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Abstract

In this thesis, Cu(In, Ga)(Se, S), (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
final 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 fields, 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 efficiency as a diagnostic tool for solar cells with S-
and Ga-gradients have to be handled with 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 profile within the absorber layer is the main 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 profile 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 fit to the discussed measurements. Taking into accounts all the findings of this thesis,
it has been concluded that bandgap grading is an efficient way to improve the final 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), (CIGSSe)-Diinnschichtsolarzellen aus
einem industriellen, sequentiellen Beschichtungsprozess charakterisiert und bewertet. Hier-
fiir 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 Grenzfliche und die Akkumulation von Gal-
lium am Ruckkonntakt Gradienten der Bandliickenenergie verursachen, die liber quasielek-
trische Felder den Ladungstragertransport beeinflussen koénnen. Die Mdglichkeit, Rekombi-
nationsprozesse von der Photostromsammlung raumlich zu trennen konnte durch den Ein-
bau von Schwefel an der Absorbergrenzfliche nachgewiesen werden. Diese Anreicherung
von Schwefel an der Grenzflache erhoht die effektive Bandliickenenergie fiir die Rekombina-
tion am Absorber/Puffer-Ubergang, wihrend die Bandliickenenergie fiir die Photostromerzeu-
gung im Volumen des Halbleiters unverdndert bleibt. Dariiber hinaus konnte aufgezeigt wer-
den, dass die Anwendung des Reziprozitidtstheorems zwischen Lumineszenzemission und pho-
tovoltaischer Quantenausbeute als diagnostisches Werkzeug fiir Diinnschichtsolarzellen 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 Reziprozitidtstheorem als Folge der Gallium-Segregation am Riick-
kontakt wurden aus experimentellen Ergebnissen ersichtlich. Die Ubereinstimmung zwischen
der Ladungstragersammlung photogenerierter Ladungstrager und dem Verteilungsprofil in-
jizierter Minoritaten innerhalb der Absorberschicht ist die Hauptanforderung fiir die Giiltigkeit
des Reziprozititstheorems. Es zeigte sich jedoch, dass die Ladungstragersammlung durch
einen Gallium-Gradienten im Bereich des Riickkontaktes begiinstigt wird, wahrend die Injek-
tion von Minoritdten in diesen Bereich durch elektrische Felder limitiert ist. Dariliber hinaus
wurde eine lokal reduzierte Beweglichkeit der Ladungstrager als weiterer limitierender Faktor
fiir die Validierung des Reziprozititstheorems identifiziert. Mit dem letzteren Modell konnten
die beobachteten Abweichungen vom Reziprozitatstheorem erklart und interpretiert werden.
Unter Bertcksichtigung aller Ergebnisse wurde in dieser Arbeit gezeigt, dass der gezielte Ein-
satz von Gradienten der Bandliickenenergie zu einer signifikanten Steigerung des Wirkungs-
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grades dieser Solarzellen fiihrt, da hiermit, eine rdumliche Trennung der effektiven Bandliicke
fiir die Rekombination sowie der Bandliicke fiir die Photostromsammlung moglich wird.
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Introduction

It worked first, was explained later. [1]

Cu(In, Ga)Se, / Cu(In, Ga)(Se, S), (CIGS) solar cells is a thin film technology with the high-
est level of cell efficiencies 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 effi-
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 qualifications for a further strong market growth. To promote commercialisa-
tion, an optimised fabrication process which can transfer the laboratory scale efficiencies 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 efficiency 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), (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 combination with analytical mod-
elling and simulations. The aim of this thesis is to correlate results from different measure-
ment techniques with the device performance. This approach allows, first 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 final device performance. An
in-depth variation of the GGI ratio is an inherent and rather undesired feature of a sequential
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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 CulnSe, layer with a
low bandgap E, close to the pn-junction and the wide-gap CuGaSe; layer at the backside of the
absorber. Such growth kinetics have a rather detrimental effect on the cell open circuit voltage
Vo due to alow 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 H,Se and H,S). 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 suggested which 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 film technology is briefly discussed.

The maximum theoretical conversion efficiency of a solar cell can be defined using Shockley-
Queisser limit also known as the radiative efficiency limit. The latter name implies radiative re-
combination as a main and only efficiency 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 efficiency 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 first. As the absorber profile 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 efficiency 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 part which deals with mathematical modelling of graded bandgap
solar cells. In order to verify the theoretical models (which inevitably are based on many as-
sumptions and simplifications) 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



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 profiles
finalise the chapter. A short summary on the experimental findings 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 profiles 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. The methods which are already implemented (as deduced from the measurement
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
films

1.1 State-of-the-art

Research and development of solar cells based on chalcopyrite absorber layers have been con-
ducted for more 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 modifications before being able
to reach the current world record efficiency 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 CulnSe; thin film. This technological step allowed to grow absorber layers with varying
bandgaps in order to match optimally the solar spectrum for the specific applications. [15, 4]
Using a Ga/(Ga + In) ratio of 23%, the conversion efficiencies of more than 10% have been
reported by Mickelsen and Chen in 1987 [16].

After the successful presentation of the efficiencies 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 first to introduce hybrid chalcogenisation processes
consisting of solid-state Se and hydride gases: H,Se for the improvement of the optoelectronic
properties and H,S for the bandgap increase at the surface region of the absorber layers. [17]
These modifications led to significant efficiency improvements due to the enhancement of the
device V.. This process provided a groundwork for the sulfurisation after selenisation approach
for the absorber growth implemented nowadays at Solar Frontier.

The discovery of the beneficial effect of higher temperatures on the CIGS crystal growth al-
lowed to improve significantly the absorber quality and to design optimal temperature profiles
at different growth phases.
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The implementation of the CdS film grown by chemical bath deposition (CBD) as a highly-
resistive buffer layer significantly improved the interface quality between the absorber and
buffer layers. This resulted not only in increased short circuit current densities J,., but also in
higher open circuit voltages V. of the devices. [18] Since then CBD became a standard method
for the deposition of CdS buffer layers as it allowed the easily controlled and well-adapted junc-
tion formation with chalcopyrite absorbers. From this point the life and optimisation of CIGS
solar cells in the configuration 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
films 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 films and significantly enhanced the doping level of the absorber layers.

A great boom of reported efficiencies 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
efficiency 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 efficiency territory which earlier belonged
solely to the Si-technology opened up for CIGS. One more year later the efficiency increased to
21.7% with the RbF-PDT. [24] Further careful optimisation of growth processes and additional
modification of the layer structure resulted in the current world record efficiency. [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 efficiency 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 beneficial effect on minority carrier lifetimes. Intrinsic grain boundaries (GB) introduce
localised deep states within the absorber E, 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
fluctuations can be realised by the K-treatment and bandgap grading.
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About 2% efficiency 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 In,S3 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 beneficial impact on the device V. and efficiency.
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.

The optimisation of light management in CIGS solar cells can have multiple 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 the morphology of the absorber surface
enabling to use thinner buffer/window layers which also benefits . as has been reported in [7].
Optical losses associated with insufficient 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 reflection losses and to the enhancement of light
in the CIGS layer. The realisation of this concept can be done by using the MgF, /Al,03 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)Se, alloy is formed from the CulnSe, and CuGaSe, compounds which belong
to the I-1II-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 E, of the alloy can be varied by changing the ratio of the group III elements, In and Ga,
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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 CulnSe, up to 1.68 eV for the pure CuGaSe, material. Furthermore,
changing the ratio of the group VI elements, Se and S, E; can be adjusted from 1.03 eV for the
CulnSe; up to 1.53 eV for the CulnS; material, or in case of the Ga-based compounds — from
1.68 eV for the CuGaSe; up to 2.43 eV for the CuGaS,. 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), 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 no miscibility gap in the whole 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 films with alternating in-depth
compositions in order to boost efficiencies of the devices based on these modified materials.
The practical implementation of this material property constitutes the basis of this thesis.

1.3 Thin film growth

The preparation of the CIGS-based solar cells usually begins with 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 a wide range of the absorber growth processes, there are two methods which dominate
both research and large scale production:

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

Selenisation process — two stage process where the film 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 film 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 [ metal over the group Il 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 film formation. However, the film growth can
be done in one step (so-called a single layer coevaporation process) or in two- or three
stages when certain constituent fluxes are directed alternately onto the substrate.

e aprecise control over the film composition and bandgap is possible. [4]

e a high rate and low cost method suitable for an industrial inline process. Significant 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:

e the desired Cu-evaporation can be difficult to control [36];

e scaling-up to large areas and high rates is difficult while maintaining the composition
and microstructure uniformity in order to ensure highly efficient devices. [37] However,
implementing this method, large area modules and high efficiencies 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 first 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]:

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

The disadvantages:

 additional processing steps needed;

« the film 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);

e 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 films or to reduce
production costs on large area scale, other absorber growth techniques have been developed.
High-quality semiconducting films 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 large mass
production. CIGS absorbers have been prepared by the particle-based screen printing tech-
nique followed by rapid thermal annealing densification. This method 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), absorbers by reacting with elemental Se and S resulted in 17.3% so-
lar cell and 14% full scale module efficiencies. 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;, Secy, Ing,  single donor

Vse, Incy double donor
In; triple donor
Vew, Sein, Cug,  single acceptor
Se;, Cupy double acceptor
Vin 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:

e 3 vacancies (V;y, Vi, and Vs,);
» 3interstitials (Cu;, In;, and Se;);
e 6 antisites (Secy, INge, INcy, Sein, Cuse, and Cuyy,).

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 significantly. 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 V7, acts as a single acceptor and is a dominant defect center which governs
the p-type doping of the CIGS semiconductor. A Vs, — V,, double vacancy has been reported
to be the origin for different metastabilities in CIGS solar cells. [43, 44] The defect complexes
2V, +1InE), (Cul; +InZ!) 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 films 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 beneficial impact of Na on
the electrical performance has been reported for the first 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 films. Probably, even a more important effect was the enhance-
ment of the effective p-type doping which led to increased device efficiencies due to improved
V,c and FF. [45] Some years later the CIGS devices were deposited on the polycrystalline alu-
mina substrates, and the influence of different alkali-based precursors on the CIGS film growth
was investigated. [20] The presence of the NaF precursor layer yielded devices with increased
majority carrier concentrations and boosted efficiencies by more than An = 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 Ing,
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 film
growth (as PDT) has been investigated in [21]. [t has been found that NaF-PDT did not affect the
crystal growth kinetics, but significantly increased the net carrier concentrations and conduc-
tivities compared to the sodium-free absorbers. A strong increase in the device efficiencies 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
Vs present at Cu(In, Ga)Se, surfaces and grain boundaries. However, the findings published
in [47] concluded the incorporation of Na into the Cu(In, Ga)Se, lattice replacing In or Ga. The
extrinsic defects Na,,,/Na;, were expected to act as acceptors and enhance the p-type conduc-
tivity. This conclusion was 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 influences
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 modification proce-
dure. [50] Even though potassium has been often detected in CIGS films earlier, its potential
impact on the device electrical properties had not got a proper attention up to 2013 when a
new world record efficiency has been announced by a Swiss group [22]. The authors reported
that the KF-PDT modified 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), laboratory cell with a standard CdS/ZnO window material and 22.8% with a
(Zn,Mg)0/Zn(0, S, OH) modified window. In [6], the researchers from Solar Frontier reported
that the enhancement of V. 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-
sultsin a higher bandgap and a higher amount of Cu-vacancies in this region. [51] As aresult, the
bandgap widening due to the lowering of the VB maximum efficiently reduced interface recom-
bination losses and boosted the device V. by 60-70 mV.[50] Moreover, it is interesting to men-
tion that a method of incorporating K into the absorber film 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 incorporation may 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 profile during the selenisation step. [52] In contrast
to the KF-PDT which 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 profile. The bandgap widening 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 success with the Na- and K-incorporation provoked a variety of experiments with 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 Jy,. 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 E;(AlkGaSe;) > Eg(AlkInSe,). Thus, the Alk(In, Ga)Se, 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 defines the device performance is a pn-(hetero)junction
formed between the p-type absorber and n-type buffer/window layers. The absorber layer with
the bandgap energy E, is a photosensitive semiconductor which is responsible for the absorp-
tion of incident photons with energies Ey, = E; and where the photogeneration of electron-



