and NV are then calculated to be equal to 1.5 ⋅ 10 and 7 ⋅ 10 in the CB
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and the VB accordingly. The mobilities of electrons and holes 𝜇 and 𝜇 are inversely propor-
tional to their effective masses and equal to 100 and 25 ⋅ . The dielectric permittivity of CIGS
material is set to 13.6 ⋅ 𝜖 . The minority charge carrier lifetime and diffusion length are set to
𝜏 = 10 𝑛𝑠 and Ln = 1.6 𝜇𝑚, respectively. The carrier concentration in the absorber layer Na has
been experimentally determined from CV-measurements and assigned to 2 ⋅ 10 . How-
ever, some authors report that capacitancemeasurements overestimate the real doping level in
CIGS absorbers [84] whereas others claim that the doping density is underestimated [85]. The
effective bandgap for absorption which is equal to the minimum Eg within the absorber layer
has been extracted from EQE-measurements and equals ≈ 1 𝑒𝑉. This value has been assigned
to the non-graded region of the absorber. The bandgaps for the front and back grading due to S-
and Ga-gradients will be discussed in the appropriate sections. The thickness of the absorber
layer is 1.5 𝜇𝑚 with the SCR width of about 0.3 𝜇𝑚.

4.2 Analytical modelling

A band diagram of a representative solar cell with a graded absorber structure which is sim-
ulated in SCAPS-1D and will be used for modelling is reproduced in Figure 4.1. The absorber
layer can be divided in three parts: (1) SCRwith a front grading due to the in-depth S-variation;
(2) QNR with the uniform EG,min = 1 𝑒𝑉 (this value has been justi ied by EQE- and spectral PL-
measurements); (3) graded due to a Ga-gradient.
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Figure 4.1: Simulated band diagram.

The schematic of the absorber layer is shown in Figure 4.2. The characteristic points are:
x = −d corresponds to the SCR edge with d being the thickness of QNR; x = 0 is the boundary
between the homogeneous and graded regions, the diffusion lengths of electrons in these re-
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Figure 4.2: Schematic of the absorber grading pro ile.

gions are LnI and LnII, respectively, as will be explained in the next subsection; x = dBC is the
position of the back contact which is characterised by the back contact recombination velocity
Sb. The graded region presupposes quasi-electric ield of strength E due to a gradient in the
CB. The aim of this section is to establish the correlation between the absorber geometry and
device parameters. The approach is to solve the continuity equations in the region of interest
setting appropriate boundary conditions.

4.2.1 Impact of a back grading on charge carrier diffusion

The relevant parameter for the evaluation of the band gradients will be the minority carrier
density. When electrons are injected into the p-type CIGS absorber with a density n(x) they can
travel by diffusion before they recombine. The diffusion length is the mean distance electrons
can move between generation and recombination. Recombination in the QNR and at the back
contact require transport of electrons by diffusion to the recombination sites inducing diffusion
limited current. In terms of the device performance the reduction of this current is desirable.
The effect of a back surface gradient is to suppress minority carrier recombination at the back
contact. This would enhance the photocurrent and decrease the diode current. The continuity
equation for electronswhich describes the particle lux density and generation / recombination
rates throughout the absorber layer is given by [34]

𝛿𝑛(𝑥)
𝛿𝑡 = 𝐺 (𝑥) − 𝑈 (𝑥) + 1

𝑞 ⋅
𝑑𝐽 (𝑥)
𝑑𝑥 (4.1)

The diffusion process of electrons in the ield-free region of the absorber is characterised by the
diffusion length Ln. This parameter can be described by means of the continuity equation for
electrons (see Equ. 4.1) by considering steady-state conditions, when the net rate of increase
must be zero ( ) = 0, implying the generation rate G(x) = 0, and recombination rate𝑈 (𝑥) =
( ) . The electron current density Jn is composed of the diffusion term 𝐽n,diff(𝑥) = 𝑞𝐷 ⋅ ( )
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and the effective force ield term 𝐽n,drift = 𝑞𝜇𝐸 ⋅𝑛(𝑥). In the discussed case, the latter originates
from a quasi-electric ield due to the CB edge gradient as a result of the Ga-grading. Thus, under
the assumption of a constant electric ield E=const the equation reads:

0 = −𝑛(𝑥)𝜏 +𝜇 ⋅ 𝑑𝑑𝑥 𝑛(𝑥)𝐸 + 𝑘𝑇
𝑞 ⋅ 𝑑𝑛(𝑥)𝑑𝑥 = −𝑛(𝑥)𝜏 +𝜇 𝐸 ⋅ 𝑑𝑛(𝑥)𝑑𝑥 +𝜇 ⋅ 𝑘𝑇𝑞 ⋅ 𝑑 𝑛(𝑥)

𝑑𝑥 (4.2)

With ansatz 𝑛(𝑥) ∼ exp and after some mathematical manipulations Equ. 4.2 can be
rewritten as

𝐿 + 𝜏 𝜇 𝐸 ⋅ 𝐿 − 𝜇 𝜏 ⋅ 𝑘𝑇𝑞 = 0 (4.3)

By solving this quadratic equation with respect to Ln one gets the following expression:

𝐿 , =
−𝜏 𝜇 𝐸 ± 𝜏 ⋅ (𝜇 𝐸) + 4 ⋅ ⋅

⋅

2 (4.4)

Next, two situations can be considered:

• 𝐸 = 0, ield free region
Assuming no electric ield, the expression for the effective diffusion length corresponds
to the one of the conventional diffusion length in the uniform absorber region which
depends on the diffusion constant Dn and lifetime 𝜏 of charge carriers, i.e. 𝐿 , =
± 𝐷 ⋅ 𝜏 . Two identical solutions with the opposite signs mean that excess electrons
canmove either direction, towards themain junction and/or the back contact in the QNR.
According to Figure 4.2, it corresponds to LnI.

• 𝐸 ≠ 0, back surface ield region
In the presence of the quasi-electric ield 𝐸, the effective diffusion length also has two
solutions. Both solutions have to be considered as described below. This diffusion length
is denoted as 𝐿 in Figure 4.2 characterising diffusion processes in the graded region.
Simplifying Equ. 4.4 with 𝐷 = 𝜇 ⋅ , one gets

𝐿 = 𝜏 𝜇 𝐸
2 ⋅ −1 ± 1 + 4 ⋅ 𝐷

𝜇 𝐸 𝜏 (4.5)

After applying a Taylor expansion, the expression for a diffusion length in the presence of
electric ield Ε becomes:

– positive solution

𝐿 = 𝜏 𝜇 𝐸
2 ⋅ −1 + 1 + 1

2
4𝐷

𝐸 𝜇 𝜏 − 1
8

16𝐷
𝐸 𝜇 𝜏 ≈ 𝑉

𝐸 , (4.6)
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where VT =
kT
q is the thermal voltage. The expression 4.6 de ines the effective diffu-

sion length of electrons moving towards the back contact against the quasi-electric
ield and determines the penetration depth of electrons into the graded region. Self-
evident, this expression has to be as small as possible in order to prevent the injec-
tion of electrons to the back contact, and thereby to suppress back contact recombi-
nation.

– negative solution

𝐿 = −𝐿 ⋅ 𝐸𝑉 (4.7)

The expression 4.7 describes the case of drift-assisted diffusion process when both
processes are in the same direction. This expression has to be large in order to en-
hance the current collection and improve the photocurrent.

In order to get some rough estimates for a quasi-electric back surface ield and to evaluate
its ef iciencywith respect to the obtaineddiffusion lengths in the graded region, one can assume
Δ𝐸 = 0.4 𝑒𝑉 (following the GDOES data for the studied samples) and thewidth of the graded re-
gion of d = 1.0 𝜇𝑚. A constant electric ield of𝐸 ∼ 4⋅10 𝑉𝑐𝑚 can be obtained. The estimated
diffusion length of electrons towards the back contact will be then 𝐿 = ∼ 6.5 ⋅ 10 𝜇𝑚.
This expression implies that due to effective force ields induced by a proper Ga-gradient the
diffusion length of electrons becomes 𝐿 ≪ 𝐿 . Self-evident, a reduced back contact re-
combination will lead to an improved device ef iciency, especially facilitating a higher device
Voc. On the other hand, speaking about the drift-assisted diffusion length under assumption of
no back surface recombination the effective diffusion length theoretically can reach as high as
𝐿 = 𝐿 ⋅ 𝐿 ⋅ ∼ 25 ⋅ 𝐿 which describes clearly the available potential of a strong back
surface ield.

Résumée

An optimised charge carrier transport throughout the absorber layer is one of the bene its of
graded gap absorbers. A quasi-electric ield due to a Ga-gradient suppresses the back contact
recombination by preventing the injection of electrons to the back contact. This will result in a
lower diode current and a higher deviceVoc. On the other hand, drift-assisted diffusion of electrons
towards the collecting junction is possible leading to a better collection ef iciency, and therefore
increased photocurrent.

4.2.2 Back contact passivation due to a Ga-grading

Recombination at the back contact is one of the ef iciency limiting processes which directly
affects the device Voc. The passivation of the back contact has to be considered (bene icial)
when (a) the back surface recombination velocity, Sb is too high (the enhancement of Voc both
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experimentally and in simulations has been observed after the improvement of the back contact
in works of Vermang [86, 87]), and (b) the diffusion length of electrons, Ln, is comparable to the
width of the quasi-neutral region (QNR) of the absorber layer. Both conditions are relevant for
CIGS solar cells. Referring to thin absorbers, a conventional de inition of the diffusion length
𝐿 = 𝐷 ⋅ 𝜏 has to be replaced by the effective diffusion length, L∗n, as follows [33]:

𝐿∗ = 𝐿 ⋅ cosh(𝑙 ) + 𝑠 ⋅ sinh(𝑙 )
𝑠 ⋅ cosh(𝑙 ) + sinh(𝑙 ) , (4.8)

where 𝑠 = 𝑆 ⋅ 𝐿 /𝐷 , and 𝑙 = 𝐿 /𝑑 with 𝑑 is the width of the QNR.
The samples under investigation have an absorber thickness in the range of the diffusion

length as has been discussed earlier. Therefore, it could be of interest to estimate the impact of
the absorber thickness d on the effective diffusion length L∗n, and therewith Voc; moreover, to
assess the relevance of the back contact recombination Sbwith respect to these twoparameters.
To analyse the impact of the effective diffusion length L∗n and back surface recombination Sb, the
de inition of Voc can be used. Under the assumption that recombination takes place only in the
neutral region of the absorber (no recombination in the SCR), the correlation between Voc and
L∗n is given by [33]

𝑉 =
𝐸
𝑞 − 𝑘𝑇

𝑞 ⋅ ln 𝑞𝐷 𝑁 𝑁
𝐽 𝑁 𝐿∗ (4.9)

To demonstrate the correlation graphically, the values of Voc, Eg, Jsc and Na are readily available
from the experimental data, whereas the other parameters are as described in Section 4.1. The
impact of Sb on L∗n can be deduced from Equ. 4.8. Two situations can be distinguished:

• 𝑆 high, therewith Equ. 4.8 simpli ies to

𝐿∗ = 𝐿 ⋅ 𝑡𝑎𝑛ℎ(𝑙 ), (4.10)

• 𝑆 negligible, therewith
𝐿∗ = 𝐿 ⋅ 𝑐𝑡𝑎𝑛ℎ(𝑙 ) (4.11)

The situation for Sb high has been derived by neglecting the summands not multiplied by
sb, and vice versa for the situation with Sb low. High back surface recombination implies
Sb ≈ Sb,max = vth, where vth is the thermal velocity. Meanwhile, reading Sb low means Sb ≈
0 what is an idealised case of the perfect back surface passivation. However, in real solar cells,
lowback surface recombination has to be given by 𝑆 , = 𝑣 𝜎𝑁 , with𝜎 being the charge
carrier capture cross section and Nd,bulk being the defect density in the absorber bulk. [34] In
the course of this work, Sb,high ≈ 10 and Sb,low ≈ 10 are used.

The correction for L∗n with respect to a back grading will be discussed hereafter in this sub-
section. The correlation between the diffusion length normalised to the width of the QNR Ln/d
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and: (a) the effective diffusion length L∗n normalised to the conventional diffusion length Ln; (b)
the change in the device Voc for high and low back surface recombination Sb is graphically visu-
alised in Figure 4.3 and 4.4, respectively. Voc in the discussed graph means the value obtained
with the conventional Ln, whereas V∗oc denotes the value with the effective L∗n either for low or
high recombination velocity Sb. For a given set of parameters and under the assumption of high
Sb, L∗n gradually decreases with an increasing Ln/d ratio, and equals half of Ln when Ln/d ≈ 2.
Reducing the absorber further results in L∗n below 10% of the Ln value when Ln/d approaches
10. Meanwhile, Voc (see Figure 4.4) reduces by ≈ 60𝑚𝑉 due to high recombination at the back
contact solely. To the contrary, for a low back surface recombination velocity Sb the effective
diffusion length increases linearly with decreasing the absorber thickness. Under these condi-
tions, the injected electrons get re lected from the back contact and continue travelling towards
the window material. This in turn results in an increased Voc by ≈ 60𝑚𝑉 as can be seen from
Figure 4.4. Negligible losses in Voc (<1𝑚𝑉) are expected when the absorber layer is two times
thicker than the diffusion length of photogenerated electrons. Themaximumachievable change
in Voc would approach 10% according to Figure 4.4.

0 2 4 6 8 10
0

2

4

6

8

10

Ln
d

L∗ n L n

high Sb
low Sb

Figure 4.3: Impact of the absorber thickness on the effective diffusion length for high (blue line)
and low (red line) back surface recombination velocities.

As a next step, a bandgap grading can be considered and the impact of the back gradient
on the diffusion current and therefore on Voc can be estimated. The illustrative schematic of
the absorber layer is shown in Figure 4.2. The absorber layer can be divided into three parts
which correspond to: SCR (not of interest at themoment), a regionwithout an EC gradient (this
region is referred as a grading notch in literature and has a uniformEg=Eg,min, and a regionwith
a graded Eg. These two regions are denoted hereafter as region I and II, respectively. The corre-
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Figure 4.4: Impact of the absorber thickness on the device Voc for high (blue line) and low
(red line) back surface recombination. The corresponding relative Voc changes are shownwith
dashed lines. The location of the back contact has to be considered at d.

sponding band diagram is demonstrated in Figure 4.1 which covers two situations: a uniform
bandgap absorber (solid lines) and an absorber with a back grading (dashed lines). The region
I is equivalent to a QNR part of the diagram whereas the region II corresponds to a Ga-grading
part. A SCR which contains a front grading is not discussed in this subsection. According to
Equ. 4.2 gradients in the band edges act as effective force ields and give rise to the additional
currents. Herefrom one can assume that the ield in the region II is equal to the gradient of EC
whereas there is no electric ield in the region I. Hence, the current density JnI in the region I
will be determined by the diffusion component and can be written as:

𝐽 = 𝑞𝐷 ⋅ 𝑑𝑛𝑑𝑥 (4.12)

with the position-dependent electron concentration 𝑑𝑛 /𝑑𝑥. Accordingly, the current density
JnII in the region II will consist of the diffusion and drift components and can be de ined as:

𝐽 = 𝑞𝐷 ⋅ 𝑑𝑛𝑑𝑥 + 𝑞𝜇 𝐸 ⋅ 𝑛 (4.13)

with the position-dependent electron concentration .
The diffusion of electrons takes place from the edge of the SCR towards the back contact

along the x-axis until being counteracted by the back surface ield Ε. The electron diffusion
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from the edges of the SCR follows an exponential voltage-dependence which can be written as

𝑛 (𝑉) = 𝑛
𝑁 ⋅ exp 𝑞𝑉

𝑘𝑇 (4.14)

x = 0 is chosenat theborderbetween theuniformandgraded regions. Thewidthof theuniform
layer is d. The diffusion lengths in the region I and II are LnI and LnII, respectively. An ansatz to
solve the equations for the regions I and II can be de ined as follows:

(I) 𝑛 = 𝐴 ⋅ exp + 𝐵 ⋅ exp , and

(II) 𝑛 = 𝐶 ⋅ exp + 𝐷 ⋅ exp .
For the boundary conditions, the following assumptions can be applied:

1. the electron concentration at the SCR edge, x=-d, is equal to the excess minority carrier
concentration of a voltage-biased device in the dark as given by Equ. 4.14 [34]

𝑛 (𝑥 = −𝑑) = 𝑛
𝑁 ⋅ exp 𝑞𝑉

𝑘𝑇 = 𝐴 exp −𝑑
𝐿 + 𝐵 exp 𝑑

𝐿 (4.15)

2. the electron concentration at x=0 from both sides is equal according to the current conti-
nuity requirement

𝑛 (𝑥 = 0) = 𝑛 (𝑥 = 0) → 𝐴 + 𝐵 = 𝐶 + 𝐷 (4.16)

3. analogically, the current density at x=0 is also equal from both sides

𝐽 (𝑥 = 0) = 𝐽 (𝑥 = 0) → 𝑞𝐷
𝐿 ⋅(𝐴−𝐵) = 𝑞𝜇 Ε⋅(𝐶+𝐷)+𝑞𝐷 ⋅ − 𝐷

𝐿 − 𝐶
𝐿 (4.17)

4. the current density at the back contact is equal to [88]:

𝐽 (𝑥 = 𝑑 ) = 𝑞 ⋅ 𝐷 ⋅ 𝑑𝑛 (𝑑 )
𝑑𝑥 + 𝜇 Ε ⋅ 𝑛 (𝑑 ) = −𝑞𝑆 ⋅ 𝑛 (𝑑 ) (4.18)

Thus, a system of four equations has been obtained. The system equations can be solved
to calculate the minority carrier distribution throughout the QNR of the absorber for all Ε ≠
0 and the back contact recombination velocity 𝑆 ≠ 0. However, in case of a strong electric
ield (Ε > 10 ) the D− term in the solution for the graded region can be omitted as all
minority charge carriers will be drifted away from the back contact resulting in a semiin inite
case. Inserting the ansatz into Equ. 4.18, one can see that the ratio at 𝑥 = 𝑑 is ≈ 10 3 for
𝐸 > 1 ⋅ 10 , indicating that the D-term can be neglected (see Figure 4.5).

As the discussed solar cells have a Ga-gradient which induces a quasi-electric ield higher
than 10 , in the following discussion the D-term is set to 0 and the boundary condition (4)
is neglected resulting in the semiin inite case. This will simplify the system to 3 equations. The
procedure to calculate A, B, and C coef icients is following. After inserting the equation 2 into 3
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Figure 4.5: Ratio of the D/C-terms with respect to electric ield strengths.

and separating A, B can be readily calculated:

𝐵 =
𝑛 (𝑉) ⋅ − 𝑦

+ 𝑦 ⋅ exp + − 𝑦 ⋅ exp
, (4.19)

where 𝑦 = 𝜇 ⋅ 𝐸 − . Afterwards with knowledge of B, A and C can be de ined. Those are

𝐴 =
𝑛 (𝑉) ⋅ + 𝑦

+ 𝑦 ⋅ exp + − 𝑦 ⋅ exp
, (4.20)

𝐶 =
2 ⋅ 𝑛 (𝑉) ⋅

+ 𝑦 ⋅ exp + − 𝑦 ⋅ exp
. (4.21)

The diffusion current with a back surface grading becomes:

𝐽diff(𝑥 = −𝑑) = 𝑞𝐷 ⋅ 𝑑𝑛(𝑥 = −𝑑)
𝑑𝑥 = 𝑞𝐷

𝐿 ⋅ 𝐴 ⋅ exp −𝑑
𝐿 − 𝐵 ⋅ exp 𝑑

𝐿 (4.22)
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Substituting coef icients A and B in Equ. 4.22 with the expressions from Equ. 4.20 and 4.19,
respectively, one gets:

𝐽diff = −𝑞 ⋅ 𝐷𝐿 ⋅ 𝑛𝑁 ⋅
+ 𝑦 ⋅ exp − − 𝑦 ⋅ exp

+ 𝑦 ⋅ exp + − 𝑦 ⋅ exp
⋅ exp 𝑞𝑉

𝑘𝑇 (4.23)

with 𝑦 = 𝜇 𝐸 − . The bene it of a back grading can be realised when the electron injec-
tion to the back contact is prevented by a back surface ield, and hence no current is injected to
the back surface region. In such a situation, the effective diffusion length of electrons towards
the back contact in the region II has to be much smaller compared to the one in the region
I, LnII ≪ LnI. Under this assumption, 𝐿 = (see Equ. 4.6), and therefore 𝑦 → 0. This
situation is illustrated in Figure 4.6 where electron diffusion within an absorber layer with and
without a back grading is shown schematically. The blue curve represents a conventional expo-
nential decrease of the electron concentration towards the back contactwithout a back grading,
whereas the red curve depicts the situationwith a back grading. The dashed green curve repre-
sents the portion of electronswhichwere re lected by the onset of the electric ield towards the
collecting junction. From x = −d to x = 0 the concentration of electrons is much higher com-
pared to the case without a grading and decreases signi icantly slower in the direction of the
grading onset. Due to the re lection, the concentration of the charge carrier in the QNR doubles
if compared to the no-grading case. Furthermore, the electron concentration in the vicinity of
x=0 on the right hand side is not equal to 0 asmight have been expected, but a large valuewhich
decreases rapidly contributing solely to the recombination current.

Under these conditions, 𝑦 → 0 and Equ. 4.23 reads:

𝐽diff = −𝑞⋅ 𝐷𝐿 ⋅ 𝑛𝑁 ⋅exp 𝑞𝑉
𝑘𝑇 ⋅

exp − exp

exp + exp
= −𝑞⋅ 𝐷𝐿 ⋅ 𝑛𝑁 ⋅exp 𝑞𝑉

𝑘𝑇 ⋅tanh 𝑑
𝐿 .

(4.24)
From Equ. 4.24 one can see that the diffusion current with a Ga-gradient Jdiff grad is equal to

the diffusion current without grading, i.e. with a uniform bandgapmaterial, Jdiff multiplied by a
certain factor which can be expressed in the following way:

𝐽diff-grad
𝐽diff

= tanh 𝑑
𝐿 . (4.25)

Hereafter Equ. 4.25 will be considered for further analysis. A practical application of Equ. 4.25
can be demonstrated with the help of Figure 4.7. According to Equ. 4.25, the relation between
Jdiff grad and Jdiff is described via the hyperbolic tangent tanh being a function of the d

Ln
ratio.

From Figure 4.7 it is clear that a back grading becomes irrelevant when the d
Ln

ratio exceeds
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2, and the diffusion currents with and without a back gradient become equal as their ratio ap-
proaches the asymptote shown with a red line. This observation is in agreement with the con-
clusion from Figure 4.4 showing negligible Voc losses when the effective diffusion length is at
least two times shorter than the absorber thickness. With respect to the bandgap engineering
and performance optimization this ratio could be considered as optimal as back surface re-
combination does not play an important role. Therefore, no additional measures are required
for the improvement of the back contact. However, with thinner absorber layers, back contact
recombination comes into play and the passivation of the back contact either by means of a
Ga-gradient or advanced rear surface passivation technologies [86, 87] is critical.

Résumée

According to the indings discussed above one can resume that a Ga-gradient is an effective pas-
sivation approach of the back contact interface for CIGS solar cells with thin absorbers. A bene it
of a back grading on the reduced diffusion current can be already seen when the absorber thick-
ness d is less than twice larger than the diffusion length Ln. For ultra thin absorbers d

Ln
< 0.5 a

reduction in the diffusion current of more than 50% with respect to the uniform absorber can be
achieved.

