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Summary
Thin-film solar cells have the potential to convert (sun-)light into electricity at
low cost. To date, the most efficient thin-film solar cells are based on polycrystalline Cu(In,Ga)Se2 (CIGS) absorber layers. Very important for the achievement of maximum cell efficiencies is the incorporation of a small amount of Na
into CIGS, typical concentrations are of the order of 0.1 at%. The most widely
used and probably simplest method to incorporate Na is to let it diffuse from
soda-lime glass (SLG) substrates through the Mo back contact into the growing
CIGS layer.
A large variety of electronic and structural Na effects have been observed
in experiments in many laboratories, and a corresponding wealth of models for
the actions of Na have been proposed. However, none of these models has become generally accepted so far. Typical, widely observed electronic Na effects
on CIGS are enhancements of net carrier concentration and of film conductivity, and finally improved conversion efficiencies of the devices. Structural Na
effects may contribute to these improvements, often mentioned are increased
grain size and texture due to the presence of Na during growth. However, these
structural effects seem to depend on the details of the processing conditions,
since conflicting results have been obtained in various research laboratories.
In this work, the consequences of Na incorporation on electronic and structural properties of CIGS absorber films grown by evaporation of the constituent
elements were investigated. Different Na incorporation techniques were used,
such that Na was supplied before (diffusion from SLG or from NaF precursors),
during (NaF coevaporation), or after (Na in-diffusion) deposition of CIGS. As
long as the sodium was present during CIGS growth, the amount of incorporated Na had a stronger influence on structural and electronic properties of
the absorber films than the incorporation method. With post-deposition Na indiffusion, on the other hand, no modifications of absorber growth kinetics were
v

Summary

possible, and therefore, microstructural properties were comparable to those of
Na-free films. Nevertheless, electronic absorber properties were also enhanced
in a way characteristic for Na effects with post-deposition Na incorporation
relative to Na-free samples. This indicates that generally the Na-induced cell
efficiency improvements are dominated by electronic effects, probably at grain
boundaries, rather than by structural effects.
The microstructural effects of Na diffusing from SLG substrates were also
found to depend on the CIGS-deposition process: With the 3-stage process,
where interdiffusion of the constituent atoms is particularly important, smaller
grain sizes resulted, provided the film contained Ga. With other growth processes, no clear change in grain size was detectable.
Absorbers with post-deposition-incorporated Na performed particularly well
at lower substrate temperatures, where they were superior to absorbers grown
in the presence of Na. This is probably due to Na-induced retardation of CIGS
phase formation during growth, which may become a severe hindrance at sufficiently low substrate temperatures (below about 450 ◦ C, depending on the
[Ga]/[In] concentration ratio and the deposition conditions). At higher substrate temperatures, however, the presence of Na during CIGS growth led to
enhanced cell performance, although grain sizes were smaller. Since the application of post-deposition Na incorporation for the processing of solar cells has
been used for the first time in the course of this thesis, this technique presents a
potential step towards further improvement of the efficiencies of flexible solar
cells especially on (Na-free) polyimide substrates, where low substrate temperatures have to be used. Promising cell efficiencies of 13.8 % and 14.4 % with
maximum substrate temperatures of 400 and 450 ◦ C, respectively, have been
achieved on SLG substrates with alkali-diffusion barriers.
A mechanism for the action of Na that can explain most of the observed Na
effects is proposed. Two basic assumptions, for which there are experimental
validations, were used: (i) Na passivates grain boundaries and surfaces; (ii) the
solubility of Na in CIGS single crystals is very low, such that Na resides at
grain boundaries. It is shown that Na acting at grain boundaries only can induce
most of the known Na effects, while further contributions, for example from
intragranular sodium, are not required (although it cannot be excluded that they
exist). In particular, the results of post-deposition-treated CIGS layers can be
explained with the proposed mechanism.
vi

Zusammenfassung (Summary in German)
Dünnschichtsolarzellen haben das Potential zur kostengünstigen Konvertierung
von (Sonnen-)Licht in Elektrizität. Die zur Zeit effizientesten Dünnschichtsolarzellen basieren auf polykristallinen Cu(In,Ga)Se2 (CIGS)-Absorberschichten,
welche für die Erzielung von höchsten Wirkungsgraden den Einbau von Na erfordern. Typische Na-Konzentrationen sind in der Grössenordnung von 0.1 at%.
Die oft angewandte und vermutlich einfachste Methode zum Na-Einbau besteht
darin, Na während des CIGS-Wachstums von Substraten aus Kalk-Natron Glas
(SLG) durch den Mo-Rückkontakt in die CIGS-Schicht diffundieren zu lassen.
Eine Vielfalt von elektronischen und strukturellen Na-Effekten wurde von
mehreren Forschungsgruppen beobachtet, und eine dementsprechend hohe Anzahl an Modellen zur Erklärung der experimentellen Befunde wurde vorgeschlagen. Bis heute gilt aber keines dieser Modelle als allgemein akzeptiert. Typische elektronische Konsequenzen des Na-Einbaus in die Absorber sind Erhöhungen der effektiven Ladungsträgerdichten und der Leitfähigkeit und schliesslich ein verbesserter Wirkungsgrad der Solarzellen. Strukturelle Na-Effekte —
oft erwähnt werden grössere Körner und ausgeprägtere Vorzugsorientierungen
— mögen zu diesen Verbesserungen beitragen. Die strukturellen Na-Effekte
scheinen allerdings von der genauen Prozessführung abzuhängen, da in verschiedenen Forschungslabors unterschiedliche Resultate erhalten wurden.
Im Rahmen dieser Dissertation wurden die Auswirkungen des Einbaus von
Na auf elektronische und strukturelle Eigenschaften von aufgedampften CIGSAbsorberschichten untersucht. Verschiedene Na-Einbaumethoden wurden verwendet, so dass das Na vor (Diffusion aus SLG-Substraten oder NaF-“Precursor”-Schichten), während (NaF-Simultanverdampfung) oder nach (Na-Eindiffusion) der CIGS-Beschichtung zur Verfügung gestellt wurde. Solange das Na
schon während des CIGS-Wachstums zugegen war, hatte die Menge an angebotenem Natrium einen grösseren Einfluss auf die strukturellen und elektrovii

Zusammenfassung (Summary in German)

nischen Absorbereigenschaften als die jeweilige Na-Einbaumethode. Mit der
Methode der nachträglichen Na-Eindiffusion hingegen war eine Beeinflussung
der CIGS-Wachstumskinetik nicht möglich, so dass die resultierende Mikrostruktur vergleichbar war mit derjenigen von Na-freien Schichten. Dennoch
hatten sich elektronische Absorbereigenschaften im Vergleich zu Na-freien Absorbern auf eine für Na-Effekte charakteristische Weise verbessert. Dies weist
darauf hin, dass allgemein die durch Natriumeinbau hervorgerufenen Verbesserungen der Zellwirkungsgrade von elektronischen Effekten — wahrscheinlich an Korngrenzen — dominiert werden, und nicht von Änderungen in der
Mikrostruktur.
Im weiteren konnte festgestellt werden, dass die strukturellen Na-Effekte
vom CIGS-Depositionsprozess abhängen: Mit dem Dreistufenprozess, bei dem
eine gute Interdiffusion der beteiligten Atome besonders wichtig ist, wurden
kleinere Korngrössen erhalten, vorausgesetzt, der Film enthielt Ga. Mit anderen
Depositionsprozessen waren keine klaren Änderungen erkennbar.
Natrium, das nach der CIGS-Deposition eindiffundiert wurde, führte zu vorteilhaften Absorbereigenschaften besonders bei tieferen CIGS-Präparationstemperaturen, wo Absorber mit Na aus dem SLG zu weniger guten Zellen führten.
Dies kann von einer Verlangsamung der CIGS-Phasenformation in der Gegenwart von Na herrühren, was bei genügend tiefen Wachstumstemperaturen (unterhalb von etwa 450 ◦ C, abhängig von den Depositionsbedingungen und vom
[Ga]/[In] Konzentrationsverhältnis) die Phasenbildung schwerwiegend behindern kann. Bei höheren Substrattemperaturen führte die Gegenwart von Na
während des CIGS-Wachstums allerdings zu verbesserten Wirkungsgraden, obwohl kleinere Körner entstanden. Da die Methode der nachträglichen Na-Eindiffusion im Verlaufe dieser Arbeit zum ersten Mal für die Prozessierung von
Zellen verwendet wurde, stellt sie einen potentiellen Schritt zur weiteren Verbesserung der Wirkungsgrade von flexiblen Solarzellen dar, speziell von denjenigen auf (Na-freien) Polyimidsubstraten, die eine Beschränkung auf tiefe
Substrattemperaturen erfordern. Vielversprechende Wirkungsgrade von 13.8 %
und 14.4 % wurden auf SLG-Substraten mit Alkali-Diffusionsbarrieren mit Substrattemperaturen von maximal 400 bzw. 450 ◦ C erreicht.
Ein Mechanismus für die Wirkungsweise von Na, anhand dessen die meisten der beobachteten Na-Effekte erklärt werden können, wird vorgeschlagen.
Zwei grundlegende Annahmen, für welche es experimentelle Bestätigungen
viii

gibt, wurden verwendet: Erstens, Natrium passiviere Korngrenzen und -oberflächen, und zweitens, die Löslichkeit von Na in CIGS-Einkristallen sei sehr tief,
so dass Na an Korngrenzen lokalisiert ist. Es wird gezeigt, dass Na, welches nur
an Korngrenzen wirkt, die meisten bekannten Na-Effekte induzieren kann, ohne
dass weitere Beiträge, zum Beispiel von intragranularem Natrium, nötig wären.
Es kann aber auch nicht ausgeschlossen werden, dass solche existieren. Insbesondere die Resultate, welche mit nachträglich eindiffundiertem Na erhalten
wurden, können mit dem vorgeschlagenen Mechanismus erklärt werden.
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Chapter 1
Introduction
1.1
1.1.1

Photovoltaic technology
Evolution of solar cells

A solar cell is a device that converts light into electricity. The first representative
of such a photovoltaic effect was discovered in 1839 by Becquerel, but it took
more than one hundred years until the first “modern” solar cell was produced
at Bell Laboratories in the 1950s [1]. That device was a single-crystal silicon
solar cell with diffused p–n junction, and it was first developed and used for
electricity generation in space. The earliest terrestrial applications emerged in
the 1970s. Silicon solar cells have dominated the photovoltaics (PV) market
since then: In 1999, single-crystalline and polycrystalline Si shared about 80 %
of the sales between them [1].
The Si needed by the cell manufacturing industry came from “waste” material discarded by the electronics industry. In the meantime, the demand of the
expanding PV market has grown so large that new sources of silicon feedstock
must be found. Crystalline Si cells are reliable, efficient and environmentally
compatible devices, but they absorb sunlight relatively poorly. Therefore, unsophisticated cells must be at least 250 µm thick in order to exhibit reasonable
conversion efficiencies, and thinner wafers (less than 80 µm thick) with lighttrapping geometries are too thin to be cut from Si crystals using conventional
cell fabrication technology [1].
1
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1.1.2