14 Solar cells based on chalcopyrite thin films

hole pairs takes place. The main function of the pn-junction then is the collection and separation
of photogenerated charge carriers in such a way that electrons are driven to the n-type material
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]

dEpy,
JnC) = ymGe) - ) (11)
dE
Jp(x) = ppp(x) - %@)’ (1.2)

where J,(x) and J,(x) are the current densities of electrons and holes, respectively; n and p
are the carrier densities, and u, and p, 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 affinity and the bandgap energy as well as by
gradients of the quasi-Fermi levels of electrons and holes Eg, and Eg,. [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 flux densities of electrons and holes, ],,/q and J,/q, additionally accounting for their
generation and recombination (see Equ. 1.3 and 1.4 [34]).

sn(x) 1 dJ(x)

Tl Gp(x) = Up(x) + 5 T ix (1.3)
Sp(x) 1 dJp(x)
Il Gp(x) — Up(x) — a T (1.4)

where G, /U, and G, /U, are the generation/recombination rates of electrons and holes, respec-
tively. Under equilibrium conditions, G, = U, and G, = U}, In case of generation and recombi-
nation via trap states G, # G, and U, # U,

The Poisson equation relates the charge densities and the electric potential. Under assump-

tion of € = const, the equation reads

PG p()

dx? €

(1.5)

where p is the space charge.
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The space charge can be defined as

p(x) = E(q—x) [P @) = n(x) + NE () — Ny (x)] (1.6)

with n(x) and p(x) being mobile charge carriers and NS and N fixed charges in the form of

charged donors and acceptors, respectively.
The ideal current-voltage characteristic of a pn-device is given by Shockley [53]

qV
IV =lh+h=J [exp (ﬁ) - 1] (1.7)

2 2
qDpn! qDpn! L.
21 + —L comprising the electron and hole
LoNp  LoNp

current components. The Shockley equation is based on the abrupt depletion layer approxi-

having a strong voltage-dependence with ], =

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]

/) = D, n? qV +\/?an1- qV L8
JV)=a |2y exp| gr 2 T,Ey P\ 2kT (1.8)

where E, = /w is the electric field at the location of maximum recombination for an
N
abrupt n*p-junction [34].

The disadvantages of the heterojunction are the following: significant 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 significantly depends on the band alignment at the inter-
faces and absorber bandgap profile. 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 Ey and conduction E¢ bands. The
key characteristic of the semiconductor material is the energy bandgap E,. The value of E; 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 flow.

The equilibrium band diagram of the Mo/Cu(In,Ga)Se,/CdS/Zn0O heterostructure is
sketched in Figure 1.2. The band diagram is deliberately simplified 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 Zn0O/CdS/CIGS heterojunction solar cell. After [54]

tion E; and valence Ey band energies of the Cu(In, Ga)Se, absorber, CdS buffer and ZnO win-
dow layers. Apart of the E, 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 AEZ? offset between the
absorber and buffer layer defines the potential barriers ®} and ®7 for holes and electrons, re-
spectively. ®} 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 electrons @} affects the fill factor of a solar cell and is determined
as ®F = AEg, + AEZ?, where AEg,, is the energy difference between the Fermi level Eg and
the E¢ at the absorber/buffer interface. [1] The valence band offset AE?” 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 E,, the position of
the conduction band minimum (CBM) can be calculated.

The position of the Fermi level E at the absorber/buffer interface is another critical aspect
regarding carrier recombination losses and the device performance in general. Depending on
the E; and the composition of the absorber layer, the Eg can lie above or below the midgap.
In state-of-the-art CIGS solar cells, the Ep 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 significantly 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 (Vg.) induce band-bending at the absorber surface giving rise

to the n-type inversion and pinning the position of the E level.
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At the absorber/back contact interface, the potential barrier ®}_ 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 efficiency. To
attain this aim three steps have to be followed: (a) determination of the upper efficiency limit; (b)
identification of efficiency loss mechanisms; (c) implementation of preventive measures with re-
spect to the loss mechanisms. In this chapter, a general introduction to the concept of the Shockley-
Queisser (SQ) limit also known as the radiative efficiency limit of a solar cells will be given. Since
the efficiency 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 efficiency 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 E,: all photons with 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 pairs with 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 ¢s,,, and the absorber absorptance a(E) which is
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interpolated as a step-function [60]:

oo

=0 Pan@EE =q [ bon(E)aE (2.1)
g

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 fluxes 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 Wiirfel's generalisation of
Planck’s law. Non-equilibrium emission is determined by the splitting of the quasi-Fermi levels
of electrons and holes u = Ep,, — Ep,,. The quasi-Fermi levels are flat 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 flux under the applied voltage V is thus given by

SV, E) = 211152 a(E)
e (5E) -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 simplified to the product of the black body
emission and voltage-dependent part

2mE? -E qV qV
¢V, E) = a(E) h3c eXp(kT>eXp<kT> a(E)ppp eXp(kT) (2.3)

The emission flux 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 J,,q rec in order
to fulfil the requirement (3). Therefore, the dark current density of a solar cell (with radiative
recombination only) can be written as

Ja=hratrec =1 | a(EYpV, E)IE = f ot [exp () = 1| = Josaa o0 (1) -1
(2.4)

where Jj rq4 is the radiative saturation current density.
Under illumination and applied bias the current-voltage characteristic of a solar cell in the
SQ-limit is defined as the superposition of the dark J; and photogenerated ], 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
qV
J=Ja—Jsc =]0,rad exp ﬁ =1 = Jsc (2-5)

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

kT
Ve = — ln( Jse + 1) (2.6)
q ]O,Tad

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

Résumée

The SQ-limit can be considered as one of the key contributions in the photovoltaic field. Nowadays,
the conversion efficiencies calculated from this model serve as a starting point for the estimation
of technically feasible efficiencies 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 significantly 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 efficiency 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 sufficient energy excites an electron from the valence band to a
higher energetic level in the conduction band. This process is known as generation. However,
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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 Ep;, = E¢ — Ey. The net recombination rate under non-equilibrium conditions
is proportional to the product of the electron and hole concentrations by

R=Uy—Gy=B-(n-p—n?), (2.8)

where U, is the recombination rate, G, is the thermal generation rate, and B is the recombina-
tion coefficient. The net recombination rate R is used to define 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 recombination via defect states complements the band-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:
Rn,c =n- ﬁn Ny - (1 - nt) (2-9)

2. reemission of electrons:

EC - Et
Rpe =Pn-N¢-Ny-ng-exp (_T) (2.10)
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3. capture of holes:
Rpc=pBp-Ne-ne (2.11)

4. reemission of holes:

Ey —Ey
Ry = ,B’p “Ny - Ng - (1—ng) -exp| — T (2.12)
with S, corresponding to the capture coefficients 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:

Rgpy = nep-n (2.13)
SRH_rn~(p+p*)+rp~(n+n*)' '

where 7, is the lifetimes of electrons and holes, respectively; p* = Ny - exp (—%); n* =

N¢ - exp (— ECk;Et). n* and p* are the carrier densities which would emerge if the Fermi energy

level Er 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
efficiency of CIGS solar is below the theoretical limit defined 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]



24 Performance limitation and optimisation of solar cells

diode equation:
qV
Jrec =Jo - |€Xp AT |~ 1 (2.14)

with the saturation current J, = Jy, - €xp ( ) where E, is the activation energy of the satura-

tion current J; and the weakly temperatugchiependent prefactor Jyo. The ideality factor A and
the activation energy E, depend on the recombination mechanism which dominates ],. Thus,
defining the E, and A the dominant recombination mechanism can be identified. 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 | ... is one of the ap-
proaches to determine the activation energy E, and discriminate between the limitation of bulk
and interface recombination. [17] A direct correlation between the recombination current and
the device V. exists. The temperature dependence of V. can be deduced from the expression

for the device J;. under given illumination intensity (see Equ. 2.15)

ocC E [/OC
Jse Jo[exp<ZkT> ] ]ooeXp<AkT>[eXP<ZkT>—1] (2.15)

From Equ. 2.15 the correlation between the device V,. and the activation energy E, for non-

radiative recombination can be derived

Voo = Eq _ AKT In (—) (2.16)
q q Jsc

Hence, the extrapolation of V. to 0K yields the activation energy for non-radiative recombi-
nation E, as long as ], and ]y are temperature-independent. In the following, the limitations
imposed on V. 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 E,; (E, < E;) and be
equal to the potential barrier for holes at the interface 6135. 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]

—o! v
Jrec = Joo €Xp < Ak'll: > [exp <:W> - 1] (2.17)
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In case of E, < Eg, V. can be limited by a small value of q)g as a result of enhanced interface
recombination. There is a linear correlation between V,. and @}, [1]

P kT S, N,
:_b__1n<qv_V>,

2.18
¢ 7" (2.18)

oc

where S, is the interface recombination velocity for holes.

Path 2 - recombination in the QNR

Under assumption of long lifetime, most of injected charge carriers pass the SCR without 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, thatis 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

—Eg qv
Jrec = Joo €Xp (W) [exp <ﬁ> - 1] (2.19)

with A=1. The device V. in the limit of QNR recombination can be defined as [1]

E, kT <anNCNV>
In( 2%

9 q  \JseNaln

(2.20)

oc

resulting in the activation energy equal to the absorber bandgap E, = E,.

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 SRH nonradiative recombina-
tion is determined by the bandgap of the absorber, that is E, = E,z. The recombination current
is defined similar to Equ. 2.19. The expression for V. is similar to Equ. 2.20 but the diffusion
length of minority carriers L, has to be replaced by the effective diffusion length Lgg [1]

L cosh (I71) + s, sinh (I71)
" spcosh (I71) + sinh (I71)’

Lo = (2.21)

where s, = SpL, /Dy, andl = 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 significant resistive losses
due to the Schottky barrier. The Schottky contact is a rectifying junction with the polarity oppo-
site to the polarity of the main junction. Under conditions when the Schottky diode is activated,
the measured A can be significantly larger than two. Performance losses with respect to the de-
vice V,. have been detected even though the presence of the back contact barrier has not been
reflected 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 significant carrier injection to the back
contact. In this case, the Schottky contact demonstrates pronounced minority carrier collection
properties acting reciprocally to the "electronic mirror” induced by the (quasi)-back surface
field. The expression for V. in the limit of the phototransistor behaviour reads

E,—® kT a
1/(,C=9—’”——1n<ﬂ>,

- - (2.22)

Jcoo

where @, is the Schottky barrier height at the back contact, a is the amplification factor, /g
and /oo are the temperature-independent prefactors of the main and Schottky diode, respec-
tively. From Equ. 2.22 one can see that the device V,. becomes independent of the J,, 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 7,n = 7,p. The recombination current density in the SCR is

_ —Eg qV
Jrec =Joo€xp| on Jexp| o ) — 1 (2.23)

with A=2 and E, = E4. The device V, in the limit of SCR recombination can be written in the

given by [1]

form
E, AkT AkTD,m./N:Ny
Ve = — — In > , (2.24)
q q JscEmLn
where F,,= Zquﬂ is the electric field at the position of maximum recombination. The param-
N

eter F,, is a function of the doping density N,, band-bending 1},,,, and the dielectric constant of
the absorber €. The term kT /qF,, can be interpreted as an effective width of the recombina-
tion zone. [34]
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2.3 Bandgap engineering

CIGS material used to fabricate highly efficient 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 efficiency. [59] Bandgap engineering has been
recognised as an efficient way to increase the efficiency 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 absorber with Ga and/or S depending on the absorber deposition method. [7, 6]
The incorporation of the heavy alkali atoms have been also found effective in the modification
of the electronic properties of CIGS absorbers. [25, 28]

Recent world record efficiencies have been achieved by using absorber films with a double
graded structure. [7, 6] A wide gap material was ensured towards the front (CIGS/CdS) and back
(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 E,-profile and thereby the device electronic proper-
ties. The beneficial effects of an optimised E,-grading can be seen in the reduction of the recom-
bination probability, and therefore charge carrier losses. However, the modification of the light
absorption properties in solar cells by introducing a wide gap material has to be keptin mind. In
this context, a wide bandgap alloy would be preferred at the front and back interfaces to reduce
recombination losses whereas the absorber bulk should have a low E, 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 E; material increases the device V,. whereas a preserved low E, material in the bulk does
not deteriote the device J,,. 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 E, at
the absorber surface by varying S/(S+Se)-gradients has a minor impact on E¢, 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 E 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 efficiency 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 beneficial for both coevaporation and sequential technologies. Acting as a quasi-
back surface field (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.