4.2.3 Field-assisted photocurrent collection

For CIGS solar cells which belong to the pn-junction type of devices the junction collection of
the photogenerated charge carriers is essential. The photocurrent extracted from the CIGS ab-
sorber is determined by two key processes: generation G(x) and collection of charge carriers.
Both processes can be affected by theGa concentration and its in-depth distribution. The gener-
ation function is determinedby the local bandgapenergywhichdependson the local Ga content.
On the other hand, a Ga-back grading can enhance the collection of charge carriers generated
in QNR or close to the back contact where the probability of their loss due to the recombination
at the interface is very high.

The collection probability in SCR is unity, whereas outside SCR it is determined by diffusion
processes which in turn are characterized by the diffusion length Ln and the distance to the col-
lecting junction x in the case of a uniform absorber. Thus, the presence of a quasi-back surface
ield due to a Ga-gradient can affect the collection function by re lecting the photogenerated
electrons in the direction of the collecting junction, reducing back surface recombination and
modifying the diffusion length Ln of minority charge carriers. [34, 89]

Mathematically, the collection probability outside of the SCR for a semi-in inite absorber as
a function of x is given by

𝑓 (𝑥) = exp −𝑥
𝐿 . (4.26)
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In case of absorberswith a back grading, it ismore appropriate to de ine a drift-diffusion length
Ln,E. [90] If the drift and diffusion components of the electron current are assumed to be in the
same direction, the drift-diffusion length is expected to be enhanced. [90]

The mentioned above cases are instantiated in Figure 4.8. The diffusion-limited collection
is plotted from Equ. 4.26 and drift-diffusion enhanced-collection is to be derived in this sec-
tion (see positive solution for LnII). The parameter values are adjusted to it the parameters
of the investigated solar cells. The discussed igure demonstrates the bene it of the presence of
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Figure 4.8: Impact of effective force ield on the collection probability in comparison to a
diffusion-limited case of a non-graded absorber.

an appropriate electric ield with respect to the collection function. The probability, that pho-
togenerated electrons will be collected at any point in QNR with a back grading, is only a few
%-points less than 100%whereas in the uniform layer the probability falls down to 50% at the
same position.

The situation mentioned above describes the collection function under assumption that
back surface recombination velocity Sb is negligibly small, and diffusion and drift occurs only
in the direction of the collecting junction. However, in real solar cells the diffusion of charge
carriers can occur in both directions, towards the junction and towards the back contact with
a considerably high recombination probability at the back contact. Moreover, in the case of a
graded absorber the diffusion length in the uniform and graded regionsmay differ signi icantly
and have to be de ined individually. The aim of this section is to extend the model for the col-
lection function in a graded absorber layer with a non-negligible surface recombination at the
back contact, and to show an impact of the quasi-electric ield on the back surface recombina-
tion velocity Sb.

The collection function can be de ined using the reciprocity theorem for charge collec-
tion. [88] According to the theorem, the continuity equation for the collection function fC(x)
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reads:
𝐷 𝑑 𝑓 (𝑥)

𝑑𝑥 − 𝜇 Ε𝑑𝑓 (𝑥)𝑑𝑥 − 𝑓 (𝑥)
𝜏 = 0 (4.27)

At this stage, it is necessary to point out at a negative sign in front of the electric ield term
(compare Equ. 4.2 and Equ. 4.27). [88] The negative sign will enforce the re-de inition of the
diffusion lengths in context of the collection function as compared to theminority charge carrier
case discussed in Section 4.2.1. The derivation of the diffusion length for the collection function
(hereafter LfCn for the sake of differentiation) is similar to the one in Section 4.2.1. With ansatz
fC(x) ∼ exp x

LfCn
the solutions are

𝐿 , = 𝜏 𝜇 Ε ± (𝜏 𝜇 Ε) + 4𝜏 𝐷
2 . (4.28)

Again, two situations have to be considered:

• 𝐸 = 0, ield-free region
𝐿 , = ± 𝐷 𝜏 (4.29)

The solutions for the uniform region are identical to the ones in Section 4.2.1.
• 𝐸 ≠ 0, back surface ield region
After applying Taylor expansion the expressions read as:

• positive solution:

𝐿 = 𝜇 Ε𝜏
2 ⋅ 1 + 1 + 4 ⋅ 𝐷

𝜏 Ε 𝜇 ≈ 𝜇 Ε𝜏
2 ⋅ 1 + 1 + 1

2 ⋅
4𝐷

𝜏 𝜇 Ε

≈ 𝜇 Ε𝜏 + 𝑉
Ε ≈ 𝐿 ⋅ 𝐸𝑉 + 𝑉

𝐸 ≈ 𝐿 ⋅ 𝐸𝑉

(4.30)

• negative solution:

𝐿 = 𝜇 Ε𝜏
2 ⋅ 1 − 1 + 4 ⋅ 𝐷

𝜏 Ε 𝜇 ≈ 𝜇 Ε𝜏
2 ⋅ 1 − 1 − 1

2 ⋅
4𝐷

𝜏 𝜇 Ε ≈ −𝑉Ε (4.31)

In accordance with the obtained solutions the ansatz in the corresponding parts is

• uniform:
𝑓 = 𝐶1 ⋅ exp −𝑥

𝐿
+ 𝐶2 ⋅ exp 𝑥

𝐿
(4.32)

• graded:

𝑓 = 𝐶3 ⋅ exp −𝑥
𝐿

+ 𝐶4 ⋅ exp −𝑥
𝐿

, (4.33)
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where LfCnI is the diffusion length in the uniform region, LfCnII and LfCnII are the effective diffusion
lengths in the graded region.

The boundary conditions will be de ined in agreement with Figure 4.2.

1. The collection function at the SCR edge -d equals 1, fCI(−d) = 1:

𝐶1 ⋅ exp 𝑑
𝐿

+ 𝐶2 ⋅ exp −𝑑
𝐿

= 1 (4.34)

2. According to Equ. 4.27, the collection functions at x=0 are equal, 𝑓 (0)=𝑓 (0):

𝐶1 + 𝐶2 = 𝐶3 + 𝐶4 (4.35)

3. According to Equ. 4.27, the derivatives of the collection functions at x=0 are equal

𝑑𝑓 (0)
𝑑𝑥 = 𝑑𝑓 (0)

𝑑𝑥 . (4.36)

Therefore,

− 𝐶1 + 𝐶2 = −𝐶3 ⋅ 𝐿
𝐿

− 𝐶4 ⋅ 𝐿
𝐿

(4.37)

4. According to the reciprocity theorem [88]

𝑑𝑓 (𝑑 )
𝑑𝑥 = − 𝑆

𝐷 ⋅ 𝑓 (𝑑 ). (4.38)

Thus,

− 𝐶3 ⋅ exp − 𝑑
𝐿

⋅ 1
𝐿

− 𝑆
𝐷 − 𝐶4 ⋅ exp −𝑑

𝐿
⋅ 1

𝐿
− 𝑆
𝐷 = 0 (4.39)

The system of four equations with four unknowns can be solved using Cramer’s rule. The coef-
icients are

𝐶1 =
exp − ⋅ ⋅

⋅
⋅ + 1 − exp ⋅ ⋅

⋅
⋅ + 1

𝑑𝑒𝑛𝑜𝑚
(4.40)

𝐶2 = −
exp − ⋅ ⋅

⋅
⋅ − 1 + exp ⋅ ⋅

⋅
⋅ − 1

𝑑𝑒𝑛𝑜𝑚
(4.41)

𝐶3 = −2 ⋅
exp ⋅ ⋅

⋅

𝑑𝑒𝑛𝑜𝑚 (4.42)
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𝐶4 = 2 ⋅
exp ⋅ ⋅

⋅

𝑑𝑒𝑛𝑜𝑚 (4.43)

where

𝑑𝑒𝑛𝑜𝑚 = 2 ⋅ exp − 𝑑
𝐿

⋅
𝐷 + 𝑆 ⋅ 𝐿
𝐿 ⋅ 𝐷

⋅ cosh 𝑑
𝐿

+ 𝐿
𝐿

⋅ sinh 𝑑
𝐿

− exp 𝑑
𝐿

⋅
𝐷 − 𝑆 ⋅ 𝐿
𝐿 ⋅ 𝐷

⋅ cosh 𝑑
𝐿

− 𝐿
𝐿

⋅ sinh 𝑑
𝐿

(4.44)

Using the coef icients from Equ. 4.40-4.43 and inserting them into Eq. 4.32 and 4.33, the
collection function throughout the absorber can be plotted. Figure 4.9 shows the collection
probability for three different ield strengths and the back contact recombination velocity of
𝑆 = 1 ⋅ 10 . For 𝐸 = 1 ⋅ 10 the 𝑓 starts decreasing already in the uniform region
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Figure 4.9: Impact of effective force ield on the collection function with respect to the ield
strength. In the calculations, 𝑆 = 10 and 𝜇 = 100 ̇ are used.

and falls down to about 10 %. For higher electric ields, 𝐸 = 1 ⋅ 10 and 1 ⋅ 10 , the loss
of photogenerated electrons occurs only close to the back contact. Only electrons generated in
the vicinity of the rear interface recombine at the back contact.

To get a better understanding of an impact of the electric ield strength on the loss of pho-
togenerated electrons at the back contact a ratio of the the contribution of the C4/C3-terms
(see Equ. 4.43 and 4.42, respectively) at the position of the back contact 𝑑 has been extracted
from Equ. 4.33. This ratio compares the number of electrons diffused and collected at the back
contact (C4-term) to the number of electrons swept away (C3-term) towards themain junction.
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Figure 4.10: Ratio of the contribution of the C4/C3 terms with respect to varied electric ield
strengths and back contact recombination velocities.

The expression is
𝐶4
𝐶3 =

1 − ⋅ ̇ ⋅

1 + ⋅ . (4.45)

However, for the electric ield strengths considered in this work the term ⋅ ̇ ⋅ can be ne-
glected, and Equ. 4.45 can be simpli ied to

𝐶4
𝐶3 = 1

1 + ⋅ (4.46)

The calculated ratios for different electric ield strengths and back contact recombination ve-
locities are plotted in Figure 4.10. If the ratio approaches 1, this indicates that 𝑆 dominates
leading to a signi icant loss of photogenerated electrons. With an increasing 𝑆 a higher elec-
tric ield is required to re lect electrons generated in the graded region from the back interface.
With an increasing electric ield 𝐸 the contribution of the C4-term decreases indicating that
fewer electrons can reach the collecting back contact. From Figure 4.10 one can see that an
electric ield of 1 ⋅ 10 can already provide an effective passivation of the back contact what
is a relevant value for the discussed samples.

Résumée

A bene it of quasi-electric ield due to a Ga-gradient at the back contact with respect to the pho-
tocurrent collection can be expressed in terms of the enhanced or drift-diffusion length. Diffusion
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of charge carriers towards the collecting junction asissted by a drift component signi icantly im-
proves the collection probability throughout the absorber layer. Moreover, loss of photogenerated
charge carriers due to high back surface recombination can be effectively suppressed by ensuring
an appropriate back surface electric ield and unhindered charge carrier mobility. Quantitatively,
the loss of photogenerated charge carriers can be determined by the reciprocal of the 𝜇 ⋅ 𝐸 over
𝑆 ratio which will de ine the fraction of charge carriers collected by the back contact over those
drift-diffused towards the main junction.

4.2.4 CIGS/CdS interface passivation due to a S-grading

The recombination probability is inversely proportional to the bandgap energy. [53]With an in-
creasedEg the recombination barrier increases, diminishing the recombination events. A sulfur
incorporation into the surface region of the CIGS absorber enhances Eg at the absorber/buffer
interface by shifting the EV maximum downwards. This results in a decreased hole recombina-
tion at the interface as the surface becomes depleted from holes. Such bandgap enhancement
is bene icial in solar cells as it acts as an interface passivation and shifts recombination further
into SCR towards the material bulk. In this subsection, the impact of the sulfur incorporation
on the device Voc bymeans of the enhancement of the effective bandgap for recombination and
thereby the suppression of SRH recombination in the SCR will be evaluated.

The impact of the S-incorporation can be quanti ied by de ining the bandgap increase Δ𝐸
and inding the position of the maximum recombination, and therefore the effective bandgap
for recombination. According to SRH statistics, the net recombination rate is atmaximumwhen
the concentration of holes equals to that of electrons n=p (for𝜎 = 𝜎 ) or, in otherwords, when
the Fermi level EF is located in themiddle of the forbidden gap. In order to describe analytically
the position of maximum recombination in SCR the following assumptions will be made:

1. energy bands can be approximated by a parabola;
2. at the point x=wwhich de ines the metallurgical border between p- and n-type semicon-

ductors, the offset of the EC above the Fermi level is Δ𝐸 ;
3. the position of the maximum recombination rate is at n = p. This assumption can be

disputed as the values for 𝜎 and 𝜎 are agreed to vary a few orders of magnitude [34,
81, 8]. As a result, the position of the maximum recombination could be shifted away
from the middle of the forbidden gap. However, for the sake of simplicity in modelling,
we assume a moderate density of defect states which should not distort signi icantly the
stated equality.

The schematic of the energy band alignment with the parameters of interest is shown in Fig-
ure 4.11. Implementing the parabolic approximation, the conduction band EC can be described
as:

𝐸 (𝑥) = 𝐸 − 𝑎 ⋅ 𝑥 , (4.47)
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Figure 4.11: Schematic band diagramdepicting the conduction band EC, valence band EV, Fermi
energy level EF. The parameters to be used in analyticalmodelling: EG0 is the principle bandgap
energy; EG1 is the energy between the conduction band EC and Fermi level EF at x = 0; Eg,rec is
the effective bandgap for nonradiative recombination at the position Eg0/2. x = 0 indicates the
onset of the space charge region, and x = w - the CIGS/CdS interface with EC being an offset of
the EC above the EF.

where EgI = EC − EF is the energy difference between the conduction band minimum and the
Fermi level in the p-type semiconductor bulk, x is the distance from the absorber/window in-
terface. By using a polynom from Equ. 3.1.3 one would expect a better accuracy, but for the
sake of simplicity in modelling the expression for the EC is given by a parabola. The x-axis is
aligned with the Fermi level EF and set as a reference zero-energy level. 𝑎 is the bowing co-
ef icient. From the assumption that EC(x = w) = EgI − a ⋅w2 = Δ𝐸 , the coef icient 𝑎 can be
de ined as 𝑎 = Δ . In order to satisfy the requirement for the maximum recombination
probability, the position of the Fermi level at location x0 has to be in the middle of the bandgap
EF(x0) = Eg/2. Thus, knowing the expression for EC(x) and equating it with Eg(x0)/2, the ef-
fective bandgap for non-radiative recombination can be found by de ining x0. The expression
for the position-dependent conduction band EC(x) is given below

𝐸 (𝑥) = 𝐸 − 𝑎 ⋅ 𝑥 = 𝐸 −
𝐸 − Δ𝐸

𝑤 ⋅ 𝑥 . (4.48)

From Equ. 4.48, the position of the effective bandgap for non-radiative recombination x0 for
non-graded parabolic bands can be estimated as given below

𝑥 = 𝑤 ⋅
2𝐸 − 𝐸

2 ⋅ (𝐸 − Δ𝐸 ) . (4.49)
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In order to evaluate different grading pro iles, the corresponding expressions for Eg(x) have
to be written down. Firstly, a graded parabolic bandgap structure can be considered. In this
case, the bandgap increase as a function of x can be written as

𝐸 (𝑥) = 𝐸 + 𝑏 ⋅ 𝑥 , (4.50)

where Eg0 is the principle bandgap in the non-graded region, 𝑏 is the bowing coef icient. The
increase in the bandgap energy at the position x =w is equal toΔ𝐸 = 𝐸 (𝑤)−𝐸 = 𝑏⋅𝑤 . The
coef icient 𝑏 is equal to 𝑏 = Δ𝐸 /𝑤 . Therefore, using Equ. 4.48 for the description of𝐸 (𝑥) and
equating it with the half of the expression in Equ. 4.50 the following equation can be obtained:

𝐸 −
𝐸 − Δ𝐸

𝑤 ⋅ 𝑥 = 1
2 ⋅ 𝐸 +

Δ𝐸
𝑤 ⋅ 𝑥 (4.51)

This equation can be rearranged in order to deduce x0

𝑥 , = 𝑤 ⋅
2 ⋅ 𝐸 − 𝐸

2 ⋅ (𝐸 − Δ𝐸 ) + Δ𝐸 (4.52)

After inserting x0,par into the expressionof Eg(x)with a gradedparabolic bandgap structure (see
Equ. 4.50) the effective bandgap for non-radiative recombination Eg(x0) can be determined as
given below:

𝐸 , (𝑥 , ) = 𝐸 + Δ𝐸 ⋅
2𝐸 − 𝐸

2(𝐸 − Δ𝐸 ) + Δ𝐸 . (4.53)

The relative increase in the effective bandgap for recombination indicates which part of
the overall bandgap increase Δ𝐸 (Δ𝐸 is de ined as the difference in Eg at the absorber surface
and in the uniform absorber bulk) is engaged in the enhancement of the effective bandgap for
recombination. In other words, how far the effective bandgap for recombination can be pushed
by implementing a S-gradient in the SCR. The higher this part is, the more ef icient a grading
pro ile. Hereafter, this parameter will be used to assess the ef iciency of different grading pro-
iles.

The relative increase in the effective bandgap for recombination for the parabolic band
structure equals to

Δ𝐸 ,
Δ𝐸 =

2𝐸 − 𝐸
2(𝐸 − Δ𝐸 ) + Δ𝐸 . (4.54)

It is interesting to mention that assuming Eg0 ≈ EgI and Δ𝐸 ≪ 𝐸 , the relative increase value
increases by 0.5 if Δ𝐸 → 0 which is de ined as the maximum threshold for this grading pro ile.

If a linear increase in Eg is assumed, an in-depth variation of Eg,lin(x) is given by

𝐸 , (𝑥) = 𝐸 + 𝑐 ⋅ 𝑥, (4.55)
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where 𝑐 is the grading coef icient and equal to 𝑐 = Δ𝐸 /𝑤. Analogically to the parabolic case,
from the equation

𝐸 −
𝐸 − Δ𝐸

𝑤 ⋅ 𝑥 = 1
2 ⋅ 𝐸 +

Δ𝐸
𝑤 ⋅ 𝑥 (4.56)

𝑥 , can be found after solving the obtained quadratic equation with the positive solution:

𝑥 , = 𝑤 ⋅
−Δ𝐸 + Δ𝐸 − 4(𝐸 − Δ𝐸 ) ⋅ 𝐸∗

2 ⋅ (𝐸 − Δ𝐸 ) , (4.57)

where 𝐸∗ = ⋅ 𝐸 − 𝐸 . Then, for the linearly graded bandgap structure

𝐸 , (𝑥 , ) = 𝐸 + Δ𝐸 ⋅ 𝑥𝑤 = 𝐸 + Δ𝐸 ⋅
−Δ𝐸 + Δ𝐸 − 4(𝐸 − Δ𝐸 ) ⋅ 𝐸∗

2 ⋅ (𝐸 − Δ𝐸 ) (4.58)

with the relative increase in the effective bandgap for recombination equal to

Δ𝐸 ,
Δ𝐸 =

−Δ𝐸 + Δ𝐸 − 4(𝐸 − Δ𝐸 ) ⋅ 𝐸∗

2 ⋅ (𝐸 − Δ𝐸 ) (4.59)

Assuming Eg0 ≈ EgI and Δ𝐸 ≪ 𝐸 , the relative increase value increases by √ if Δ𝐸 → 0which
makes a linear grading pro ile the most ef icient one.

According to the GDOES measurements in Figure 3.3 the S-distribution in the absorber im-
plies an exponential gradingof thebandgapEg(x)within300–400𝑛𝑚 from the absorber/buffer
interface. The exponential grading can be represented as follows

𝐸 , (𝑥) = 𝐸 + 𝑠 ⋅ exp 𝑥
𝑚 − 1 (4.60)

with 𝑠 and𝑚 being the grading coef icients. 𝑠 can be expressed via𝑚 using the expression for
the overall bandgap increase Δ𝐸

𝑠 =
Δ𝐸

exp − 1
. (4.61)

The expression shown in Equ. 4.62 is approximated using Taylor expansion for an exponen-
tial function with linear and quadratic terms of the series.

𝐸 , (𝑥) = 𝐸 + 𝑠 ⋅ 𝑥
𝑚 + 𝑥

2𝑚 (4.62)
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Equating Equ. 4.62 with Equ. 4.48 and solving the obtained expression with respect to x,
one inds the expression for x0,exp

𝑥 , = 𝑤 ⋅
−1 + 1 − 4 ⋅ ∗ ⋅ 1 + 4 ⋅ ∗ ⋅

⋅

+ 4 ⋅ ∗ ⋅
⋅

(4.63)

with 𝐸∗ = 𝐸 − 𝐸 and 𝐸∗ = 𝐸 − Δ𝐸 .
The relative increase in the effective bandgap for recombination due to exponential grading

can be assessed as written below:

Δ𝐸 ,
Δ𝐸 = 2𝑚

𝑤 ⋅ (2𝑚 + 𝑤) ⋅ 𝑥 , +
𝑥 ,
2𝑚 (4.64)

The expression in Equ. 4.64 depends on the parameter𝑚,Δ𝐸 andΔ𝐸 . For further analysis it is

Figure 4.12: Contour-plot demonstrates the dependence of the relative increase in the effective
bandgap for recombination Δ ,

Δ as a function of parameter 𝑚 and an overall bandgap
enhancement Δ𝐸 .

assumed that Δ𝐸 → 0 to reduce the number of parameters. Moreover, as has been mentioned
earlier such an assumption is one of the requirements to maximise an increase in 𝐸 , .

The dependence between 𝑚 and Δ𝐸 is illustrated in Figure 4.12. Taylor approximation
used in 4.62 imposes restrictions on the ratio, and thereby on the value range of𝑚. To satisfy
the requirement of ≪ 1, the values of𝑚 ≥ 0.5 𝜇𝑚 are only considered. Increasing the Δ𝐸
by 0.5 eV can account for the increase of the effective bandgap for recombination of 0.48 for
𝑚 → ∞ as can be seen from Figure 4.12.
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In order to compare the effectiveness of the studied grading pro iles, the effective bandgaps
for recombination and their relative increase with respect to the uniform bandgap case are cal-
culated and shown in Table 4.2. As the input for the calculations, the parameter values shown
in Table 4.1 are used. The motivations for the selected values are described in the ”Remarks”
column.

Table 4.1: Input parameters

Parameter Value Remarks
Eg0 1.0 𝑒𝑉 justi ied by EQE-measurements
Δ𝐸 0.5 𝑒𝑉 max difference in Eg (between CuInSe2 and CuInS2)
Eg1 0.8 𝑒𝑉 justi ied by SCAPS and calculations
w 0.4 𝜇𝑚 justi ied by CV-measurements

The ef iciency of exponential grading for the givenparameter values can approach the linear
one for a large𝑚 as it leads to linearisation of the function EG,exp(x). This leaves a linear grading
as the most effective grading pro ile with the maximum increase in the effective bandgap for
recombination approaching half of the overall bandgap increase. The least ef icient grading
pro ile for the studied parameter set is parabolic. Only 28% of the overall bandgap increase
can be used to enhance the effective bandgap for recombination.

Table 4.2: Comparison of grading pro iles with respect to the effective bandgap for recombina-
tion Eg,rec and the relative increase in the effective bandgap for recombination Δ ,

Δ based on
the modelling and SCAPS simulation results.