Thin-film solar cells and modules

Thin-film solar cells were developed from the 1970s, with the original aim to
achieve a better power-to-weight ratio for space applications. Today, the driving force for development of thin-film solar cells are mainly their potential to
reduce manufacturing costs and material utilisation. The earliest thin-film cells
were based on Cu2 S/CdS and suffered from poor stability owing to the high
diffusivity of Cu. Amorphous hydrogenated silicon (a-Si:H) cells entered the
PV market in the 1980s and today are increasingly challenged by CdTe- and
Cu(In,Ga)Se2 -based cells. One of the problems with thin-film materials other
than a-Si:H is that they are not used elsewhere in the electronics industry. Therefore, there is comparatively little expertise about them [1].
Nevertheless, the presently most efficient (single-junction) thin-film solar
cells are made with polycrystalline CuIn1−x Gax Se2 (commonly abbreviated as
Cu(In,Ga)Se2 or CIGS) or CdTe absorbers. The highest efficiencies reported
for CIGS solar cells to date are 19.2 % under 1 sun illumination [2], and 21.5 %
under concentrated sunlight (14 suns) [3], which are the highest efficiencies
reached by any thin-film cell so far. CIGS solar cells developed from singlecrystalline CuInSe2 (CIS) devices in the 1970s via CIS thin-film cells to the
present devices, where the alloying of Ga to CIS became common after 1990.
With CdTe, cell efficiencies up to 16.5 % were demonstrated [4]. Among the
advantages of CIGS and CdTe cells over single-crystal Si cells is that sunlight
is absorbed much more efficiently in these compounds owing to their direct
band gap (see Fig. 1.1), such that absorber thicknesses of a few micrometres are
sufficient to absorb most of the useful part of the sunlight. The required layers
are so thin that the cells are flexible when grown on a sufficiently thin substrate.
Solar cells are small-area devices. Since the electrical current delivered by
a solar cell depends on the illuminated area, the cell cannot by made arbitrarily large without suffering severe current loss due to the limited conductivity
of the transparent conducting front contact. Therefore, individual small-area
cells must be connected in series, which results in a large-area device (the solar “module”) that delivers comparatively high voltages and low currents. Series
interconnection can be achieved in thin-film modules with “monolithic cell integration” [6], which is considered an advantage in terms of manufacturing costs.
2
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Figure 1.1: Dependence of the absorption coefficient α on the photon energy for selected semiconductors [5].

The costs are potentially further reduced when the modules are produced on
flexible substrates using roll-to-roll deposition processes.
The energy required for the fabrication of thin-film modules is comparatively
low. In 1999, the energy pay-back time (i.e., the time needed for a module
to deliver the same amount of energy as was required for its fabrication and
installation) for thin-film modules with 7 % efficiency was calculated to be of
the order of two to three years, where half of the cost was related to module
frames and array supports [7]. Of course, the energy pay-back time varies with
insolation and module efficiency. It is expected to drop to less than one year
within the next decade.
1.1.3

The need for renewable energy

Mankind needs renewable sources of energy. Today, most of the energy is
generated by burning fossil fuels (coal, oil, natural gas). There is a growing
worldwide demand for energy, while the exhaustion of the conventional energy
resources is only a question of time. In addition, burning fossil fuels releases
greenhouse gases into the atmosphere, while nuclear energy poses environmental problems related to uranium and the storage or disposal of nuclear waste.
The interference of mankind with nature has reached a level that requires urgent
3
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re-evaluation of possible energy supply strategies with a focus on sustainability,
unless major changes in climate and environment are accepted. Solar energy is
the Earth’s major renewable energy resource, therefore, the exploitation of the
energy irradiated by the Sun is the potential key to a sustainable energy production in future. Conversion of sunlight into electricity using photovoltaic cells
emits essentially no toxic or greenhouse gases, it requires no moving parts and
does not produce noise, while the material requirements are extremely low (such
as 1g of semiconductor material per MWh [8]). For example, relative to burning
coal, every GWh of electricity generated by PV would prevent the emission of
about 10 tons of SO2 , 4 tons of NOx , 0.7 tons of particulates (including 1 kg of
Cd and 120 kg of As), and up to 1000 tons of CO2 [8]. Photovoltaic systems can
be installed in principle wherever the solar insolation is adequate, in urban or
rural, grid-connected or grid-free environments, the electricity produced can be
used locally or fed into the grid, and the electricity generation is decentralized
and therefore less vulnerable. In contrast to these numerous advantages, PV has
to face really only three drawbacks [1]:
(i) the intermittence and seasonality of sunlight, which is related to the lack
of inexpensive and efficient methods to store electrical energy,
(ii) its cost, although prices for photovoltaic modules are dropping, and a fair
cost evaluation including indirect costs and governmental subsidies is seldom taken into account, and
(iii) “ignorance”.
Evaluation of the environmental compatibility of any solar-cell system should
take into account the impact of all processes related to the manufacturing, operation, and recycling of the modules. Environmental concerns are often issued
against CdTe solar cells because of the toxicity of Cd. However, the manufacture of such solar cells with zero Cd emission appears feasible, and the compound CdTe is inert and stable up to 1000 ◦ C in air [9]. Also the occurrence
(abundance, form, concentrations) of the required elements in the Earth’s crust
should be taken into account when evaluating the environmental compatibility,
since with large-scale solar-cell production also the required elements must be
extracted in large amounts.1
1

For example, indium as well as gallium, selenium or germanium are sometimes classified as “scattered metals”, i.e., they seldom form any minerals of their own and (today) are mainly recovered as by-products from zinc

4

1.2. CIGS solar cells

Although Cu(In,Ga)Se2 absorbers presently yield highest efficiencies, there
are efforts to replace In, Se and Ga completely or partially with different elements, which leads to compounds such as Cu(In,Ga)(S,Se)2 or Cu(In,Al)Se2 .
The main motivations are that materials with larger band gaps can be advantageous (for example in modules or in space), that Ga is the most expensive element in the Cu(In,Ga)Se2 absorber, and especially that In is a relatively scarce
element [10]. The reserves of In,2 Te, and Ge limit the size of CIGS-, CdTe-,
and aSiGe-based solar-cell systems to a fraction of a few percent of the current
electricity system [10]. The reserves of Ru would restrict electricity production
using dye-sensitized solar cells to 75 % of the current demand [10]. Therefore,
Cu(In,Ga)Se2 solar cells alone will not be able to solve the energy problems
of the future. But they may be important bridges to technologies with greater
potential, and hopefully they contribute to a transition from ignorance of renewable energies to awareness of the need to urgently develop sustainable energy
technologies.

1.2
1.2.1

CIGS solar cells
Principle of operation

The basic component of a CIGS solar cell is the Cu(In,Ga)Se2 absorber layer,
where the conversion of photons (with an energy greater than the band-gap energy of CIGS) into electron-hole pairs takes place. For thin-film cells, polycrystalline, slightly Cu-deficient, p-type material is used. Best cell efficiencies
have been obtained when the CIGS was prepared by evaporation of the constituent elements in vacuum.3 Optical, electrical, and structural properties of
Cu(In,Ga)Se2 and related compounds are described in chapter 2.
An n-type semiconductor film, often called “buffer” layer, on top of the CIGS
absorber is required to establish an electric field at the p–n junction (depletion
ore (Ge, In, also Ga), bauxite (Ga) or Cu ore (Se) [10]. If In demand became a driver for the mining of Zn ore
(which also contains Cd), 1 GWp of CIGS modules could set free a few thousand tons of Cd. In this sense, Cd
could become a larger problem for CIGS than for CdTe [10].
2
The term “reserves” of In in Andersson [10] refers to an estimate of the average In concentration in Zn ore in
the continental crust. That concentration is relevant as long as In is predominantly recovered as a by-product from
Zn ore. However, total In reserves in the Earth’s crust are larger.
3
Other CIGS-deposition processes, such as selenization of differently prepared precursor films, are reviewed in
[11] or [12].
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or space-charge region). When electrons are photoexcited within the spacecharge region, they are transported to the n-side owing to the electric field and
thus generate an electric current. When photon absorption takes place in the
quasi-neutral region of the absorber, the photoexcited electrons diffuse and may
arrive at the space-charge region at some stage, whereupon they are again swept
across the p–n junction. Of course, some of the photoexcited electrons will be
lost for current generation owing to recombination in the space-charge or in the
quasi-neutral region, especially if the photoexcitation takes place far away from
the junction. Ideally, the buffer layer exhibits a much higher carrier density
than the absorber, such that most of the space-charge region extends into the
absorber and thus carrier collection is improved. In addition, the band gap of
the buffer layer should be wide, such that most of the incoming radiation can be
transmitted to the absorber. Owing to the exponential decrease in light intensity
caused by absorption (cf. eqn. 2.1), the incident photons are then absorbed predominantly in the front part of the absorber, ideally within the depletion region.
For efficient transport of the photogenerated carriers, ohmic front and back
contact layers with high conductivities are required. The front contact (on top
of the buffer layer, also called “window” layer) should be as transparent to the
incoming radiation as possible. Often, especially for laboratory cells, current
collection is supported by a metal grid deposited on the front contact. The back
contact consists usually of an opaque metal film, unless a semi-transparent cell
(e.g. for tandem devices) is desired.

1.2.2

CIGS solar-cell structure

The most successful configuration for CIGS solar cells is the “substrate” configuration, where cell processing starts with deposition of the back contact on
the substrate.4 Highest efficiencies have been obtained using the following configurations and deposition methods (see also Fig. 1.2): Mo is deposited on a
soda-lime glass (SLG) substrate by dc sputtering with typical thicknesses of 0.5
to 1.0 µm, then a CIGS absorber about 2 µm thick is grown by evaporation of the
elements, the p–n junction is established by coating the CIGS with a thin layer
(≈ 50 nm) of CdS using chemical bath deposition (CBD), then a thin film of in4

In “superstrate” configuration, cell processing starts with the deposition of the front contact, such that under
operation the cell is illuminated through the substrate.
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Figure 1.2: Schematic representation of a CIGS solar-cell structure.

trinsic ZnO (i-ZnO, ≈ 50 nm) is deposited by rf sputtering, followed by the deposition of the aluminium-doped ZnO (ZnO:Al) front contact (300 to 700 nm).
In addition, a metal grid (e.g. Ni-Al) on top of the front contact supports the
current collection, and an anti-reflection coating (e.g. MgF2 ) completes the cell
structure. Except for the anti-reflection coating, which was omitted, this is also
the cell configuration used in this work. Further details about the processing
steps and their effect on cell performance can be found in sections 2.6 and 3.1.
1.2.3

Flexible solar cells

The use of flexible substrates offers new possibilities for application of solar
cells, for example for building integration by application on uneven surfaces
such as tiles. In addition, flexible cells are very thin and lightweight, which
makes them also more flexible in use than rigid cells. Also for space applications, flexible solar cells are very attractive, since simpler deployment mechanisms can be used, which saves weight and therefore reduces launch costs significantly. In addition, CIGS (also CdTe) solar cells have shown good stability
under and recovery from electron and proton irradiation, whereas for example
high-efficiency Si or GaAs solar cells are more prone to radiation damage [13].
Another advantage of flexible solar cells, and maybe the most important one,
is the potential to reduce production costs. Roll-to-roll deposition is considered
more favourable from a production point of view than batch-to-batch processing with rigid (glass) substrates. Furthermore, most of the energy and cost for
7
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production of CIGS solar cells on glass is required for the glass substrate (and
for cover glasses). A low-cost and thin substrate, in combination with a suitable flexible encapsulant, would combine the advantages of flexible solar cells,
cost-effective production and low energy pay-back time. Substrate materials
and their applicability for CIGS solar cells are discussed in section 3.2 and appendix A.