Arecent trend in the absorber optimisation approach is the development of the postdeposi-
tion treatment based on the incorporation of heavier (than widely used Na) alkali atoms such as
K, Cs and Rb. [23, 25] The implementation of the KF post-treatment modifies the absorber sur-
face leading to the formation of the surface layer with a larger E, [50], presumably the KInSe,
secondary phase [28]. The impact of Cs and Rb is still under investigation, but the similar action
to K has been predicted theoretically [28] and observed experimentally [25]. These findings
emphasise the potential of the alkali-based post-deposition treatment in terms of the absorber
surface modification and further optimisation of the overall performance of CIGS-based devices.



Chapter 3

Experimental

In this chapter, the process of Cu(In, Ga)(Se, S), absorber formation will be described. Fabrica-
tion details of the investigated solar cells will be given. Data on compositional gradients, such
as in-depth profiles 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),-based solar cells is described
in [70, 3]. It starts with dc magnetron sputtering of the 0.4 um thick molybdenum back elec-
trode on the preconditioned soda lime glass (3 mm). Then, laser patterning of the molybdenum
contact (P1-scribe) is performed to define the cell width for the monolithic cell interconnection.
The two-stage absorber growth process comes next. In the first step, the metallic CuGaln 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 first exposed
to a H,Se : Ar gaseous mixture at around 400°C for about 60 min to form composite alloys
consisting of binary selenides and I-11I-VI ternary alloy. Next, the samples are heated to reac-
tion temperatures of about 550°C in the presence of H,S diluted in Ar to produce single-phase
Cu(In, Ga)(Se, S), absorbers. The duration of chalcogenisation is 2 h. The reaction of the metal-
lic precursor and the chalcogens is controlled via the concentration of the reactive species and
the temperature profile 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 films 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-Zn0) comes followed by the second patterning step
(P2) which integrates cell series connection. In the end, the 1.2 um thick transparent front elec-
trode is deposited from a ceramic ZnO : Al,03 by dc magnetron sputtering. The third patterning
scribe (P3) is performed to insulate the front electrode and the neighbouring cells.

Cu/Ga+In
/ﬁ Jm precursor PR . Cu(In,Ga)(Se,S)2
4 | A AE—
| o o0 0 0 @ [[# e 0 0 o @
sequential sputtering selenization in H,Se/H,S

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

As the absorber film is formed from stacked elemental layers and its growth process is
driven by the interdiffusion of elements, the exact control over composition is very difficult
for this deposition method. Therefore, unintentional elemental gradients in the absorber film
can adversely affect the efficiency of potential solar cells. The formation of the CulnSe, phase
is faster than that of the CulnGa, phase as the film 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 film. 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 first 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 films result in phase-segregated multinary alloys. The spatial variations in Ga/IIl
and S/VI ratios therefore result in compositionally graded absorber films. 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 modified in the following ways:

(a) Ga-gradient

To produce samples with different Ga-gradients, the temperature profile 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 CulnGa. The time window of this high temperature step varied from 45 min
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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 60 min 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 SiO, diffusion barrier
on soda-lime glass is sputtered.

(b) S-gradient

A control over S-profiles was enabled via different S-supplies and process temperatures.
The S-incorporation was done by evaporating S in combination with a H,S : 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: 0 g 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 modifications 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
no S 60 400 525 0
S highT low S 60 400 525 18
= high S 60 400 525 70
S nos 60 400 475 0
s lowT low S 60 400 475 18
&)
k= high S 60 400 475 70
“ medT med S 60 400 500 35
S annealin medium 45 580 550 70
< & long 60 580 550 70

The microstructure of the modified absorbers (see the S-incorporation samples in Table 3.1)
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-profiling gives an insight into the elemental distribution versus a film depth. Unfor-
tunately, the data discussed in this work correspond to the samples with modified 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].
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Figure 3.3: Reference in-depth variations of the Ga- and S-distribution.
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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 profiles in the studied
samples. Using the GDOES data, the variations in E, profiles with a Ga-content x and a S-content
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Figure 3.5: GDOES depth profiles for (a) low temperature, and (b) high temperature samples
with different S-contents.

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

Eg=140.13-x%+0.08-x%y +0.13 - xy + 0.55-x + 0.54 -y (3.1

The calculated E,4-grading profiles for the low and high temperature processes are shown in
Figure 3.6. As one can see the grading profile 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 modifications of the bulk E,. 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 Rg represents series resistance losses
originated from contact and sheet resistances which limit the current flow through the cell. R
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Figure 3.6: Calculated E; from the GDOES depth profiles for the samples with different S-
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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 efficiency by dissipating the power in thermal form. The leakage current
from the manufactured defects in the solar cell are described by parallel or shunt resistance Ry,.
Under illumination, the current delivered by the solar cell can be expressed via the photocur-
rent density ],p,, the current density through the diode J4 and the leakage current via shunts Jg,
using Kirchoff’s law

J=Ja—Jpn +Jsn (3.2)
The expression 3.2 modifies the Shockley equation to the following form
Q(V_]Rs) V_]Rs
=Jo- )+ ——=— .
J=Jo [exp( = + g = o (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 efficiency, 1. The efficiency of the solar
cell is defined as a ratio of the electrical power output from the solar cell to the incoming power

Pout

of the solar irradiance, n = .
in

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, V., and the short circuit current, J;., where V. is the cell voltage when the current in
the circuitis equal 0, i.e. open circuit conditions; and | is the current available from a cell when
the voltage is 0, i.e. short circuit conditions, Pgea = Vo * Jsc- Since Pigeq represents a theoretical
limit, the performance of a real cell can be characterized by the fill 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 V., and J,p,p,, which are the voltage and

the current at the maximum power point, P,,, over the product of V., and ], that is, gives a

mpp
fraction of P, and Pjgeqr:

FF = Prvpp = Vipp  Jmpp (3.4)
Pideal Voc ’]sc

Further electrical parameters which are critical to the solar cell performance and important
to determine performance losses are series resistance, R, parallel or shunt resistance, Ry, 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,
Teen = 25°C and integrated illumination intensity of 1000 W/m? 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 reflected 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 300 W Xe short arc lamp
with the integrated collimating and collecting optics is used. This optical system meets class A
solar spectrum match specifications. The constant current to the lamp is provided by the power
supply LSN252 to ensure constant light flux. The intensity of the light beam is adjusted using a
reference Si-photodiode calibrated at the Centre for solar energy and hydrogen research Baden-
Wiirttemberg (ZSW) in Stuttgart.

3.2.2 Admittance measurements

Theory

An admittance measurement is widely used to investigate bulk and interface properties of CIGS
solar cells. An alternating voltage with a frequency w = 2nf is applied to a solar cell. The



38 Experimental

response to the applied AC signal is the complex admittance of a pn-junction which writes as
follows:

A(w) = G(w) + jwC(w), (3.5

where w = 21 f is the angular frequency, G (w) is the conductance and C(w) is the capacitance
of the pn-junction, respectively. The conductance G 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 profiling

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 e¢gg of
the absorber layer, the width of the SCR w, and the device area A:

€o€cicsA

Cscp = ——m, 3.6
SCR W (3.6)

where €, 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

q€o€cigsNaA
C = |— 3.7
SCR ’ 20 — V) (3.7)

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

1 2
N € P AP V4 3.8
c? qNgé€p€cigsA Ui ) (38)

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

1
N o= 2 _d(c_z) (3.9)
“ q€o€cicsA av .

-1

From the extrapolation of 1/C? to 0 in Equ. 3.8, the built-in voltage V;; 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 influenced 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 frequency measurement, but not in a high frequency one where the ca-
pacitance will decrease and approach its geometrical value Cge,. Such a frequency-dependence
gives rise to the capacitance step which occurs at the characteristic frequency w, given by [77]

E
wo = 2B, Ny exp <—ﬁ> (3.10)

where B, is the capture coefficient for holes, and E,,, is the defect energy level which is given by
2B, N,
E, =kT-In (%) (3.11)

The capture and re-emission of trapped carriers are thermally-activated processes. By mea-
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 wZ_Z' Such representation of the admittance
data is very comfortable as the characteristic frequency can be easily determined from the ex-
tremes. Plotting extracted w, 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 o and the attempt-to-escape frequency
Vv, in agreement with Equ. 3.10.

If the defects are energetically continuous and spatially homogeneous, the evaluation of the
defectdistribution can be performed based on the dependence of the capacitance on the angular
frequency as proposed in [77]. The density of states N; as a function of the energy E,, can be
evaluated using Equ. 3.12

Ne(Ep) = ——2 - — - —, (3.12)

where 1},; 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] and will
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 system which is coupled to the Keithley 707 A switching matrix. All measurements were
carried out at room temperature in the dark. The measurement frequency is 100 kHz and applied
voltage is 50 mV RMS.

Cf-measurements were performed using Hewlett 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 efficiency
Theory

Apart from the power conversion efficiency, the operation of a solar cell can be characterized
in terms of the quantum efficiency (QE) which is literally the spectrally resolved measurement
of J;.. By definition, the external quantum efficiency, (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:

1 d]sc (Eph)

B A TICA

(3.13)
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where d®(Eyy,) is the incident photon flux in cm~1s71 in the photon energy range Ep,p per time

unit resulting in dJ;..

1
{ Reflection losses
SR . -
0.8 :
Window IRecombination
0.6 | \ absorption (ZnO) 98382

Transmission
hv > Eg

04

Quantum efficiency norm.

0.2 CIGS absorption

edge

400 600 800 1000 1200
Wavelength in nm

1400

Figure 3.9: Representation of a quantum efficiency 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 J,. produced by a so-
lar cell, QE identifies the loss mechanisms which are responsible that not all generated electrons
are collected. According to the detailed balance limit discussed in Chapter 2.1, each photon with
energy greater than E; 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 reflection
losses lead to the significant deviation of ] ,;, from the theoretically justified value.

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

o)

Jse = - [EQED® (A (3.14)

0

Due to the mismatch of the most solar simulators, an EQE-measurement gives a more pre-
cise value of J. 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(E,) = 1 for Ej, = E; and
EQE(Epn) = 0 for Ep, < Eg, in the reality the following loss mechanisms will lower it to a cer-

tain extent:

« reflection losses occur at the material interfaces and can be minimized by using anti-
reflective coatings. The discussed solar cells have no such coating;
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e 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 the window 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 filter wheel in order to provide light in a continuous spectrum
for a measurement. Photocurrents are measured 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 definition, luminescence is the non-thermal optical emission in response to external excita-
tion. The thermal equilibrium can be disturbed by different excitation sources. In case of optical
excitation, the absorption of light with sufficient energy by a solid matter results in the transi-
tion of an electron from a higher occupied electronic state in the Ey to a lower unoccupied state
in the E;. 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 E,. 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 reflected 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 E,z. This limits significantly 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 efficiency 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 quantum efficiency 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:

¢em(Ey) = EQEPV(Ey)¢bb(Ey) (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

V
Pem(E) = ¢sc(E, bexc) + $pr(E,V) = ¢sc(E, Pexc) + Qg - dpp(E) - [exp <Z_T> - 1] (3.16)

implying that the combined EL and PL emission is a sum of the EL part governed by the junction
voltage V and the PL part driven by optical excitation ¢,,. 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 A=830 nm
working at room temperature. PL-decays have been measured on CIGS absorbers after removing
the CdS buffer layer with diluted hydrochloric acid (5%-HCI). The etching duration is 5 min. To in-
duce luminescence, a pulsed diode laser with an excitation wavelength of A=638 nm and the pulse
duration of 88ps was used. The maximum incident photon density per pulse is about 9-1011 cm™2
(hereafter as 100% excitation). For temperature-dependent PL-measurements, investigated sam-

ples were heated up by injecting current into the Mo layer. The sample temperature was controlled



44 Experimental

by fixing a thermocouple in a distance of 1.3 mm from the laser spot on the sample surface. To
vary the excitation level, a filter wheel with different neutral density filters 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 V.. Additionally, the de-
pendence of the effective back surface recombination on the electron mobility and the strength
of quasi-electric field induced by a Ga-grading will be highlighted. Moreover, an enhancement of
the charge carrier collection and therefore photocurrent will be verified due to a Ga-rich layer at
the back contact. On the other hand, different grading profiles due to a S-incorporation into the
absorber surface will be investigated. The maximum achievable increase in the bandgap which de-
fines 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 film solar
cells using the finite 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 fitting 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 - my and 0.71 - m,, re-
spectively, in accordance to [34] with the mass of free electron m,. The effective density of
states N¢ and Ny are then calculated to be equal to 1.5 - 10%° Cm% and 7 - 107 ﬁ in the CB
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and the VB accordingly. The mobilities of electrons and holes u,, and y;, are inversely propor-
tional to their effective masses and equal to 100 and 25 Cvisz The dielectric permittivity of CIGS
material is set to 13.6 - €;. The minority charge carrier lifetime and diffusion length are set to
T, =10 ns and L, = 1.6 um, respectively. The carrier concentration in the absorber layer N, has
been experimentally determined from CV-measurements and assigned to 2 - 10%® ﬁ How-
ever, some authors report that capacitance measurements 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 E, 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 um with the SCR width of about 0.3 um.