Eg,rec
Grading Model SCAPS(corr.) Δ ,

Δ Remarks

parabolic 1.14 1.14 0.28
linear 1.24 1.24 √

exponential 1.24∗ 1.24 0.48∗ at𝑚→∞

The main advantage of the presented model is its simplicity and the involvement of few
parameters which can be easily estimated. On the other hand, some important parameters
are neglected. Implementing a graded composition of the absorber layer, basically all material
properties become position-dependent. This applies to electron af inity 𝜒(𝑥), effective density
of states NC(x) and NV(x), doping density Na(x), transport properties 𝜇 (𝑥) and 𝜇 (𝑥) and re-
combination kinetics Nt(x), 𝜎 (𝑥) and 𝜎 (𝑥). Thus, with respect to the presented model, the
following disadvantages can be addressed. This model does not account for the doping density
Na in the absorber layer which can affect the effective bandgap for recombination Eg,rec, and



4.2 Analytical modelling 69

thereby Voc. Moreover, different grading pro iles imply varied in-depth Na concentrations, and
therefore Eg1 = EC − EF is not constant and depends on the doping density.

Taking into consideration the shortages of the proposed model, additional cross-check of
the results has to be done. Therefore, to verify the results from the proposed model SCAPS-
1D simulations have been performed. The description of the available grading pro iles and
interpolation laws implemented in SCAPS can be found in [91]. The insights into analysis of
graded bandgap solar cells with SCAPS are given in [92]. In this work, front grading due to
a S-incorporation has been implemented by splitting the absorber layer in two parts. Graded
SCR has beenmodelled by a 300 𝑛𝑚 thick layerwith corresponding grading pro iles by keeping
the electron af inity 𝜒 constant. The ixed 𝜒 in combination with a varied Eg ensures the VB
grading in accordance to the experimental S-incorporation results. (see Figure 3.5) However,
it has to be mentioned that a doping density in a graded layer has to be adjusted separately in
order to avoid a CB hump close to the CIGS/CdS interface. On the device level, such a CB hump
may result in deteriorated performance due to the voltage-dependent photocurrent collection
and reduced FF. The situation can be improved by lowering doping density in the absorber
layer or shrinking a graded region. Hence, the doping density in the graded layer is set ixed to
9 ⋅ 10 and in the bulk - 2 ⋅ 10 , the latter is in accordance to the CV-measurements.
However, these values could be debated. A decreased doping level close to the absorber/buffer
interface is in agreement with [93] which reports aminimumdoping concentration close to the
CIGS/window junction increasing linearly to its maximum at the CIGS/back contact interface.
On the other hand, the defect layermodel in [94] postulates a p -defect layerwith a highdensity
of acceptor states at the absorber surface.

The other parameters are set to change linearly with a gradient of the bandgap energy. The
other part of the absorber layer has a uniform minimum Eg of 1 𝑒𝑉 in accordance to the EQE-
measurements and calculated Eg-pro iles. The back grading at the back contact is neglected to
emphasise a pure front grading effect. The maximum Eg at the absorber surface corresponds
to a pure CuInS2 material as has been mentioned in Table 4.1.

The corresponding VB in the SCR simulated in SCAPS for the discussed grading pro iles are
shown inFigure4.13. The effective bandgaps for recombinationhavebeendetermined from the
temperature-dependent Voc-characteristics extracted from the simulated JV-measurements for
different temperatures. The corresponding curves are shown in Figure 4.14. However, one
should keep in mind that the extracted activation energies from the simulated Voc(T) char-
acteristics are not straightforward. Voc(T = 0K) will extrapolate to a higher value due to the
temperature dependence of certain parameters. 1

To assess the correction needed for extrapolated values, a Voc(T)-characteristic of a device
with a uniform absorber with the bandgap energy of 1 𝑒𝑉 is considered. As one can see from

1According to fundamental semiconductor physics, the effective density of states in EC and EV bands, NC and
NV, respectively, demonstrate strong temperature dependence. The impact of temperature on the diode saturation
current follows a power law of third order:
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Figure 4.13: Simulated VB in the SCR for different grading pro iles.
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Figure 4.14: Simulated Voc(T)-characteristics for different grading pro iles.
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Figure 4.14, the extrapolated to 0𝐾 Voc value equals to 1.1 𝑒𝑉. The extrapolation of the effective
bandgap for recombination is by ≈ 3 ⋅𝑘𝑇 higher than the input absorber bandgap, therefore the
correction by 3 ⋅ 𝑘𝑇 of the extracted values from SCAPS simulations is required.

The deduced and corrected effective bandgaps for recombination Eg,rec and the effective
increase in the effective bandgaps for recombination Δ ,

Δ for corresponding grading pro iles
are shown in Table 4.2. The correlation between the simulated results and modelling agrees
well proving the relevance of the proposedmodel. However, it has to be noted that the proposed
model cannot be accurately applied to assess exponential gradingwith𝑚 < 0.5 𝜇𝑚 as has been
mentioned above.

Another question which can arise after looking at the simulated Voc(T)-characteristics is
why the characteristics do not run in parallel as has been observed from the measurements.
One has to remember that in the measurements only exponential grading pro iles are consid-
ered, whereas in the simulations the grading pro iles are different which can imply a different
contribution from the recombination current in the SCR and the injection current. In order to
obtain parallel Voc(T)-characteristics in the simulations, following requirements have to be ful-
illed. The doping density in the graded region has to be below5⋅10 and the back grading
has to be present.

Résumée

The most important inding in this section is that the maximum increase in the effective bandgap
for recombination due to front grading does not exceed √ of the overall bandgap increase. More-
over, the most ef icient grading pro ile from the discussed ones is linear. The lowest ef iciency has
been shown by a parabolic grading with 28% for the given parameters. An exponential grading

⋅ ⋅ exp , (4.65)

where is a temperature-independent constant, is temperature of interest; is reference temperature (usually
room temperature). Following that for the injection mode, the expression for Voc reads

⋅ ln , (4.66)

and its temperature dependence is given by Taylor expansion as

( ) ( ) ( ) ⋅ (4.67)

The two expressions combined result in the temperature dependence of the effective density of states which in-
creases the slope of the Voc(T) curve by ⋅ . The same value has been obtained considering SRH recombination
in the SCR (not shown here). Hence, the extrapolated ⋅ ( ) has to be corrected for ⋅ (the same
is valid for the activation energy of the saturation current density J0 extracted from the ( )-measurement).
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can be considered as a compromise between the two. Varying the exponential bowing parameter
𝑚 the relative increase inEg,rec can be tuned accordingly. This observation gives a useful hintwhen
the optimization of a front grading is considered as a S-distribution in the SCR plays a decisive role
in the device ef iciency by directly affecting Voc.

4.3 Veri ication of the reciprocity relation for graded gap solar
cells

The fabrication of CIGS solar cells with a depth-dependent Eg based on sequential processes
can bene it from a process monitoring technique which can be applied already at the absorber
level and predict the performance of inished devices. The embedment of such a monitoring
technique into the production line could accelerate process optimisation and allow effective
monitoring of compositional gradients formation. PL imaging due to its contactless nature and
shortmesurement time is ideal for quality control of bare absorber layers. In combinationwith
the reciprocity relation (RR) theorem from [82] a PL-measurement could be able to predict
not only the device Voc, but also its Jsc which can be correlated, for example, to diffusion of Ga
within the absorber layer. Therefore, the aim of this section is to investigate how accurate the
correlation between the RR and PL measurement for graded bandgap absorbers is.

Depending on the fabrication process, CIGS absorbers tend to segregate in a layer with a
high Ga-content at the back contact and a layer with a high In-content, therefore a low Ga-part,
close to the absorber/buffer interface. This intermixing leads to a graded bandgap structure
and can be detected by luminescence imaging techniques as the emission wavelength is deter-
mined by the lowest bandgap energy in the absorber material. [95] As will be shown later, the
Ga/(Ga+In) ratio signi icantly affects the optical bandgap. The changes in the effective bandgap
for absorption can be seen in EQE-measurements (see Figure 4.15a for Ga-samples). With in-
creasing the bandgap, the EQE cutoff shifts to the higher energies or to the shorter wavelength
region. According to the RR, the changes in the absorption spectrum have to be re lected in
the emission spectrum as well. However, it has to be emphasised that the RR in [82] has been
developed for uniform bandgap absorbers without taking into consideration effective electric
ields induced by bandgap gradients. Therefore, in the following, the application of the RR to
different graded bandgap absorbers will be investigated. The studied samples are described in
detail in Table 3.1, their respective compositional gradients (see Figure 3.5) and the in-depth
Eg variations (see Figure 3.6). Firstly, the devices from the high temperature growth process
with different annealing times will be analysed. These samples have different Ga-distribution
pro iles within the absorber layer as a result of a high processing temperature. Secondly, the
devices with a modi ied absorber surface due to the S-incorporation of varied amounts and at
different chalcogenisation temperatures will be studied. In contrast to the high temperature
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samples, the S-samples have an unaffected absorber bulk but modi ied surface properties due
to a varied in-depth S-concentration.

The RR states that the emission spectrum can be derived from EQE-measurements and the
back body radiation calculated for room temperature (300 𝐾) as given below [82]:

𝜙 (𝐸 ) = 𝐸𝑄𝐸(𝐸 ) ⋅ 𝜙 (𝐸 ), (4.68)

where the spectral photon lux density of a black body is given by

𝜙 (𝐸 ) =
2𝜋𝐸

ℎ 𝑐 ⋅ exp − 1
(4.69)

with 𝜙 (𝐸 ) being the energy-resolved emission spectrum, and 𝐸𝑄𝐸(𝐸 ) representing the
measured EQE.

The RR theorem relates the electroluminescent (EL) emission and external photovoltaic
quantum ef iciency (EQE) from the solar cells. Its experimental validation has been reported
in [95], where the theorem for the irst time has been applied to the graded bandgap absorbers.
The authors proved that the emission spectrum could be a valuable tool for a quality control
of the graded gap absorbers with respect to the detection of lateral inhomogeneities. Next, the
study in [83] extended the RR to themore general case of combined EL and PL emission. There-
fore, the discussed investigation is of scienti ic interest for the following reasons:

1. to verify whether the reciprocity relation holds between spectral PL and EQE measure-
ments;

2. to investigatewhether theRR theoremholds for solar cellswith different grading pro iles.
The samples with varied sulfur contents imply a graded SCR, that is, a modi ied surface
onlywith unaffected bulk properties. To the contrary, the high temperature process leads
to different Ga-diffusion pro iles throughout the absorber layers which imply the modi-
ied bulk properties to a different extent.

3. The validation of the concept would allow to consider the RR for the industrial applica-
tions as a quality assessment tool for graded bandgap absorbers where effective electric
ields induced by different in-depth compositional variations are integral features of the
performance optimisation approach.

Figure 4.16 reproduces the emission spectra for the investigated samples with different Ga-
pro iles. The emission spectra have been derived based on the calculated black body radiation
spectra at room temperature andmeasured external quantumef iciency in accordancewith the
RR developed in [82]. The emission spectra derived from the black body radiation are denoted
as ”calculated emission” in the graphs. Afterwards, the calculated spectra have been compared
to the spectral PL measurements of the same devices. As can be seen from the graphs (a-c) in
Figure 4.16 the emission peaks of both spectra for the studied samples it well. The shift of the



74 Modelling and simulations

400 600 800 1000 1200 1400
0

0.5

Wavelength in 𝑛𝑚

EQ
E

reference
medium
long

(a)

800 1000 1200 1400
0

0.5

1

Wavelength in 𝑛𝑚

PL
in
te
ns
ity

𝑛𝑜
𝑟𝑚

. reference
medium
long

(b)

Figure 4.15: EQEmeasurements (a) and spectral PL responses (b) of the devices with different
diffusion times.

Table 4.3: Impact of diffusion time on the effective bandgap for absorption and current collec-
tion for different Ga-pro iles.

Diffusion EBBRg , EPLg , EEQEg ,
time [eV] [eV] [eV]

reference 1.0 1.0 1.0
medium 1.02 1.02 1.01
long 1.03 1.04 1.06

emission peaks also correlate to the shift in the EQE cutoffs and the emission wavelengths in
spectral PL-measurements reproduced in Figure 4.15a and4.15b, respectively. TheGDOESdata
of these samples can be found in Figure 3.3 (reference) and Figure 3.4 (45𝑚𝑖𝑛 and 60𝑚𝑖𝑛 as
mediumand longdiffusion, respectively). Therefore, the emissionwavelength canbe accurately
estimated based only on the EQEmeasurementswhich allows accuratelymonitoring the optical
bandgap. However, there is some deviation in the spectrum shape in the high energy region
which becomesmorepronouncedwith increasing diffusion times. ThePL spectra becomemore
asymmetric and wider compared to the calculated case.

A better it between the emissionwavelengths deduced from the calculated and experimen-
tal data is observed for the samples with different S-contents for varied process temperatures.
The results are shown in Figure 4.18 for the varied S-amounts and low andmedium chalcogeni-
sation temperatures. The results for the high temperature process are shown in Figure 4.19c.
The position of the emission peaks also correlate with the EQE-measurements and spectral PL
data shown in Figure 4.17a and 4.17b, respectively. The measured spectra are superimposed
irrespective of the S-content and theprocess temperature. Furthermore, the shapes of the emis-
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Figure 4.16: Comparison between the calculated emission based on black body radiation and
measured PL emission spectra for the samples with different diffusion times (different Ga-
pro iles).
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Figure 4.17: EQEmeasurements (a) and spectral PL responses (b) of the devices with different
S-contents and process temperatures.

sion spectra – calculated and measured – of the discussed samples it better compared to the
results of the samples with different Ga-pro iles. The S-incorporation affects mainly the sur-
face region of the absorber leaving the bulk eventually unchanged and leading to the better it
between the theoretical and experimental results.

Table 4.3 shows extracted bandgaps Eg based on the EQE-measurements, spectral PL data
and the emission spectra calculated from the black body radiation. The extracted values are
in good agreement. To cross-check the correlation between the calculated and measured spec-

Table 4.4: Fitting parameters for the samples with different annealing times

Parameter ref med long
BB PL BB PL BB PL

𝜇 1.005 1.01 1.022 1.021 1.035 1.049
𝜎 0.051 0.066 0.058 0.080 0.052 0.067

FWHM 0.120 0.154 0.120 0.167 0.137 0.188
R-square 0.99 0.98 0.99 0.99 0.99 0.98

tra, a peak itting has been applied. Peak itting is a process to extract peak parameters from
an envelope function. A PL peak in 𝑒𝑉 should re lect the density of states N(E) which are nor-
mally distributed around a mean value. Under this condition, a Gaussian it to the calculated
spectra can be used. Gaussian function is de ined by three parameters: (1) the height of the
peak (not of importance at the moment, since the emission spectra are normalised); (2) the
position of the center of the peak, 𝜇, which would correspond to the emission wavelength, and
therefore de ine the optical bandgap; (3) the standard deviation, 𝜎, which describes a broaden-
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Figure 4.18: Comparison between the calculated emission based on black body radiation and
measured PL emission spectra for the samples with different S-contents for low and medium
deposition temperatures.
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Figure 4.19: Comparison between the calculated emission based on black body radiation and
measured PL emission spectra for the samples with different S-contents for high deposition
temperatures.
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ing of the electronic energetic levels which result in electron intraband transitions and photon
emission. Full-width half maximum (FWHM) is another parameter which can be used to com-
pare a broadening of different spectra. R-square determines the goodness of the itting function
to the measurement data. The itting parameters for the high temperature samples are sum-
marised in Table 4.4. The parameter 𝜇 indicates the peak emission of the spectra which are in
good agreement with the values in Table 4.3. The standard deviation 𝜎 of the calculated and
measured spectra is within 0.05-0.08. The itting parameters for the S-samples are given in
Table 4.6 and 4.7.

Table 4.5: Impact of a sulfur content and a sulfurisation temperature on the effective bandgap
for absorption and current collection

Sulfur / EBBRg , EPLg , EEQEg ,
Temperature [eV] [eV] [eV]
no / low 1.0 1.0 1.0
low / low 1.0 1.0 1.0
high / low 1.0 1.0 1.0
no / high 1.0 1.0 1.0
low / high 1.01 1.01 1.0
high / high 1.0 1.01 1.0
med / med 1.0 1.01 1.0

A better it for the extracted bandgap values has been observed for S-samples. The bandgap
energies determined based on the discussed methods are reproduced in Table 4.5.

Table 4.6: Fitting parameters for the samples with different S-contents (low temperature pro-
cess)

Parameter no S low T low S low T high S low T med S med T
BB PL BB PL BB PL BB PL

𝜇 1.009 1.006 1.009 1.01 1.01 1.009 1.011 0.014
𝜎 0.052 0.067 0.052 0.065 0.052 0.067 0.051 0.063

FWHM 0.122 0.157 0.122 0.153 0.122 0.157 0.121 0.148
R-square 0.99 0.98 0.99 0.98 0.99 0.98 0.99 0.98

To sum up, the estimation of the emission wavelength using RR is in a good agreement with
the spectral PL measurements. However, the deviations in the shape between the calculated
and measured emission spectra have to be investigated further.

For further analysis, a sample with the largest discrepancy between the calculatedΦ
and measuredΦ emission spectra has been chosen (see Figure 4.16c for the Ga-sample
with long annealing time.) From the discrepancy in the spectra shape in the high energy wing
one can deduce that a narrower spectrum of theΦ can originate from a lower measured
EQE compared to the exected one from theΦ . Theoretically, an𝐸𝑄𝐸 can be estimated
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Table 4.7: Fitting parameters for the samples with different S-contents (high temperature pro-
cess)

Parameter no S high T low S high T high S high T
BB PL BB PL BB PL

𝜇 1.008 1.009 1.016 1.016 1.014 1.021
𝜎 0.051 0.065 0.049 0.062 0.053 0.073

FWHM 0.121 0.153 0.115 0.146 0.124 0.172
R-square 0.99 0.98 0.99 0.98 0.99 0.98

from the Φ using the RR (see Equ. 4.68). The measured PL spectrum has to be divided
by the calculted BB radiation for the corresponding temperature and energy range. In order to
extract absolute values, the 𝐸𝑄𝐸 has to be normalised with respect to themeasurement. As
a normalisation factor the ratio of the emission intensities at the energy of maximum emission
of theΦ has been chosen:

𝐸𝑄𝐸 = Φ
Φ ⋅ 𝑠 = Φ

Φ ⋅ 𝐸𝑄𝐸 ⋅ 𝑠, (4.70)

where 𝑠 is the normalisation factor. The corresponding 𝐸𝑄𝐸 is plotted versus the 𝐸𝑄𝐸
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Figure 4.20: Comparison of the EQEmeasured and calculated from the spectral PL. Normalisa-
tion has been done for the maximum emission of the measured PL spectra at 𝐸 = 1.04 𝑒𝑉.

(whichwas used to calculate theΦ for the discussed sample) is shown in Figure 4.20. The
𝐸𝑄𝐸 is indeed higher than the 𝐸𝑄𝐸 . However, the 𝐸𝑄𝐸 is > 1 what contradicts the
de inition of EQE. This discrepancy will be discussed in the following.



4.3 Veri ication of the reciprocity relation for graded gap solar cells 81

𝑛(𝑥)

𝐸 (𝑥)

𝑓 (𝑥)

SCR 0 bc

uniform graded

absorber

no
rm

ali
se
d

Figure 4.21: Schematical comparisonbetween the excess charge carrier and the collection func-
tion pro iles with respect to the bandgap pro ile in the QNR.

In order to continue a discussion on the deviations in themeasured and calculated emission
spectra possible reasons for a low EQEwhich may lead to the deviations in the spectrum shape
will be outlined. A low EQE can be explained as follows: 1. It can result from a calibration error
of the EQE measurement setup. However, the measurement setup used in this work has been
calibrated using the reference cell from ZSW, therefore a calibration factor should be discarded.

2. RR is based on
the thermodynamic prin-
ciples requiring that ab-
sorptionandemissionpro-
cesses in a solar cell have
to be balanced. Therefore,
if the balance is distorted,
the RR may not hold. For

reciprocity to hold, the excess charge carrier distribution which governs the PL emission has
to be similar to the collection function pro ile which de ines the quantum ef iciency. Both char-
acteristics in their turn strongly depend on a bandgap grading pro ile. Figure 4.21 reproduces
schematically a bandgap pro ile of the QNR of the studied devices (in accordance to the GDOES
data in Figure 3.3) in comparison to the excess charge carrier distribution and the collectrion
probability shown in Figure 4.6 and Figure 4.9, respectively. It is easy to see that in the uni-
form region of the absorber the pro ile of the excess minority carriers is identical to the one
of the collection function. However, a back grading has an opposite impact on each of the dis-
cussed parameters. As has been discussed previously, a Ga-gradient stops minority charge car-
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riers from diffusing to the back contact leading to an abrupt decrease of their concentration
in the graded region. Meanwhile, photogenerated carriers from the graded region are drifted
away towards the main collecting junction resulting in almost constant collection probability
throughout the absorber layer. The discrepancy in the pro iles in the graded region could ex-
plain signi icant deviations between the measured and calculated emission spectra in the high
energy wing as the reciprocity between two processes is violated. However, in the discussed
case, where the pro ile of the injected electron distribution is limited to the uniform region, one
would rather expect a narrower measured PL emission spectrum as there must be no injection
into the graded region (with a higher Eg) what is opposite to the observed case.

3. The violation of
the correlation between
PL and EL emission due
to a transport barrier may
also lead to the distortion
of the RR theorem. As-
suming a potential bar-
rier somewhere in the ab-
sorber layer, its impact on

the detected EL and PL emission can be opposite. Such a barrier will enhance recombination
processes as charge carriers can be photogenerated but not transported over the potential bar-
rier leading to a high PL yield. Meanwhile, EL emission will be reduced to a signi icant extent
as the potential barrier will hinder the transport of injected electrons. An experimental evi-
dence of this phenomena has been described in [96]. In the discussed devices, the location of a
barrier is expected to be in the graded region close to the back contact. Moreover, this barrier
must not be necessarily of a thermal nature. An area with a reduced carrier mobility can also
have a similar impact on the transport properties. This phenomenon is well-known for organic
solar cells. [97] Assuming a low mobility of charge carriers in the graded region, one could an-
ticipate unhindered absorption processes. However, the collection of photogenerated electron-
hole pairs will not take place for the low mobility case. Therefore, the photogenerated charge
carriers will accumulate and be forced to recombine resulting in a high PL but degraded EL in-
tensity and reduced EQE. This can be clearly seen in Figure 4.22a and Figure 4.22b where elec-
tron concentration 𝑛 and electron current 𝐽 , respectively, are plotted for the normal (𝜇 =
10 , blue line) and reduced (𝜇 = 10 , red line) electronmobilities. A pronounced in-
crease in the photogenerated electron concentration in Figure 4.22a corresponds to a reduced
electron current in Figure 4.22b leading to the inconsistency between the PL (↑) and EL (↓)
emission intensities. An increased 𝑛 concentration as a result of a low electron mobility will
give rise a higher PL emission in a graded Eg region whereas an EQE yield will be degraded as
a consequence of a hindered collection due to a low electron mobility. A considerably reduced



4.3 Veri ication of the reciprocity relation for graded gap solar cells 83

0 0.2 0.4 0.6 0.8 1 1.2
0

1

2

⋅10

𝑛 ↑

Distance in 𝜇𝑚

El
ec
tro

nd
en

sit
yi
n

𝜇 = 10
𝜇 = 10

(a)

0 0.2 0.4 0.6 0.8 1 1.2

−2

−1

0
𝑓 ↓

Distance in 𝜇𝑚

Cu
rr
en

td
en

sit
yi
n

𝜇 = 10
𝜇 = 10

(b)

Figure 4.22: (a) Simulated in SCAPS electron concentration 𝑛 , and (b) electron current den-
sity 𝐽 for different 𝜇 values. The orange line schematically represents the bandgap pro ile.
The position of the back contact at x=0.

electron current density with a decreasing 𝜇 in Figure 4.22bwhich corresponds to the Jph also
implies a degraded EQE spectra. The lowmobility case its best to the discussed results.

The deduction of the trapping states which may be responsible for the degradation of the
carriermobilities is in agreementwith the SEM images in Figure 3.2wheremuch smaller grains
in the vicinity of the back contact can be clearly seen.