1.3

An introduction to the role of Na in CIGS

The importance of sodium “contamination” in CIGS absorber layers was realised by Hedström and co-workers in 1993 [14]. Since then, a variety of structural and electronic Na effects have been (and still are) investigated by numerous research groups. Corresponding to the wealth of observations concerning
the effects of sodium, several different models of the direct and indirect action
of Na have been proposed (see sect. 7.1). Today, the effects of Na are still far
from being explained in commonly accepted terms. This leads to the presumption that the effects of sodium are sensitive to the specific setup of experiments,
and consequently there might be neglected parameters influencing the impact
of Na on the properties of CIGS.
Most commonly, Na is introduced into CIGS by diffusion from a soda-lime
glass substrate through the Mo back contact during the absorber-deposition process. Other incorporation methods include diffusion from a thin Na-containing
precursor layer or coevaporation of a Na compound (see also Fig. 1.3). The
effects of alkali metals other than Na on the growth and properties of CIGS
absorber layers have been investigated using KF, CsF [15] and LiF precursors
[16]. The effects found for the potassium and lithium fluoride precursors were
similar to those of NaF but less pronounced, while the CsF precursor had only
a minor influence on the CIGS properties.
The effects of Na on CIGS lead to improved conversion efficiencies. Sodium
enhances mainly open-circuit voltage and fill factor, while the short-circuit current is less affected [15, 17, 18]. In addition, the cell performance was found to
be more homogeneous over a large range of Cu concentrations when the CIGS
was grown with Na [18, 19]. However, after exceeding a certain amount of incorporated Na, the device performance starts to degrade [20, 21], or adhesion
8
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Figure 1.3: Schematic illustration of different methods for Na incorporation into CIGS.
(a) Na is diffusing from the substrate (usually soda-lime glass) into CIGS during growth.
(b) A Na-diffusion barrier blocks transport of Na from the substrate, Na is supplied by
a thin Na-containing precursor layer deposited prior to CIGS growth. (c) A Na compound (or elemental Na) is coevaporated during the CIGS-deposition process. (d) Na
is diffused into as-grown absorbers using a post-deposition treatment.

problems are encountered. There is general agreement that the incorporation of
Na at “high” doses leads to small grain sizes and porous films and is detrimental for cell performance [21, 22, 23, 24]. In contrast, for “low” to “optimum”
doses, contradicting influences of Na on CIGS microstructure and texture have
been reported (see sect. 5.4 and 4.3.4, respectively). The optimum Na dose is
often considered to be approximately equal to the amount diffused from sodalime glass during a “standard” deposition, where no extra Na is added and no
Na-diffusion barriers hinder the out-diffusion of Na from the glass substrate, resulting in typical Na concentrations of the order of 0.1 at% [20, 21, 25, 26, 27].
The main portion of sodium in CIGS films was shown to reside on grain
surfaces5 by direct and indirect measurements. A first indication was obtained
from secondary-ion mass spectroscopy (SIMS) mapping, however with poor
lateral resolution [26]. The findings were confirmed by means of field-emission
Auger electron spectroscopy: Na and O were found at grain surfaces, but neither
of them in grain interiors of (Cu-poor) CIS [28]. Owing to the finite detection
limits, it can be concluded from the latter experiment that at least 94 % of all Na
5

Also grain boundaries are considered grain surfaces here.
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atoms in the investigated CIGS film were located at grain boundaries. Several
groups observed a correlation of Na concentration with grain-boundary density
in CIGS absorber layers [22, 27, 29, 30]. The attempt to introduce Na into the
bulk of stoichiometric CuInSe2 single crystals failed and instead led to disintegration of the crystals [23, 31]. In contrast, the in-diffusion of Na into epitaxial,
Cu-poor CIGS layers was reported [32]. In view of all these results, it appears
likely that most of the Na atoms reside at grain surfaces. However, it remains
unclear if small amounts of Na can be incorporated into the lattice of CIGS thin
films, especially when they contain numerous structural or point defects.
The most obvious electronic effect (besides cell performance) of Na incorporation into CI(G)S films is a decrease in resistivity by half an order to two
orders of magnitude [15, 18, 33, 34, 35]. An increase in carrier concentration of typically one order of magnitude was also measured in several laboratories and often associated with a lower number of compensating donors [15,
19, 24, 32, 36]. For CIS films with low Cu concentrations of [Cu]/[In] < 0.29,
a conductivity-type inversion from n to p was found upon addition of Na [37].
In Cu(In,Ga)3 Se5 layers, the Na-induced type inversion was found to depend on
the Ga content [38].

1.4
1.4.1

Film and grain growth mechanisms
Absorber grain size

A good crystal quality and thus a large grain size is usually desirable for polycrystalline absorber films, since grain boundaries are potential recombination
centres for photogenerated electron-hole pairs. This is due to high defect densities, impurity segregation, and carrier collecting fields often found at the grain
boundaries [39]. Furthermore, grain boundaries extending from top to bottom
of the absorber film can be shunt paths reducing the parallel resistance of the
device.
On the other hand, the efficiencies of single-crystalline CI(G)S solar cells
lag behind those of polycrystalline CIGS. Since research in the past decade
has focused on polycrystalline devices, such a comparison of the efficiencies
is not fair. Nevertheless, this may be an indication that absorber grain size is
10
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not an important parameter for CIGS cell performance, at least as long as the
(polycrystalline) CIGS contains sodium. This is in contrast to for example Si
solar cells, where achievable efficiency depends on the size of the Si grains [39].

1.4.2

Grain boundaries

In most cases, grain boundaries (GBs) are charged to some extent, depending
on the nature and the density of the defects located there. This induces band
bending around the GBs and barriers for carrier transport across them. The
possible GB types are named accumulated, depleted, or inverted, as illustrated
in Fig. 1.4 [39]. Within the depletion region around a GB, electrons excited to
the conduction band are attracted by the GBs (depleted and inverted GBs) or
repelled (accumulated GBs). Obviously, wide depletion regions around “attractive” GBs increase the probabilities for photoexcited electrons to recombine via
defect states at the GBs. Whether accumulated or depleted GBs occur depends
on the type of the defects at the GB and on their density relative to the doping
density inside the grain. The width of the depletion region around a GB (Wd )
and the height of the GB barrier (Vd ) therefore also depend on the intragrain
carrier concentration. For accumulated GBs, increasing the intragrain carrier
concentration decreases Wd and Vd , but the opposite is true for depleted GBs.
An influence of Wd , Vd and grain size on the minority carrier diffusion length
is expected. The consequences on solar-cell performance and film conductivity
are briefly discussed in sections 3.3.4 (p. 23) and 4.3.2, respectively.
Grain boundaries in CIGS are unexplored to a large extent, but they are generally considered rather good-natured [40]. Possible GB configurations were
suggested in 1991 by H. J. Möller ([41], see also p. 112). Recently, using
ab initio calculations, Persson and Zunger [42] modeled GBs with interfacial
(2VCu +InCu ) neutral defect complexes (cf. sect.2.2.1). The authors concluded
that owing to the lack of Cu atoms, the valence-band edge is lowered (but not
the conduction-band edge), such that a hole barrier is established. Thus, holes
are repelled from such GBs and therefore electrons at the GBs cannot recombine easily, even if the density of recombination centres is high. The reason for
the occurrence of the hole barrier is the absence of Cu d electron states, which
are located in the uppermost part of the valence band, rather than charging of
the GB.
11
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Figure 1.4: Schematic illustration of grain-boundary barriers in a p-type semiconductor.
Indicated are the grain-boundary-barrier height Vd and the width of the depletion region
around the grain boundary Wd . V BM = valence-band maximum, CBM = conductionband minimum, EF = Fermi energy.

1.4.3

Film nucleation and growth

Factors influencing film growth by physical vapour deposition and microstructures of the resulting layers will be discussed in the remainder of this section [43]. The nucleation mode of a film depends on the bond strength of
the deposited atoms or molecules to each other: If the molecules bond more
strongly to each other than to the substrate, islands grow (also called Volmer–
Weber growth). If the bonding to the substrate is stronger, layer–by–layer (or
Frank–Van der Merwe) growth results. An intermediate combination of these
two growth modes is Stranski–Krastanov growth, where layer–by–layer growth
transforms to island growth after one or several monolayers because the bonding
energy ratio changes, for example owing to strain buildup arising from lattice
mismatch between substrate and film material. For epitaxial growth, obviously
the layer–by–layer growth mode is required. If the latter is supposed to be sustained during deposition, the surface diffusivity of the adsorbed atoms must be
high enough, such that these atoms can diffuse to atomic step edges before islands nucleate. Thus, there exists a critical growth temperature where epitaxy
is just still possible. For group-IV semiconductors, that temperature is typically
about 0.5 Tm , where Tm is the melting point of the semiconductor.
After nucleation, film growth proceeds via the following steps: Incident
atoms (molecules) from the vapour arrive at the surface of the growing film,
12
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are adsorbed, diffuse over the film surface, are either trapped at low-energy lattice sites or desorb, and diffuse in the bulk until they reach their equilibrium
positions. The four basic processes involved are
(i) shadowing (related to surface roughness and line-of-sight impingement of
arriving atoms),
(ii) surface diffusion,
(iii) bulk diffusion, and
(iv) desorption.
Surface and bulk diffusion as well as desorption are quantified by the characteristic diffusion and sublimation activation energies, whose magnitudes scale directly with the melting point Tm of the condensate. Depending on the substrate
temperature Tsub , different processes dominate and different structural properties are obtained. A rough division into three zones can be made: When shadowing dominates and surface diffusivity is limited (typically Tsub /Tm < 0.3), inverted conelike crystals and voided grain boundaries result. When surface diffusion dominates (typically 0.3 < Tsub /Tm < 0.5), columnar grains and dense grain
boundaries are obtained. Dominating bulk diffusion (typically Tsub /Tm > 0.5)
leads to large equiaxed grains, recrystallization and grain growth.
1.4.4

Grain growth and texture

Grain growth in thin films is driven mainly by the free energies per unit area
(γGB , γF S , and γF V ) of the grain boundary, film–substrate interface, and film
surface. With increasing film thickness, γF S and γF V become less important
with respect to γGB . Their magnitudes may depend on the crystallographic orientations of the grains, which can cause selective grains to shrink or expand
when total film energy is minimized. The influence of γGB on grain growth
is large for grain-boundary segments with small radius of curvature. Further
grain growth can be triggered by other processes releasing energy, such as phase
transformations or strain-energy minimization. Grain growth often stagnates
when grain widths are 2-3 times the film thickness. Reasons for stagnation of
growth are for example restrained grain-boundary motion due to surface grooving or segregations at grain boundaries.
13
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The extent of film texture is governed by the differences in γF S and γF V for
differently oriented grains and by the ability of the system to orient the grains in
the energetically most favourable direction. Composition and surface roughness
of the substrate thus also affect film texture. For example, film deposition on
two different substrates can give rise to island growth on one and layer–by–layer
growth on the other, where in the second case probably a more pronounced texture will be achieved. The substrate roughness can influence texture when the
ratio of adatom diffusion distance and characteristic length of surface roughness is sufficiently small. Changes in texture during film growth may occur for
example owing to buildup of strain energy, when the increase in surface energy
due to less favourable texture is smaller than the decrease in strain energy due
to relaxation.