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) SCR with a front grading due to the in-depth S-variation;
(2) QNR with the uniform Eg i, = 1 eV (this value has been justified by EQE- and spectral PL-
measurements); (3) graded due to a Ga-gradient.

| L L L LT gy 1 1 |

0 Ga — grading EQNRﬁiSC\R\

—— E uniform
_2 | | = Ey uniform
=== E. graded
=== Ey, graded

energy in eV
I
—_
T

distance in um

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 profile.

gions are L,; and L,;, respectively, as will be explained in the next subsection; x = dg( is the
position of the back contact which is characterised by the back contact recombination velocity
Sp- The graded region presupposes quasi-electric field 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 electrons which describes the particle flux density and generation / recombination
rates throughout the absorber layer is given by [34]

on(x) 1 djp(x)
5t = n(x) — Up(x) + 7 dx

(4.1)

The diffusion process of electrons in the field-free region of the absorber is characterised by the
diffusion length L,. 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
67;(:) = 0, implying the generation rate G(x) = 0, and recombination rate U, (x) =

@. The electron current density J,, is composed of the diffusion term J;, 4i(x) = qDj, - dZ—;x)
n

must be zero
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and the effective force field term J,, gire = quE - n(x). In the discussed case, the latter originates
from a quasi-electric field due to the CB edge gradient as a result of the Ga-grading. Thus, under
the assumption of a constant electric field E=const the equation reads:

dn(x) kT d?n(x)
o E - .

n(x) kT dn(x)\  n(x)
B . >__ Tn * dx Mg Taxe (4.2)

d
0= T—+,Lln'a<n(X)E+7 dx

n

With ansatz n(x) ~ exp (;—x) and after some mathematical manipulations Equ. 4.2 can be
rewritten as
) kT
Ly + TatinE - Ly — pn Ty - 7 =0 (4.3)

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

nkT
—TninE £ 7y - \/(:unE)Z +4- urn_q
Lniz = 2 (4.4)

Next, two situations can be considered:

e £ =0, field free region
Assuming no electric field, 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 D,, and lifetime 7,, of charge carriers, i.e. L,;, =
im. Two identical solutions with the opposite signs mean that excess electrons
can move either direction, towards the main junction and/or the back contact in the QNR.
According to Figure 4.2, it corresponds to L.

e E # 0, back surface field region
In the presence of the quasi-electric field 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,, = u,, - %T, one gets

ToUnE D
Ly = "‘;" -1+ J1+4~—“2E’2‘T (4.5)
n n

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

- positive solution

1 4D, 116D\ W (46)

Lo, = (-1+1+= ~ ~ L,
nily 2 < 2 E2uzt, 8E4u;‘1‘[,21> E
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where V; = *'is the thermal voltage. The expression 4.6 defines the effective diffu-
sion length ogelectrons moving towards the back contact against the quasi-electric
field 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
E

Loy =—1%- A (4.7)

T
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 field and to evaluate
its efficiency with respect to the obtained diffusion lengths in the graded region, one can assume
AE; =0.4 eV (following the GDOES data for the studied samples) and the width of the graded re-
gion of d = 1.0 um. A constant electric field of E ~ 4-103 Vcm™?! can be obtained. The estimated
diffusion length of electrons towards the back contact will be then Ly,;;, = VE—T ~ 6.5-1072 um.
This expression implies that due to effective force fields induced by a proper Ga-gradient the
diffusion length of electrons becomes Ly;;, < Ly. Self-evident, a reduced back contact re-
combination will lead to an improved device efficiency, 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
Lpy =Ly (Ln . VE—T> ~ 25 L, which describes clearly the available potential of a strong back
surface field.

Résumée

An optimised charge carrier transport throughout the absorber layer is one of the benefits of
graded gap absorbers. A quasi-electric field 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 device V... On the other hand, drift-assisted diffusion of electrons
towards the collecting junction is possible leading to a better collection efficiency, and therefore
increased photocurrent.

4.2.2 Back contact passivation due to a Ga-grading

Recombination at the back contact is one of the efficiency limiting processes which directly
affects the device V.. The passivation of the back contact has to be considered (beneficial)
when (a) the back surface recombination velocity, Sy, is too high (the enhancement of V. 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, L, 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 definition of the diffusion length
L, = m has to be replaced by the effective diffusion length, Ly, as follows [33]:

cosh(I™1) + s, - sinh(I™1)

Ly = . )
" s, - cosh(l™1) + sinh(I71)

(4.8)

where sy, =S, - L, /Dy, and | = 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}, and therewith V,.; moreover, to
assess the relevance of the back contact recombination S, with respect to these two parameters.
To analyse the impact of the effective diffusion length L; and back surface recombination Sy, the
definition of V. 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 V. and
Ly, is given by [33]

E, kT D, NN
_Zg _.1n<—q n e ”> (4.9)

9 q JseNaLn
To demonstrate the correlation graphically, the values of V., Eg, Jsc and N, are readily available
from the experimental data, whereas the other parameters are as described in Section 4.1. The
impact of S, on L}, can be deduced from Equ. 4.8. Two situations can be distinguished:

e Sp high, therewith Equ. 4.8 simplifies to
Ly, = Ly - tanh(l™1), (4.10)

e Sp negligible, therewith
L}, = L, - ctanh(l™1) (4.11)

The situation for S;, high has been derived by neglecting the summands not multiplied by
Sp, and vice versa for the situation with S low. High back surface recombination implies
Sp = Spmax = Vin, Where vy, is the thermal velocity. Meanwhile, reading S, low means S, =
0 what is an idealised case of the perfect back surface passivation.2 However, in real solar cells,

low back surface recombination has to be given by Sy, i, = vtho-ng,bulk with o being the charge
carrier capture cross section and Ng,,x being the defect density in the absorber bulk. [34] In
the course of this work, Sy pigh = 10° % and Sy, ow & 102 % are used.

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

10 |-

— high S,
8 — low Sy,
6 |

g
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0 [ —
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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 V. 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 the moment), a region without an E¢ gradient (this
region is referred as a grading notch in literature and has a uniform E,=E, i, and a region with
a graded E;. 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 V. for high (blue line) and low
(red line) back surface recombination. The corresponding relative V. changes are shown with
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
[ is equivalent to a QNR part of the diagram whereas the region Il 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 fields and give rise to the additional
currents. Herefrom one can assume that the field in the region Il is equal to the gradient of E
whereas there is no electric field in the region 1. Hence, the current density J,; in the region I
will be determined by the diffusion component and can be written as:

dn,

Jnt = qDy, - E (4.12)

with the position-dependent electron concentration dn;/dx. Accordingly, the current density
Junr in the region Il will consist of the diffusion and drift components and can be defined as:

dny;
Jnir = qDy - _X + qunE - ny; (4.13)

d
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 field E. The electron diffusion
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from the edges of the SCR follows an exponential voltage-dependence which can be written as

n? qv
n, (V) = N exp *T (4.14)
a

x = 0ischosen at the border between the uniform and graded regions. The width of the uniform
layer is d. The diffusion lengths in the region I and II are L,; and Ly, respectively. An ansatz to

solve the equations for the regions I and II can be defined as follows:
X

(D n;=A-exp (%) + B - exp (L_—), and
nl

nl
—X

= ) + D -exp .
nlly Lngi-
For the boundary conditions, the following assumptions can be applied:

(IDn;;=C- exp(L

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? qv —d d
n(x =—-d) = NPT )= Aexp L_I + Bexp L_I (4.15)
a n n

2. the electron concentration at x=0 from both sides is equal according to the current conti-
nuity requirement
nx=0)=n;(x=0->4A+B=C+D (4.16)

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

D

LnII— LnII+

Dy
Jix=0)=J(x=0)~ qL—'(A—B) = QMnE‘(C+D)+an'<—

ni

> (4.17)

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

_ _ dny;(dpc) _
Ju(x =dgc) =q | Dy - dx + nE -1y (dpe) | = —qSp - i (dpe) (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 E #
0 and the back contact recombination velocity S;, # 0. However, in case of a strong electric
field (E > 103 %) 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 semiinfinite
case. Inserting the ansatz into Equ. 4.18, one can see that the ratio % atx = dgc is ~ 1073 for
E>1-103 %, 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 field higher
than 103 %, in the following discussion the D-term is set to 0 and the boundary condition (4)
is neglected resulting in the semiinfinite case. This will simplify the system to 3 equations. The
procedure to calculate A, B, and C coefficients 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 field strengths.

and separating A, B can be readily calculated:
D
np(V) ’ (L_:I - y)
D, —d Dp d\’
(F2y) e (i) + (22 -9) e (32)

wherey = pu, - E — LD—". Afterwards with knowledge of B, A and C can be defined. Those are
nll

B =

(4.19)

Dy
(52 +7)
Dp, —d Dp d’
(L—n, + y) $eXp (L—n,) + (rn, ‘y> $eXp (L—n,)
Dy
2- Tl.p(V) . L_nl

PN exp (Z2) + (22— y) - exp (L)
() e (55) (22 -9) e (i)

The diffusion current with a back surface grading becomes:

 d)=aD dn(x = —d) _an A —d B d 4.22
Jaigg(x = —d) = q n( P >_Ln1.< -exp(L—nl>— -eXp<L_nl>> (4.22)

A=

(4.20)

C =

(4.21)
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Substituting coefficients A and B in Equ. 4.22 with the expressions from Equ. 4.20 and 4.19,
respectively, one gets:

D : L Y —a
_q& n_LZ (L_nl+y) exp<Ln1) (Lnl y) exp<Ln1) 'EXP(ﬂ
Lng Lng Lng Lng

withy = yu,F — LD—”. The benefit of a back grading can be realised when the electron injec-
nil

tion to the back contact is prevented by a back surface field, and hence no current is injected to

) (4.23)

the back surface region. In such a situation, the effective diffusion length of electrons towards
the back contact in the region Il has to be much smaller compared to the one in the region
I, Lo, < Ly Under this assumption, Ly, = % (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 contact without a back grading,
whereas the red curve depicts the situation with a back grading. The dashed green curve repre-
sents the portion of electrons which were reflected by the onset of the electric field 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 significantly slower in the direction of the
grading onset. Due to the reflection, 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 as might have been expected, but a large value which
decreases rapidly contributing solely to the recombination current.
Under these conditions, y — 0 and Equ. 4.23 reads:

d
] D, n? <qv> exp (i) —exp (72) Dy nf (W>t h<d>
= g2 Tewp [ 2 ) =—q-——exp| -— |-tanh | — ).
dift = =7 N P et exp (i) + exp (L—_d> ULt Ng P\t Ln;

Lng nl

(4.24)

From Equ. 4.24 one can see that the diffusion current with a Ga-gradient ] gir_graq is equal to

the diffusion current without grading, i.e. with a uniform bandgap material, ] 4; multiplied by a
certain factor which can be expressed in the following way:

it d
Jaittgrad _ oo <—> (4.25)

Jaite Ly

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

. ) ) . . . d .
Jaift—graqa @nd Jqigr is described via the hyperbolic tangent tanh being a function of the - ratio.

n

. L . : d .
From Figure 4.7 it is clear that a back grading becomes irrelevant when the T ratio exceeds

n
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Figure 4.6: Impact of a back grading on electron diffusion. Electron concentration versus ab-
sorber thickness.
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Figure 4.7: Impact of a back grading on diffusion current as a function of the QNR thickness
over diffusion length ratio.
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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 V. 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 findings 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 benefit
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 L,. For ultra thin absorbers % <05a
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 the Ga concentration and its in-depth distribution. The gener-
ation function is determined by the local bandgap energy which depends on 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 L, and the distance to the col-
lecting junction x in the case of a uniform absorber. Thus, the presence of a quasi-back surface
field due to a Ga-gradient can affect the collection function by reflecting the photogenerated
electrons in the direction of the collecting junction, reducing back surface recombination and
modifying the diffusion length L, of minority charge carriers. [34, 89]

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

£.(%) = exp C—:) . (4.26)
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In case of absorbers with a back grading, it is more appropriate to define a drift-diffusion length
L, g- [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 L,;;). The parameter values are adjusted to fit the parameters
of the investigated solar cells. The discussed figure demonstrates the benefit of the presence of
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Figure 4.8: Impact of effective force field on the collection probability in comparison to a
diffusion-limited case of a non-graded absorber.

an appropriate electric field 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 S;, 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 regions may differ significantly
and have to be defined 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 field on the back surface recombina-
tion velocity S,.