Furthermore, it is interesting to mention the impact of reduced charge carrier mobilities
on the JV-measurements. As can be seen from Figure 4.23, a reduced 𝜇 at high voltages has
a similar impact on the JV-characteristics as a 𝑅 , however, acting as a non-linear resistance
(SCAPS simulations of the band diagram under forward bias are not shown) what also has a
good it to the observed characteristics.

Résumée

The RR theorem correlates the luminescent emission with the EQE-measurements for CIGS solar
cells. In this section, the theorem has been applied to the devices with different graded bandgap
structures. The changes in the effective bandgap for absorption can be successfully monitored for
all investigated devices by analysing the emission spectrum either measured by the PL technique
or calculated from the black body radiation. However, the inconsistency in the spectrum shape
between the measured and calculated spectra leave open questions regarding its origin. An as-
sumption of a reduced charge carrier mobility in the graded region, however, provides the best it
to the observed characteristics and can explain the discrepancy in the spectrum shapes. The re-
sults of this section suggest that the RR theorem should be handledwith carewhen applied to solar



84 Modelling and simulations

0 0.2 0.4 0.6 0.8
10

10

10

10

10

Volatge in V

Cu
rr
en

td
en

sit
yi
n

𝜇 = 25
𝜇 = 2.5 ⋅ 10

Figure 4.23: Impact of the charge carrier mobilities on the JV-characteristics.

cells with a graded bandgap absorber as for the investigated samples the RR can be approximated
with some deviations only.

4.4 Conclusion

This chapter has been intended to support and complement the experimental results in order
to get a better understanding of advantages of bandgap grading and its impact on electronic
properties of CIGS solar cells.

Themain conclusionwhich can be deduced from the experiment and veri ied in this chapter
is the possibility to reduce recombination processes and to preserve absorption and photocur-
rent collection at the same time by implementing an appropriate bandgap grading pro ile in the
SCR. It has been demonstrated analytically that a bandgap widening in the SCR leads to the en-
hancement of the effective bandgap for recombination which in certain cases can reach as high
as ≈ √ of the overall bandgap increase based on the evaluation of different grading pro iles.
The QNR is left unaffected, therefore no degradation of absorption and photocurrent collection
is expected. This inding is applicable to solar cells with a S-incorporation into the surface re-
gion of the absorber as well as to those with a Ga- induced front grading. However, in the latter
case the EC offset between the absorber and buffer layers has to be investigated thouroughly.

Next, the mathematical de inition for the effective diffusion lengths for injected as well as
photogenerated minority charge carriers have been presented with respect to the presence of
a back gradient. It has been found that with a back gradient the excess minority carrier pro ile
differs from the one of the collection probability. This inding pointed out at the inconsisten-
cies in the reciprocity relation between luminescence and EQE-measurements applied to solar
cells with a graded bandgap structure. However, a discrepancy in the spectrum shape between
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the calculated and measured PL emission could not be explained unambigously. A theory of
a reduced electron mobility in a graded region provides a good it to the experimental obser-
vations though. This theory could be also supported by the SEM images of the investigated
samples which reveal a iner granularity close to the back contact region.

With respect to a back grading, it has been mathematically shown that an appropriate back
gradient can signi icantly reduce the back contact recombination by limiting the diffusion cur-
rent density towards the absorber/back contact interface, and thereby enhance the device Voc.
This is of high importance for solar cells with a thin absorber layer. The limit for an absorber
thickness has been also indicated when a back gradient has no pronounced impact on the re-
duction of the diffusion current density in the vicinity of the back contact for thick absorbers.

Moreover, as has been shown in the calculations a slope of the gradient (or the strength of an
induced electric ield) plays an important role in as how far back contact recombination can be
suppressed with respect to the injected current density. Furthermore, the same back gradient
is able to improve the current collection pro ile by re lecting photogenerated charge carriers
towards themain junction. An improved carrier collection probability has been analytically de-
scribed for the absorber with the uniform and back contact graded regions. It has been shown
that in the presence of a back gradingwhich leads to drift-assisted diffusion ofminority carriers
towards the main junction the collection probability can approach 100% with an appropriate
back grading. The expression which relates an electric ield strength and back contact recom-
bination velocity with the collection of photogenerated electrons by the leaky back contact has
been presented.





Chapter 5

Performance enhancement due to a
Ga-gradient

Nowadays, sequentially grown as well as coevaporated absorbers exhibit a back surface grading
with a gradual decrease in Eg towards the bulk and a low bandgap region close to SCR which is
referred to as a grading notch in the literature. Such a grading shapewaswidely accepted to fabri-
cate the deviceswith theworld record ef iciencies. A grading notch aims at improved absorption of
low energy photons to recover Jsc and to boost the cell ef iciency. An increased annealing time dur-
ing the sequential absorber deposition process at high temperatures reduces aGa-accumulation at
the back contact, and therefore the back surface grading, by enhancing aGa-out-diffusion towards
the main junction, and hence increasing the bandgap in the absorber bulk. Therefore, issues to be
addressed in this chapter are (1) to ind out what impact a Ga-redistribution has on the device
performance with a double graded absorber, and (2) to investigate how far a Ga-accumulation
affects the non-Ohmic back contacts. The samples used for the investigation are described in Ta-
ble 3.1 as the reference Ga and-annealing set. The GDOES data is reproduced in Figure 3.3 for the
reference sample and in Figure 3.4 for the samples with different annealing times.

5.1 Enhancementof theeffectivebandgaps for recombinationand
current collection

5.1.1 Motivation: Ga-induced increase in a bandgap energy Eg

Since for photovoltaic applications devices with higher voltages are preferred over those with
higher currents, the factors which directly impact the device voltage are of high importance.
The correlation between Eg and Voc is given by Equ. 2.16. The effect of an increasing bandgap
on Voc can be seen in Figure 5.1. With an increasing Eg from 1.0 𝑒𝑉 up to 1.4 𝑒𝑉, the Voc im-
provement can reach as far as 0.4 𝑉 if all other parameters are kept unchanged. It has to be
mentioned that the 3 ⋅ 𝑘𝑇 increase in the extrapolated activation energies is also visible, as
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the temperature-dependence of relevant parameters is taken into account by the SCAPS algo-
rithm. In this context, the Cu(In,Ga)Se2 quaternary material possesses outstanding features.
Reasonably high ef iciencies can be still obtained for large deviations from the stoichiometry
to the Ga-, In-rich side of the phase diagram in comparison to the pure ternary CuInSe2 one. A
vast amount of experimental works has been dedicated to study the in luence of a varied Ga-
content in graded and uniform Cu(In,Ga)Se2 absorbers on the performance of solar cells. [98,
68, 99] The results con irmed a Voc increase according to the bandgap for a wide range of CIGS
compositions. [100, 101, 89, 99]
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Figure 5.1: SCAPS simulated Voc(T)-characteristics for different bandgap energies.

However, considering solar cells with an unintentionally localised wide-gap material due
to a Ga-segregation, the impact of a Ga-distribution on the optoelectronic properties of solar
cells can be ambigous. A irst published attempt (to the author’s knowledge) to latten an un-
intentional Ga-gradient has been made by a Taiwanese group in [99]. The authors claimed that
latter Ga-pro iles give rise to the higher Voc x Jsc by improved bandgap matching to the solar
spectrum that is hard to achieve with a Ga-gradient. Furthermore, other groups reported that
the amount of Ga added to the CIGS alloy can change not only the bandgap energy but have a
major impact on the transport mechanisms and the defect environment in the absorber. [78,
102] This follows from the fact that a chemical gradient due to a varying Ga-content may lead
to a gradient in the lattice constants, therefore inducing the defect formation. [34]

A pro icient manipulation of the absorber bandgap pro ile is an important prerequisite for
the further advancement in achieving high ef iciencies. A strong in luence on the formation of
a Ga-gradient has been observed from varying the substrate temperature or high temperature
annealing times [66], the Na or other alkali metal supply, Se- and S-rates [103], Cu-poor or Cu-
rich conditions [104]. However, dealing with the differences in the GGI ratios induced by high
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temperature annealing processes, special care has to be taken with respect to certain features
of a Ga-gradient: a front or back gradient, a slope, single or double grading, a position of the GGI
minimum; as all these parameters affect the inal device performance. [105] In this context, a
Ga-redistribution both in the uniform and graded absorber pro iles presents a great interest
with respect to its effect on the performance of CIGS solar cells.

5.1.2 Experiment and Discussion

The solar cells with different Ga-distribution pro iles investigated in this chapter are de-
scribed in Section 3.1 (see Table 3.1). To evaluate the electrical performance of the cells, JV-
characteristics in the dark and underwhite light illuminationweremeasured. Figure 5.3 repro-

Table 5.1: Performance parameters of the studied solar cells.

Annealing 𝑉 , 𝐽 (𝐸𝑄𝐸), 𝐹𝐹, 𝐴, 𝐽 , 𝑅 , 𝑅 ,
time [𝑚𝑉] [𝑚𝐴/𝑐𝑚 ] [%] (dark/𝐽 -𝑉 ) [𝑚𝐴/𝑐𝑚 ] [𝑘Ω ⋅ 𝑐𝑚 ] [Ω/𝑐𝑚 ]
ref 596 34.6 66 2.52/1.64 4.0e-7 0.26/0.192 6.75/7.75
med 608 34.6 66 2.53/1.70 2.8e-7 0.56/0.296 7.0/11.0
long 628 33.1 67 2.54/1.71 3.8e-7 0.48/0.296 6.25/7.5

duces the corresponding JV-curves. The extracted performance parameters are summarized in
Table 5.1. For A, Rsh and Rs, the values were extracted from both dark and light measurements
and are given slash-separated as ”dark / light measurement”. Rs parameters have been deter-
mined following an approach proposed in [106]. A conductance over current, G/Jd, was plotted
versus conductance G in order to get a better approximation to the steep slope as compared
to a conventional Rs = dV/dJd at high forward bias voltage method. The diode ideality factor
values have been also determined following the procedure in [106].

In comparison to the reference sample there is a systematic increase in the Voc value of
about Δ𝑉 = 30𝑚𝑉with increasing annealing times. The ideality factors A have been extracted
from Jsc − Voc-measurements in order to eliminate the impact of the series resistances and then
compared to those determined from the dark JV-characteristics. This comparison can provide a
deeper insight whether illumination in luences recombination processes in the absorber layer.
However, the impact of Rs of the back contact on A has to be kept in mind. The ideality factor A
→ 2 indicates that the device performance is limited by the carrier recombination via mid-gap
states in the SCR, or Shockley-Read-Hall recombination. A Ga-outdiffusion towards the front
interface slightly increases the value of A compared to the reference sample from 1.64 to about
1.7 as has been deduced from Voc − Jsc-measurements. This increase can imply that a higher
Ga-concentration towards the absorber/buffer interface slightly enhances the SRH recombi-
nation rates in SCR by decreasing the QNR recombination. This behaviour has been studied
in [107]. However, the increase in A did not re lect in a FF decrease as FF of the devices is
similar being slightly below 70% for all three devices. Furthermore, the A values extracted
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from dark JV-characteristics are signi icantly higher, A∼ 2.5, compared to those from Voc − Jsc-
measurements which indicates that in the dark a different mechanism controls the voltage de-
pendence of the diode current. This observation will be discussed later in this section. The ref-
erence sample has considerably lower shunt resistanceRsh =0.26𝑘Ω⋅𝑐𝑚 compared to the high
temperature sampleswithRsh =0.56𝑘Ω⋅𝑐𝑚 . It is a commonobservation that in the initial state
samples from the reference process require additional heat treatment in order to improve their
performance by reducing leakage currents. Apparently, this step is not necessary for the sam-
ples grown at high temperatures. Under illumination, Rsh signi icantly decreases for all three
samples. To the contrary, series resistance is comparablewithin the tested devices and remains
invariant under illumination. The light-induced current, Jph, deduced from EQE-measurements
is rather similar for the reference and sample with medium annealing time, whereas long an-
nealing time deteriorates the photocurrent by 1.5𝑚𝐴/𝑐𝑚 . Correlating improved Voc and de-
creased Jph, the following interpretationof the experimental results canbeproposed. Prolonged
deposition at high temperatures promotes a Ga-outdiffusion from the back contact towards the
front interface resulting in a widening of the absorber bandgap. However, the impact of Ga on
other parameters have to be inspected for consistency.
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Figure 5.2: Light JV-characteristics of the samples with different diffusion

Another possibility to explain the Voc improvement is the increase of the net acceptor den-
sity. Capacitance-voltage (CV) measurements can provide information on the depth pro ile of
the doping distribution and the space charge width as has been described in Chapter 3.2.1. The
CV-measurements and calculated doping pro iles of the discussed samples are reproduced in
Figure 5.4. The value of net acceptor density Na is estimated from the minimum of the U-shape
doping pro ile plotted in Figure 5.4b. The doping concentration Na for these samples changes
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Figure 5.3: Dark JV-charactristics on a semilogarithmic scale for the samples with different an-
nealing times.

negligibly and equals to about 1⋅10 . Suchminor deviation in the doping concentration is
not able to explain the Voc improvement of around30𝑚𝑉 since the change in the doping density
by one order of magnitude is expected to change Voc at about Δ𝑉 = (𝑘𝑇 ⋅ log 10)/𝑞 = 60𝑚𝑉.

From another side, changes in recombination rates or dominant recombination mecha-
nisms can be also responsible for the changes in Voc. In order to investigate the impact of Ga
on the Voc-limiting recombination processes, temperature-dependent JV-measurements have
been performed. This measurement approach allows to identify the dominant recombination
mechanism, i.e. interface- or bulk-limited by de ining the activation energy of the recombina-
tion current. Since these recombination mechanisms are active in parallel, the strongest one
will dominate the recombination loss. [34] A direct relation between Voc and the activation en-
ergy Ea can be deduced from the fact that at open circuit conditions the total recombination
current completely compensates Jsc, and Voc at a given illumination intensity can be written as

𝑉 = 𝐸
𝑞 − 𝐴𝑘𝑇

𝑞 ⋅ log 𝐽
𝐽 (5.1)

In this case, the activation energy of a dominating recombination process can be deter-
mined from the temperature dependence of Voc by extrapolating its value to 0 𝐾. Figure 5.5
shows Voc(T)-curves of the investigated devices with dashed lines extrapolating them to T =
0𝐾. However, the extracted values have to be corrected by 3 ⋅ 𝑘𝑇 as has been explained in foot-
note 1, Page 71. The extracted activation energies demonstrate an upward shift of the effective
bandgaps for recombination with increasing annealing times. This inding is consistent with
the aforementioned surmise of the bandgap widening and the measured Voc values at room
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Figure 5.4: Capacitance-voltage characteristics (a) and doping pro iles (b) of the devices with
different annealing times

temperature. As can be seen from Table 5.3 an increase in the bandgap by 30𝑚𝑒𝑉 corresponds
to the Voc improvement by ≈ 30𝑚𝑉.
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Figure 5.5: Temperature-dependence of the open circuit voltages for the devices with different
annealing times

The impact of a promoted Ga-redistribution on the optical processes in the CIGS absorber
has been studied by measuring EQE and photoluminescence spectra (PL). EQE quanti ies a
spectrally resolved contribution of the incident photons of a particular wavelength to the to-
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tal photocurrent of a solar cell. As an in-depth variation of a relative Ga-concentration changes
the bandgap energy, the onset of the EQE response in the long wavelength or in the short pho-
ton energy regions will determine the minimum Eg (Eg,min) present within the absorber layer.
Eg,min or hereafter the effective bandgap for absorption is traditionally estimated from the inter-
section of the linear interpolation of the squared EQE and the photon energy axis. This method
is based on the semi-empirical expression of the proportionality between the absorption coef i-
cient and the square root of the photon energy for direct semiconductors. [34]However, one can
anticipate that localized states in the bandgap due to bandgap gradients complicate the deter-
mination of Eg from EQE response. To extract the bandgap from the EQE spectra three different
methods will be compared. The abovementioned approach to extract the effective bandgap for
absorption and photocurrent collection uses the relationship between the absorption constant
𝛼 and the bandgap Eg for direct transition:

(𝐸 ⋅ 𝐸𝑄𝐸) ∝ 𝐸 − 𝐸 (5.2)

Equ. 5.2 that is denoted as Method I assumes a constant re lection and parasitic absorption at
energies close to Eg. Its generalized form (after Taylor expansion) reads [108]:

[𝐸 ⋅ ln(1 − 𝐸𝑄𝐸)] ∝ 𝐸 − 𝐸 (5.3)

Method II is based on Equ. 5.3. However, both Equ. 5.2 and 5.3 assume constant absorption
throughout the absorberdepthwhat is not the case for gradedbandgapabsorbers. An analytical
model for quantumef iciency in double gradedbandgap solar cells has beendeveloped in [109],
considering the effects of sub-bandgap absorption and grading-dependent carrier collection
properties. This model assumes linearly graded absorber and takes into account Urbach band-
tail absorption, hereafter it will be denoted as Method III:

− ln(1 − 𝐸𝑄𝐸) − 2𝐵
3𝛽

𝐸 /

√2

/

∝ 𝐸 − 𝐸 , (5.4)

where 𝐵 is the constant for fundamental absorption and equals to 5 ⋅ 10 𝑐𝑚 𝑒𝑉 / , 𝛽 is the
grading parameterwhich is determined as𝛽 = (𝐸g,back−𝐸g,front)/𝑑with the absorber thickness
𝑑, and 𝐸 is the Urbach band-tail energy. To implement Equ. 5.4 for the bandgap extraction,
the following assumptions have been made. 𝐸g,back was calculated using the expression for a
bandgap energy [110] based on the GGI ratio obtained from the GDOES-measurement shown
in Figure 3.3 and 3.4. 𝐸g,front was calculated analogically to the Eg at the back contact. The
extracted Eg based on Equ. 5.2-5.4 are summarised in Table 5.2. Among the discussed models
the best correlation to the spectral PL and Voc-measurements is given by Method III. Its values
for the effective bandgap for absorption will be used for further analysis.
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Table 5.2: Extracted bandgap energies from EQE-measurements

Sample Method I Method II Method III
reference 1.0 1.03 0.98
medium 1.01 1.06 0.99
long 1.06 1.09 1.03

The EQE-curves for the studied samples have been reproduced in Figure 4.15a. The differ-
ence in absorption cutoffs is consistent with the Voc(T)-measurements from Figure 5.5. With
an increasing bandgap energy due to an increased Ga-concentration in the absorber bulk, the
absorption edge shifts to the lower wavelength range as can be seen from Figure 4.15a. The
tailing in the long wavelength region is most pronounced after the longest annealing time. This
can result from enhanced sub-bandgap absorption due to a stronger disorder in the material
with a higher Ga-content. However, the Urbach energies for CuInSe2 as well as for CuGaSe2
materials have been found in the range of kT at room temperature which suggests that the dis-
order is due to thermal vibration of lattice atoms. [34] The change in the effective bandgap
for absorption can be also con irmed from the PL-spectra reproduced in Figure 4.15b. The PL
peak position with increasing annealing time shifts towards lower wavelengths from around
1240 𝑛𝑚 to 1190 𝑛𝑚 meaning that the effective bandgap for absorption increases. The shape
of the PL-spectra for all three samples is rather similar with full width half maximum (FWHM)
of about 10𝑚𝑒𝑉.

Table 5.3: Extracted bandgap energies

Annealing 𝑉 , 𝐸 (𝑇 = 0), 𝐸 (𝐸𝑄𝐸), 𝐸 (𝑃𝐿),
time [𝑚𝑉] [𝑒𝑉] [𝑒𝑉] [𝑒𝑉]

reference 596 1.08 0.98 1.0
medium 608 1.09 0.99 1.02
long 628 1.11 1.03 1.04

The experimental results including Voc and the extracted bandgap energies from JV(T) 2-,
EQE- and spectral PL-measurements are summarized in Table 5.3. As one can see, the improve-
ment in the Voc values by 32𝑚𝑉 with increasing annealing times correlates with the increase
in the energy bandgap by 30𝑚𝑒𝑉 as deduced from JV(T)-measurements. The similar tendency
is observed for the optical bandgaps extracted from EQE- and spectral PL-measurements. An
increase in Eg by ∼ 40 𝑚𝑒𝑉 can be deduced from the PL-spectra. The descrepancy between
the values extracted from EQE- and spectral PL-measurements can be related to the enhanced
tailing of the EQE-curve for long annealing, and therefore to the inaccuracy of the extraction
method. As can be seen from Figure 5.6, an increase in Voc due to the outdiffusion of Ga from

2corrected for ⋅ .
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the back contact towards the front interface correlates almost linearly (Δ𝑉 /Δ𝐸 → 1,) with the
increase in the effective bandgap for absorption extracted from the spectral PL-measurements.
Small deviations from the linearity within the set of the studied solar cells might imply that a
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Figure 5.6: Correlation between Voc at room temperature vs. the effective bandgap for absorp-
tion (extracted from the spectral PL measurements) with respect to varying annealing times.

Ga-diffusion enforced by high temperature annealing does not lead to the absorber layer with
an uniform Eg.

The correlation between the relative increase in Voc at room temperature versus the opti-
cal (extracted from the PL-spectra) and electrical bandgaps for different annealing times with
respect to the reference sample is visualised in Figure 5.7.

The results indicate that high temperatures during absorber deposition processes enhance
a Ga-diffusion towards the heterojunction reducing a Ga-gradient at the back contact and lead-
ing to a more homogeneous distribution within the absorber layer which in turn affects both
the optical and electrical bandgaps. As a consequence, the separation of recombination and ab-
sorption processes is not possible to achieve using this approach as the enhancement of the ef-
fective bandgap for recombination is accompanied by the enlargement of the effective bandgap
for absorption and photocurrent collection.

5.1.2.1 Résumée

The out-diffusion of Ga from the back contact towards the front interface as a result of prolonged
high temperature annealing increases the device Voc by widening the Eg as has been observed
from the temperature-dependent Voc measurements. However, the effective bandgap for absorp-
tion extracted from the spectral PL measurements has been found also affected by an increased
Ga-concentration in the absorber bulk. This implies that the separation of recombination and ab-
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sorption processes in order to achieve a trade-off between the deviceVoc and Jsc cannot be realised
solely by the thermally-induced lattening of the Ga-distibution pro ile.

5.2 Impact of a Ga-grading on non-Ohmic back contacts

5.2.1 Motivation: Back contact passivation

To be considered as a good back contact to a p-type CIGS absorber, a material has to provide a
low resistance ohmic contact formajority charge carriers (holes) and to repelminority carriers
(electrons) preventing their recombination at the back contact interface.

However in practice, the Schottky contact at the CIGS/Mo interface is often observed in-
stead. The presence of a Schottky contact leads to the enhanced minority charge carrier trans-
port to the back contact region. As a result, recombination rates at the absorber/Mo interface
increase which may cause pronounced Voc losses and performance degradation depending on
the barrier height. This situation is highlighted in the simulated band diagram in Figure 5.8.

The situation changes when a wide bandgap material is inserted between the back contact
and absorber layer. Figure 5.9 depicts the band digramwith such a passivation layer. The layer
thickness used in the simulations is equal to 100 𝑛𝑚 with Eg of 1.68 𝑒𝑉 which corresponds to
the pure CuGaSe2 material. An insertion of a wide bandgap layer with a uniform Eg is a very
rough representation of a Ga-segregation at the back contact, but it is very demonstrativewhen
an impact of a high energetic barrier on carrier transport has to be studied.

Therefore, a wide-gap material introduced at the back interface can be a passivation ap-
proach for a collecting contact. The energetic barrier introduced by the upward shift of the CB
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Figure5.8: Banddiagram for a standardCIGS solar cell (withoutGa-grading)with aback contact
barrier.
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Figure 5.9: Band diagram of a standard CIGS solar cell with a Ga-step and a back barrier at the
back contact.
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minima can hinder the injection of electrons to the back contact and their consequent recom-
bination without affecting the majority carrier transport.