1.5

Scope of this thesis

This thesis concentrates on growth and properties of CIGS absorber layers prepared by evaporation of the constituent elements. Modifications introduced by
sodium are investigated, and possible mechanisms are discussed. These issues
are important for the understanding of CIGS growth in general, and recommendations for CIGS growth and Na incorporation strategies emerge from this
work, particularly for the preparation of CIGS solar cells on (flexible) Na-free
substrates with low-temperature growth processes.
The thesis can be divided into three main parts. In the first (chapters 2 and 3),
an overview of material properties of CIGS and further films in the CIGS solar
cell is given, their relevance for cell performance is discussed, and preparation
methods are described.
In the second part, experimental investigations of the structural and electronic effects of Na on CIGS films and cells are presented. The addition of Na
during different CIGS growth stages allows the dependence of the observed Na
effects on the Na incorporation method to be assessed (chapter 4). The use of
one representative Na incorporation method while varying the CIGS preparation recipe shows the dependence of the Na effects on the CIGS growth method
(chapter 5). In chapter 6, the consequences of Na incorporation during growth
are compared with those of post-deposition Na in-diffusion, which allows some
14
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conclusions on the relative importance of structural and electronic Na effects on
CIGS.
On the basis of the experiments presented in the second part, a possible
mechanism for the action of Na is developed and presented in the third part
(chapter 7). This mechanism can be taken to explain the majority of the observed Na effects.
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Chapter 2
CIGS absorber layers
This chapter will first give an overview of optical and structural properties of
Cu–In–Ga–Se compounds, as far as they are relevant for the understanding and
growth of CIGS thin films. Thereafter, different approaches for the growth of
CIGS films by evaporation of the constituent elements are discussed.1 Understanding these growth processes is important for improvement of absorber properties and hence solar-cell efficiency, but also for recognizing the mechanisms,
by which Na modifies the growth kinetics of CIGS. For example, band-gap engineering is an approach to increase cell efficiency. Since a specific band-gap
grading may be influenced by the presence of Na during growth, it is necessary to understand the consequences of different grading profiles on cell performance, such that the consequences of the grading can be separated from
the direct effects of sodium. Towards the end, experimental details of CIGSdeposition monitoring and deposition processes are described. An emphasis on
end-point detection is given, because it is not only a tool for growth control but
also allows some conclusions about the CIGS reaction kinetics.

2.1
2.1.1

Electrical and optical properties of CIGS
Light absorption

One of the properties that make CIGS a material well suited for solar cells is its
high absorption coefficient. In contrast to for example crystalline silicon, CIGS
1

Unless otherwise stated, CIGS growth in this thesis refers to growth of CIGS thin films by this deposition
method.
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has a direct band gap and therefore absorbs light much more efficiently, such
that CIGS absorbers require much less material. The intensity of monochromatic light in an absorbing material falls exponentially with depth d according
to the well-known relation
I(hν, d) = I(hν, 0)e−α(hν)d

(2.1)

The absorption coefficient α(hν) of CuInSe2 is 2×105 cm−1 (crystalline silicon:
1 × 103 cm−1 ) for a photon energy of hν = Eg + 0.2 eV, where Eg is the bandgap energy of the respective material [5]. The wavelength dependence of the
absorption coefficient (Fig. 1.1) implies that all high-energy photons will be
absorbed in CIGS very close to the surface, while photons with energies only
slightly larger than the band gap of the absorber will penetrate more deeply into
the CIGS.

2.1.2

Band-gap dependence on CIGS composition

The band gap of CIGS is primarily influenced by the [Ga]/[In] concentration
ratio, but also by the Cu content [12]. Measurements of the band-gap energy of
CuInSe2 revealed a value of around 1.01 eV at 300 K, but there are considerable
discrepancies between the results. However, there is agreement that the band
gap of CuIn3 Se5 is 0.2 - 0.3 eV greater than the band gap of CuInSe2 , a thorough
characterization led to about 1.20 eV at 300 K. The band gap of CuGaSe2 (CGS)
is approximately 1.65 eV [12]. By alloying CuInSe2 and CuGaSe2 , the band gap
can be varied between the values for these two compounds. The dependence of
the band-gap energy of α–CuIn1−x Gax Se2 on the [In]/[Ga] concentration ratio
follows the relation
Eg,CIGS (x) = (1 − x)Eg,CIS + xEg,CGS − bx(1 − x)
E g,CIGS [in eV] ≈ 1.01(1 − x) + 1.65x − 0.15x(1 − x)

(2.2)

where x = [Ga]/[In+Ga] represents the Ga content of CIGS, and b = 0.15-0.24 eV
is the bowing parameter describing the deviation from a linear relationship [44].
The advantages of “band-gap engineering” by varying the [Ga]/[In] concentration ratio through CIGS absorbers are exploited in high-efficiency solar cells
(cf. sect. 2.4). The theoretical maximum efficiencies for single-junction cells
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Figure 2.1: Theoretical efficiency (“Wirkungsgrad”) as a function of the band-gap energy. (a): AM1.5 direct (1) and AM1.5 global (2) irradiation. (b): AM1.5 global irradiation. The band-gap energies of some semiconductors are also indicated in (b). [5]

can be achieved with band gaps between 1.1 and 1.5 eV for AM1.5 global irradiation2 (see Fig. 2.1). However, for module production it may be favourable
to use material with higher band gaps, since usually a higher output voltage of
the module is desirable and since large currents require thicker “transparent”
front contacts in order to reduce resistivity losses, which in turn induces loss of
current owing to additional absorption in the front contact.
2.1.3

Electrical properties of CIGS

Polycrystalline CIGS absorbers are slightly Cu deficient and p-type. However,
with various deviations from stoichiometry, n- and p-type single crystals can be
prepared [45]. Typical carrier concentrations of absorber films are of the order
of 1015 to 1017 cm−3 . As already noted above (sect. 1.3), the presence of Na in
CIGS usually increases the (free) carrier concentration by about one order of
magnitude. When CIS films are Na free and very Cu-poor ([Cu]/[In] . 0.30)
2

“AMx” irradiation denotes the solar insolation on the earth’s surface when the sun stands at an angle α to
the normal, such that the sunlight’s way through the atmosphere is x times longer than for normal incidence (x =
cos−1 α). “Global” denotes the spectrum resulting from direct and diffuse irradiation. “AM1.5 global” corresponds
to α = 42◦ and results in an irradiated power density of P = 100 mW/cm2 . “AM0” denotes the irradiation outside the
earth’s atmosphere, where P = 135.3 mW/cm2 . Standard test conditions for solar-cell characterization are AM1.5
global irradiation at 25 ◦ C, or AM0 irradiation at 25 ◦ C or 28 ◦ C.
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Figure 2.2: Schematic illustration of the current density–voltage characteristics of a
solar cell in the dark and under illumination. Indicated are the short-circuit current
density Jsc , the open-circuit voltage Voc , the light-generated current density Jph , and
the maximum power point (Vm , Jm ).

the majority carrier type can change from p to n [37]. With Ga alloyed to the
CIS, such that [Ga]/[In+Ga] & 0.30 and [Cu]/[In+Ga] ≈ 0.34, no type inversion
was found anymore [38].
Conductivity in polycrystalline semiconductor films and the influence of intergrain barriers is discussed in sect. 4.3.2, in the context of the experimentally
determined reduced resistivities of Na-containing CIGS absorber films.

2.1.4

Current density–voltage characteristics of solar cells

The most important parameter of a solar cell is its efficiency η. It is defined as
the ratio of the maximum (electrical) power density delivered by the cell to the
power density irradiated by the light source. The characteristic cell parameters
that are usually used in addition to describe the performance of the cell are
the open-circuit voltage (Voc ), the short-circuit current density (Jsc ), and the fill
factor (FF ). These parameters are indicated in Fig. 2.2 and explained in the
following section.
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Diode equation
The current density–voltage (J–V ) characteristics of illuminated solar cells can
be described by the phenomenological diode equation [1]
J(V ) = J0 (e

q(V −Rs J)
AkT

− 1) +

V − Rs J
− Jph
Rp

(2.3)

where J is the current density, V is the applied bias voltage, J0 is a pre-factor
named saturation current density, q is the electron charge, Rs and Rp are the
series and parallel resistances, respectively, A is the diode ideality factor, kT
is the Boltzmann constant multiplied with the absolute temperature, and Jph is
the light-generated current (see also Fig. 2.2). The diode equation 2.3 holds for
bias-independent photocurrents, which is an idealization when for example minority carrier diffusion lengths are very short. In the absence of series resistance
and shunts (i.e., Rs = 0 and Rp = ∞), the diode equation simplifies to
qV

J(V ) = J0 (e AkT − 1) − Jph

(2.4)

Thus, the following expressions for the short-circuit current Jsc (V = 0) and the
open-circuit voltage Voc (J = 0) are obtained:
Jsc = −Jph
Jph
AkT
ln(
+ 1)
Voc =
q
J0

(2.5)
(2.6)

The cell efficiency is computed from the maximum power density delivered by
the cell (Jm Vm ) relative to the irradiated power density Ps
η=

Jm Vm
Jsc Voc FF
=
Ps
Ps

(2.7)

where the fill factor FF is defined as
FF =

Jm Vm
Jsc Voc

(2.8)

The FF describes how closely the area defined by the J–V curve resembles
(“fills”) a rectangle. Obvious reasons for poor FF s can be large Rs , small Rp ,
and voltage-dependent carrier collection. Also a second diode may reduce the
FF . Only for non-zero Rs there is a (small) influence of the diode ideality
factor A on FF [39]. A depends on device properties such as the dominant
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Figure 2.3: Schematic illustration of recombination paths in a CIGS/CdS solar cell.
Paths A and B represent recombination in the quasi-neutral and space-charge regions
of the absorber, respectively, and path C represents interface recombination.

current transport mechanism, and is mainly a scaling factor for the voltage. An
increase of the diode quality factor alone leads to a higher Voc . However, the
saturation current density J0 increases almost exponentially with A, therefore,
in real devices a decrease of η results [39]. The previous (18.8 %) world record
cell exhibited a diode quality factor of A = 1.5 [46]. Since Na effects improve
mostly Voc and FF , they are of special interest in the context of this work.