The collection function can be defined using the reciprocity theorem for charge collec-
tion. [88] According to the theorem, the continuity equation for the collection function f;(x)
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reads:
(@) L@ fek)

Dn dx? ~ Hk dx T,

=0 (4.27)

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

fc(x) ~ exp the solutions are

n

T, U E + /(7 E2+4TD
e, = Tnltn V( ngn) n (4.28)

Again, two situations have to be considered:

E = 0, field-free region
12 = +/D,T, (4.29)

The solutions for the uniform region are identical to the ones in Section 4.2.1.

E # 0, back surface field region
After applying Taylor expansion the expressions read as:

positive solution:

fc ﬂnETn Dy, ~ HnETy 1 4‘Dn

(4.30)

e BV, E
~ UnkTy + E~n]/} E nVT

e negative solution:

Er D Et 1 4D 7
e, = Hnztn, 1—J1+4’ n_ | b "~<1—1——« n )z——T (4.31)

2 T, E%us 2
In accordance with the obtained solutions the ansatz in the corresponding parts is

e uniform:

—X x
fcr=C1- exp( ) +C2- exp( ) (4.32)
LnI Lnl

—x —x
fenn = €3 - exp (Lfc ) +C4-exp (Lfc >, (4.33)
nil, nli

e graded:
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where Lff‘l is the diffusion length in the uniform region, Lflcl and LnII are the effective diffusion
lengths in the graded region.
The boundary conditions will be defined in agreement with Figure 4.2.

1. The collection function at the SCR edge -d equals 1, f;(—d) = 1:

d —d
C1- exp( )+CZ exp( > =1 (4.34)
Lnl LnI

2. According to Equ. 4.27, the collection functions at x=0 are equal, f¢;(0)=f¢;;(0):
Cl+C2=C3+C4 (4.35)

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

dfer(0) _ dfeu(®)

= 4.36
dx dx (4.36)
Therefore,
fc Lfc
—-C1+C2=-C3- - C4- (4.37)
Ln11+ LnII_
4. According to the reciprocity theorem [88]

dfcu(dec) _ _Sp

——— = —5 " feu(dgc). (4.38)

dx D,

Thus,

d 1 S —d 1 S
-C3- exp( ffc ) ( 7 Db> C4- exp( fCBC> ( P D—b> =0 (4.39)
Ln11+ LnuJr n L Lo n

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

ficients are

fc f fc f
d Dp—Sp-L L,§ -d Dp—Sp-L L6
eXp <_ fgC > . < nfc Tl”+> . ( fz[ + 1) eXp( BC> < TlfC nil— X fg[ + 1
Lair, Lajr, Dn Lgr_ LnII Lafi_Dn L1,

= denom
(4.40)
fc fc fc fc
dpc Dn—Sp-LyS; Ly, —dgc Dn—Sp-L5; 4
oo () () () o) (i) (2 )
Ladnr, Lujr, Dn Ladr LnII Lajr_Dn Loty
C2=-—
denom (4.41)
d Dp-Sp-LLS '
exp BC nf nil_
nII Lnfi_-Dn
(3=-2- (4.42)

denom
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fc
ex —dpc \ [ Pn=Sp-Lnir,
p fc fc p
nill 4 nlly =N

denom

C4=2- (4.43)

where
fc fc
d D, +Sp-L d L d
denom = 2 - (exp (— ffc ) . ( - 7o D n”“) . (cosh (Tc) + f;” - sinh (Tc))

Lt Lyt - Dn Ly LnII+ Loy

dpc Dy —Sp - L{1CII+ d L];EI . d

el e )\ Tk s\ e ) T e s e

LnII+ LnII+ Dy Ly Ln11+ Ly

(4.44)

Using the coefficients 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 field strengths and the back contact recombination velocity of
S, = 1-10° % ForE = 1-103 % the f; starts decreasing already in the uniform region
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Figure 4.9: Impact of effective force field on the collection function with respect to the field

2
strength. In the calculations, S, = 10° % and p,, = 100 % are used.

and falls down to about 10 %. For higher electric fields, 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 field 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 dg 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 the main junction.
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Figure 4.10: Ratio of the contribution of the C4/C3 terms with respect to varied electric field
strengths and back contact recombination velocities.

The expression is
DTl

’ T thundyE bnSpE (4.45)

1+Iln
Sp

2

g . o D
However, for the electric field strengths considered in this work the term m can be ne-
n'Unob’

glected, and Equ. 4.45 can be simplified to

‘E = H_—un_E (4.46)
Sb
The calculated ratios for different electric field 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 significant loss of photogenerated electrons. With an increasing S, a higher elec-
tric field is required to reflect electrons generated in the graded region from the back interface.
With an increasing electric field 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 field of 1 - 10* % can already provide an effective passivation of the back contact what

is a relevant value for the discussed samples.

Résumée

A benefit of quasi-electric field 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 significantly 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 field and unhindered charge carrier mobility. Quantitatively,
the loss of photogenerated charge carriers can be determined by the reciprocal of the u,, - E over
Sy, ratio which will define 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-
creased Eg the recombination barrier increases, diminishing the recombination events. A sulfur
incorporation into the surface region of the CIGS absorber enhances E, at the absorber/buffer
interface by shifting the Ey maximum downwards. This results in a decreased hole recombina-
tion at the interface as the surface becomes depleted from holes. Such bandgap enhancement
is beneficial 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 V,. by means 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 quantified by defining the bandgap increase AE
and finding the position of the maximum recombination, and therefore the effective bandgap
for recombination. According to SRH statistics, the net recombination rate is at maximum when
the concentration of holes equals to that of electrons n = p (for o, = 0;,) or, in other words, when
the Fermi level Eg is located in the middle 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=w which defines the metallurgical border between p- and n-type semicon-
ductors, the offset of the E; above the Fermi level is AE;

3. the position of the maximum recombination rate is at n = p. This assumption can be
disputed as the values for g, and g, 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 significantly 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 E; can be described
as:

Ec(x) =Eg —a-x?, (4.47)
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Figure 4.11: Schematic band diagram depicting the conduction band E, valence band Ey, Fermi
energy level Ep. The parameters to be used in analytical modelling: Eg is the principle bandgap
energy; Eg is the energy between the conduction band E¢ and Fermi level Ep at x = 0; Eg ¢ is
the effective bandgap for nonradiative recombination at the position Egy/2. x = 0 indicates the
onset of the space charge region, and x = w - the CIGS/CdS interface with E¢ being an offset of
the E¢ above the Eg.

where Eg = E¢ — 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 E is given by a parabola. The x-axis is
aligned with the Fermi level Ep and set as a reference zero-energy level. a is the bowing co-
efficient. From the assumption that Ec(x = w) = Eg —a- w? = AE,, the coefficient a can be

. Eg—AEc
defined as a = “£=——=

. In order to satisfy the requirement for the maximum recombination
probability, the position of the Fermi level at location x; has to be in the middle of the bandgap
Ep(X9) = Eg/2. Thus, knowing the expression for E¢(x) and equating it with E¢(x()/2, the ef-
fective bandgap for non-radiative recombination can be found by defining x,. The expression
for the position-dependent conduction band E((x) is given below
E,; — AE
— 2 _ g1 c . .2

Ec(x) =Eg—a-x*= gl—T-x. (4.48)
From Equ. 4.48, the position of the effective bandgap for non-radiative recombination x, for
non-graded parabolic bands can be estimated as given below

2E, —E
x0=w-\]# (4.49)

2 (Eg — AEC)
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In order to evaluate different grading profiles, the corresponding expressions for E,4(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) = Ego + b - x2, (4.50)

where Eg is the principle bandgap in the non-graded region, b is the bowing coefficient. The

increase in the bandgap energy at the positionx=wis equalto AE; = E;(W)—Ego = b -w?2. The

coefficientb is equalto b = AE, /w?. Therefore, using Equ. 4.48 for the description of E-(x) and

equating it with the half of the expression in Equ. 4.50 the following equation can be obtained:
Egr — AE¢ 1

FE., -9 = . y2_-_.(F +—AEg- 2 4.51
g1 w2 x_z g0 " 2 X (4.51)

This equation can be rearranged in order to deduce x;

2 M E E
gl go A
J{ M -52

Opar = W \]2 “(Egr — AE¢) + AE, ( )

After inserting X ., into the expression of E,(x) with a graded parabolic bandgap structure (see
Equ. 4.50) the effective bandgap for non-radiative recombination E4(%¢) can be determined as

given below:
2E,, — E
: L (4.53)
2(Eg; — AEC) + AE,

Eg,par(xo,par) = EgO + AEg

The relative increase in the effective bandgap for recombination indicates which part of
the overall bandgap increase AE,; (AE is defined as the difference in E, 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 efficient a grading
profile. Hereafter, this parameter will be used to assess the efficiency of different grading pro-
files.

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

(AEg_reC 2E45 — Ego (454)

AE, )W 2(Eg — AEc) + AE,

It is interesting to mention that assuming E4y = E4 and AE; < Eg, the relative increase value
increases by 0.5 if AE; — 0 which is defined as the maximum threshold for this grading profile.
If a linear increase in E; is assumed, an in-depth variation of Eg;;, (%) is given by

Egiin(x) = Ego + ¢ - x, (4.55)
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where c is the grading coefficient and equal to ¢ = AE;/w. Analogically to the parabolic case,
from the equation

E, ; — AFE 1 AE
gl C 2 g
EgI_T‘x _ E'(Ego'f'T‘x) (4‘56)

Xo,1in €an be found after solving the obtained quadratic equation with the positive solution:

—AE, + \/AEﬁ —4(Eg; — AE¢) - Ej

in =W- , 4.57
xO,an w 2 . (Eg] _ AEC) ( )
where Ej = %  Ego — Eg;- Then, for the linearly graded bandgap structure

. T —AE, + \/AEE, —4(Eg; — AE) - Eg -
g,lin(xo,lin) — Lgo + g’ W — Lgo + g’ 2. (Egl — AEC) ( . )

with the relative increase in the effective bandgap for recombination equal to
< A Eg,m> —AE; + \/AEg —4(Eg; — AEe) - Ej 459)

AEg ). 2-(Eg — AEC) '

Assuming Eyy = Eg and AE; < Eg, the relative increase value increases by % if AE- — 0 which
makes a linear grading profile the most efficient one.

According to the GDOES measurements in Figure 3.3 the S-distribution in the absorber im-
plies an exponential grading of the bandgap E,(x) within 300-400 nm from the absorber/buffer
interface. The exponential grading can be represented as follows

Egexp(x) =Ego+s- (exp (%) - 1) (4.60)

with s and m being the grading coefficients. s can be expressed via m using the expression for

the overall bandgap increase AE

AE
9 (4.61)

oo (2) 1

The expression shown in Equ. 4.62 is approximated using Taylor expansion for an exponen-

S =

tial function with linear and quadratic terms of the series.

x  x?
Egexp(x) =Ego +5s- m + m2 (4.62)
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Equating Equ. 4.62 with Equ. 4.48 and solving the obtained expression with respect to x,
one finds the expression for Xg ey,

* «m?2
—1+\/1—4-E%-(1+4-Eg’ m)

w2-s

Xoexp =W o (4.63)

AT R il
m

w-s

. * 1 *
with Eg = EEgO - Eg] and Egl = Eg] - AEC

The relative increase in the effective bandgap for recombination due to exponential grading
can be assessed as written below:

AE 2m x?
grec 0,exp
s ) R LLB— 4.64
( AE, > w-(2m+w) <x0'ex” T ome ) (4.64)
exp

The expression in Equ. 4.64 depends on the parameter m, AE; and AE. For further analysisitis
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Figure 4.12: Contour-plot demonstrates the dependence of the relative increase in the effective

AEg,rec

bandgap for recombination (

- ) as a function of parameter m and an overall bandgap
9 Jexp

enhancement AE,.

assumed that AE. — 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 Eg ¢-

The dependence between m and AEj is illustrated in Figure 4.12. Taylor approximation
used in 4.62 imposes restrictions on the % ratio, and thereby on the value range of m. To satisfy
the requirement of % « 1, the values of m = 0.5 um are only considered. Increasing the AE,
by 0.5 eV can account for the increase of the effective bandgap for recombination of 0.48 for
m — oo as can be seen from Figure 4.12.
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In order to compare the effectiveness of the studied grading profiles, 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

E

1.0 eV  justified by EQE-measurements

g0
AE, 0.5eV  max difference in E; (between CulnSe, and CulnS,)
Egq 0.8 eV justified by SCAPS and calculations
w 0.4 ym justified by CV-measurements

The efficiency of exponential grading for the given parameter values can approach the linear
one for alarge m as itleads to linearisation of the function Eg ¢, (). This leaves a linear grading
as the most effective grading profile with the maximum increase in the effective bandgap for
recombination approaching half of the overall bandgap increase. The least efficient grading
profile 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 profiles with respect to the effective bandgap for recombina-

. o . . ... _AE
tion Eg 1 and the relative increase in the effective bandgap for recombination % based on
g

the modelling and SCAPS simulation results.