5.2.2 Literature review

In the majority of fabricated CIGS solar cells nowadays, the back contact is represented by a
sputtered Mo layer. This material is traditionally chosen by many solar cells manufacturers
due to its high electrical conductivity, low thermal expansion coef icient, good adhesion to the
glass substrate and good resilience to the Se-atmosphere that is vital for further CIGS absorber
growth. [111, 112].

Attempts to replace Mo by other elements (such asW, Ta, and Nb) to use as alternative back
contact materials have beenmade by K. Orgassa. [113] Good results were obtained with Ta and
Nb ilms as their re lective properties turned out to be superior to those of Mo and W ilms
leading to decreased optical losses. On the other hand, K. Orgassa has shown that the CIGS/Ta
and CIGS/Nb interfaces had to be passivated (in his case, by the back surface grading) in order
to improve Voc, whereas the back contacts with Mo and W seemed to provide a suf icient self-
passivation. As a possible explanation for this behaviour different material properties of the
interfacial selenide layer were suggested.

During the absorber formation process, a Mo back contact forms an ohmic contact to the
CIGS absorber via an interfacial MoSe2 layer which provides a low resistance path to major-
ity carriers [114, 115] and improves the adhesion between the Mo layer and the CIGS ab-
sorber. [116] However, some authors found that a Schottky contact is formed instead. [117]
Moreover, the formation and properties of the MoSe2 layer strongly depend on the CIGS depo-
sition method and the growth recipes. [116]

When a Schottky contact is formed, substantial problems with resistive losses due to a
Schottky barrier at the back contact arise. In the equivalent circuit, a back contact barrier can
be represented with a diode whose polarity is opposite to the polarity of the main diode. The
schematic of a solar cellwith a back contact barrier is illustrated in Figure 5.10. The ingerprints
of the Schottky barrier at the back contact which can be observed from JV-measurements espe-
cially at low temperatures are following:

• S-shape of JV-characteristics. In particular, a blocking behaviour of the forward current;
• a Voc-saturationwith temperature and intensity. Most often observed on solar cells based
on coevaporated absorbers;

• a cross-over of the dark and illuminated JV-characteristics.

In case of a moderate Schottky barrier, the contact introduces a low potential barrier which
has an in luence on the device performance only at low temperatures. However, long term
endurance tests and accelerated ageing enhance the barrier height at the absorber/back con-
tact interface leading to the deterioration of the device performance already at room tempera-
tures. [118, 57]
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Figure 5.10: Two diode model which represents the main diode and the Schottky diode at the
back contact operating in the ’wrong’ direction.

The in luence of the back contact barrier on the overall device performance and stability has
been extensively investigated experimentally [118, 57, 119] and by means of simulations [34].
The results demonstrate that the back barrier height has a pronounced impact, irst of all, on FF
and Voc. The strongest impact of the back contact barrier can be expected on the devices with
thin absorbers or devices whose charge carrier diffusion length is in the range of the absorber
thickness. CIGS solar cells deposited by coevaporation processes proved to be most vulnerable
to the back contact issues. [111, 118]Moreover, it has been shown that under certain conditions
the behaviour of CIGS solar cells can be interpreted in terms of a phototransistor behaviour
which is most often observed at low temperatures or after accelerated ageing tests already at
room temperatures. The underlying physics behind this phenomena is discussed in [58, 120].
A similar behaviour has been reported for CdTe solar cells in [121, 122] and was discussed in
terms of reach-through diodes.

5.2.3 Simulations

On a device simulation level, an enhanced energetic barrier formajority carrierswhich is equiv-
alent to a Schottky contact can be introduced by varying the metal work function of the back
contact. [58] An impact of a back barrier on the carrier transport can be seen in Figure 5.11
where light JV-characteristics simulated in SCAPS-1D at 180 𝐾 are reproduced. The simula-
tions instantiate four cases: lat bands, lat bands with a Ga-step, a back contact barrier, and a
back barrier with a Ga-step. 3

Under lat band conditions, i.e., with an Ohmic contact between the back contact and ab-
sorber layer, the JV-curves demonstrate a diode-like behaviour with a Voc of about 700𝑚𝑉. An
insertion of a Ga-step improves the Voc by 40 𝑚𝑉. However, an introduction of the back bar-
rier height of 300𝑚𝑒𝑉 leads to a signi icant degradation of Voc (≈40𝑚𝑉) and a blocking of the
forward current. The back contact barrier blocks the hole transport, and the device supplies

3The simulation parameters in this section are as described in Section 4.1 if not stated otherwise.
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Figure 5.11: Simulated illuminated JV-characteristics with an Ohmic back contact (blue), with
a Ga-step (red), with a back barrier of 300𝑚𝑒𝑉 (green) and with the barrier and Ga-step at the
back contact (brown) at 180 𝐾.

no current anymore, forcing photogenerated electron-hole pairs to recombine. The situation
improves when a Ga-rich layer at the back contact is inserted. Nevertheless, it is not easy to
see from the igure, but Voc increases compared to the lat band case as might be expected from
the back contact passivation. Yet, the blocking of the forward current becomes even more pro-
nounced as a result of the enhanced barrier due to a Ga-step for the injected electrons at the
back contact and still a still present barrier for holes.

The impact of the barrier height on Voc is demonstrated in Figure 5.12. As has been dis-
cussed above, a Ga-accumulation at the back contact canmodify the band alignment at the back
contact/absorber interface. Therefore, the Suns− Voc-characteristics have been simulated for
three cases: lat bands, a back contact barrier, and a back contact barrier with a Ga-step. In-
troducing a barrier height of 300𝑚𝑒𝑉, while keeping other parameters same, degrades Voc by
approximately 40𝑚𝑉 at 1 sun. It is interesting to note that at low intensities, the slope of the
𝑆𝑢𝑛𝑠 −𝑉 -curve with the back barrier differs signi icantly from the slope under higher illumi-
nation levels. The behaviour of the 𝑆𝑢𝑛𝑠 − 𝑉 -curve can be correlated with the device ideality
factor A. In the dark or under low illumination, a larger slope induced by a non-Ohmic back con-
tact indicates the increased A, whereas under illumination the A is expected to be signi icatly
smaller than the normally observed values what can be deduced from the slope approaching∞
when with a back barrier Voc becomes rather independent of the illumination level.

In agreement with the simulated JV-curves in Figure 5.11, inserting a Ga-step at the back
contact not only recovers the initial values of Voc but slightly improves them.
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Figure 5.12: Simulated Suns− Voc-characteristics for three cases: the lat band alignment at
the back contact (blue), an enlarged back contact barrier (red), and a back contact barrier with
a Ga-gradient.
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Figure 5.13: Impact of the back contact barrier and a Ga-gradient on the Voc saturation based
on SCAPS simulation.
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The Suns− Voc-measurements emphasise a role of a Ga-gradient in the Voc improvement
if a back contact barrier is enlarged. Furthermore, there is a pronounced impact of the back
contact barrier and a Ga-gradient on the low temperature behaviour of a solar device as has
been already seen in Figure 5.11. Figure 5.13 reproduces the temperature dependence of the
device Voc at temperatures below 240 𝐾 where the Voc saturation is usually observed. [118] In
this simulation, the barrier height is intentionally enlarged up to 400𝑚𝑒𝑉 in order to intensify
its impact on the device Voc. According to [123], the height of the back barrier can be easily esti-
mated from the temperature-dependent characteristics of the device Voc. The extrapolation of
Voc to 0𝐾 gives an activation energy for the device with the lat band alignment at the back con-
tact. However, for the device with a Schottky contact the saturation of its Voc(T)-characteristics
at low temperatures is expected. Thus, the extrapolation of the saturating section of a Voc(T)-
curve to 0 𝐾 for the device with a Schottky-diode at the back contact will be reduced by the
value equal to the height of the back barrier. [123] Therefore, the difference between the ex-
trapolated values for the activation energies of the device with the lat band alignment and the
devicewith a Schottky-diode at the back contact gives the Schottky barrier height in agreement
with [123].

However, as can be seen from Figure 5.13 the situation becomes more complicated when a
Ga-step is introduced. The deduced barrier height from the simulated curve is not equal any-
more to the set value (Φ = 400 𝑚𝑉) as the Voc saturation is shifted to lower temperatures.
As a result, the extrapolated value increases lowering the back barrier height. This has to be
kept in mind when the contact barrier height has to be estimated based on the measurements
of sequentially grown solar cells where a Ga-step at the back contact is an inherent feature of
the absorber deposition process.

Based on the presented simulations, following conclusions can be drawn:
(1) an enhanced blocking behaviour of the forward current with an introduction of the Ga-

rich layer proves the validity of the electron injection to the back contact;
(2) a back contact passivation by a Ga-gradient recovers Voc in the presence of a signi icant

back contact barrier (≥ 300 𝑚𝑒𝑉), but does not tend to improve FF which is still affected by
the hole barrier. (The study of an impact of a back contact on the device FF is out of scope of
this thesis, but it has to be mentioned in order to discuss approaches to improve the quality of
the back contact.)

In order to ind an optimal solution to the problem of the Schottky contact, the require-
ments to the ideal back contact listed above have to be ful illed. That is, a back contact has to
be able to re lect minority charge carriers and at the same time to ensure an ohmic contact for
majority carriers. In this context, a Ga-gradient can meet the irst requirement and its bene-
icial impact can be understood as a decrease of minority carrier recombination at the back
contact. However, the hole transport is still impeded as the EV maximum is down-shifted and
not affected by a Ga-grading. A novel rear contacting structure for CIGS solar cells has been
reported in [124, 86, 87]. The scientists from Taiwan have shown that Al2O3 grown by atomic
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layer deposition (ALD) can be an ef icient edge passivator due to its induced ield effect. The
ixed negative charges in the Al2O3 bulk would repel electrons from the rear interface or CIGS
edges if P3-scribing passivation, for example, is considered. Moreover, their irst principle cal-
culations indicated that the deposition of Al2O3 of about 5 𝑛𝑚 already can reduce of ≈ 35% of
the interface defect density. [124] Vermang et al. have developed this approach further. They
combined the Al2O3 rear surface passivation with nano-sized local point contacts and achieved
an average Voc improvement of 14 𝑚𝑉. The Voc increase has been attributed to a decrease of
rear surface recombination of a few orders. [86] However, a drawback of this method is a need
for extra Na supply as a Al2O3 ilm acts at the same time as a barrier for Na-diffusion from soda
lime glass. A pronounced roll-over effect in JV-characteristics is usually observed in Na-free de-
vices. [125, 126, 127] Interestingly, theway to achieve a ’loss free’ electronic back contact can be
inherent to the absorber deposition technique itself. A study on the electronic level alignment
at the deeply buried absorber/Mo interface for S-free and S-containing sampleswith direct and
inverse photoemission demonstrated that the absorber/Mo interface is strongly in luenced by
the presence or absence of S. [128] This inding in [128] may explain why solar cells based on
sequentially grown absorbers have superior back contact properties compared to those based
on coevaporated absorbers without S.

Résumée

Back surface potential barrier at the Mo/CIGS interface as a result of a Ga-accumulation is bene-
icial as it acts as an additional measure to prevent photogenerated electrons from recombination
at the back contact. Since Ga affects only the CBminimum, it presents no substantial resistance to
the majority charge carriers while repelling the electrons as the minority carriers. However, this
approach does not solve the problemwith the hindered hole transport which arises when a signif-
icant Schottky barrier is formed at the rear interface. The alternatives to improve the properties
of the back interface have been discussed.

5.2.4 Experiment

Suppression of the phototransistor effects

The phototransistor behaviour is directly related to a Schottky barrier at the back contact. [58]
The phototransistor model was developed to explain the experimental features which could
not be interpreted in terms of the ’classical’ back diode model. [56, 58] These features are the
temperature- and illumination independence of Voc at temperatures below 200𝐾 and the satu-
ration of the forward current at valuesmuch higher than a possible photocurrent from the back
diode.

A solar cell starts operating in the phototransistor mode when a signi icant Schottky back
barrier (hundreds of 𝑚𝑒𝑉) is built-up and the photogenerated hole current exceeds the satu-
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ration current at the Schottky back diode. [58] This behaviour is usually observed at low tem-
peratures as has been mentioned above. Figure 5.14 reproduces illumination-dependent JV-
characteristics at 180 𝐾 of the devices with and without a Ga-gradient at the back contact. It
has to be mentioned here that the device without a Ga-gradient does not belong to the investi-
gated set. Its introduction ismeant to support the chosen interpretation of the results observed
from the investigated devices. The device with a Ga-grading can be referred as a reference de-
vice in Table 3.1.

Figure 5.14: Experimental intensity-dependent JV-characteristics at 180𝐾 of two devices: with
and without Ga-gradient.

The JV-characteristics of the devicewithout a Ga-gradient in the irst quadrant resemble the
output characteristics of a transistor. With increasing intensity the output current increases
reaching the photocurrent values. The measurement its well with the simulations shown in
Figure 5.11. Furthermore, Voc of this device becomes intensity-independent and saturates at
low temperatures as can be seen in Figure 5.15b. Remarkably, the phototransistor behaviour is
not observed on the device with a back surface gradient as can be seen in Figure 5.14. Due to
a wider bandgap material at the back contact, a barrier for the electron injection into the back
diode region exists leading to the blocking behaviour of the forward current and suppressing
the phototransistor effect.

The height of the back contact barrier is a key parameterwhich determines atwhat temper-
ature the phototransistor behaviour is detected. According to [64], the extrapolation of Voc to
0𝐾 returns the activation energy (solar cell mode at high temperatures) reduced by the Schot-
tky barrier height (phototransistor mode at low temperatures). Comparing the temperature
dependence of Voc without and with a Ga-gradient from Figure 5.15, one can see that the sat-
uration of Voc occurs at much lower temperatures when a Ga-grading is present. However, to
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Figure 5.15: Temperature dependence of Voc for different illumination intensities for the sam-
ples with and without Ga-gradient.

extract a particular value of the back barrier from the device with a Ga-gradient is somewhat
dif icult as its Voc(T)-characteristics do not show a pronounced saturation at low temperatures
but rather the tendency to bend what is in good agreement with the simulations in Figure 5.13.
It has to be mentioned that the bending of Voc(T)-characteristics at lower temperatures can be
also affected by the presence of shunting paths which under conditions of the complete current
blocking (due to the presence of the back barrier and the Ga-step) can be expected to have a
signi icant in luence on the Voc-extraction. This can be easily seen in Figure 5.11 for the case
of ”BB + Ga”. Moreover, the intensity-dependence of Voc still exists for the sample with a back
grading in contrast to the sample without a Ga-gradient as can be seen from Figure 5.15.

Figure 5.16 reproduces the temperature dependencies of A in the dark and under illumina-
tion of the devices with and without a Ga-gradient. For the sample with a Ga-grading, the val-
ues of A in the dark are greater than two and increase with decreasing temperatures. A similar
temperature-dependence of A is observed for the sample without a back contact gradient. Sev-
eral theories have been proposed to explain A > 2, including tunnelling enhanced recombina-
tion within SCR [129], recombination via coupled defects [130], and effects of bandgap energy
luctuations [54]. However, since the ideality factor describes to a certain extent the voltage-
dependence of the current low, the impact of the back contact barrier on the ideality factor can
be another explanation for the observed behaviour of A. If the Schottky-diode is formed, A ex-
tracted from the JV-characteristics cannot be used anymore to describe the current conduction
mechanism through the device. Under the assumption of the reverse-polarity two-diodemodel
which represents the case with a Schottky diode at the back contact, the joint effect of two rec-
tifying junction on the device ideality factor A has to be taken into consideration. [131] In the
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Figure 5.16: Temperature dependence of a diode ideality factor A derived from JV-
characteristics in the dark and under illumination for the device (a) with a Ga-gradient and
(b) without Ga-gradient.

limit of high contact resistance, the back contact can be considered as a reverse-biased Schot-
tky diode, whose reverse saturation current Js,bcwill de ine the current low through the device.
When Js,bc is larger than the diode dark current Jd, the back contact demonstrates an Ohmic be-
haviour and no distortion in JV-characteristics can be seen. This means that the contribution of
the back contact to the measured ideality factor is rather minor. This situation is valid for high
temperature measurements. However, at low temperatures, when Js,bc is much smaller than Jd,
the Schottky diode blocks the current low resulting in the lattening of JV-characteristics and
increasing the measured A. This model can justify anomalously high ideality factors measured
experimentally on the discussed samples. The transition between these two regimes (where
the impact of the Schottky contact is / is not detectable) can be clearly seen in the Voc(T)-
characteristics for the device without a Ga-grading shown in Figure 5.15b. Considering this
device, it is easy to see that the lattening of the Voc(T)-characteristics mentioned earlier cor-
respond to the temperature region with anomalously high A. This means that the stronger the
impact of the Schottky contact (i.e. the more rectifying, the contact), the higher the ideality
factors are measured, and vice versa.

A pronounced impact of a Ga-gradient on the back contact can be seen from the A(T)-curves
under illumination. The values of A for the device with a Ga-gradient are below two and essen-
tially temperature independent. Such behaviour indicates a thermally activated recombination
mechanism. However, the device without a Ga-rich layer demonstrate the anomaluously low
A (≈0) extracted from the temperature region where the back diode is activated (in contrast
to the dark measurement). Such low values can be correlated with a temperature and inten-
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sity independence of the device Voc which are the typical ingerprints of the photoransistor
mode. In the dark, the blocking of the forward current is caused by the potential barrier for the
majority charge carriers induced by the Schottky back diode. This effect is most pronounced
at low temperatures as can be seen from signi icantly increased A in Figure 5.16. Under illu-
mination, a positive bias dropping across the principal and back contact junctions lowers the
respective barriers for electrons and holes. The saturation of Voc occurs when the photogener-
ated hole current exceeds the saturation current of the Schottky diode as has been mentioned
before. [58]

The problemwith the back Schottky diode can be solved by introducing awide gapmaterial
at the back contact. This deduction can be drawn from Figure 5.14 where no phototransistor
effect is observed in the JV-characteristic of the sequentially grown device. Furthermore, the
issuewith theback contact diode canbe solved, for example, by incorporating elemental Sunder
optimised conditions to the back contact to ensure the formation of the interfacial layer with
improved metallic properties.

Résumée

Another bene icial aspect of a Ga-gradient can be observed with respect to the back contact issues
detected at low temperatures. It has been shown that a Ga-gradient suppresses the phototransis-
tor behaviour and shifts theVoc saturation to lower temperatures compared to the deviceswithout
a Ga-grading. Since a Ga-grading is an inherent feature of sequential growth processes, no tran-
sistor effect has been observed for the investigated devices. From this follows that an introduction
of a Ga-rich layer can be a solution to prevent the phototransistor effects for coevaporated ab-
sorbers.

Impact of non-ohmic contacts on admittance measurements

As has been already discussed, the formation of the Schottky contact at the Mo/CIGS interface
changes the equivalent circuit of a solar cell introducing a second junction. A relation between
the presence of the back contact diode and the capacitance step in the admittance measure-
ments has been reported already in [56]. The results of a systematic investigation of different
CIGS devices presented in that study contradicted the previously accepted interpretation of the
admittance step (also known as the N1-response in the literature) as a defect at the interface.
The proposed model of a non-Ohmic back contact could explain the admittance step together
with the cross-over and roll-over effects in the JV-characteristics which were dif icult to inter-
pret by the defect states only. Hereafter, an impact of the back contact on the admittance mea-
surements will be investigated based on the JV(T)- and Cf(T)-measurements of the discussed
devices.

The frequency dependence of the capacitance for the reference, with medium and long an-
nealing times devices followed a similar pattern. Therefore, only the results of the device with
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a long annealing time are to be presented here. The admittance measurements of the device
for different frequencies and temperatures are reproduced in Figure 5.17. The capacitance de-
creases with increasing frequency and increases towards elevated temperatures. These fea-
tures of the Cf(T)-measurements have to be discussed in more details. At higher tempera-
tures, there is a pronounced gradient with respect to frequencies and upward shift of the Cf-
characteristics. Since the measured capacitance consists of the charge contributions from the
space charge regionanddefect states, charging anddischarging thedefect statesmaybe respon-
sible for the measurement outcome. The capture and re-emission of trapped carriers strongly
depend on temperature, therefore the device capacitance increases at elevated measurement
temperatures as can be seen in Figure 5.17(a).

At low temperatures (90𝐾–130𝐾) andhigh frequencies (>10 𝐻𝑧) - under these conditions
ameasured C should correspond to the gometric C of the device - an increase in the capacitance
values with respect to temperature is observed. The reason for this phenomenon is not clearly
knownbut can be interpreted as follows. Assuming𝑁 = 𝑐𝑜𝑛𝑠𝑡, a shift of the EFwith increasing
temperatures away from the EV can take place. Furthermore, metastable effects due to carrier
freeze-out can also impact the C values.

The capacitance step (observed at low temperatures only) which originates from both fre-
quency and temperature dependencies is another characteristic feature of these devices. The
comprehensive overview of the possible interpretations of the capacitance steps can be found
in [80]. However, in this work the admittance step will be correlated to the non-Ohmic contact
at the absorber/back contact interface.
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Figure 5.17: Temperature-dependent admittancemeasurements: (a) frequency-dependence of
the capacitance; (b) temperature-dependence of −𝜔 ⋅ for the sample with long annealing
time.
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Figure 5.18: Arrhenius plot for the samples with different annealing times.

The position of the capacitance step with respect to the characteristic frequency is visu-
alized by plotting the derivative of the capacitance as a function of angular frequency follow-
ing [77]. The characteristic frequency for different temperatures corresponds to the peaks in
the 𝜔 graphs reproduced in Figure 5.17(b). Such representation of the admittance is very
demonstrative as the characteristic frequencies whereat the capacitance drops can be easily
determined for the further evaluation. Plotting the extracted𝜔 for different temperatures as a
function of 1000/T, the activation energy for the observed capacitance step can be determined
from the slope of the Arrhenius plot. [77]. The Arrhenius plots for the discussed devices are
shown in Figure 5.18. The extracted activation energies for the studied samples which corre-
spond to the observed capacitance steps are shown in Table 5.4. The activation energies are
rather small which implies a modest barrier at the back contact. However, the contact bar-
rier heights extracted from the Voc(T)-characteristics deviate signi icantly from the latter ones
showing much larger values. The reason for the deviation between the results of these extrac-
tion methods is unclear. However, it can be speculated that an equivalent electrical circuit cho-
sen to interpret Cf-measurements does not describe correctly the complexity of the real devices.
Similar problem has been reported in [119]. The correlation between the extracted values for
the back contact barriers depended signi icantly on the absorber growth process and the back
contact treatment.

In order to investigate how far the back barrier affects the current transport properties of
the discussed samples, JV(T)-characteristics have been measured (see Figure 5.19). At low
temperatures, up to 170 𝐾–190 𝐾, the blocking of the forward current is observed. For the de-
viceswithprolongedannealing times the current lowat 90𝐾 is almost completely blocked. The
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Table 5.4: Comparison of the barrier heights extracted from the Voc(T)- and Cf(T)-
measurements of the devices with different annealing times.

Annealing Φ (𝐶𝑓(𝑇)), Φ (𝑉 (𝑇)),
time [𝑚𝑒𝑉] [𝑚𝑒𝑉]

reference 125 240
medium 95 200
long 92 220
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Figure 5.19: Experimental JV(T)-characteristics of the samples with different annealing times.