Recombination paths
Depending on the dominating recombination mechanism for photogenerated
carriers, the approximate expressions for Voc given below can be derived [47].
The three main recombination mechanisms relevant for CIGS solar cells are
(Fig. 2.3):
A: Recombination in the quasi-neutral region (QNR) of the absorber,
B: Recombination in the space charge region (SCR) of the absorber,
C: Interface recombination at the absorber-buffer interface.
In recent efficient devices with CBD-CdS buffer layers, recombination path B
was dominating [48, 49, 50]. The importance of interface recombination increases in cells with larger absorber band gaps (such as CGS).
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Recombination path A
When recombination in the QNR dominates (path A), Voc can be expressed as


Eg kT
qDe NC NV
Voc =
−
ln
(2.9)
q
q
Jsc Le NA
where De is the diffusion constant for electrons, NC and NV are the effective
density of states at the conduction and valence-band edges, NA is the acceptor density in the absorber3 and Le is the diffusion length of the electrons in
the (single-crystalline) absorber. Recombination at grain boundaries (and at the
back contact) reduces Le in a polycrystalline material such as CIGS. The simplest approach is to reduce this three-dimensional problem to the discussed onedimensional case by replacing Le with an effective diffusion length Leff , taking
into account the grain size g and the (effective) grain-boundary recombination
velocity Sgb :
1
Leff = q
(2.10)
2Sgb
1
L2 + De g
e

However, this concept should be used with caution, since for example Sgb and
g or Sgb and NA may interdepend owing to the finite depletion layer widths
usually found around grain boundaries.
It is obvious from eq. 2.9 that Voc depends directly on NA and Leff . An increase of NA by one order of magnitude (while keeping all other parameters
constant) results in an increase in Voc of about 60 mV. However, by increasing
NA , the width of the space charge region in the absorber is reduced, which may
affect carrier collection and increase recombination loss owing to tunneling at
the junction or owing to direct (or Auger) recombination. Furthermore, an increase of NA affects also the grain-boundary depletion layer widths, which in
turn influences Leff . It depends on the nature of the grain boundary whether
this influence is positive or negative. On the other hand, an increase of Leff by
one order of magnitude (while keeping all other parameters constant) increases
Voc also by about 60 mV. This could be achieved for example by passivation of
grain boundaries, which in turn may also increase the net carrier concentration
and hence improve Voc further.
3

Probably not the acceptor density is the accurate variable in real CIGS solar cells, but rather the free hole
density, i.e., the acceptor density minus the densities of trapped holes and of compensating donors. This remark
also applies to eq. 2.11.
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Recombination path B
When recombination in the SCR dominates (recombination path B), an expression similar to eq. 2.9 can be obtained:
 2 2 2

πk T De r NC NV
Eg kT
−
ln
Voc =
(2.11)
q
q
8qVbm Jsc2 L4e NA
where r is the dielectric constant and Vbm is the band bending of the absorber.
The same dependence of Voc on NA is found as before, but the influence of the
electron diffusion length Le is now greater by a factor of 4. An increase of NA
is expected to also increase the band bending Vbm . However, a rough estimate
of the magnitude of the change in Vbm (for the case of a much higher carrier
concentration in the buffer than in the absorber) suggests the interdependence
is negligible.

Recombination path C
In the case of dominating interface recombination (recombination path C), Voc
can be computed to


p
AΦb0
AkT
qSp NV
Voc =
−
ln
(2.12)
q
q
Jsc
p
where Sp is the interface recombination velocity for holes, and Φb0
is the hole
barrier height at zero bias, corresponding to the energy difference between
Fermi level and valence-band edge at the junction. It is very well possible that
Na, besides its effects on the absorber bulk, also alters the CIGS surface properties, which could manifest itself for example in a different Sp . Provided that
recombination path C is dominant, a decrease of Sp by one order of magnitude
would increase Voc by more than 60 mV, depending on the value of A.

2.2

Structural properties of CIGS

In the literature, the basis for the Cu–In–Ga–Se system is the Cu–In–Se system.
Reasons for this are probably the historical development of CIGS solar cells
(alloying Ga to CIS was not so common before 1990, which is probably the
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reason why much more data exists about Cu–In–Se compounds than about Cu–
Ga–Se or even Cu–In–Ga–Se compounds), but also the smaller complexity of
the ternary system. Since In and Ga are chemically very similar, substitution
of Ga for In will not change many material parameters dramatically. However,
there are a few exceptions of that general rule.
There are still considerable inconsistencies in the data about the Cu–In–Ga–
Se system [12], probably due to the sensitivity of the system to its exact preparation conditions (such as high vapour pressure of Se or reactivity of Cu with
quartz ampoules) and to the complexity of the ternary or quaternary structures.
For example, there is disagreement about the number of phases found along
the Cu2 Se–In2 Se3 pseudobinary section of the phase diagram, and even in very
recent ab initio calculations of point defect formation energies in CuInSe2 , the
obtained band-gap energy deviates considerably from the experimentally determined value [51].
It should also be kept in mind, that phase diagrams represent equilibrium
conditions, where the different phases are obtained by cooling a melt with a
specific composition, i.e., along vertical lines in the phase diagram. In contrast,
thin-film-deposition processes are usually non-equilibrium processes, where the
system may not be able to undergo the same phase changes owing to the (comparatively) short preparation times. In addition, reactions in thin-film growth
may proceed at constant temperatures from one composition to another, thus
along horizontal lines in the phase diagram (an example is CIGS growth with
the 3-stage process, see section 2.3.4).
2.2.1

The Cu–In–Se system

Phases
A phase diagram along the Cu2 Se–In2 Se3 pseudobinary section is shown in
Fig. 2.4. The CuInSe2 (or α–CIS) phase exists at Cu concentrations between
24.0 and 24.5 at% at room temperature (and at elevated temperatures up to
about 780 ◦ C), thus, the exact stoichiometric compound CuInSe2 in equilibrium is a mixture of slightly Cu-deficient α–CIS and Cu2 Se. CIS with more
Cu-rich overall composition is always a mixture of these two phases. On the
Cu-deficient side of CuInSe2 , a number of different phases exist. Following
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Figure 2.4: Phase diagram along the Cu2 Se–In2 Se3 pseudobinary section of the Cu–
In–Se chemical system. ([12] and references therein)

the assessment by Chang, Stanbery and co-workers (Fig. 2.4), these are β–CIS
(CuIn2 Se3.5 , CuIn3 Se5 ), γ–CIS (CuIn5 Se8 ), and finally indium sesquiselenide
(In2 Se3 ). β–CIS is sometimes also called “ordered vacancy compound” (OVC)
or “ordered defect compound” (ODC). The controversy found in the literature,
whether non-stoichiometric phases are single phases with broad ranges of compositional stability, or a closely spaced series of phases with relatively narrow
ranges of stability, has been reviewed recently by Stanbery [12].
Crystal structure
The crystal structure of α–CIS is chalcopyrite. The chalcopyrite unit cell is
tetragonal and corresponds to two stacked zincblende unit cells, where the metal
atoms (Cu and In) are regularly ordered (see Fig. 2.5). Every Se atom is tetrahedrally bonded to two Cu and two In atoms, and every metal atom has four Se
atoms as nearest neighbours. The chalcopyrite structure can also be viewed as
two interpenetrating anion and cation sublattices with face-centred cubic structure.
All compounds on the Cu2 Se–In2 Se3 tie line have in common that they are
based on a close packed Se lattice [53]. The close packed Se layers are stacked
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Figure 2.5: Unit cells of ZnSe (zincblende structure) and CuInSe2 (chalcopyrite). Partial
substitution of In for Ga in the CuInSe2 unit cell leads to the structure of Cu(In,Ga)Se2
[52].

along the (tetragonal) (1 1 2) direction (which is the (1 1 1) direction in cubic notation). Chalcopyrite (CuInSe2 ) exhibits a threefold stacking periodicity of Se
atoms (. . . ABCABC. . . ), resulting in face-centred cubic structure. On the other
hand, In2 Se3 is characterized by twofold stacking periodicity (. . . ABABAB. . . )
and therefore hexagonal structure. Furthermore, for In2 Se3 a partial octahedral
coordination of In has been reported, in contrast to tetrahedral coordination in
CuInSe2 ([53] and references therein). Thus, a structural transformation at compositions between CuInSe2 and In2 Se3 is expected, possibly involving further
polytype-like structures. β–CIS and γ–CIS could evolve from α–CIS by the
creation of copper vacancies (VCu ) and the placement of indium on copper sites
(InCu ). A transition from an In2 Se3 film to CuInSe2 by addition of Cu and Se
could then occur to a large extent by in-diffusion of Cu atoms and out-diffusion
of In atoms, where the basic structure of the lattice needs to be modified only in
the beginning, when the CIS films are still very Cu poor.
27

2. CIGS absorber layers

Point defects
Ab initio calculations of the defect formation energies of various point defects in
CuInSe2 yielded low formation energies particularly for VCu and (2VCu +InCu )
neutral defect complexes (NDCs) [51, 54]. Originating from the electrostatic
interaction of the NDC dipole moments, periodical arrangement of NDCs in
“superclusters” could explain several electrical and structural properties of Cupoor CIS and CIGS [55]. A further defect complex with low formation energy
was calculated to be CuIn +InCu . The formation energy of Se vacancies (VSe )
was found to be relatively high, although Se loss from finished CIGS films at
elevated temperatures is a well-known experimental problem.

Further phases
Further phases of interest in the Cu–In–Se system are the δ-phase and metastable
phases. δ-CIS is a high-temperature phase of α–CIS and unstable at room temperature. Its structure is sphalerite and differs from chalcopyrite only in that
the Cu and In atoms are randomly distributed on the cation sites. Therefore,
the solid-solid transition from δ- to α–CIS at about 800 ◦ C is a crystallographic
disorder–order transformation. Two metastable phases with a composition in
the vicinity of CuInSe2 are likely to be of importance for thin-film CIS deposition. CuAu-ordered CIS is supposed to have a formation energy only slightly
larger than the one of the chalcopyrite structure, and CuPt-ordered CIS may
play a role under Cu-rich growth conditions (see sect. 2.3.2). More detailed
discussions of stable and metastable phases can be found in [12, 56].