Eg,rec
Grading Model SCAPS(corr.) Aig—b‘;c Remarks
parabolic 1.14 1.14 0.28
linear 1.24 1.24 5
exponential  1.24* 1.24 048 atm- o

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 affinity y(x), effective density
of states N¢(x) and Ny (x), doping density N, (x), transport properties u,(x) and u, (x) and re-
combination kinetics N((x), g,(x) and o (x). Thus, with respect to the presented model, the
following disadvantages can be addressed. This model does not account for the doping density
N, in the absorber layer which can affect the effective bandgap for recombination Eg ., and
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thereby V,.. Moreover, different grading profiles imply varied in-depth N, concentrations, and
therefore Eg; = E¢ — Ep 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 profiles 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 been modelled by a 300 nm thick layer with corresponding grading profiles by keeping
the electron affinity y, constant. The fixed y, in combination with a varied E; 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 fixed to
9.10% ﬁ and in the bulk - 2 - 1016 ﬁ, 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 a minimum doping concentration close to the
CIGS/window junction increasing linearly to its maximum at the CIGS/back contact interface.
On the other hand, the defect layer model in [94] postulates a p*-defect layer with a high density
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 E, of 1 eV in accordance to the EQE-
measurements and calculated Eg-profiles. The back grading at the back contact is neglected to
emphasise a pure front grading effect. The maximum E, at the absorber surface corresponds
to a pure CulnS, material as has been mentioned in Table 4.1.

The corresponding VB in the SCR simulated in SCAPS for the discussed grading profiles are
shown in Figure 4.13. The effective bandgaps for recombination have been determined from the
temperature-dependent V,.-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 V,.(T) char-
acteristics are not straightforward. V,.(T = 0K) will extrapolate to a higher value due to the
temperature dependence of certain parameters. !

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

! According to fundamental semiconductor physics, the effective density of states in E; and Ey, bands, N; and
Ny, 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 profiles.
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Figure 4.14: Simulated V,.(T)-characteristics for different grading profiles.
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Figure 4.14, the extrapolated to 0 K V. 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 . and the effective
increase in the effective bandgaps for recombination % for corresponding grading profiles
are shown in Table 4.2. The correlation between the simulated results and modelling agrees
well proving the relevance of the proposed model. However, it has to be noted that the proposed
model cannot be accurately applied to assess exponential grading with m < 0.5 ym as has been
mentioned above.

Another question which can arise after looking at the simulated V,.(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 profiles are consid-
ered, whereas in the simulations the grading profiles are different which can imply a different
contribution from the recombination current in the SCR and the injection current. In order to
obtain parallel V,.(T)-characteristics in the simulations, following requirements have to be ful-

filled. The doping density in the graded region has to be below 5-101° and the back grading

cm3
has to be present.

Résumée

The most important finding 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 efficient grading profile from the discussed ones is linear. The lowest efficiency has
been shown by a parabolic grading with 28% for the given parameters. An exponential grading

oo (5r)
Js=A-—-exp| —"), (4.65)

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

v, = ~1n<]ﬂ>, (4.66)
q Is

and its temperature dependence is given by Taylor expansion as

AV,
aT

VOC(T) = Vac(TO) + (T - TO) ! (4'67)
The two expressions combined result in the temperature dependence of the effective density of states which in-
creases the slope of the V,.(T) curve by 3 - kT,. The same value has been obtained considering SRH recombination
in the SCR (not shown here). Hence, the extrapolated E; = q - V(T = 0) has to be corrected for 3 - kT, (the same
is valid for the activation energy of the saturation current density J, extracted from the V,.(T)-measurement).
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can be considered as a compromise between the two. Varying the exponential bowing parameter
m the relative increase in Eg ... can be tuned accordingly. This observation gives a useful hint when
the optimization of a front grading is considered as a S-distribution in the SCR plays a decisive role
in the device efficiency by directly affecting V ..

4.3 Verification of the reciprocity relation for graded gap solar
cells

The fabrication of CIGS solar cells with a depth-dependent E, based on sequential processes
can benefit from a process monitoring technique which can be applied already at the absorber
level and predict the performance of finished 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
short mesurement time is ideal for quality control of bare absorber layers. In combination with
the reciprocity relation (RR) theorem from [82] a PL-measurement could be able to predict
not only the device V,, but also its J;. 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 significantly 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 reflected 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
fields 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
E, 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
profiles within the absorber layer as a result of a high processing temperature. Secondly, the
devices with a modified 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 modified 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]:

Pem (Ey) = EQE(E]/) : ¢bb(Ey)r (4.68)
where the spectral photon flux density of a black body is given by

2mE;
e oo (31

with ¢em (E,) being the energy-resolved emission spectrum, and EQE(E,) representing the

by (Ey) = (4.69)

measured EQE.

The RR theorem relates the electroluminescent (EL) emission and external photovoltaic
quantum efficiency (EQE) from the solar cells. Its experimental validation has been reported
in [95], where the theorem for the first 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 the more general case of combined EL and PL emission. There-
fore, the discussed investigation is of scientific interest for the following reasons:

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

2. toinvestigate whether the RR theorem holds for solar cells with different grading profiles.
The samples with varied sulfur contents imply a graded SCR, that is, a modified surface
only with unaffected bulk properties. To the contrary, the high temperature process leads
to different Ga-diffusion profiles throughout the absorber layers which imply the modi-
fied 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
fields 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-
profiles. The emission spectra have been derived based on the calculated black body radiation
spectra at room temperature and measured external quantum efficiency in accordance with 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 fit well. The shift of the
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Figure 4.15: EQE measurements (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-profiles.

: : BBR PL EQE
Diffusion Eg g Eg, Eg ,

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 and 4.15b, respectively. The GDOES data
of these samples can be found in Figure 3.3 (reference) and Figure 3.4 (45 min and 60 min as
medium and long diffusion, respectively). Therefore, the emission wavelength can be accurately
estimated based only on the EQE measurements which allows accurately monitoring the optical
bandgap. However, there is some deviation in the spectrum shape in the high energy region
which becomes more pronounced with increasing diffusion times. The PL spectra become more
asymmetric and wider compared to the calculated case.

A better fit between the emission wavelengths 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 and medium 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 the process 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-

profiles).
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Figure 4.17: EQE measurements (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 fit better compared to the
results of the samples with different Ga-profiles. The S-incorporation affects mainly the sur-
face region of the absorber leaving the bulk eventually unchanged and leading to the better fit
between the theoretical and experimental results.

Table 4.3 shows extracted bandgaps E; 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

ref med long
Parameter
BB PL BB PL BB PL
U 1.005 1.01 1.022 1.021 1.035 1.049
o 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 fitting has been applied. Peak fitting is a process to extract peak parameters from
an envelope function. A PL peak in eV should reflect the density of states N(E) which are nor-
mally distributed around a mean value. Under this condition, a Gaussian fit to the calculated
spectra can be used. Gaussian function is defined 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, i, which would correspond to the emission wavelength, and
therefore define the optical bandgap; (3) the standard deviation, o, which describes a broaden-
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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 fitting function
to the measurement data. The fitting parameters for the high temperature samples are sum-
marised in Table 4.4. The parameter y indicates the peak emission of the spectra which are in
good agreement with the values in Table 4.3. The standard deviation ¢ of the calculated and
measured spectra is within 0.05-0.08. The fitting 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/  EBBR, L EEQE)
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 fit 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)

no Slow T low Slow T high Slow T med Smed T
Parameter
BB PL BB PL BB PL BB PL
u 1.009 1.006 1.009 1.01 1.01 1.009 1.011 0.014
4 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 calculated ®p; .4
and measured ®p; .45 €Mission 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 the ®p; .,;. can originate from a lower measured

EQE compared to the exected one from the ®p; ;,.45. Theoretically, an EQE ;. 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
U 1.008 1.009 1.016 1.016 1.014 1.021
o 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 ®p; 005 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 the measurement. As
a normalisation factor the ratio of the emission intensities at the energy of maximum emission

of the ®@p; ;045 has been chosen:

(¢} (¢}
EQE,q = ZPLmeas . _ TPLmeas EQEmeqs - S, (4.70)
cI)bb cI)PLcalc

where s is the normalisation factor. The corresponding EQE.; is plotted versus the EQE ;45
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Figure 4.20: Comparison of the EQE measured and calculated from the spectral PL. Normalisa-
tion has been done for the maximum emission of the measured PL spectraat £ = 1.04 eV’.

(which was used to calculate the ®p; .4; for the discussed sample) is shown in Figure 4.20. The
EQE_.q; is indeed higher than the EQE,,.,s- However, the EQE,;. is > 1 what contradicts the
definition of EQE. This discrepancy will be discussed in the following.
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Figure 4.21: Schematical comparison between the excess charge carrier and the collection func-
tion profiles with respect to the bandgap profile in the QNR.

In order to continue a discussion on the deviations in the measured and calculated emission
spectra possible reasons for a low EQE which 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.
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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 profile which defines the quantum efficiency. Both char-
acteristics in their turn strongly depend on a bandgap grading profile. Figure 4.21 reproduces
schematically a bandgap profile 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 profile 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 profiles in the graded region could ex-
plain significant 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 profile 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 E;) what is opposite to the observed case.

3. The violation of
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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 significant 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 (u, =

2 2
102 %, blue line) and reduced (u,, = 1073 %, red line) electron mobilities. 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 (T) and EL (1)
emission intensities. An increased n,;, concentration as a result of a low electron mobility will
give rise a higher PL emission in a graded E4 region whereas an EQE yield will be degraded as

a consequence of a hindered collection due to a low electron mobility. A considerably reduced
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Figure 4.22: (a) Simulated in SCAPS electron concentration n,,, and (b) electron current den-
sity J,, for different p, values. The orange line schematically represents the bandgap profile.
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electron current density with a decreasing y,, in Figure 4.22b which corresponds to the ], also
implies a degraded EQE spectra. The low mobility case fits best to the discussed results.

The deduction of the trapping states which may be responsible for the degradation of the
carrier mobilities is in agreement with the SEM images in Figure 3.2 where much 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 y, 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 fit 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 fit
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 handled with care when applied to solar
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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.

The main conclusion which can be deduced from the experiment and verified 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 profile 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
1

vz

The QNR is left unaffected, therefore no degradation of absorption and photocurrent collection

as = —= of the overall bandgap increase based on the evaluation of different grading profiles.
is expected. This finding 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 E offset between the absorber and buffer layers has to be investigated thouroughly.
Next, the mathematical definition 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 profile
differs from the one of the collection probability. This finding 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



4.4 Conclusion 85

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 fit to the experimental obser-
vations though. This theory could be also supported by the SEM images of the investigated
samples which reveal a finer granularity close to the back contact region.