Cf(T)-characteristics shown in Figure 5.17 demonstrate the capacitance steps at corresponding
low temperatures which once again suggests the correlation between the saturation of the for-
ward current due to a back contact and the admittance step.
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In order to investigate further the common mechanism behind the admittance step and
the anomalies in the JV(T)-characteristics discussed above two other devices will be intro-
duced. These new devices do not belong to the investigated sample sets and are only meant to
strengthen the arguments in favour of the back contact in luence. In order to show that the roll-
over behaviour of the forward current at low temperatures directly correlateswith thepresence
of the admittance step the temperature-dependent JV-characteristics of two samples with and
without the roll-over behaviour are reproduced in Figure5.20 and compared to the correspond-
ing admittance responses for different temperatures of the same devices. It is easy to see that
the sample which does not demonstrate the roll-over behaviour of the forward current has no
capacitance step as well. To the contrary, the sample which demonstrates a pronounced roll-
over effect also has capacitance steps at the corresponding temperatures. The sample with no
roll-over is based on the sequentially grown absorber. This implies - as has been discussed ear-
lier - a Ga-gradient close to the back contact. This observation provokes a questionwhether the
ideal back contact can be ensured by a co-optimisation, in other words, by the synergistic effect
of the Ga- and S-gradients as the only S-incorporation method was different for this sample in
comparison to the studied samples.

The presented JV(T)- and Cf(T)-measurements are in agreement with the previous results
and the literature. [56, 119, 57] The results support the theory of the back contact barrier rather
than any bulk or interface defects which cause capacitance steps at low temperatures.

Résumée

A temperature dependence of the Cf-spectra for the investigated samples demonstrated a capaci-
tance stepswhich are rather assigned to the back contact barrier than to a bulk or interface defect
level. The barrier height is reduced for the high temperature devices compared to the reference
one. It might be an indication that prolonged thermal treatment can improve the back contact
properties by enhancing theMo(Se, S)2 interfacial layer formation.

5.3 Conclusions on a Ga-gradient

A Ga-gradient at the back contact is an inherent feature of sequentially grown CIGS absorbers.
Therefore, an objective evaluation of the bene its and disadvantages of the presence of a Ga-
accumulation at the back contact with respect to its impact on the overall device ef iciency is
not possible as CIGS solar cells based on a sequentially grown absorberwith a uniform in-depth
Ga-distribution are not available for fair comparison. The conclusions presented hereafter are
rather plausible deductions from the experimentally observed tendencies which could be sup-
ported by simulations or analytical modelling.

In terms of the device performance and bandgap engineering the following conclusions can
be drawn:
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Figure 5.20: Comparison of the JV(T)- and Cf(T)-characteristics of two devices. The roll-over
behaviour of the forward current corresponds to the capacitance step observed at low temper-
atures, and vice versa.
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• a Ga-outdiffusion from the back contact towards the front interface as a result of pro-
longed treatment at high temperatures enhances the effective bandgap for recombination
increasing the device Voc. This is accompanied by the simultaneous enlargement of the
effective bandgap for absorption and photocurrent collection. However, the consequent
Jph degradation for the studied devices has not been so pronounced.

• the correlation between Voc at room temperature versus the effective bandgap for ab-
sorption with respect to varying annealing times is linear for the investigated sample set.

• an increased Ga-content in the absorber bulk after its outdiffusion from the back contact
does not affect signi icantly the admittance measurement. The capacitance step is still
observed at low temperatures. However, the activation energy for the high temperature
processes samples is lower compared to the one of the reference device. One may specu-
late that prolonged thermal treatment improves theback contact properties by enhancing
the Mo(Se, S)2 layer formation.

• the correlation between the blocking behaviour of the forward current at low tempera-
tures and the observed capacitance step leads to the conclusion that the contact barrier
formed at the CIGS/back contact interface is the origin of the observed step. The intro-
duction of the sample with a similar Ga-gradient but a modi ied S-incorporation process
compared to the investigated devices has shown that the back contact issues related to
the anomalies of the JV(T)-characteristics can be eliminated. This is important inding
and has to be considered for further optimisation of the discussed solar cells.

• nevertheless some authors claim a Ga-con inement at the back contact to be a limiting
factor in the sequential CIGS technology, themost pronounced effect of a Ga-accumulation
is the passivation of the back contact and the consequent Voc improvement as has been
shown by the simulations. A signi icant Voc improvement can be expected if the Schottky
is formed at the back interface.

• the presence of a Ga-gradient suppresses the phototransistor effect usually observed for
the devices based on coevaporated absorbers at low temperatures or as reported in lit-
erature after long term endurance testing. This conclusion has been drawn from both
experimental and simulation results presented in this chapter.





Chapter 6

Separating recombination from
generation / collection effects by
surface sulfurisation

A sulfur incorporation into the surface region of sequentially grown CIGS absorbers is the next
step to optimize the device ef iciency by means of bandgap engineering. A sulfurisation step is at-
tempted to enhance the device Voc by increasing the bandgap of the absorber near the interface.
In this case, the effect of a S-incorporation is twofold. Firstly, it increases the effective bandgap for
recombination, and, secondly, acts as a passivation agent of the absorber/buffer interface. In con-
trast to the Ga action, a S-incorporation reduces the EV maxima shifting the VB edge downwards.
Thus, a S-rich absorber surface will lead to an increased Eg in the SCR and result in an enhanced
recombination barrier for holes at the pn-junction reducing interface recombination. In this con-
text, an impact of a S-content as well as the width of the S-rich layer has to be carefully analysed.
The S-amount can be controlled, for instance, by varying the duration of the selenisation and sul-
furisation steps, whereas the penetration depth can be controlled by the process temperature and
element supply rates. In this chapter, the in luence of different S-gradients as a result of varied S-
contents in combination with varied chalcogenisation process temperatures will be investigated.
All samples discussed in this chapter are described in Section 3.2. The GDOES data are represented
in Figure 3.5 as well as the SEM micrographs in Figure 3.2.

6.1 Motivation: a S-induced increase in Eg

As has been shown in Figure 3.5 the sulfurisation step in the H2S atmosphere leads to a
S-gradient in the surface region of the absorber layer. The thickness of the S-rich layer is
appr. 250-400 𝑛𝑚 as has been reported by different authors [66, 132, 12]. This implies
that the main impact of a S-incorporation is expected on Eg in the SCR, nevertheless some S-
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accumulation has been also detected at the back contact whichmodi ied the back contact prop-
erties. [128, 133] The simulated (in SCAPS) band diagram with a front grading due to the S-
incorporation is shown in Figure 6.1. In order to visualise the impact of the wide bandgap
material in SCR on the device performance, simulations have been performed. For the sake of
a fair comparison to real sequentially grown absorbers, a back contact gradient due to a Ga-
accumulation is also inserted in agreement with Chapter 5 (however, it is not shown in the
igure). Figure 6.2 reproduces simulated Voc(T)-characteristics and EQE spectra which cor-
respond to the devices with a uniform Eg without a S-gradient (denoted as ’Se’) and with a
front grading due to a S-gradient in SCR (denoted as ’Se+S’). The S-gradient has been mod-
elled by inserting a thin layer of 300 𝑛𝑚 whose bandgap changes exponentially from 1.38 𝑒𝑉
to 1.0 𝑒𝑉 from the CIGS/CdS interface towards the absorber bulk. These values were extracted
from the experimental Voc(T) and EQE data. The increase in the device Voc at room tempera-
ture by 65 𝑚𝑉 corresponds to the shift in the activation energies from 1.04 𝑒𝑉 to 1.11 𝑒𝑉 as
can be seen from Figure 6.2a. Remarkably, the EQE-cutoffs do not change after the addition
of a wide-gap material at the surface as can be seen from Figure 6.2b. The absorption edge
of the corresponding samples still coincide. It has to be mentioned that a parallel shift in the
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Figure 6.1: Simulated band diagramwith a front grading due to the S-incorporation. The effect
of S can be seen in the down shift of the VB.

Voc(T)-characteristics is achievedonly if a back surface grading is introduced. With the lat band
alignment and the back surface recombination of 1 ⋅ 10 𝑐𝑚/𝑠 the Voc(T)-curves demonstrate
different slopes without a back grading. A back gradient prevents electron injection to the back
contact signi icantly reducing back surface recombination, and consequently Voc losses. This
observation proves once again the importance of the back contact in terms of the overall de-
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Figure 6.2: SCAPS simulation of (a) Voc(T)-characteristics and (b) EQE-spectra for two devices:
without (Se) and with a S-rich layer at the absorber surface (Se+S).

vice ef iciency and the necessity of the co-optimisation of back and front gradings in order to
improve the device performance.

6.2 Literature review

In sequential deposition processes, the bandgapwidening at the absorber surface, also referred
to as a front grading, is dif icult to achieve due to different reaction kinetics of the binary phases
of CuInSe2 andCuGaSe2. [12]A sulfurisation step after the selenisation of themetallic precursor
ilms is then introduced. The effect of a S-incorporation on the device performance is diversi-
ied. The sulfurisation treatment leads to the formation of the Cu(In,Ga)(S, Se)2 or Cu(In,Ga)S2
layers at the absorber surface. A wider Eg in SCR as well as at the back contact will lead to
higher Voc values and improved FF as a result of reduced interface recombination. Meanwhile,
the bandgap in the bulk has to be kept low in order to prevent the degradation of absorption
processes and, thereby Jph. [66] However, implementing a front grading by a Ga-gradient may
lead to an excessive CB upward lifting inducing an electronic potential barrier which will dete-
riorate the device FF. [134] In this context, a S-incorporation is preferable. S-atoms substitute
Se-atoms, and therefore change the interaction between the cation Cu d and anion Se p orbital
repulsion. This results in the down-shift of the VB maximum. [135] The VB lowering does not
hinder the electron transport but repels holes from the interface. On the other hand, in terms of
material properties, S-atoms occupy Se or Cu vacancies or replace Se due to its higher reactivity
compared to Se. As a result, the density of compensating donors is reduced leading to the pas-
sivation of the absorber surface [136, 132], and a net doping density increase [137]. Moreover,
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a S-rich surface is electrically different compared to a S-free one. [132] The authors claim that
the passivation of deep defects at the surface and at grain boundaries by a S-addition results in
a higher work function of the Cu(In,Ga)(Se, S)2 ilms, and therefore, a stronger band-bending
compared to the Cu(In,Ga)Se2 ilms. As a result of the S-induced passivation effect and bandgap
enhancement at the surface, the corresponding ilms resulted in the devices with higher device
voltages, and therefore ef iciencies. In addition, it has been found that a S-incorporation im-
proves minority carrier lifetimes. The passivation of recombination centres in the absorber
layer has been concluded. [12]

Two approaches are most often used for S-incorporation: H2S gaseous atmosphere and el-
emental S supply. From alternative methods, the sequential evaporation of the In2S3 powder
on top of a Cu(In,Ga)Se2 ilm proved to be an ef icient approach for the absorber sulfurisa-
tion. The remarkable improvement in Voc and FF has been reported as a result of an effective
front grading. [138] The advantage of the elemental incorporation is a precise control of the
concentration of the supplied element and more uniform distribution in the ilm [67]. This in-
corporation method is preferred when a compositional homogeneity of a ilm is required. Yet,
the S/S+ Se ratio is very critical with respect to the device performance. Firstly, with the ratios
above 0.6 a drastic deterioration of the device ef iciency is reported due to a reduced FF in re-
sponse to an increased series resistance with an increased S-content. [67] This effect is known
in literature as ’oversulfurisation’. [99] An increased Rs can be attributed to the modi ied back
contact behaviour when the Mo(S, Se)2 interfacial layer is formed, and the band alignment at
the absorber/back contact is changed. [139] From this follows that the S-addition into the ab-
sorber ilm has to be optimised as it may affect both the absorber material properties and the
charge carrier transport.

Moreover, a sulfurisation step can also affect the compositional gradients throughout the
CIGS ilm. [103] It has been found that an enhanced sulfurisation degree promotes a Ga-
diffusion towards the absorber/buffer interface in sequential processes. However, excessive
sulfurisation causes parasitic resistance losses which deteriorate the device ef iciency by re-
ducing FF. [5] Therefore, a new absorber formation method has been presented which allows
to modulate a Ga-pro ile under low S-incorporation. [103] The thermodynamic interaction be-
tween the Ga- and S-distribution due to the preferable reaction of Ga-S rather than In-S enabled
to obtain latter Ga-pro ileswith steeper S-gradients at the surface resulting in theworld record
ef iciency on module level. [103]

Another perspective implementation of a S-front gradient can be in wide-gap CIGS ab-
sorbers. Thewide-gap solar cells suffer fromtheVoc saturationdue to a cliff-likebandalignment
at the absorber/buffer interface which provokes drastic interface recombination losses. This
problem can be overcome by introducing a S-rich layer at the CIGS surface which will ensure a
required bandgap widening by shifting the VB maximum downwards without affecting the CB,
and thus a bene icial spike-like CB offset between the absorber and buffer layers.
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6.3 Results and discussion

6.3.1 Enhancement of the effective bandgap for recombination

The effect of a front grading can be interpreted in different ways, in particular, in terms of a
peculiar surface modi ication. The surface of CIGS absorbers suffer from a large density of sur-
face defects including Cu- and Se-vacancies [140]which can play a critical role in the overall cell
performance. Several studies have reported that a sulfurisation of the CIGS ilms improves the
device Voc and FF compared to the S-free samples. Furthermore, the bandgap increase at the
absorber surface due to a S-incorporation results in reduced recombination events at the ab-
sorber/buffer interface. [136, 141] The latter has a straightforward bene icial effect on the per-
formance parameters of S-incorporated CIGS devices. Figure 6.4 reproduces the results of the
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Figure 6.3: Light JV-characteristics of the samples with different S-contents.

JV-measurements in the dark and under illumination of the cells with differentmodi ications of
the absorber surface. The diode ideality factor, A, series resistance, Rs, and shunt resistance, Rsh
are extracted from themeasured JV-characteristics in accordancewith [106], whereas the diode
saturation current density, J0, was estimated from the linear part of the natural logarithm from
the dark current. The performance parameters of these devices are summarized in Table 6.1.

After studying the parameter table one can see that themost pronounced impact of a sulfur
incorporation is observed with respect to the Voc values. An increase of ≈ 60 𝑚𝑉 and 45 𝑚𝑉
can be seen between no sulfur and high sulfur samples deposited at low and high tempera-
tures, respectively. The diode ideality factors at room temperature varywithin 1.52–1.84which
implies that recombination in the SCR is the predominant recombination mechanism for the
studied samples. Decreasing A with an increasing S-content indicates the shift in the balance
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Figure 6.4: Dark JV-characteristics on a semi-logarithmic scale for the samples with different
S-contents.

between the SRH and QNR recombination rates towards decreasing SRH recombination rates
and increasing QNR recombination in the absorber farther away from the interface. Moreover,
the higher Voc values also correlate with the lower diode ideality factors and lower dark sat-
uration current densities compared to the less ef icient devices. With an increasing S-content
the recombination rates in the SCR decreases leading to the larger quasi-Fermi level splitting,
and thereby higher Voc. Remarkably, there is no signi icant impact of the sulfur content on
the photogenerated current density as deduced from the comparison of the Jph extracted from
EQE measurements. Slight deviations in Jph among the samples can be explained rather due to
variations in the absolute EQE values (different optical losses in the window layers) than due
to changes in the bulk Eg, and thereby the absorption cutoff. The comparable FF and Rs in these
devices indicate that there is no ’oversulfurisation effect’ which can result in signi icant para-
sitic losses. It is somewhat puzzling that Rsh for the studied devices seems to decrease with an
increasing sulfur content. The performance of the device with the medium S-content from the
medium process temperature is somewhere between the low and high S devices from the high
temperature process. This con irms once again the superior effect of a S-content on the device
performance.

Temperature-dependent current density-voltagemeasurements are another method to ob-
tain information on dominating recombination mechanisms. The measurements have been
performed on the same devices with varied sulfur contents and deposition temperatures. The
temperature dependence of Voc of the studied samples deposited at low and high temperatures
are reproduced in Figure 6.5a and 6.5b, respectively. The extracted activation energies from the
extrapolation of Voc to 0𝐾which gives the effective bandgap for recombination are displayed in
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Table 6.1: Performance parameters of the devices with varied S-contents and process temper-
atures.

Sulfur Deposit. Voc, Jsc, FF, Rs, Rsh, A J0
content temp. [V] [mA/cm2] [%] [ ] [𝑘Ω ⋅ 𝑐𝑚 ] [mA/cm2]

no low 0.525 29 63 7.75 0.584 1.84 2.0e-6
low low 0.567 29 67 7.0 0.544 1.61 2.4e-7
high low 0.583 28 65 6.5 0.324 1.61 2.1e-7
no high 0.549 29 66 7.5 1.192 1.65 3.2e-7
low high 0.577 29 66 6.5 0.38 1.68 4.0e-7
high high 0.595 30 67 7.0 0.472 1.52 8.8e-8

medium medium 0.585 29 64 6.0 0.26 1.84 7.7e-7
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Figure 6.5: Dependence of the open circuit voltages over temperature for different sulfur con-
tents.

Table 6.2. A shift in the activation energies with an increasing S-content for both temperatures
indicates the enhancement of the effective bandgap for recombination, and therefore can ex-
plain the increase in the device Voc. The shift in the activation energies by 60𝑚𝑒𝑉 corresponds
to the Voc increase by 58 𝑚𝑉 for the low chalcogenisation temperature, whereas for the high
temperature 80 𝑚𝑒𝑉 and 46 𝑚𝑉, respectively. The slopes of the Voc(T)-curves for both tem-
peratures are rather similar, which implies that an impact of sulfur on minority charge carrier
lifetimes, mobilities and doping density should not be pronounced. However, the variations in
Voc for the S-free samples for both low and high process temperatures have to be investigated
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further as the difference in the extracted activation energies does not correspond to the device
Voc. A difference in Voc values can be also explained by different doping concentrations in the
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Figure 6.6: Capacitance-voltage characteristics (a) and doping pro iles (b) of the devices with
different S-contents and deposition temperatures.

Table 6.2: Extracted Eg from Voc(T)- and EQE-measurements in comparison to the device Voc
at room temperature and doping density Na.

Sulfur Temperature 𝑉 𝑁 𝐸 (𝑉 (0𝐾)), 𝐸 (𝐸𝑄𝐸),
content [𝑉] [1/𝑐𝑚 ] [𝑒𝑉] [𝑒𝑉]

no low 0.525 8.3e+15 1.0 1.0
low low 0.567 1.4e+16 1.03 1.0
high low 0.583 1.7e+16 1.06 1.0
med med 0.585 1.6e+16 1.07 1.0
no high 0.549 7.7e+15 1.01 1.0
low high 0.577 1.5e+16 1.05 1.0
high high 0.595 1.6e+16 1.09 1.01

absorber layers. Capacitance-voltagemeasurements are used to estimate the spatial variations
of the doping density in the absorber ilm by modulating the SCR width by applying a voltage
bias. The CV-measurements and derived doping pro iles of the studied devices are shown in
Figure 6.6. The capacitance value at 0 𝑉 bias and the doping density in the discussed devices
do not differ signi icantly among the S-containing samples. However, the doping density in the
S-free samples is twice lower compared to the sulfurised ones as can be seen from Table 6.2.
The doping variations between the S-free and S-containing samples from low and high process
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temperatures can account for ≈18.5 and 19 mV of the Voc difference. In contrast to [12], the
SCR width at 0 𝑉 bias of the S-containing samples is about 200 𝑛𝑚 smaller than the one of the
S-free samples which is consistent with the higher doping densities.

6.3.2 Impact on photocurrent collection and absorption

EQE-measurements of solar cells derived from the process variations with respect to different
S-amounts and chalcogenisation temperatures are reproduced in Figure 6.7a. A varied sulfur
content does not have a pronounced impact on the absorption properties of the studied de-
vices as can be deduced from Figure 6.7a. The absorption edge irrespective of a sulfur content
corresponds approximately to the bandgap of pure CuInSe2 material and equals ≈ 1 𝑒𝑉. The
EQE results are in a good agreement with the spectral PL-measurements on the same devices
shown in Figure 6.7b. The respective emission spectra have an identical shape and emission
peaks at ≈ 1 𝑒𝑉. A slight deviation from the observed behaviour is demonstrated by the de-
vice with high S and high T. A slight shift of the EQE absorption edge and the corresponding PL
emission peak towards lowerwavelengths indicates somewidening of the optical bandgap. The
bandgap widening can be explained by the increased S-content in the QNR as can be deduced
from Figure 3.5b. A high processing temperature with an increased S-supply may facilitate a
better S-indiffusion into the absorber bulk enhancing the optical bandgap, and thereby degrad-
ing long wavelength absorption. In order to conclude on the impact of a S-incorporation into
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Figure 6.7: External quantum ef iciency and spectral PL-measurements on the samples with
different sulfur contents and deposition temperatures.

the absorber surface in terms of the device performance, Figure 6.8 is inserted. Figure 6.8 de-
scribes the correlation between the development of the effective bandgap for recombination
Eg,eff = q ⋅ Voc(T = 0K) and the device Voc with respect to an increasing S-content and com-
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pares it to the effective bandgap for absorption and photocurrent collection extracted from the
spectral PL-measurements. An increase in the device Voc follows an upward shift in the effective
bandgap for recombinationwith an increasing S-content. To the contrary, the effective bandgap
for absorption remains basically unchanged which shows an advantage of a S-incorporation
with respect to the Voc − Jsc-tradeoff.

6.3.2.1 Résumée

A sulfurisation of the absorber surface leads to the bandgapwidening in the SCRwithout affecting
the absorber bulk. A wider Eg in the SCR leads to the enhancement of the effective bandgap for
recombination which in turn decreases the recombination probability, and therefore improves
Voc. Meanwhile, a sulfurisation of the absorber surface does not affect the absorber bulk which
implies that the effective bandgap for absorption and photocurrent collection is not affected by
the sulfurisation step. This suggests that the S-incorporation into the absorber surface leads to
the separation of the recombination processes from the absorption and photocurrent collection in
the sequentially grown CIGS-based solar cells.

6.3.3 Impact on minority carrier lifetimes

The impact of the sulfur incorporation onminority carrier lifetimes has been studied bymeans
of time-resolved photoluminescence measurements. In this measurement technique, excess
carriers are injected into the absorber layer by a short laser pulse. Such optical excitation cre-
ates non-equilibrium carrier concentrations provoking different recombinationmechanisms in
order to restore an equilibrium state. A luminescence decay as a result of radiative recombina-
tion processes is detected and recorded as a function of time. The experimental details of the
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measurement as well as the absorber etching procedure prior to the TRPL measurement are
highlighted in Section 3.2.5.

CIGS absorbers have a high absorption coef icient of ≈10 𝑐𝑚 , therefore incident photons
are expected to be absorbed within the irst 400 𝑛𝑚 of the absorber layer. It implies that mea-
sured PL-transients, and therefore extracted minority carrier lifetimes can be affected by the
material properties which can be altered by a compositional grading such as the bandgap Eg,
the carrier density, the defect density and their energetic distribution. As has been discussed
an increased S-concentration at the absorber surface leads to the Eg enhancement in the SCR.
A higher Eg has to correlate with lower SRH recombination, and thus with changes in minority
carrier lifetimes 𝜏 . Moreover, a front grading as a result of a S-incorporation can lead to the
separation of the photogenerated charge carriers what in turn can also affect the measured 𝜏 .
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Figure 6.9: Comparison of TRPL measurements for the samples with different S-contents. Ex-
citation level is 100%.