2.2.2

The Cu–Ga–Se system

The phase diagram along the Cu2 Se–Ga2 Se3 pseudobinary section is less well
characterized and more controversial than the corresponding section of the Cu–
In–Se system. CuGaSe2 has also a chalcopyrite structure, but this phase extends
further towards Cu-poor compositions (20.7 % Cu) than in the Cu–In–Se system
[56] (see Fig. 2.6). The phase relations on the Cu-poor side of CuGaSe2 appear
to be less complex than for the Cu–In–Se system. There seems to be only
one further phase, the Ga2 Se3 phase, which has a defect zincblende (sphalerite)
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Figure 2.6: Phase diagram along the Cu2 Se–Ga2 Se3 pseudobinary section of the Cu–
Ga–Se chemical system after Mikkelsen ([56] and references therein).

structure and extends into regions with more than 10 % Cu content. However,
other researchers found additional phases, as is discussed in [56].
The melting point of CuGaSe2 (Tm ≈ 1080 ◦ C) is higher than the melting
point of CuInSe2 (Tm ≈ 980 ◦ C), and the melting points of Cu-poor CGS and
Ga2 Se3 are even more elevated than the corresponding CIS and In2 Se3 compounds. Considering the lower Tsub /Tm ratio for CGS grown at the same temperature as CIS, it is not surprising that growth of high-quality CGS thin films
seems to be more “difficult” than growth of CIS films, resulting in smaller CGS
grain sizes.
2.2.3

The Cu–Se system

The two Cu–Se phases often found in Cu-rich CIGS thin films are Cu2 Se and
Cu2−x Se. Different Cux Se phases have been observed to exist in the same films.
For example, Cu-rich CIGS films grown with the 3-stage process (sect. 2.3.4)
were suggested to contain cubic Cu2−x Se at grain surfaces and tetragonal Cux Se
at grain boundaries [57]. Cu2 Se has the same Se sublattice as CuInSe2 and a
similar lattice constant [58].
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Of special interest is the existence of a liquid Cu–Se phase at temperatures exceeding 523 ◦ C (796 K), which could enhance CIGS grain growth by a
vapour–liquid–solid growth mechanism, as discussed below (sect. 2.3.2). Such
a region exists on the Se-rich side of Cu2−x Se in the Cu–Se phase diagram (see
Fig. 2.7). Since CIGS films are generally grown under Se-rich deposition conditions, in the presence of “impurities” such as In, Ga and Na, and since growth
does not take place in thermodynamic equilibrium, it is hard to judge whether
the Cux Se phase(s) present on the sample during growth are liquid or not at
a certain growth temperature. However, from Cu2 Se/In2 Se3 diffusion couples,
Park et al. [59] determined a high diffusivity of In in Cu2 Se. The values approach those of diffusion in liquids, although no indications of liquid phase formation during the diffusion reaction were found. Furthermore, at temperatures
lower than the melting point of any Cux Se phase in equilibrium (see Fig. 2.7)
a beneficial impact of Cu on the growth of CIGS grains could still be observed
[30, 60]). Hence, it seems likely that grain growth is enhanced by the presence
of Cux Se on the surface owing to an increased (surface) mobility of the constituent atoms, whereas it remains unclear whether the Cux Se layer is liquid or
solid within the temperature range of interest. Henceforth, Cux Se phases during
CIGS growth will occasionally be referred to as “quasi-liquid”, in order to express the uncertainty about its phase but also to emphasize the high diffusivities
of In (and therefore probably also Ga) therein.

2.2.4

The In–Ga–Se system

A phase diagram of the system In2 Se3 –Ga2 Se3 is shown in Fig. 2.8. Obviously,
the In- and Ga-rich sides of (In,Ga)2 Se3 have different structures. Roughly,
one can say that (In1−x Gax )2 Se3 with x < 0.5 has hexagonal structure, while for
x > 0.6 it has disordered zincblende structure.

2.2.5

The Cu–In–Ga–Se system

The predominant phase fields at room temperature in the pseudoternary Cu2 Se–
In2 Se3 –Ga2 Se3 composition diagram are shown in Fig. 2.9. The existence region of the α single phase broadens with increasing [Ga]/[In] concentration ratio towards more Cu-poor compositions. This may be due to a higher formation
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Figure 2.7: Cu–Se phase diagram [61].

Figure 2.8: Phase diagram of the In–Ga–Se system after Tonejc ([56] and references
therein). Left: metastable, right: stable.
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Figure 2.9: Proposed isothermal quasi-ternary Cu2 Se–In2 Se3 –Ga2 Se3 phase diagram
at room temperature after Beilharz [56]. In the author’s notation, Ch denotes the α
phase (“chalcopyrite”), P1 the β phase (“derivative of chalcopyrite”), P2 the γ phase
(“layered structure”), and Zb the δ phase (“zincblende, unordered”). Solid lines: experimentally determined. Broken lines: postulated.

energy of the Ga neutral defect complex (2VCu +GaCu ) than of the corresponding In-NDC (2VCu +InCu ) [12, 44]. A phase domain (labelled “Ch+P1+Zb” in
the figure) appears in quaternary CIGS at room temperature, but neither in pure
CIS nor in pure CGS. It consists of α–, β– and δ-CIGS, and is narrowest for
[Ga]/[In+Ga] ≈ 0.25, where also the highest solar-cell efficiencies are achieved.

2.3

CIGS-deposition processes

The most successful technique for deposition of CIGS absorber layers to date is
the simultaneous evaporation of constituent elements from multiple sources in
single or sequential processes. Best cell performances are achieved with slightly
Cu-poor CIGS material (around 10 % Cu deficiency), with an In concentration 2-3 times higher than the Ga concentration and with substrate temperatures
reaching 500-600 ◦ C during at least a part of the deposition process. Different
coevaporation growth procedures are primarily classified after their Cu evapora32
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Figure 2.10: Schematic illustration of different coevaporation recipes.

tion profile. Cu diffusion in the films during growth is sufficiently fast so that a
homogeneous Cu distribution through the finished (always Cu-poor) absorbers
is established in most cases. The interdiffusion of In and Ga is slower, such
that variations of the In/Ga flux ratio during the process can result in different
[In]/[Ga] concentrations through the film (see also sects. 5.2.3 and 6.2.2). This
allows “engineering” of the band gap (sect. 2.4). In all coevaporation processes,
Se is offered in excess in order to avoid Se deficiency. Excess Se is not incorporated into the growing film and instead re-evaporates from the surface. In order
to prevent Se loss from the finished absorbers at elevated temperatures, Se is
usually provided at substrate temperatures exceeding 250-350 ◦ C, particularly
during cooldown of freshly prepared films.

2.3.1

Single-stage process

The simplest approach for preparation of an absorber with the properties mentioned above is to use simultaneous deposition of all elements at constant evaporation rates and constant substrate temperature, thus, the composition of the
growing film is always Cu poor (see Fig. 2.10, left). CIGS films grown with this
“constant-rates” process consist of columnar grains typically less than 1 µm
wide. There is a tendency for smaller grain sizes near the back contact ([62, 63],
see also Fig. 5.10 on p. 99).
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2.3.2

Bilayer process

The use of a two-stage process — generally called “bilayer process” or “Boeing
recipe” — originates from the work of Mickelsen and Chen [64, 65]. In such
a process a Cu-rich precursor layer is deposited at a substrate temperature of
400-450 ◦ C, followed by deposition of a layer with Cu-poor composition at 500550 ◦ C until the overall composition is Cu deficient [66] (see Fig. 2.10, centre).
The amount of Cu excess during the first stage of the bilayer process does have
an influence on grain growth: The more Cu rich the precursor the rougher the
surface and the less compact the layer. The extreme case of a Cux Se precursor
leads to voids between the grains, which may induce shunts ([67], see also
Fig. 5.12 on p. 100).
The bilayer process leads to larger grain sizes compared with a single-stage
process. Klenk et al. and Tuttle et al. [68, 69] proposed liquid phase assisted
growth to be the cause: As long as the overall composition is Cu rich, the surface
of the growing CIGS film is covered by a Cux Se layer, which was assumed to be
liquid at substrate temperatures exceeding 523 ◦ C (see also sect. 2.2.3). Growth
would then proceed via a vapour–liquid–solid mechanism, and a beneficial impact on grain growth would be the consequence due to improved mobility of the
constituent atoms in the liquid phase.
A modification of the vapour-liquid-solid growth model was presented by
Wada and co-workers on the basis of high-resolution transmission electron microscopy investigations of Cu-rich CIGS samples [58]: Coexistence of a Cu–Se
liquid with solid Cu2 Se at a substrate temperature of about 530 ◦ C was inferred,
and instead of growth of chalcopyrite CIS crystals directly from the Cux Se liquid a topotactic reaction was proposed. Cu2 Se and CIS are structurally very
similar, such that a solid-solid transformation from one to the other appears
likely. The model considers the following reaction: Indium atoms dissolved in
the Cu–Se liquid react with (solid) Cu2 Se to CIS, which leaves the Se arrangement unchanged while some of the Cu atoms are replaced by In and some are
dissolved in the Cu–Se liquid. An irregular distribution of In and Cu in the CIS
lattice can be expected to be established first, corresponding to the sphalerite
δ-CIS phase (and/or CuPt ordered CIS). These metastable phases can then gradually transform to the stable chalcopyrite CIS phase with a regular arrangement
of In and Cu atoms.
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2.3.3

Inverted process

The other approach for a two-stage process is in a sense inverted compared
with the bilayer process and starts with a precursor layer that is more Cu poor
than the finished film. The extreme case is the deposition of an (In,Ga)2 Se3
precursor, followed by co-deposition of Cu and Se without turning the overall
composition Cu rich [70, 71]. Variants of such an “inverted process” include
the deposition of an In–Ga–Se layer at a low substrate temperature of ≤ 350 ◦ C,
followed by Cu and Se co-deposition at still the same substrate temperature and
by annealing in Se atmosphere at a temperature of over 500 ◦ C, which led to an
efficiency exceeding 17 % [72].

2.3.4

3-stage process

The most efficient CIGS solar cells to date were obtained with absorbers grown
with the 3-stage process [67, 73]. First, an (In,Ga)2 Se3 precursor layer is deposited at low substrate temperature (250-400 ◦ C). In the second stage, Cu and
Se are codeposited at a higher substrate temperature (typically 550 ◦ C) until the
overall composition is Cu rich. In the third stage, a small amount of In, Ga and
Se are coevaporated at still the same substrate temperature until the required
overall Cu deficiency of the film is reached. CIGS films prepared with the 3stage process have a comparatively smooth surface, which reduces the junction
area and therewith is expected to reduce the number of defects at the junction
[73]. Rougher surfaces are also more difficult to cover homogeneously with a
thin buffer layer and may be more prone to sputter damage during window layer
deposition.
In contrast to the bilayer or constant-rates processes, where the CIGS phase
is always the α–phase in coexistence with or in absence of Cux Se, respectively,
in the 3-stage process the CIGS undergoes several phase transformations during the second stage: The (In,Ga)2 Se3 layer is converted via γ–CI(G)S and β–
CI(G)S to α–CI(G)S [74]. The grain sizes were observed by Nishiwaki et al. to
increase throughout the second stage [74], typically resulting in grains that
are wider than grains obtained from a single-stage process. However, Gabor
et al. reported still small grain sizes towards the end of the second stage, before the film reached stoichiometric composition, but large grains after the third
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stage for films with similar Cu content [75]. The development of surface roughness during the 3-stage process was observed in situ by Scheer and co-workers
with spectroscopic light scattering [76].4 Their results suggest a minimum in
surface roughness is obtained with a Cu excess of about 10 % at the end of the
second stage.
A variant of the 3-stage process was investigated by J. Kessler and co-workers
and named “CUPRO” (Cu-poor, -rich, -off) process: Instead of starting with a
Cu-free precursor a Cu-poor precursor is deposited during the first stage, which
is subsequently driven Cu rich and Cu poor again as in the 3-stage process
[77]. The film undergoes less phase changes in the CUPRO process than in
the 3-stage process. Also with this process larger grains than with a singlestage process were obtained. The authors noted that Cu diffusion induced by
the Cu gradient during the second stage might be the driving force for grain
growth [63]. In addition, the formation of crevices between the grains was observed to depend on the amount of Cu excess at the end of the second stage.
This is in qualitative agreement with results obtained with the 3-stage process
elsewhere [76] and in own experiments, where crevices were apparent only for
layers grown with a Cu excess clearly above 10 %.