With respect to a back grading, it has been mathematically shown that an appropriate back
gradient can significantly reduce the back contact recombination by limiting the diffusion cur-
rent density towards the absorber/back contact interface, and thereby enhance the device V.
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 field) 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 profile by reflecting photogenerated charge carriers
towards the main 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
thatin the presence of a back grading which leads to drift-assisted diffusion of minority carriers
towards the main junction the collection probability can approach 100% with an appropriate
back grading. The expression which relates an electric field 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 shape was widely accepted to fabri-
cate the devices with the world record efficiencies. A grading notch aims at improved absorption of
low energy photons to recover ] . and to boost the cell efficiency. An increased annealing time dur-
ing the sequential absorber deposition process at high temperatures reduces a Ga-accumulation at
the back contact, and therefore the back surface grading, by enhancing a Ga-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 find 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 Enhancement of the effective bandgaps for recombination and
current collection

5.1.1 Motivation: Ga-induced increase in a bandgap energy E,

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 V. is given by Equ. 2.16. The effect of an increasing bandgap
on V. can be seen in Figure 5.1. With an increasing E, from 1.0 eV up to 1.4 eV, the V. 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)Se, quaternary material possesses outstanding features.
Reasonably high efficiencies 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 CulnSe; one. A
vast amount of experimental works has been dedicated to study the influence of a varied Ga-
content in graded and uniform Cu(In, Ga)Se;, absorbers on the performance of solar cells. [98,
68, 99] The results confirmed a V. 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 V,.(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 first published attempt (to the author’s knowledge) to flatten an un-
intentional Ga-gradient has been made by a Taiwanese group in [99]. The authors claimed that
flatter Ga-profiles give rise to the higher V. x ], 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 proficient manipulation of the absorber bandgap profile is an important prerequisite for
the further advancement in achieving high efficiencies. A strong influence 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 final device performance. [105] In this context, a
Ga-redistribution both in the uniform and graded absorber profiles 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 profiles 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 under white light illumination were measured. Figure 5.3 repro-

Table 5.1: Performance parameters of the studied solar cells.

Annealing  V,., Jon(EQE), FF, A, Jo Rsp, Rs,
time [mV] [mA/cm?] [%] (dark/Jsc-V,e) [mA/cm?] [kQ-cm?] [Q/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, Ry}, and R, the values were extracted from both dark and light measurements
and are given slash-separated as "dark / light measurement”. Ry parameters have been deter-
mined following an approach proposed in [106]. A conductance over current, G/J4, was plotted
versus conductance G in order to get a better approximation to the steep slope as compared
to a conventional Rg = dV/d]4 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 V,. value of
about AV, . = 30 mV with increasing annealing times. The ideality factors A have been extracted
fromJ. — V,.-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 influences recombination processes in the absorber layer.
However, the impact of R, 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 V. — J;.-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 reflect 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 significantly higher, A ~ 2.5, compared to those from V. — J.-
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 resistance Ry, = 0.26 kQ-cm? compared to the high
temperature samples with Ry, = 0.56 kQ-cm?. Itis acommon observation 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, Ry, significantly decreases for all three
samples. To the contrary, series resistance is comparable within the tested devices and remains
invariant under illumination. The light-induced current, ] ., 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 1.5 mA/cm?. Correlating improved V. and de-
creased J,p,, the following interpretation of the experimental results can be proposed. 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 V. improvement is the increase of the net acceptor den-
sity. Capacitance-voltage (CV) measurements can provide information on the depth profile of
the doping distribution and the space charge width as has been described in Chapter 3.2.1. The
CV-measurements and calculated doping profiles of the discussed samples are reproduced in
Figure 5.4. The value of net acceptor density N, is estimated from the minimum of the U-shape
doping profile plotted in Figure 5.4b. The doping concentration N, 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 1-1016 C# Such minor deviation in the doping concentration is
notable to explain the V. improvement of around 30 mV since the change in the doping density
by one order of magnitude is expected to change V. at about AV,. = (kT -log10)/q = 60 mV.
From another side, changes in recombination rates or dominant recombination mecha-
nisms can be also responsible for the changes in V.. In order to investigate the impact of Ga
on the V,.-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 defining 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 V. and the activation en-
ergy E, can be deduced from the fact that at open circuit conditions the total recombination
current completely compensates ], and V. at a given illumination intensity can be written as

E, AkT <]00>
V,=—2—-" _.log|= 5.1
oc = p g T (5.1)

In this case, the activation energy of a dominating recombination process can be deter-
mined from the temperature dependence of V. by extrapolating its value to 0 K. Figure 5.5
shows V,.(T)-curves of the investigated devices with dashed lines extrapolating them to T =
0 K. 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 finding is consistent with
the aforementioned surmise of the bandgap widening and the measured V. values at room
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Figure 5.4: Capacitance-voltage characteristics (a) and doping profiles (b) of the devices with
different annealing times

temperature. As can be seen from Table 5.3 an increase in the bandgap by 30 meV corresponds
to the V. improvement by = 30 mV.
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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 quantifies 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 E, (Eg i,) 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 coeffi-
cientand 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 E, from EQE response. To extract the bandgap from the EQE spectra three different
methods will be compared. The above mentioned approach to extract the effective bandgap for
absorption and photocurrent collection uses the relationship between the absorption constant
a and the bandgap E, for direct transition:

(Epn - EQE)? « E,p, — E, (5.2)

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

[Epp - In(1 — EQE)]? « Eyp, — E (5.3)

Method Il is based on Equ. 5.3. However, both Equ. 5.2 and 5.3 assume constant absorption
throughout the absorber depth whatis not the case for graded bandgap absorbers. An analytical
model for quantum efficiency in double graded bandgap solar cells has been developed 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:

2 £/2]""°

—In(1 — EQE "3

 Epp — Eg, (54)

where B is the constant for fundamental absorption and equals to 5 - 10* cm~1eV~1/2, B is the
grading parameter which is determined as f = (Egpack — Eg front)/d With 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}, 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. Egfonc was calculated analogically to the E, at the back contact. The
extracted E, 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 V,.-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  MethodI MethodIl 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 V,.(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 CulnSe, as well as for CuGaSe,
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 confirmed 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 10 meV.

Table 5.3: Extracted bandgap energies

Annealing  V,., E (T =0), EZ(EQE), E4(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 V,, 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 V. values by 32 mV with increasing annealing times correlates with the increase
in the energy bandgap by 30 meV 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 E; 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 V. due to the outdiffusion of Ga from

Zcorrected for 3 - kT.
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the back contact towards the frontinterface correlates almostlinearly (AV,./AE, — 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 V. 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 E,.

The correlation between the relative increase in V. 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 V. by widening the E, as has been observed
from the temperature-dependent V.. 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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Figure 5.7: Correlation between the relative increase of AV, . at room temperature versus optical
and electrical bandgaps with respect to the reference device for different annealing times.

sorption processes in order to achieve a trade-off between the device V. and ] . cannot be realised
solely by the thermally-induced flattening of the Ga-distibution profile.

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 for majority charge carriers (holes) and to repel minority 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 V. 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 digram with such a passivation layer. The layer
thickness used in the simulations is equal to 100 nm with E, of 1.68 eV which corresponds to
the pure CuGaSe, material. An insertion of a wide bandgap layer with a uniform E, is a very
rough representation of a Ga-segregation at the back contact, but it is very demonstrative when
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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Figure 5.8: Band diagram for a standard CIGS solar cell (without Ga-grading) with a back contact

barrier.

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 coefficient, 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 as W, Ta, and Nb) to use as alternative back
contact materials have been made by K. Orgassa. [113] Good results were obtained with Ta and
Nb films as their reflective properties turned out to be superior to those of Mo and W films
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 V., whereas the back contacts with Mo and W seemed to provide a sufficient 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 MoSe; 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 MoSe, 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 cell with a back contact barrier is illustrated in Figure 5.10. The fingerprints
of the Schottky barrier at the back contact which can be observed from JV-measurements espe-

cially at low temperatures are following:

e S-shape of JV-characteristics. In particular, a blocking behaviour of the forward current;

e aV .-saturation with 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 influence 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 influence 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, first of all, on FF
and V.. 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 contactissues. [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 for majority carriers which 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: flat bands, flat bands with a Ga-step, a back contact barrier, and a
back barrier with a Ga-step. 3

Under flat 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 V. of about 700 mV. An
insertion of a Ga-step improves the V.. by 40 mV. However, an introduction of the back bar-
rier height of 300 meV leads to a significant degradation of V. (40 mVl’) 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 300 meV (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 figure, but V. increases compared to the flat 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 V. is demonstrated in Figure 5.12. As has been dis-
cussed above, a Ga-accumulation at the back contact can modify the band alignment at the back
contact/absorber interface. Therefore, the Suns — V .-characteristics have been simulated for
three cases: flat bands, a back contact barrier, and a back contact barrier with a Ga-step. In-
troducing a barrier height of 300 meV, while keeping other parameters same, degrades V,. by
approximately 40 mV at 1 sun. It is interesting to note that at low intensities, the slope of the
Suns — V,.-curve with the back barrier differs significantly 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 significatly
smaller than the normally observed values what can be deduced from the slope approaching oo
when with a back barrier V. 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 V. but slightly improves them.
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Figure 5.12: Simulated Suns — V. -characteristics for three cases: the flat 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 V. saturation based
on SCAPS simulation.
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The Suns — V,.-measurements emphasise a role of a Ga-gradient in the V. 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 V. at temperatures below 240 K where the V. saturation is usually observed. [118] In
this simulation, the barrier height is intentionally enlarged up to 400 meV in order to intensify
its impact on the device V.. According to [123], the height of the back barrier can be easily esti-
mated from the temperature-dependent characteristics of the device V,.. The extrapolation of
V, to 0 K gives an activation energy for the device with the flat band alignment at the back con-
tact. However, for the device with a Schottky contact the saturation ofits V,.(T)-characteristics
at low temperatures is expected. Thus, the extrapolation of the saturating section of a V,.(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 flat band alignment and the
device with 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 (&, = 400 mV) as the V. 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 V. in the presence of a significant
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 find an optimal solution to the problem of the Schottky contact, the require-
ments to the ideal back contact listed above have to be fulfilled. That is, a back contact has to
be able to reflect 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 first requirement and its bene-
ficial impact can be understood as a decrease of minority carrier recombination at the back
contact. However, the hole transport is still impeded as the Ey 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 Al,03 grown by atomic
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layer deposition (ALD) can be an efficient edge passivator due to its induced field effect. The
fixed negative charges in the Al,03 bulk would repel electrons from the rear interface or CIGS
edges if P3-scribing passivation, for example, is considered. Moreover, their first principle cal-
culations indicated that the deposition of Al,03 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 Al, 05 rear surface passivation with nano-sized local point contacts and achieved
an average V,. improvement of 14 mV. The V. 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 Al, 03 film 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, the way 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 samples with direct and
inverse photoemission demonstrated that the absorber/Mo interface is strongly influenced by
the presence or absence of S. [128] This finding 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-
ficial as it acts as an additional measure to prevent photogenerated electrons from recombination
at the back contact. Since Ga affects only the CB minimum, 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 problem with 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 V. at temperatures below 200 K and the satu-
ration of the forward current at values much higher than a possible photocurrent from the back
diode.

A solar cell starts operating in the phototransistor mode when a significant 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 is meant 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.
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Figure 5.14: Experimental intensity-dependent JV-characteristics at 180 K of two devices: with
and without Ga-gradient.

The JV-characteristics of the device without a Ga-gradient in the first quadrant resemble the
output characteristics of a transistor. With increasing intensity the output current increases
reaching the photocurrent values. The measurement fits well with the simulations shown in
Figure 5.11. Furthermore, V. 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 parameter which determines at what temper-
ature the phototransistor behaviour is detected. According to [64], the extrapolation of V. to
0 K 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 V. without and with a Ga-gradient from Figure 5.15, one can see that the sat-

uration of V. occurs at much lower temperatures when a Ga-grading is present. However, to
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Figure 5.15: Temperature dependence of V. 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
difficult as its V. (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 V,.(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
significant influence on the V,.-extraction. This can be easily seen in Figure 5.11 for the case
of "BB + Ga”. Moreover, the intensity-dependence of V. 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
fluctuations [54]. However, since the ideality factor describes to a certain extent the voltage-
dependence of the current flow, 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-diode model
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 J 1, will define the current flow through the device.
When ;. is larger than the diode dark current J4, 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 J; , is much smaller than J4,
the Schottky diode blocks the current flow resulting in the flattening 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 V,.(T)-
characteristics for the device without a Ga-grading shown in Figure 5.15b. Considering this
device, it is easy to see that the flattening of the V,.(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 V,. which are the typical fingerprints 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 significantly 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 V. occurs when the photogener-
ated hole current exceeds the saturation current of the Schottky diode as has been mentioned
before. [58]

The problem with the back Schottky diode can be solved by introducing a wide gap material
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
issue with the back contact diode can be solved, for example, by incorporating elemental S under
optimised conditions to the back contact to ensure the formation of the interfacial layer with
improved metallic properties.

Résumée

Another beneficial 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 the V. saturation to lower temperatures compared to the devices without
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 difficult 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 region and defect states, charging and discharging the defect states may be 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).