Figure 6.9a reproduces TRPL-decays on the CIGS absorbers deposited at high temperature.
The TRPL decays are rather monoexponential and do not differ signi icantly. The extracted
minority carrier lifetimes are in the range of 50–70 𝑛𝑠 with a higher value for the high S and
highT sample (seeTable6.3). TRPL-decayson theCIGSabsorbersdeposited at low temperature
are shown in Figure 6.9b). An interesting trend is observed for the low temperature processed
samples. The S-incorporated absorbers demonstrate PL-transients with decay times of ≈ 40-
45 𝑛𝑠 whereas the S-free sample has a very short decay of about 5 𝑛𝑠 (see Table 6.3). This
observation correlates well with the temperature-dependent Voc-measurements discussed in
Section 6.2.1. The S-free samples from the low and high temperature processes demonstrated
the Voc difference of 24𝑚𝑉 for the difference in the activation energies of about 10𝑚𝑒𝑉 when
compared to each other.
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The correlation between the device Voc and minority carrier lifetimes for the low and high
temperature processes is shown in Figure 6.10. The 𝜏 values have been estimated by itting
corresponding TRPL decays and calculating the average value for 𝜏 using the equation:

𝜏 =
∑ 𝐴 ⋅ 𝜏
∑ 𝐴

(6.1)

with n being the number of decays, and A is the amplitude of a decay section.
For the high temperature samples, a Voc increase with an increasing S-content can be at-

tributed to the enhancement of the effective bandgap for recombination as the minority car-
rier lifetimes remain basically unaffected with respect to the S-presence. To the contrary, in
case of the low temperature samples a S-incorporation has a double effect. Firstly, it improves
semiconductor quality, most probably by passivating the midgap defects and/or grain bound-
aries [12], as a result, minority carrier lifetimes improve. Interestingly, such an effect is not
observed for the devices from the high temperature process. Secondly, similarly to the other
set of samples, a S-incorporationwidens the bandgap energy in the SCR enhancing the effective
bandgap for recombination and pressing down the non-radiative recombination rates. To sum
up, the low lifetime value and consequently the low Voc indicate that the thermal budget of the
low temperature samples is not suf icient. Optimal heat treatment is an important factor which
affects the device performance (mainly Voc and 𝜏 ) and has to be considered additionally to a
S-amount.

Several studies have reported that a S-treatment, either as an incorporation into the ab-
sorber surface or annealing in S-containing atmosphere (absorber post-treatment) has a pro-
nounced impact on the defect environment. [12, 136, 138] This implies that minority carrier
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lifetimes and consequently PL-transients can be also in luenced by a S-inclusion. Indeed, the
correlation between the S-presence in the absorber and minority charge carriers can be al-
ready seen in Figure 6.9 from the TRPL-measurements on the low temperature process sam-
ples where a pronounced improvement in 𝜏 is detected in the sulfurised absorbers compared
to the S-free one. The studyof a S effect onminority carrier lifetimeswill be conducted following
the approach in [142, 143], where the author investigated recombination dynamics analysing
TRPL-decays at different illumination intensities and temperatures.

The impact of a sulfur incorporation on TRPL-decays measured on absorbers grown at low
temperatures can be seen in Figures 6.11, where excitation and temperature dependences of
the S-free and S-containing samples have been reproduced. Under low excitation the sample
without S shows a biexponential behaviour with a short irst decay and a very long second one.
Upon increasing intensity level, the second decay shortens, and the PL-transients approach a
monoexponential shape. No temperature dependence is observed for this sample under 50%
illumination. Meanwhile, the sample with a high sulfur content demonstrates shorter PL decay
times under low intensity level which transform to longer monoexponential transients under
high illumination level. Unlike the S-free sample, this sample has a strong temperature depen-
dence, where a temperature increase leads to shorter PL decays.

A similar tendency for the PL-response towards varying excitation intensities and tempera-
tures is observed for the sampleswith absorbers grown at high temperatures (see Figure 6.12).
A strong excitationdependence of the seconddecay is recorded from the S-free sample,whereas
the temperature dependence of this sample is very weak. The sample with a high S-content
demonstrates both strong excitation and temperature dependences of the PL-decays. With a
increasing intensity, the PL-transients become longerwhereas an increasing temperature leads
to the shorter PL-transients.

As has been already reported by different groups, the S-free surface of CIGS ilms has a large
density of defects. [132] Localized charges in the defect states in semiconductors induce down-
ward band-bending in p-type material. [144] Strong band-bending would lead to a fast sep-
aration of photogenerated charge carriers [145], and therefore, to shorter PL-transients, and
thereby shorter 𝜏 . Moreover, the transients can demonstrate a biexponential behaviour with a
short and long decay. The short decay is governed by the electric ield induced by band-bending
whereas the long one has to correlate with carrier re-emission from the traps (or the buffer
layer). With an increasing excitation intensity, band-bending is expected to latten, and thus
longer PL-transients have to be detected. Band-bending is a temperature independent phe-
nomena, therefore no pronounced temperature dependence of TRPL-decays is expected. This
situation clearly describes the behaviour of the TRPL-decaysmeasured on the S-free absorbers.

The situation changes when the TRPL-decays are measured on the S-containing ilms. The
PL-transients demonstrate both excitation and temperature dependence. Such behaviour can
be interpreted in terms of carrier trapping [143]. By enhancing electron emission, either by
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Figure 6.11: Excitation- and temperature-dependence of TRPL measurements of the samples
with different S-contents.

increasing the temperature of a sample or by increasing carrier injection level, the trapping
effects can be unfolded.

Thus, collating the observed behaviour from TRPL-measurements to the results discussed
above the following conclusions can be drawn. In agreement with the indings of other
groups [132, 136], S-atoms act as a passivation agent at the surface or at the grain boundaries in
CIGS ilms leading to better bulk quality and signi icantly improved ef iciencies on device level.
However, as a by-effect of the passivation action, some trapping states may be induced which
can be charged and contribute to the device capacitance. The latter deduction agrees well with
CV-measurements showing a slightly higher capacitance and Na for the S-containing devices.
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Figure 6.12: Excitation- and temperature-dependence of TRPL measurements of the samples
with different S-contents.

As could be already demonstrated, TRPL-measurements and their interpretation are not
always straightforward. Firstly, TRPL-measurements on bare absorbers which are expected to
give real minority carrier lifetimes are very sensitive to the measurement environment due to
the fast CIGS surface degradation. [146, 147, 148] Secondly, if themeasurements are conducted
on CdS-covered ilms, they are complicated by the presence of the carrier separating junction
at the absorber/buffer interface. Thirdly, the lifetimes of minority charge carriers extracted
from these measurements very often give values of different order of magnitude (from a few
𝑛𝑠 up to hundreds 𝑛𝑠). [142, 146, 149] Fourthly, there is no accepted standard procedure how
to it correctly measured PL-decays. Therefore, in order to verify experimental results and to
ease their interpretation, a theoretical background is needed. A method proposed in this work
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Table 6.3: Measured Voc at room temperature and 𝜏 with extracted Eg from Voc(T)-
measurements for varied S-contents and deposition temperatures.

Sulfur/ 𝑉 (𝑅𝑇), 𝑉 (0𝐾), 𝜏n,TRPL
Temperature [𝑉] [𝑉] [𝑛𝑠]
no / low 0.525 1.0 5
low / low 0.567 1.03 38
high / low 0.583 1.06 45
no / high 0.549 1.01 51
low / high 0.577 1.05 50
high / high 0.595 1.09 68
med / med 0.585 1.07 60

can help to estimate theoretical minority carrier lifetimes by analysing Voc(T)-characteristics
of corresponding devices.

This method is based on the assumption that lifetimes of minority charge carriers in the
bulk of the absorber material determine Voc of a solar cell, and the interface recombination can
be neglected. Then, the correlation between Voc and 𝜏 can be extracted from the expression of
the forward current density J in a pn-junction as described in [53]:

𝐽 = 𝑞 ⋅ 𝐷
𝜏 ⋅ 𝑛𝑁 ⋅ exp 𝑞𝑉

𝑘𝑇 + 𝜋
2 ⋅ 𝑘𝑇𝑛𝜏 𝐸 ⋅ exp 𝑞𝑉

2𝑘𝑇 , (6.2)

where 𝐸 is electric ield at the location of maximum recombination, 𝑉 is applied bias voltage.
The electric ield at the location of maximum recombination is given by [34]:

𝐸 = 𝑞𝑁 ⋅ (2𝜙 − 𝑉 )
𝜖𝜖 , (6.3)

where 𝜙 is the built-in potential of the pn-junction.
Equ. 6.2 combines both recombination in the quasi-neutral region and SRH recombination

in the depletion region. Given J is equal to the photogenerated current density Jph, the applied
bias V becomes Voc. Thereby, by solving this equation the minority carrier lifetime 𝜏 can be
estimated. This approach to calculate 𝜏 is straightforward, but the temperature dependence
of thematerial parameters has to be taken into account (see footnote 1, Page 71), otherwise the
extracted minority carrier lifetimes will be falsely low.

The required experimental input parameters for Equ. 6.2 are Voc, Jph, Eg (corrected for
3 ⋅ 𝑘𝑇), and Na. The other parameters are baseline values recommended for simulations, as,
for example, in [34, 81]. A strong shortcoming of the presented method is its sensitivity to Na.
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Figure 6.13: Calculated minority carrier lifetimes from the experimental data for the discussed
samples with different sulfur contents for low deposition temperatures.
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Figure 6.14: Calculated minority carrier lifetimes from the experimental data for the discussed
samples with different sulfur contents for medium and high deposition temperatures (for he
diffusion coef icient for electrons 𝐷 =2.56 ).

The exact estimation of Na from CV-measurements is complicated as has been reported, for ex-
ample, in [85]. Thus, using Equ. 6.2 the correlation between Na and expected 𝜏 is shown for
the low temperature samples in Figure 6.13 and for the medium and high temperatures ones
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in Figure 6.14. Such a representation allows to see in which doping range relevant 𝜏 can be
expected. In order to compare calculated values with the experiment the points with the co-
ordinates of measured Na and 𝜏 are inserted whose colours correspond to the colours of the
calculated curves. Themeasured Na values are taken from Table 6.2 and 𝜏 from Table 6.3. The
irst observation from the comparison of the experimental and theoretical data is the following.
The measured Na values are higher than the calculated ones. Higher doping densities could be
explained in terms of an increased device capacitance C due to additional charges introduced by
S-induced trapping states. A metastability-induced increase in the Na density is not considered
as the CV-measurements were performed on the relaxed devices in the dark. From this follows
that extracted from CV-measurements doping density values may be misleading to be used for
the minority carrier lifetime extraction. The S-free sample from the high temperature process
demonstrates very good correlation to the calculated Na and 𝜏 values that also con irms the
impact of S on the device capacitance. However, the S-free sample from the low temperature
process shows rather unexpected behaviour what could be explained by the ambiguous effect
of S at low growth temperatures.

6.3.4 Impact on admittance measurements (in terms of non-ohmic contacts)

According to the GDOES data shown in Figure 3.5, a S-incorporation into the absorber surface
can also impact the back contact properties as some S is also detected close to the CIGS/Mo
interface. The investigation of the impact of the S-incorporation on the back contact prop-
erties will be conducted by discussing the Cf(T)-measurements in comparison to the JV(T)-
measurements.

Figure 6.15 and 6.16 reproduce temperature-dependent JV-characteristics of the discussed
samples. The common feature observed from the curves irrespective of the S-content and the
process temperature is the complete blocking of the forward current at low temperatures. Such
a behavior has been attributed to a Ga-gradient at the back contactwhich introduces a potential
barrier to the injection current. A voltage-dependence of the photocurrent at low temperatures,
especially pronounced for the S-free sample from the low temperature process and the sample
with the high S and high T can be seen. A S-rich surface can introduce a potential barrier at the
absorber/buffer interface to the photogenerated charge carriers as at S/(S+Se) ratios higher
than 0.5 S impacts both VB and CB presumably leading to a signi icant CB hump especially pro-
nounced at low temperatures and under high forward bias. A reason for the behaviour of the
S-free sample is not clear. The lattening of the JV-curves occurs at higher temperatures for the
high temperature process devices. This tendency could be attributed to higher back contact
barriers compared to the low temperature devices. [64]

The blocking of the forward current and saturation of Voc at low temperatures are typical
signatures of a back contact barrier as has been discussed in Chapter 5. Therefore, the eval-
uation of Cf(T)-characteristics in this section will be also based on the model of a non-linear
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Figure 6.15: Comparison of temperature-dependent JV-measurements of the samples with a
varied S-content and chalcogenised at low temperature.
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Figure 6.16: Comparison of temperature-dependent JV-measurements of the samples with a
varied S-content and chalcogenised at high temperature.
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Table 6.4: Comparison of activation energies extracted from JV(T)- and Cf(T)-measurements.

Sulfur Temperature Ea(JV(T)), Ea(Cf(T)),
content [meV] [meV]

no low 180 151
low low 200 154
high low 180 108
med med 220 127
no high 180 159
low high 180 129
high high 240 210

resistance introduced to the equivalent circuit by the non-Ohmic back contact. The frequency-
dependent admittancemeasurements for different temperatures are reproduced in Figure 6.17
for the samples grown at low temperatures and in Figure 6.18 for those grown at high tempera-
tures. Irrespective of the deposition conditions the capacitance step can be detected already at
temperatures below 200𝐾. A slightly different behaviour can be observed for the ’high S high T’
sample which demonstrates the capacitance drop at temperatures close to room temperature.

The evaluation of the admittance data has been carried out in accordance with [77]. The
proposedmethod allows to extract the activation energies of the thermally-activated processes
responsible for the steps observed in Cf(T)-measurements. The characteristic frequencies 𝜔
deduced from the derivatives of C over frequency range for different temperatures are plotted
versus the inverse of the corresponding temperatures in the Arrhenius plots in Figure 6.19a
and 6.19b for the low and high temperatures, respectively. The extracted potential barriers at
the back contact are summarised in Table 6.4. The values for the back contact barrier deduced
from the Cf(T)-measurements are compared then to the back barrier heights extracted from
the JV(T)-measurements which are also given in Table 6.4. The results obtained from these
two methods demonstrate some deviations. It has to be mentioned that a correlation between
the barrier heights extracted from the Voc(T)- and Cf(T)-measurements for the S-incorporated
sample set is signi icantly better than for the Ga-sample set. However, the reason for that is
unclear.

A pronounced increase in a C level among the samples with respect to an increasing S-
content as can be seen from the Δ𝐶 range or the C span on the y-axis (shown by a green vertical
line in Figure 6.17, not including the C step values at low temperatures) is another character-
istic feature of the studied devices. It has to be noted that the process temperature does not
in luence the C span as compared to the S-content. A difference in the capacitance level can be
caused by varied doping densities as well as a varied junction surface. The latter is anticipated
to be a result of different grain sizes grownwith a different S-supply. However, the SEM images
reproduced in Chapter 3 (see Figure 3.2) do not reveal a signi icant difference in the grain size
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Figure 6.17: Frequency-dependent admittance measurements of the low temperature process
samples for different S-contents.
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Figure 6.18: Frequency-dependent admittancemeasurements of the high temperature process
samples for different S-contents.
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Figure 6.19: Arrhenius plots of the devices with varied S-content with extracted activation en-
ergies Ea which color corresponds to the color of the corresponding curve.

close to the absorber/buffer interface. Therefore, combining the results of the TRPL-decays and
CV-measurements one can conclude that the S-addition introduces shallow defect states which
additionally contribute to the device capacitance (compare Na in Table 6.2) at higher tempera-
tures.

The presence of S-induced trapping states can be also deduced from a C-gradient with re-
spect to a frequency increase (a change in C values measured at low and high frequency limits
for different temperatures, a high temperature effect). A S-gradient is less pronounced for the
S-free devices what agrees with the temperature-dependence of the TRPL-decays.

Reśumeé

The effect of S on admittance measurements has a dual nature. In agreement with TRPL-
measurements, a S-incorporation induces localised trapping states which also add to the device
capacitance as has been deduced from the admittance measurements. Most interesting is that
the device capacitance does not vary a lot among the S-containing devices grown both at low and
high temperatures, whereas a pronounced difference is observed with respect to the S-free sam-
ples. On the other hand, a capacitance step usually observed at low temperatures and assigned
to the presence of a back contact barrier is somewhat enhanced compared to the reference and
Ga-samples. A possible impact of the S-incorporation on the back contact properties is supported
by the GDOES-measurements which revealed some S-accumulation close to the back contact.



6.4 Conclusion 139

6.4 Conclusion

The irst and most important conclusion on the impact of a S-incorporation into the absorber
surface from this study (see Figure 6.8) is the possibility to separate the recombination and
absorption processes by introducing a S-gradient into the absorber surface region. Such a gra-
dient provides a desired Voc − Jsc- tradeoff as a requisite of an ef icient bandgap grading.

Additionally, a S-incorporation has the following effects:

• widening of the Eg in the SCR due to the replacement of Se-atoms. A bandgap increase
will lead to the enhancement of the effective bandgap for recombination which in turn is
responsible for the device Voc enhancement. A decrease in the ideality factors A with an
increasing S-content indicates that nonradiative SRH recombinationprocesses are shifted
away from the SCR towards the absorber QNR. This phenomenon can be interpreted as
an interface passivation action of S.

• passivationof crystal defects, such as Cu- and Se-vacancies decreases recombination rates
in the SCR and in the absorber bulk [138, 140, 134]. This improves the absorber material
quality and results in higher minority carrier lifetimes 𝜏 in the absorber bulk. However,
the capacitance measurements and PL-transient investigation reveal that S introduces a
certain amount of defects which can trap charges and contribute to the device capaci-
tance.

• an accummulation of S at the back contact is expected tomodify the back contact proper-
ties. The modi ied back contact leads to the suppressed roll-over effects and phototran-
sistor behaviour at low temperatures, presumably by changing the band alignment at the
absorber/back contact interface after a S-incorporation in agreement with [128]. How-
ever, it is still not clear whether the back contact improvement is a synergistic effect of
the S- and Ga-gradients at the back contact or it is possible to achieve the same effect only
with S, modifying the S-incorporation process as has been demonstrated in Figure 5.20.





Summary

This thesis consists of the experimental results from differentmeasurement techniques. Such a
research methodology has been chosen in order to investigate underlying processes in graded
gap solar cells from different aspects as sometimes it is dif icult to deduce reliable conclusions
based on the results of a single measurement technique or due to insuf icient statistics. In this
chapter, the cummulative knowledge obtained in the course of this work will be summarised in
order to correlate the presented measurement results and to determine what are the process
aspects which de ine the performance of the investigated solar cells. The overview of the ex-
perimental indings from the thesis is given in Table 6.5. The brackets around values indicate
that the measurement data has not been shown in the text. This concerns irst of all the sam-
ple (a modi ied S-incorporation process with elemental S) which was introduced in Section 5.2
in the context of the back contact investigation. The table signs must be read in the following
way: 3means that thementioned effect is observed;33—observed to a great extent; 7—not
observed; n/a— data not available.

A S-incorporation is an important fabrication step which has a diversed impact on the per-
formance of the investigated solar cells. As has been shown in Section 6.3.1, S-incorporation
leads to the enhancement of the effective bandgap for recombination in the SCR improving the
device Voc. A characteristic feature of the sulfurisation step is that S atoms settle mainly at
the grain boundaries [140], hence S is mostly detected at the front and rear interfaces (see the
GDOES data in Figure 3.6b and 3.5a). Therefore, the bulk of the absorber remains unaffected
preserving the bene it of a low bandgap material for absorption and photocurrent collection.

Another contribution of the sulfurisation step is induced trapping states which can
be deduced from the TRPL- and CfT-measurement results. The pronounced temperature-
dependence of TRPL decays measured on the S-containing absorbers is not detected on the
S-free absorbers as has been shown in Section 6.3.3. Moreover, a capacitance gradient with
respect to frequency is also more pronounced for the devices with sulfurised absorbers as has
beenmentioned in Section 6.3.4. Such a gradient as has beenmentioned before is an indication
of the presence of trapping states.

Another process parameterwhich plays a decisive role in the device performance is the tem-
perature of the chalcogenisation step (see Table 3.1). A high chalcogenisation temperature and
a prolonged annealing time lead to a shift of the effective bandgap for recombination to higher
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energies. But, contrary to the S-action, the effective bandgap for absorption and photocurrent
collection is also affected as has been presented in Section 5.1.2. The admittance measure-
ments discussed in Section 5.2.4. show that the Ga-sample with a long annealing time has an
even stronger C-gradient with respect to a frequency increase if compared to the S-containing
devices. It has to be mentioned that a strong temperature-dependence of the TRPL-decays of
the Ga-samples has been also observed (not shown here). From the mentioned above, one can
conclude that a C-gradient as a likely manifestation of induced trapping states is to a larger
extent a consequence of the process temperature, and to a smaller extent - of the S-content.

Furthermore, stronger deviations in the calculated andmeasured PL emission spectra have
been also observed for the high temperature Ga-samples (see Section 4.3) and the sample ’high
S high T’. The discrepancy between the distribution pro ile of injected electrons and the collec-
tion probability of photogenerated electrons indicates that a possible origin of the spectrum
deviations can be rooted in the graded region. One possibility why the ’high S high T’ sample
behaves differently in comparison to other samples from the S-set is an enhanced content of S
at the back contact (see Figure 3.5b). A decisive role of the S-presence at the back contact can
be also concluded from themeasurements on the introduced sample in Section 5.2.4 which did
not exhibit either a cross-over of the JV-characteristics, nor a capacitance step with a modi ied
S-incorporation process. Assuming trapping states induced by S and/or the chalconisation pro-
cess temperature to be located in the graded region close to the back contact, the deviations in
the measured and calculated emission spectra could be also explained. If generation of charge
carriers in the graded region takes place, their transport will be affected by traps reducing their
mobility. A reduced mobility may contribute to enhanced recombination events, and therefore
a stronger emission intensity at higher energies can be expected. This is in agreement with the
observations in Section 4.3.

Moreover, a mobility barrier in the graded region could also explain anomalously high ide-
ality factors (A > 2 at room temperature) of the Ga-samples shown in Table 5.1. As has been
discussed in the SCAPS simulations in Figure 4.23 a reduced carrier mobility in the graded re-
gion acts as a non-linear resistance similarly to the Schottky contact what can be clearly seen
from the JV-characteristics. Hence, high ideality factors of the Ga-samples extracted from the
JV-characteristics should not be interpreted in terms of a stronger impact (larger heights) of
the back contact barrier. The barrier heights extracted from the CfT-measurements of the Ga-
samples were not higher than those from the S-set samples, nevertheless the S-devices showed
theA values lower than 2. Therefore, a lowmobility region close to the back contact is rather re-
sponsible for the higher ideality factors aswell as the deviations in the calculated andmeasured
emission spectra for the Ga-samples.

As far as the back contact is concerned, one can conclude that the S-content, the process
temperature or the annealing duration have no pronounced impact on the back contact prop-
erties as for all studied devices the blocking of the forward current has been still observed.



6.4 Conclusion 143

However, as one can see from the extracted ideality factors the carrier mobilities in the back
contact region can be affected to a certain extent by these parameters.
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Table 6.5: Short summary on the investigated solar cells

Sample
Parameters

𝐸 (abs), PL peak, 𝐸 (rec), A Admittance Blocking of Trapping Trapping
𝑒𝑉 𝑒𝑉 𝑒𝑉 (dark, RT) step current (low T) states (CfT) states (TRPL(T))

w/o S ≈1.0 1.0 1.0-1.01 1.65-1.84 3 3 7 7

w S ≈1.0 1.0 1.03-1.09 1.52-1.84 3 3 3 3

high Tanneal 1.04 ↑ 1.04↑ 1.08-1.11 2.52-2.54 3 3 3 3 3

elem. S (≈1.0) (1.0) (1.05) 1.7 7 7 7 n/a

Bandgap for absorption Transport Back contact Trapping
and recombination mechanism barrier states



Conclusion

In theory, there is no difference
between theory and practice.
But, in practice, there is.