2.4

Band-gap grading

In the quasi-neutral region of absorbers with a constant [In]/[Ga] concentration ratio, electrons excited to the conduction band may arrive at the depletion region sooner or later, where the built-in electric field sweeps them across
the junction. Otherwise they recombine, preferentially at grain boundaries and
crystallographic defects. A back-surface field (BSF) as known from crystalline
Si solar cells aims to reduce recombination at the absorber–back contact interface: A barrier for electron diffusion is established by a slice of material in
between absorber and back contact that exhibits an increased conduction-band
edge. This can be accomplished by an increased doping level in the back of the
absorber or by introduction of a different material. Therewith, electrons are kept
4

In spectroscopic light scattering measurements the intensity of light of different wavelengths scattered from
the surface of the growing film is recorded. It gives a measure of the surface roughness and therewith allows the
monitoring of the deposition process and in particular Cu-poor to Cu-rich (and vice versa) transitions. The information obtained reminds of process monitoring using end-point detection (sect. 2.5), which is based on changes in
emissivity rather than on changes in surface roughness.
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Figure 2.11: Schematic illustration of different band-gap grading profiles for CIGS absorbers, induced by changing the [Ga]/[In] concentration ratio. Indicated is the effect
on an electron excited to the conduction band.

off the defect-rich interface to the back contact. Such a BSF was proposed to
be established in CIGS cells by a MoSe2 layer formed in between the Mo back
contact and the CIGS absorber [50]. However, besides the fact that it is unclear
under which conditions a MoSe2 layer forms [11], such a BSF makes sense
only when the quality of the interface between absorber and “BSF-material” is
significantly better than the quality of the interface between absorber and back
contact, and when the diffusion length of the minority carriers is at least comparable to the thickness of the absorber.
In CIGS solar cells, a BSF can be achieved with band-gap grading, which
at the same time can be designed to increase the collection efficiency of minority carriers: An increasing [Ga]/[In] concentration ratio towards the back
of the absorber results in an increasing conduction-band minimum, while the
valence-band maximum is nearly unaffected (“normal grading”, see Fig. 2.11)
[44]. Therewith, a driving force towards the depletion region exists for electrons excited to the conduction band. This enhances the probability for the
electrons to be collected before they can recombine, and avoids diffusion to
(and recombination at) the back contact. However, there is a trade-off between
enhanced carrier collection efficiency and reduced electron-hole pair generation
from low-energy photons due to the increase in band gap. Low-energy photons
have a lower absorption coefficient than high-energy photons (Fig. 1.1), thus,
a fraction of them is expected to be lost for absorption in the rear part of the
CIGS, where the band-gap energy may become greater than the photon energy.
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According to device simulations and in addition to normal grading, an increase of the band gap in the space-charge region is expected to increase the
device performance further (“double grading”, see Fig. 2.11) [75, 78, 79, 80,
81, 82]. As long as the increase of the conduction band due to Ga addition
near the front is within the depletion region and does not completely compensate or over-compensate the band bending induced by the built-in electric field,
the flow of electrons across the junction should not be hindered. Consequently,
the effect on carrier collection and hence fill factor is expected to be small. On
the other hand, the increased band gap is expected to enhance the Voc of the
device. Again, there is a trade-off between the gain in voltage and a loss in
current due to reduced absorption of photons in the space-charge region. Obviously, the position of the minimum in the conduction band and the profile
towards the front are crucial parameters for device processing and the optima
depend on device properties such as carrier concentration in the absorber or in
the buffer layer. Furthermore, since cell performance can be very sensitive to
recombination at the junction [83], a gain in Voc due to the front grading could
be (over-)compensated by recombination when the density of defects in the depletion region increases with increasing Ga concentration.5 Another factor influencing the benefit of the front grading is the (average) bulk diffusion length
L of minority carriers, as was shown in simulations [78]. When L is small
(e.g. comparable to the width of the space-charge region), the effect of slight
front grading is more pronounced than for larger diffusion lengths. Increases in
band-gap energy in the front exceeding 0.1 eV may already lead to decreasing
overall cell performances for short and long L. Such an increase is obtained for
example by a rise from [Ga]/[In+Ga] ≈ 0.20 to [Ga]/[In+Ga] ≈ 0.40.
As an alternative to band-gap widening near the front with gallium, sulfur
can be used. That would affect conduction and valence band [84], but also lower
the defect density [78]. Also a drop in the Cu concentration towards the front
would widen the band gap, essentially by lowering the valence-band maximum.
However, the preparation of such a Cu-poor surface layer may be difficult to
realize in practice because of the fast diffusion of Cu, and whether or not such
a layer can form spontaneously under certain conditions is still disputed in the
literature [57, 85].
5

Minimum defect concentrations in CIGS absorbers have been found for [Ga]/[In+Ga]≈0.25 (1.15 eV), and a
maximum for CuGaSe2 [78].
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In practice, band-gap grading can be achieved (at least) with bilayer and with
3-stage processes [86]. However, the experimental verification of the proposed
benefits seems to be difficult, possibly because there may be further variations
in the semiconductor properties than just variation of the band gap when the
[Ga]/[In] concentration ratio is varied [75]. For example, Contreras et al. [86]
have observed an apparent inverse relationship between local carrier concentration and [Ga]/[In] concentration ratio in the front of double-graded CIGS. It may
also be interesting to note that the previous world record cell (18.8 %) exhibited
a normal-graded profile [46], while the present world record cell (19.2 %) is
double graded [2]. A spontaneous double grading is obtained with a 3-stage
process with constant evaporation fluxes during each stage, which is probably a
consequence of two competing processes [75]: (i) faster diffusion of In than of
Ga into the upper regions of the growing film during the second stage (which
establishes a grading profile) and (ii) homogenisation due to In–Ga interdiffusion.

2.5

End-point detection

Kohara et al. [87] described in 1995 a method to detect the transition from a
Cu-poor to a Cu-rich CIGS film or vice versa. The method became known as
“end-point detection” (EPD). It is based on the fact that Cu-rich CIGS is a twophase mixture (Cu(In,Ga)Se2 and Cux Se), where the chief part of the Cux Se
phase “swims” on top of the Cu(In,Ga)Se2 in most processes. The emissivity of
Cux Se is higher than the emissivity of stoichiometric or Cu-poor CIGS. When
during a deposition process the substrate temperature is recorded while the substrate heating power remains constant (“constant power mode”), crossing the
“stoichiometry line” from Cu poor to Cu rich manifests itself by a temperature
drop. When the substrate temperature is kept constant and the substrate heating
power is regulated accordingly (“constant temperature mode”; used for the experiments described in this thesis), the transition can be observed as an increase
in the required heating power in order to hold the substrate at the same temperature (see Fig. 2.12). The onset (or end) of the transition from Cu poor to Cu
rich (or Cu rich to Cu poor) corresponds to stoichiometric CIGS composition
for the 3-stage and bilayer processes [74, 77, 87, 88, 89].
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Figure 2.12: End-point detection profile of a CIGS film grown with the 3-stage process
at a maximum substrate temperature of 580 ◦ C. The signal corresponds to the heating
power required to maintain the substrate temperature (constant temperature mode).
Top: EPD profile of the first stage. Bottom: EPD profile of the second and third stages.
Also observable is the contribution of the evaporation sources to the substrate heating.

Variants of the “classic” EPD, where the sample temperature is measured
by a thermocouple, include temperature measurement by a pyrometer. When
a monochromatic pyrometer is used, additional information on the growth rate
during the first stage can be obtained. The pyrometer signal intensity oscillates
with progressing deposition time, which is an interference effect: Reflection of
black body radiation at the back and front surfaces of the growing film leads to
interference and therewith the pyrometer signal oscillation is a measure of the
film deposition rate [90, 91]. Similar intensity oscillations with thermocouplecontrolled EPD were observed during the first stage in own experiments (see
Fig. 2.12, top). In this case, the oscillations can be attributed to the same interference effect as described. Damping of the oscillation amplitude occurs
probably due to increasing absorption in the band gap.
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EPD is primarily an inexpensive method of monitoring the CIGS-deposition
process, but it offers also some insight into the kinetics of the deposition processes. For example, the flat EPD profile in the Cu-poor regime of the second
stage (constant temperature mode) gives no indication of the formation of any
Cux Se phases before reaching stoichiometric Cu composition, which indicates
a very quick diffusion of Cu into the growing film. This profile is different when
substrate temperatures are sufficiently low. The implications of different EPD
profiles on the growth kinetics is discussed further in chapter 6.

2.6

Experimental details of CIGS deposition

Deposition of CIGS thin films was performed in a molecular beam epitaxy
(MBE) system (Fig. 2.13) from Knudsen-type crucibles, each having a separate shutter, filled with high-purity Cu, In, Ga and Se. Also a crucible with NaF
was installed, allowing in situ deposition of NaF before, during, or after CIGS
growth in order to supply Na to the CIGS films. The evaporation rates were
controlled by regulating the source temperatures or the source heating powers
and calibrated using a quartz crystal monitor and measurement of CIGS film
composition and thickness. Typical metal evaporation rates were of the order of
10 nm/min, and Se was always provided in excess at a rate of about 3-5 times
the metals evaporation rate. This resulted in CIGS film growth rates of typically
40 nm/min. Typical source temperatures during evaporation (as measured with
thermocouples in contact with the crucibles) were 1210 ◦ C for Cu, 870 ◦ C for
In, 940 ◦ C for Ga, 245 ◦ C for Se, and 640 ◦ C for NaF.
The base pressure of the system was in the 10−8 mbar range and typically
rose by about one order of magnitude when the evaporation sources were hot
but their shutters closed. Substrates with a maximum size of 5×5 cm2 could
be coated in one deposition run. Where possible, two substrates of 2.5×5 cm2
have been used at the same time, such that the CIGS was deposited under identical conditions. The samples were rotated throughout heat up, deposition and
cooldown, which yielded CIGS layers with no inhomogeneities in composition
across the sample (as detectable with energy-dispersive X-ray analysis), and
with a thickness variation of about 10-20 % from centre to edge of the sample.
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Figure 2.13: Schematic drawing of the molecular beam epitaxy system used to deposit
CIGS films.
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Substrates were heated radiatively from the back side using a resistively
heated filament. A thermocouple located between sample and heater was used
to measure the substrate temperature. During deposition runs, substrate temperatures were set and the heating power required to match the desired temperatures was adjusted automatically by a PID controller (“constant temperature
mode” for EPD). Since the thermocouple measured the temperature close to
the heater (i) and since some of the heater radiation was reflected at the back
side of the samples (ii), the actual temperature of the growing film on the sample front side is expected to be lower. The actual film temperature is governed
mainly by the balance between absorption of heater radiation in the substrate
and emission of thermal radiation, which in turn is predominantly determined
by the emissivity of the growing film. During deposition, the hot crucibles also
heat the film (iii), which can be observed in the EPD profile upon opening or
closing crucible shutters (Fig. 2.12). Therefore, the temperature difference between film and thermocouple due to (i) and (ii) is compensated at least to some
extent by (iii), especially for samples grown at low substrate temperatures. An
exact calibration of the substrate temperature measurement under the given circumstances for glass substrates was attempted but led to no satisfactory results.
However, bending of glass substrates was observed to occur for substrate temperatures above 580 ◦ C, which is within the range indicated in the literature
(550-600 ◦ C). The amount of radiation reflected at the back surface of the sample is substrate material dependent and for example clearly higher for Mo than
for soda-lime glass. Except where noted, all substrate temperatures (Tsub ) given
in the text are uncorrected readings from the thermocouple. For metallic substrates, a correction of the measured temperature has been applied by defining
the corrected substrate temperature (Tsub,corr ) for the metal substrate as equal to
the temperature of a glass substrate heated with approximately the same heating
power as the metal substrate.
The “standard” 3-stage process was applied as described above (sect. 2.3.4),
with the following additional details: The first stage was grown at 400 ◦ C substrate temperature within 20 min, where the Ga/In flux ratio was reduced after
10 min. During the second stage, Tsub was ramped up to 580 ◦ C within 9 min
and kept there until the end of the third stage. The second stage lasted typically slightly longer than 20 min and was terminated after reaching a Cu excess
of about 10 %, as determined from the EPD profile. Thereupon the layer was
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exposed to Se flux for 2 min. The length of the third stage was adjusted such
that a slightly Cu-poor CIGS layer was obtained in the end. The samples were
cooled in Se atmosphere down to 250 ◦ C, and then to room temperature without
Se. Typical absorber thicknesses of about 2 µm resulted.
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Chapter 3
Solar-cell processing and characterization
The processing steps used for preparation of partial or complete CIGS solar cells
for this thesis are described in the following, with the exception of the CIGS
absorber (already described in sect. 2.3-2.6). Implications on cell performance
are discussed. The substrates used in own experiments are briefly discussed
thereafter. An overview of alternative substrates, particularly flexible substrates,
can be found in App. A. Cell and film characterization methods relevant for this
thesis are described briefly in the remainder of this chapter.