Atlow temperatures (90 K-130 K) and high 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
known but can be interpreted as follows. Assuming N, = const, a shift of the Er with increasing
temperatures away from the Ey 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 admittance measurements: (a) frequency-dependence of

the capacitance; (b) temperature-dependence of —w - 2—2 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 w% 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 extracted wy, 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 V,.(T)-characteristics deviate significantly 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 significantly 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-
vices with prolonged annealing times the current flow at 90 K is almost completely blocked. The
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Table 5.4: Comparison of the barrier heights extracted from the V,.(T)- and Cf(T)-

measurements of the devices with different annealing times.

Annealing  ®,c(Cf(T)), Ppc(Voc(T)),

time [meV] [meV]
reference 125 240
medium 95 200
long 92 220
0.15 0.15
§ reference § medium
< 010 < 010}
£ =
oy =y
g 0.05 g 0.05 |
S S 90 - 350K
$ 000 S 000
= =
= =
| (&)
_0.05 | | | | | | |
0 02 04 06 0 02 04 06 08
Voltage in V Voltage in V
(@ (b)
0.15
long
0.10

0.00

Current density in A/cm?

0 02 04 06 08 1
Voltage in V

()

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.



5.3 Conclusions on a Ga-gradient 111

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 influence. In order to show that the roll-
over behaviour of the forward current at low temperatures directly correlates with the presence
of the admittance step the temperature-dependent JV-characteristics of two samples with and
without the roll-over behaviour are reproduced in Figure 5.20 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 question whether 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 steps which 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 the Mo(Se, S), 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 benefits and disadvantages of the presence of a Ga-
accumulation at the back contact with respect to its impact on the overall device efficiency is
not possible as CIGS solar cells based on a sequentially grown absorber with 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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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 V.. This is accompanied by the simultaneous enlargement of the
effective bandgap for absorption and photocurrent collection. However, the consequent
Jon degradation for the studied devices has not been so pronounced.

the correlation between V. 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 significantly 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 the back contact properties by enhancing
the Mo(Se, S), 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 modified 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 finding
and has to be considered for further optimisation of the discussed solar cells.
nevertheless some authors claim a Ga-confinement at the back contact to be a limiting
factor in the sequential CIGS technology, the most pronounced effect of a Ga-accumulation
is the passivation of the back contact and the consequent V,. improvement as has been
shown by the simulations. A significant V. 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 efficiency by means of bandgap engineering. A sulfurisation step is at-
tempted to enhance the device V. 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 Ey maxima shifting the VB edge downwards.
Thus, a S-rich absorber surface will lead to an increased Eq 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 influence 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 H,S 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 E, in the SCR, nevertheless some S-
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accumulation has been also detected at the back contact which modified 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
figure). Figure 6.2 reproduces simulated V,.(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 V,.(T) and EQE data. The increase in the device V,. 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 diagram with a front grading due to the S-incorporation. The effect
of S can be seen in the down shift of the VB.

Vo (T)-characteristics is achieved only if a back surface grading is introduced. With the flat band
alignment and the back surface recombination of 1 - 107 ¢m/s the V,.(T)-curves demonstrate
different slopes without a back grading. A back gradient prevents electron injection to the back
contact significantly reducing back surface recombination, and consequently V. 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) V,.(T)-characteristics and (b) EQE-spectra for two devices:
without (Se) and with a S-rich layer at the absorber surface (Se+S).

vice efficiency 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 bandgap widening at the absorber surface, also referred
to as a front grading, is difficult to achieve due to different reaction kinetics of the binary phases
of CulnSe, and CuGaSe;. [12] A sulfurisation step after the selenisation of the metallic precursor
films is then introduced. The effect of a S-incorporation on the device performance is diversi-
fied. The sulfurisation treatment leads to the formation of the Cu(In, Ga) (S, Se), or Cu(In, Ga)S,
layers at the absorber surface. A wider E; in SCR as well as at the back contact will lead to
higher V. 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 J,,. [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), films, and therefore, a stronger band-bending
compared to the Cu(In, Ga)Se; films. As aresult of the S-induced passivation effect and bandgap
enhancement at the surface, the corresponding films resulted in the devices with higher device
voltages, and therefore efficiencies. 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: H,S gaseous atmosphere and el-
emental S supply. From alternative methods, the sequential evaporation of the In,S3; powder
on top of a Cu(In, Ga)Se, film proved to be an efficient approach for the absorber sulfurisa-
tion. The remarkable improvement in V,. 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 film [67]. This in-
corporation method is preferred when a compositional homogeneity of a film 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 efficiency 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 R, can be attributed to the modified back
contact behaviour when the Mo(S, Se), 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 film 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 film. [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 efficiency by re-
ducing FF. [5] Therefore, a new absorber formation method has been presented which allows
to modulate a Ga-profile 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 flatter Ga-profiles with steeper S-gradients at the surface resulting in the world record
efficiency on module level. [103]

Another perspective implementation of a S-front gradient can be in wide-gap CIGS ab-
sorbers. The wide-gap solar cells suffer from the V. saturation due to a cliff-like band alignment
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 beneficial 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 modification. 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 films improves the
device V,. 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 beneficial 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 different modifications of
the absorber surface. The diode ideality factor, A, series resistance, Rg, and shunt resistance, Ry,
are extracted from the measured JV-characteristics in accordance with [106], whereas the diode
saturation current density, ], 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 the most pronounced impact of a sulfur
incorporation is observed with respect to the V. 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 vary within 1.52-1.84 which
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



120 Impact of a S-incorporation

0| w0
§ 1072} 1B 102} E
< i 1< g 1
g 1073 | 1&g 1073 ¢ E
= F 1+ B - ]
g I ——no Slow T 75 I = no Shigh T b
& 1074 ——lowSlowT | & 107 —— low ShighT | =
S ¥ highSlow T | | S high ShighT | |
10~5 4 10~5 = med Smed T 4
-6 F | | | ] -6 | | | ]

10 0 0.2 0.4 0.6 0.8 10 0 0.2 0.4 0.6 0.8

Voltage in V Voltage in V
(a) low temperature (b) medium and high temperatures

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 V. values also correlate with the lower diode ideality factors and lower dark sat-
uration current densities compared to the less efficient devices. With an increasing S-content
the recombination rates in the SCR decreases leading to the larger quasi-Fermi level splitting,
and thereby higher V,.. Remarkably, there is no significant impact of the sulfur content on
the photogenerated current density as deduced from the comparison of the ], extracted from
EQE measurements. Slight deviations in J,, 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 E,, and thereby the absorption cutoff. The comparable FF and R, in these
devices indicate that there is no 'oversulfurisation effect’ which can result in significant para-
sitic losses. It is somewhat puzzling that R, 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 confirms once again the superior effect of a S-content on the device
performance.

Temperature-dependent current density-voltage measurements 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 V. 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 V. to 0 K which 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.  V,, Jser FF, R, Rqp, A Jo
content  temp. [V] [mA/cm?] [%] [%] [kQ - cm?] [mA/cm?]
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 0472 152  8.8e8
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 V.. The shift in the activation energies by 60 meV corresponds

to the V,. 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

V. 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
V... Adifference in V. values can be also explained by different doping concentrations in the
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Figure 6.6: Capacitance-voltage characteristics (a) and doping profiles (b) of the devices with
different S-contents and deposition temperatures.

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

Sulfur  Temperature V. N, Eq(Voc(0K)), E4(EQE),

content [Vl [1/cm3] [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-voltage measurements are used to estimate the spatial variations
of the doping density in the absorber film by modulating the SCR width by applying a voltage
bias. The CV-measurements and derived doping profiles 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 significantly 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 V. 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 CulnSe, 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 lower wavelengths indicates some widening 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 efficiency 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
Egett = - Vo (T = O0K) and the device V,,. 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 V. follows an upward shift in the effective
bandgap for recombination with 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 V. — Js.-tradeoff.

6.3.2.1 Résumée

A sulfurisation of the absorber surface leads to the bandgap widening in the SCR without affecting
the absorber bulk. A wider Eg4 in the SCR leads to the enhancement of the effective bandgap for
recombination which in turn decreases the recombination probability, and therefore improves
V... 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 on minority carrier lifetimes has been studied by means
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 recombination mechanisms 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 coefficient of ~ 10° cm™?1, therefore incident photons
are expected to be absorbed within the first 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 E; enhancement in the SCR.
A higher E; has to correlate with lower SRH recombination, and thus with changes in minority
carrier lifetimes 7,,. 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 ,,.
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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 significantly. The extracted
minority carrier lifetimes are in the range of 50-70 ns with a higher value for the high S and
high T sample (see Table 6.3). TRPL-decays on the CIGS absorbers deposited atlow 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 V,.-measurements discussed in
Section 6.2.1. The S-free samples from the low and high temperature processes demonstrated
the V. difference of 24 mV for the difference in the activation energies of about 10 meV when
compared to each other.
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Figure 6.10: Correlation between V. at room temperature and minority carrier lifetimes 7,
with respect to varied S-contents and process temperatures for the discussed samples.

The correlation between the device V. and minority carrier lifetimes for the low and high
temperature processes is shown in Figure 6.10. The t,, values have been estimated by fitting
corresponding TRPL decays and calculating the average value for 7,, using the equation:

n
oy = Zt AT (6.1)
2i=1 Ai
with n being the number of decays, and A is the amplitude of a decay section.

For the high temperature samples, a V. 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-incorporation widens 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 V. indicate that the thermal budget of the
low temperature samples is not sufficient. Optimal heat treatment is an important factor which
affects the device performance (mainly V. and t,,) 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 influenced 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 7,, is detected in the sulfurised absorbers compared
to the S-free one. The study of a S effect on minority carrier lifetimes will 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 first 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 samples with absorbers grown at high temperatures (see Figure 6.12).
A strong excitation dependence of the second decay 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 longer whereas an increasing temperature leads
to the shorter PL-transients.

As has been already reported by different groups, the S-free surface of CIGS films 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 7,,. Moreover, the transients can demonstrate a biexponential behaviour with a
short and long decay. The short decay is governed by the electric field 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 flatten, 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-decays measured on the S-free absorbers.

The situation changes when the TRPL-decays are measured on the S-containing films. 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 findings of other
groups [132, 136], S-atoms act as a passivation agent at the surface or at the grain boundaries in
CIGS films leading to better bulk quality and significantly improved efficiencies 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 N, 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 the measurements are conducted
on CdS-covered films, 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 fit 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 V,. at room temperature and 7, with extracted E; from V,.(T)-
measurements for varied S-contents and deposition temperatures.

Sulfur/ Voc(RT), Vo (0K), TpnTRPL

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 V,.(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 V. of a solar cell, and the interface recombination can
be neglected. Then, the correlation between V. and 7,, can be extracted from the expression of
the forward current density J in a pn-junction as described in [53]:

3 D, n? qV +\/F kTn; qV 62
J=a | N P\ 2 TE P\ 2kt ) (6:2)

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

E0=

: 6.3
e (63)

JqNa (205 — Vye)

where ¢ 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 ] is equal to the photogenerated current density ], the applied
bias V becomes V,.. Thereby, by solving this equation the minority carrier lifetime 7,, can be
estimated. This approach to calculate 7, is straightforward, but the temperature dependence
of the material 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 V., Joi, Eg (corrected for
3 - kT), and N,. 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 N,.
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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 the

2
diffusion coefficient for electrons D,,=2.56 %).

The exact estimation of N, from CV-measurements is complicated as has been reported, for ex-
ample, in [85]. Thus, using Equ. 6.2 the correlation between N, and expected t,, is shown for
the low temperature samples in Figure 6.13 and for the medium and high temperatures ones



132 Impact of a S-incorporation

in Figure 6.14. Such a representation allows to see in which doping range relevant t,, can be
expected. In order to compare calculated values with the experiment the points with the co-
ordinates of measured N, and t,, are inserted whose colours correspond to the colours of the
calculated curves. The measured Na values are taken from Table 6.2 and t,, from Table 6.3. The
first observation from the comparison of the experimental and theoretical data is the following.
The measured N, 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 N, 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 N, and 7, values that also confirms 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 contact which 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 significant 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 flattening 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 V. 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 E,(JV(T)), E,(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 admittance measurements 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 200 K. 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
proposed method allows to extract the activation energies of the thermally-activated processes
responsible for the steps observed in Cf(T)-measurements. The characteristic frequencies w,
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 V. (T)- and Cf(T)-measurements for the S-incorporated
sample set is significantly 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 AC 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
influence 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 grown with a different S-supply. However, the SEM images
reproduced in Chapter 3 (see Figure 3.2) do not reveal a significant 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 admittance measurements 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 E, which color corresponds to the color of the corresponding curve.