— Jan L.A. van der Snepscheut
Nowadays, the fabrication of highly ef icient CIGS solar cells, in principle, does not require

additional sophisticated technological steps. The recent advances in the demonstrated ef icien-
cies are rather based on the careful optimisation of the well-established production processes
which lead to the favorable modi ications of the layers properties and layers composition. In
this context, the analysis of themajor approaches used to enhance the device ef iciency is neces-
sary in order to highlight their advantages and identify possible measures for further improve-
ments. Such an identi icationwill enable to re-optimise the process or to suggest an alternative
or a novel concept, to reduce an ef iciency de icit. In this thesis, the investigation of solar cells
based on sequentially grown CIGS absorbers has been performed. The absorbers under inves-
tigation have a depth-dependent Eg with a double grading pro ile. The gradients in Eg occur
in the EC due to the variation in the GGI ratio and in the EV due to changes in S/(S+ Se) ratio
throughout the absorber ilm. The optimisation of the aforementioned compositional gradients
is one of themain approaches to develop highly ef icient CIGS solar cells. Such a double-graded
Eg pro ile has been expected to increase the conversion ef iciency by 0.5%. [150] In combina-
tion with the bene icial impact of the optimal incorporation and distribution of the Ga- and
S-elements this improvement can be pushed even further.

The evaluation of the industrial process has been based on the assessment of the (bene-
icial) effects of the bandgap gradients on the overall performance of the completed PV de-
vices. Widely usedmeasurement techniqueswhich describe electrical, optoelectronic and com-
positional properties of solar cells have been used. The electrical characterisation comprises
JV-, CV- as well as admittance-measurements. In order to get information on the thermally-
activated processes, the temperature-dependence of the JV- and Cf-characteristics has been
analysed. The optoelectronic properties have been evaluated by using EQE and spectral and
time-resolved PL-measurements. The experimental results have been correlatedwith the com-
positional structure of the absorber layer obtained from GDOES and SEM images. To verify the
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deduced conclusions on the effects of the Ga- and S-gradients on the device ef iciency SCAPS-1D
simulations and analytical modelling have been included.

One of the irst-to-think-about and most promising approach to boost the PV device ef i-
ciency is to reduce the Voc de icit. The SQ-limit for CIGS-based solar cells with included opti-
cal and non-radiative recombination losses predicts the device Voc of about 0.8-0.9V [54] with
𝜂 ≈ 30%. [26] An improved Voc is directly related to reduced recombination losses. The reduc-
tion of recombination events can be enforced by an increased Eg at the locations with the in-
creased recombination probabilities. This approach has been successfully implemented in the
investigated devices. The Ga-accumulation at the back contact as a consequence of the sequen-
tial absorber growth irst of all in luences the back contact properties as has been discussed in
Chapter 5. The passivation of the absorber/back contact interface has been con irmed by sim-
ulations and theoretical modelling as no reference samples with the uniform Ga-distribution
have been available. Under assumption of recombination in the QNR and no recombination
in the SCR, the Voc losses with high Sb (close to the thermal velocity) may solely account for
about 60 mV as estimated for the investigated devices. The bene icial impact of a back grading
is present as long as the ratio of the QNR width d to the minority carrier diffusion length Ln is
less than 2. Otherwise, a back gradient has no impact on the diffusion current, and thereby Voc.
For thin absorbers with d/Ln = 0.5, the reduction in the diffusion current of about 50% can
be achieved according to the calculations in Section 4.2. Furthermore, the photogenerated car-
rier collection has been predicted to improve as a result of the drift-assisted diffusion length of
minority carriers. The collection probability of almost 100% could be ensured throughout the
whole absorber with the quasi-electric ield strength of> 104V/cm and back surface recombi-
nation Sb = 106cm/s. With the same back contact recombination but one order of magnitude
lower quasi-electric ield strength, the complete loss of photogenerated electrons in the vicinity
of the back contact can be expected. This implies that the steepness of a Ga-gradient plays an
important role.

Enhanced back contact recombination can be induced by the formation of the Schottky
diode at the absorber/back contact interface. The presence of the second diode in the investi-
gated devices can be deduced from the JV(T)- and Cf(T)-measurements. The Schottky contact
introduces a second junction to the equivalent circuit of a solar cell which has the detrimental
impact on both photogenerated electrons andholes. The injection of electrons to the back diode
can be prevented by a Ga-gradient as has been discussed above. Moreover, the phototransistor
behavior associated with the presence of the Schottky diode in solar cells based on coevap-
orated absorbers can be also suppressed by the back-grading. However, a problem with the
majority carrier transport to the back contact due to the Schottky diode cannot be solved with
Ga alone. The incorporation of elemental S into the absorber surface leads to the in-diffusion
of S to the back contact and improvement of its metallicity (metallic properties). This results in
the formation of the Ohmic-like contact preventing the occurrence of the potential barrier for
holes.



6.4 Conclusion 147

In order to ensure a high device Voc and improved back contact properties, an advanced
concept of nano-sized opening contacts can be implemented. This concept has been success-
fully tested both experimentally and in device simulations by Vermang et al. This concept has
been discussed in Chapter 5.3.1. The introduction of the passivation layer will require addi-
tional technological steps which inevitably will increase the production costs but at the same
time may lead to higher device ef iciencies. Therefore, nevertheless a Ga-segregation at the
back contact is claimed to be a limiting factor for the device ef iciency due to a low Eg in the
SCR, and thus a non-optimal match to the solar spectrum, its positive effect on the stability of
the back contact cannot be denied.

In order to ensure a better match to the solar spectrum by increasing the absorber Eg, the
Ga-homogenisation throughout the absorber ilm has been enforced by prolonged heat treat-
ment. According to simulations in Chapter 5.1, a uniformly increased Eg leads to an enhanced
Voc. However, the diffusionprocess has to be limitedby anoptimal concentrationofGa in the ab-
sorber bulk due to the following reasons. A large Eg absorber material close to the pn-junction
may deteriorate the favorable band alignment between the CdS and CIGS layers. A moderate
spike-like offset can be changed to a detrimental cliff-like one. The latter induces signi icant ef-
iciency losses due to increased interface recombination. [62] In order to preserve the bene it of
a large bandgap absorber, a different buffer material has to be used or a passivation method to
be engineered to tailor the absorber/buffer interface properties. Another issue is an enhanced
defect density in the bulk causedby the redundantGa-concentration. [78] Theoptimal GGI-ratio
has been de ined as ≈ 0.3. However, the tolerance of the CIGS material to the Ga-content has
been improved with the incorporation of alkali metals [7] or S-atoms [103] and could reach as
high as 0.4-0.5. The Ga-in-diffusion towards the front interface suppresses QNR recombination
but enhances SRH recombination in the SCR. Moreover, the absorption properties of the ab-
sorber layer deteriorates due to the increased absorption bandgap. The ratio of the increased
device Voc (Δ𝑉 ) over the increase in the absorption Eg with respect to an increasing diffusion
time is linear but smaller than unity. This indicates that a prolonged diffusion time in combi-
nation with an increased process temperature does not lead to the uniform Eg throughout the
absorber layer. The increase in the optical Eg is larger than in the device Voc meaning predom-
inant losses in Jsc. Thus, another approach for the lattening of the Ga-distribution would be
preferable. Moreover, the bene it of the increased Eg as a result of the Ga-enriched absorber
has to be evaluated by considering both the increase in Voc and the loss in Jsc as the enhance-
ment of the absorber Eg by lattening the Ga-gradient does not allow to separate recombination
and absorption processes in the CIGS layer.

An alternative way to mitigate the undesired consequences of the low Eg in the SCR is the
absorber surface sulfurisation. A S-incorporation results in an exponential distribution, with
most of S being within irst 200-400nm of the absorber ilm. This implies that most of S-atoms
are concentrated in the SCR. The simulations presented in Chapter 6.1 demonstrate that such
a distribution pro ile enhances the device Voc as a result of the Eg widening in the SCR with-
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out affecting the bulk and deteriorating the absorption properties. This could be seen from
the EQE and spectral PL measurements where the absorption cuttoffs as well as the emission
wavelengths were not affected by the S-presence compared to the S-free devices. The interest-
ing inding from the analytical part of the thesis (see Chapter 4) is that the linear pro ile of the
S-distribution in the SCRwould be amost ef icient grading pro ile. In case of a linear front grad-
ing, √ of the Δ𝐸 increase between the maximum Eg at the S-rich side and the bulk Eg would
contribute to increase the effective bandgap for recombination in the SCR. From the practical
point of view, oversulfurisation of the absorber surface may have a rather detrimental effect
on the overall device performance. An optimal solution then is an exponential distribution of
S-atoms, which does not induce resistive losses, and therefore degraded FF associated with a
S-excess.

In Chapter 6, the effect of the sulfurisation process temperature and the S-amount during
the sulfurisation step have been investigated. It has been found that the temperature and ele-
ment concentration are important parameters for the inal device performance. The higher the
process temperature and the higher the S-concentration (in the studied parameter range), the
higher the device Voc with a minimal effect on the absorber bulk and Jsc. A low sulfurisation
temperature resulted in the devices with worst Voc and 𝜏 indicating that the thermal budget
of the process was not suf icient.

Furthermore, it can be deduced that a S-incorporation induces trapping states which con-
tribute to the device capacitance as has been discussed in Section 6.3.3 and 6.3.4. Introducing S
to the absorber increases the net doping density compared to the S-free devices. The formation
of trapping defect states has been also deduced from the TRPL-measurements. This is another
bene icial effect of S on the device performance.

Apart from the SCR, some S has been detected at the back contact. The JV(T)- and Cf(T)-
measurements indicated the presence of the Schottky contact. The extracted activation ener-
gies showed that the barrier height with an increasing S-content is somewhat higher compared
to the reference devices and those with the modi ied Ga-pro iles. The presence of the Schottky
diode has been reported for different manufacturers implementing the S-incorporation from
gaseous atmosphere. However, the problem with the back contact can be solved by using the
elemental S-incorporation in the absorber layer. TheOhmic-like contact has beendeduced from
thementionedmeasurements for suchdevices (this informationhasbeen received in apersonal
conversation with the manufacturer of the investigated devices).

Summarising the indings, the following conclusions can be made. The concept of a double
bandgap grading realised by the implementation of the varied Ga- and S-in-depth distributions
proved to be an ef icient way to improve the device performance. However, analysing the pro-
cesses of the recordholding companies some suggestions regarding the investigated fabrication
process can be considered.

Firstly, the absorber growth temperature could be increased. The devices from the stud-
ied process suffer from initial shunting which decreases after moderate heat treatment (com-
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pare the devices from Chapter 5 to the reference). Therefore, the growth temperature used to
enhance the Ga-out-diffusion could be a good starting point. Obviously, an increased process
temperaturewillmodify theGa-distribution pro ile leading to an increased optical bandgap and
reduced Jsc. At this point, a potential device performance has to be evaluated in terms of the im-
provement of the Voc × Jsc product rather than single parameters. The improved overall device
performance with an increased optical bandgap has been discussed in [6]. However, this step
has to be followed by the optimisation of the front gradient to increase further the device Voc.
As the linearisation and enhancement of a S-gradient may lead to the undesired by-effects, the
incorporation of alkali metals can be a way out. This technological process can have multiple
advantages. The alkali-PDT improves the absorber quality. This improvement re lects in the
increase of the net doping density and in the passivation of the grain boundaries making them
more electrically benign. The alkali treatment of the absorber surface leads to advantageous
surface modi ications forming a wide-gap material at the surface. All this can signi icantly im-
prove the device Voc. Moreover, the improved morphology of the absorber will allow to grow
thinner buffer layers enhancing absorption and the device Jsc.

Secondly, the improvement of the back contact properties has to be considered separately.
The measures have to be taken even though no obvious signatures of the Schottky contact can
be traced for the studied devices at room temperature, Voc loss can be still there. To avoid costly
and complicated approaches matched upwith the Si-technology, a hybrid sulfurisation process
could be developed. Similar to the hybrid selenisation process which consists irst of the ele-
mental Se-incorporation and then the gaseous treatment in H2Se atmosphere, the sulfurisation
step could be engineered. The elemental S introduced after the selenisation step would im-
prove the metallicity of the back contact. Afterwards, the inset of H2S gas could improve the
front grading by forming the S-rich surface. The author has not found the reports on the exper-
imental implementation of the hybrid sulfurisation but thinks this idea could lead to the desired
outcome.

Thirdly, the optimisation of the window bi-layer can be also considered for the studied de-
vices. However, this discussion is out of scope of this thesis.

A proposed diagnostic tool which can be easily implemented in a production environment
is PL-measurements. These measurements are contactless and could be applied already on the
absorber layer. The advantages of this measurement technique is immediately recognisable.
The PL intensity directly correlates to the quasi-Fermi level splitting, EFn − EFp. This means
that after a proper calibration this parameter can be used to predict the device Voc already at
absorber level. Moreover, spectral PL data in combination with RR can prognose quantum ef-
iciency of the completed devices which allows to determine the Jsc of the inished devices and
evaluate the effectiveness of a grading approach. However, the application of RR theorem to
graded bandgap absorbers has to be carefully considered as the RR for non-uniform absorbers
with induced quasi-electric ields due to compositional gradients can be still approximated but
with certain deviations depending on the ield strength.
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[73] M. Bär, W. Bohne, J. Röhrich, E. Strub, S. Lindner, M. C. Lux-Steiner, Ch.-H. Fischer, T. P.
Niesen, and F. Karg. “Determination of the band gap depth pro ile of the penternary
Cu(In(1-x)Gax(SySe(1-y))2 chalcopyrite from its composition gradient”. In: Journal of
Applied Physics 96 (2004), p. 3857. : https://doi.org/10.1063/1.1786340.

[74] Steven S. Hegedus and William N. Shafarman. “Thin-Film Solar Cells: Device Measure-
ments and Analysis”. In: Progress in Photovoltaics: research and applications 12 (2004),
pp. 155–176. : 10.1002/pip.518.

[75] John M. Raguse, Christopher P. Muzzillo, James R. Sites, and Lorelle Mans ield. “Effects
of Sodium and Potassium on the Photovoltaic Performance of CIGS Solar Cells”. In: IEEE
Journal of Photovoltaics 7.1 (Jan. 2017), pp. 303–306. : 10 . 1109 / jphotov . 2016 .
2621343.

https://doi.org/dx.doi.org/10.1016/j.tsf.2014.09.025
https://doi.org/10.4229/eupvsec20162016-3ao.5.3
https://doi.org/10.4229/eupvsec20162016-3ao.5.3
https://doi.org/10.1016/j.tsf.2014.11.024
https://doi.org/10.1063/1.4900991
https://doi.org/https://doi.org/10.1016/j.tsf.2014.09.069
https://doi.org/10.1038/NMAT3122
https://doi.org/10.4229/24thEUPVSEC2009-3DO.6.2
https://doi.org/10.1016/j.cap.2009.11.082
https://doi.org/https://doi.org/10.1063/1.1786340
https://doi.org/10.1002/pip.518
https://doi.org/10.1109/jphotov.2016.2621343
https://doi.org/10.1109/jphotov.2016.2621343


References 157

[76] R.Wuerz, A. Eicke, F. Kessler, S. Paetel, S. E imenko, and C. Schlegel. “CIGS thin- ilm solar
cells andmodules on enamelled steel substrates”. In: Solar EnergyMaterials & Solar Cells
100 (2012), pp. 132–137. : 10.1016/j.solmat.2012.01.004.

[77] T. Walter, R. Herberholz, C. Müller, and H. W. Schock. “Determination of defect distri-
butions from admittancemeasurements and application to Cu(In,Ga)Se2 based hetero-
junctions”. In: Journal of Applied Physics (1996).

[78] G. Hanna, A. Jasenek, U. Rau, and H. W. Schock. “In luence of the Ga-content on the bulk
defect densities of Cu(In,Ga)Se2”. In: Thin Solid Films 387.1-2 (2001), pp. 71–73.

[79] R. Herberholz, M. Igalson, and H. W. Schock. “Distinction between bulk and inter-
face states in CuInSe_2/CdS/ZnO by space charge spectroscopy”. In: Journal of Applied
Physics 83.1 (1998).

[80] Thomas Walter. “Capacitance Spectroscopy of Semiconductors”. In: ed. by Jian V. Li and
Giorgio Ferrari. Pan StanfordPublishingPte. Ltd., 2018. Chap. Admittance Spectroscopy.

[81] Markus Gloeckler. “Device physics of Cu(In,Ga)Se2 thin- ilm solar cells”. PhD thesis. Col-
orado State University, 2005.

[82] Uwe Rau. “Reciprocity relation between photovoltaic quantum ef iciency and electro-
luminescent emission of solar cells”. In: Physical Review B 76 (2007), p. 085303. :
10.1103/PhysRevB.76.085303.

[83] Uwe Rau. “Superposition and Reciprocity in the Electroluminescence and Photolumi-
nescence of Solar Cells”. In: IEEE Journal of Photovoltaics 2.2 (Apr. 2012), pp. 169–172.

: 10.1109/JPHOTOV.2011.2179018.
[84] Jennifer T, Heath, J. David Cohen, and William N. Shafarman. “Bulk and metastable de-

fects in CuIn1-xGaxSe2 thin ilms using drive-level capacitance pro iling”. In: Journal of
Applied Physics 95.3 (2004), pp. 1000–1010. : 10.1063/1.1633982.

[85] G. Sozzi, M. Lazzarini, R. Menozzi, R. Carron, E. Avancini, B. Bissig, S. Buecheler, and A. N.
Tiwari. “A numerical study of the use of C-V characteristics to extract the doping density
of CIGS absorbers”. In: 2016 IEEE 43rd Photovoltaic Specialists Conference (PVSC). 2016,
pp. 2283–2288. : 10.1109/PVSC.2016.7750043.

[86] BartVermang, Viktor Fjällström, JonasPettersson, PedroSalome, andMarikaEdoff. “De-
velopment of rear surface passivated Cu(In,Ga)Se2 thi ilm solar cells with nano-sized
local rear point contacts”. In: Solar Energy Materials & Solar Cells 117 (2013), pp. 505–
511. : 10.1016/j.solmat.2013.07.025.

[87] Bart Vermang, Jörn Timo Wätjen, Viktor Fjällström, Fredrik Rostvall, Marika Edoff,
Ratan Kotipalli, Frederic Henry, and Denis Flandre. “Employing Si solar cell technology
to increase ef iciencyof ultra-thinCu(In,Ga)Se2 solar cells”. In:Progress inPhotovoltaics:
research and applications 22 (2014), pp. 1023–1029. : 10.1002/pip.2527.

[88] C. Donolato. “An alternative proof of the generalized reciprocity theorem for charge col-
lection”. In: Journal of Applied Physics 66.1 (1989), pp. 4524–4525. : 10 .1063/1 .
343932.

[89] O. Lundberg,M. Edoff, and L. Stolt. “The effect of Ga-grading in CIGS thin ilm solar cells”.
In: Thin Solid Films 480-481 (2004), pp. 520–525. : 10.1016/j.tsf.2004.11.080.

[90] ArturoMorales-Acevedo. “Vprocess band-gap semiconductors as the basis of new solar
cells”. In: Solar Energy 83 (2009), pp. 1466–1471. : 10.1016/j.solener.2009.04.004.

[91] Alex Niemegeers, Marc Burgelman, Koen Decock, Johan Verschraegen, and Stefaan De-
grave. SCAPS manual. Universiteit Gent. 2015.

https://doi.org/10.1016/j.solmat.2012.01.004
https://doi.org/10.1103/PhysRevB.76.085303
https://doi.org/10.1109/JPHOTOV.2011.2179018
https://doi.org/10.1063/1.1633982
https://doi.org/10.1109/PVSC.2016.7750043
https://doi.org/10.1016/j.solmat.2013.07.025
https://doi.org/10.1002/pip.2527
https://doi.org/10.1063/1.343932
https://doi.org/10.1063/1.343932
https://doi.org/10.1016/j.tsf.2004.11.080
https://doi.org/10.1016/j.solener.2009.04.004


158 References

[92] Marc Burgelman and Jonas Marlein. “Analysis of graded band gap solar cells with
SCAPS”. In: 23rd European Photovoltaic Solar Energy Conference. 2008.

[93] Michal Cwil, Malgorzata Igalson, Pawel Zabierowski, and Susanne Siebentritt. “Charge
anddopingdistributionsby capacitancepro iling inCu(In,Ga)Se2 solar cells”. In: Journal
of Applied Physics 103 (2008), p. 063701. : 10.1063/1.2884708.

[94] A. Niemegeers, M. Burgelman, R. Herberholz, U. Rau, D. Hariskos, and H.-W. Schock.
“Model for electronic transport in Cu(In,Ga)Se2 solar cells”. In:Progress in Photovoltaics:
Research and Applications 6.6 (Nov. 1998), pp. 407–421. : 10 . 1002/ (sici ) 1099 -
159x(199811/12)6:6<407::aid-pip230>3.0.co;2-u.

[95] Tetiana Lavrenko, Francillina Robert Runai, YueWang, Marcel Teukam, ThomasWalter,
Thomas Hahn, and Paul Pistor. “Advanced luminescence imaging of CIGS solar cells”. In:
27th European Photovoltaic Solar Energy Conference and Exhibition. 2012, pp. 2174–
2178. : 3-936338-28-0. : 10.4229/27thEUPVSEC2012-3BO.4.3.

[96] Rou Hua Chua, Xianglin Li, ThomasWalter, Lay Kuan Teh, Thomas Hahn, Frank Hergert,
Subodh Mhaisalkar, and Lydia Helena Wong. “An experimentally supported model for
the origin of charge transport barrier in Zn(O,S)/CIGSSe solar cells”. In: Applied Physics
Letters 108.4 (Jan. 2016), p. 043505. : 10.1063/1.4940913.

[97] Uli Würfel, Dieter Neher, Annika Spies, and Steve Albrecht. “Impact of charge trans-
port on current–voltage characteristics and power-conversion ef iciency of organic so-
lar cells”. In: Nature Communications 6.1 (Apr. 2015). : 10.1038/ncomms7951.

[98] A. O. Pudov, A. Kanevce, H. A. Al-Thani, J. R. Sites, and F. S. Hasoon. “Secondary bbarrier
in CdS-CuIn1-xGaxSe2 solar cells”. In: Journal of Applied Physics 97 (2005), p. 064901.

: 10.1063/1.1850604.
[99] Chien-Yao Huang, Wen-Chin Lee, and Albert Lin. “A latter gallium pro ile for high-

ef iciency Cu(In,Ga)(Se,S)2 solar cell and improved robustness against sulfur-gradient
variation”. In: Journal of Applied Physics 120 (2016), p. 094502. : http://dx.doi.org/
10.1063/1.4961605.

[100] R. Klenk, R. H. Mauch, R. Menner, and H. W. Schock. “Wide bandgap
Cu(In,Ga)Se2/(Zn,Cd)S heterojunctions”. In: 20th IEEE PVSC. 1988, pp. 1443–1447.

[101] T. Dullweber, O. Lundberg, J. Malmström, M. Bodegard, L. Stolt, U. Rau, H.W. Schock, and
J. H. Werner. “Back surface band gap gradings in Cu(In,Ga)Se2 solar cells”. In: Thin Solid
Films 387 (2001), pp. 11–13.

[102] V. Nadenau, U. Rau, A. Jasenek, and H. W. Schock. “Electronic properties of CuGaSe2-
basedheterojunction solar cells. Part I. Transport analysis”. In: Journal of Applied Physics
87.1 (2000), p. 584.

[103] Chien-Yao Huang, Wen-Chin Lee, and Albert Lin. “A latter gallium pro ile for high-
ef iciency Cu(In,Ga)(Se,S)2 solar cell and improved robustness against sulfur-gradient
variation”. In: Journal of Applied Physics 120.9 (Sept. 2016), p. 094502. : 10.1063/1.
4961605.

[104] ThomasWalter andHans-Werner Schock. “Crystal growth anddiffusion inCu(In,Ga)Se2
chalcopyrite thin ilms”. In: Thin Solid Films 224 (1993), pp. 74–81.

[105] Wolfram Witte, Daniel Abou-Ras, Karsten Albe, Gottfried H. Bauer, Frank Bertram,
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