3.1

3.1.1

Film-deposition procedures and their influence on solarcell performance
Molybdenum back contacts

Mo has been the preferred back contact material for CIGS solar cells for many
years. The main reasons for this are that Mo does not react with or diffuse into
the CIGS,1 that Mo forms a low-resistivity contact to CIGS,2 that the conductivity of Mo does not degrade during processing, and that recent investigations
of alternatives are scarce. Other back contact materials have been tested mainly
in the eighties and early nineties of the previous century (cf. references in [92]).
Recently, the suitability of Mo has been questioned in view of the relatively
low reflectivity [93]. This becomes a drawback when absorbers with reduced
1

There is a controversy about the formation of a MoSe2 interfacial layer. Some have observed MoSe2 layers of
up to 300 nm in thickness, others have found none [11].
2
Whether or not the contact is ohmic is also disputed [11] and may be related to the controversy about MoSe2
formation.
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thicknesses (< 2 µm) are used, where not all of the incident photons with energies larger than the band gap can be absorbed within a single pass through the
absorber. Tantalum emerged as one of the candidates for an alternative back
contact owing to its higher reflectivity in the wavelength range of interest (compared with Mo) and its promising cell performance.

Influence of deposition conditions
The Mo back contact in this work was deposited by dc magnetron sputtering in
Ar from a Mo target 200 mm in diameter. Typical base and deposition pressures
were 7 × 10−5 and 5 × 10−3 mbar, respectively. The layer properties were varied
primarily by changing sputter power, resulting in different kinetic energies of
the sputtered Mo atoms arriving at the film surface. The conductivities of the
Mo films were observed qualitatively to increase with sputter power, which is in
accordance with literature [94]. Also higher deposition rates and better adhesion
were achieved using higher sputter power. X-ray diffraction (XRD) patterns
revealed (110) texture, which is commonly obtained in other laboratories as
well, even when (100)-textured Mo foils are used as substrates [95].
The stress state of Mo thin films is known to depend strongly on the deposition conditions. When the Mo atoms arrive with higher kinetic energy at
the substrate (owing to lower sputter pressure and/or — as in this work — because of higher sputter power) the stress state of the film can be changed from
tensile to compressive [94, 96]. This is consistent with a more porous (dense)
microstructure of films sputtered at lower (higher) power. The transition point,
where the as-deposited film is stress-free, depends on the system geometry and
the discharge conditions. Due to the inhomogeneous erosion of the target used
in this work (originating from the inhomogeneous magnetic field), spatial variations in film stress on larger area substrates3 are expected. In order to minimize
the influence of different Mo film stresses and surfaces on the nucleation and
growth of subsequent CIGS layers, a fixed sample position with respect to the
target and a sample size of 5×5 cm2 , allowing rather uniform stress distribution,
was used.
3
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Figure 3.1: Cross-section SEM view of a fractured Mo bilayer (first ≈ 100 nm deposited
at 2.00 kW sputter power, then ≈ 850 nm at 0.30 kW). Typical for sputtered Mo films is
the columnar grain structure. The fine structure on the Mo grain surfaces is attributed
to the deposition of a thin Au contact coating for the SEM investigation.

Bilayer process
Since continuous sputtering at high sputter power caused delamination of undesired flakes from the deposition chamber walls, a bilayer process was used
in this work. First, a thinner layer was deposited at high sputter power (typically 100 nm, 2.00 kW), and immediately thereafter a thicker layer at lower
sputter power (typically 850 nm, 0.30 kW). For such a bilayer, conductivity and
adhesion are determined mainly by the first layer, while the problem with the
flakes vanished. Figure 3.1 shows a cross-section scanning electron microscopy
(SEM) view of such a Mo bilayer. Typical for sputtered Mo films is the columnar grain structure, with smaller grains near the substrate. A boundary between
first and second layer is not discernible. A “reversed” Mo bilayer process was
described by Scofield and co-workers [92], where the layers were deposited
first at high and then at low sputter pressure. The motivation in their case was a
better adhesion at higher sputter pressures, in contrast to own results.

Na transport through Mo
For CIGS solar cells, where Na is allowed to diffuse from the substrate (usually soda-lime glass) into the CIGS absorber layer during growth, an efficient
transport of Na through the Mo back contact is essential. Generally, it appears
that Na diffusion through Mo is quick enough in most practical cases, except
when very dense Mo layers are used [97]. For example, deposition of CIGS on
bare and on Mo-coated soda-lime glass resulted in similar Na concentrations in
47

3. Solar-cell processing and characterization

the CIGS layers (determined with SIMS) in the literature [98], and also in own
experiments (using ≈ 500 nm of Mo deposited at 1.0 kW and 3.5 × 10−3 mbar).
The Mo-deposition conditions are known to play an important role for the
oxygen content of the film: Films deposited at higher sputter pressures reveal
higher O concentrations [94], which may be related to the stress in and the grain
size of the Mo layer. The diffusion of Na through Mo appears to be primarily
determined by molybdenum oxide phases, presumably present at grain boundaries [99, 100, 101]. For example, Mo films deposited with several passes of the
substrate in front of the target exhibit high Na and O contents at the interfaces
between the successive Mo layers [101]. According to Granath [102], the presence of Mo oxide phases is necessary, but a limited amount is already enough,
for efficient Na transport through the Mo. Therefore, the base pressure of a Mo
sputtering system could have an impact on Na diffusion through the Mo and
limit the supply for the growing CIGS layer, resulting in lower cell efficiencies.
However, the amount of Na incorporated into a CIGS layer grown on top of Mo
can be independent of the Na concentration in the Mo film [94, 98, 101]. This
may suggest that the Na concentration in CIGS films is limited by thermodynamic rather than by kinetic factors. On the other hand, the amount of Na in
CIGS may also depend on the type or amount of diffusion of atoms such as Ga
into a soda-lime glass substrate [103], or on the desorption rate of Na or Nacontaining molecules (Na2 Sex ?) from the CIGS surface. In the latter case, the
type of Se vapour or the amount of Se overpressure might play a critical role.

3.1.2

CdS buffer layer

CdS deposited by chemical bath deposition is to date the preferred buffer layer
for high-efficiency CIGS solar cells, since best results were achieved with this ntype material.4 However, there are a few drawbacks associated with CBD-CdS.
The band gap of CdS is with 2.4 eV [12] relatively low, such that significant
amounts of light are absorbed before it can reach the CIGS, even for CdS layers
as thin as 50 nm. Photons absorbed in CdS do not contribute to the photocurrent,
since the small diffusion length of minority carriers (holes) in CdS leads to a
high recombination rate. Furthermore, the toxicity of Cd raises environmental
4

The n-type conductivity arises from excess Cd, since interstitial Cd and S vacancies are donors. The n-type
conductivity is usually obtained with most CdS deposition methods [39].
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concerns, although the amount of Cd used for a typical buffer layer (50 nm) is
very small. The third drawback of CdS buffer layers is that CBD is a wet (nonvacuum) process. From a manufacturing point of view, a buffer layer that can
be deposited without breaking the vacuum is desired, since energy and time are
saved. Mainly for these reasons, considerable efforts are made to find alternative
buffer layers such as Znx (S,O,OH)y , (Zn,In)x Sey , or In(OH)x Sy . The highest
conversion efficiency reached to date with a Cd-free CIGS solar cell is 18.6 %
and was fabricated with a ZnS(O,OH) buffer layer deposited using CBD [104].
Cells prepared in the course of this thesis only contain CBD-CdS buffer layers.
There are a number of reasons for the success of CBD-CdS over compounds
deposited with dry methods, such as evaporated CdS. Presumably one of the
most important effects of the CBD is etching of the absorber surface in general, and oxides in particular, in the bath prior to the onset of CdS film growth
[105]. On CIS surfaces, CdS can grow epitaxially [106]. The surface coverage of CBD-CdS is good even for very thin (10 nm) layers [107], and the film
growth rate is almost independent of the hydrodynamic conditions (stirring),
which leads to laterally uniform films [108]. Diffusion of Cd into the absorber
near-surface [109] leads to n-type material, probably due to the occupation of
Cu sites by Cd atoms acting as donors, and may be responsible for the formation
of a buried junction between the p-type absorber bulk and an n-type surface region [110]. However, a buried junction could also be formed by a Cu-depleted
surface [85].5 The situation is complicated further by the existence of Na on
the absorber surface after growth, which may be washed away during CBD
completely [26] or only partially [111]. Na residing at the Cu(In,Ga)Se2 /CdS
interface is expected to influence the properties of the junction.
The solution growth of CdS films can be described with the global reaction
[108]
−
Cd(NH3 )2+
4 + SC(NH2 )2 + 2OH −→ CdS + CH2 N2 + 4NH3 + 2H2 O.
(3.1)
Film growth proceeds through three phases [108]: (i) nucleation, (ii) ion-by-ion
growth, (iii) colloidal growth. In the first phase, the growth rate remains low
and nucleation takes place. Then CdS films begin to grow at a more or less
constant rate in phase (ii). The growth mechanism is probably an ion-by-ion
5

This holds, provided the Cu(In,Ga)3 Se5 -compound is n-type, which may be true for Na-free but wrong for
Na-containing CI(G)S [37, 38].
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process, where Cd2+ and S2− ions react with the surface of the growing film.
Compact, adherent and specularly reflecting layers result. In the third phase,
agglomeration of colloids and larger particles from the solution at the surface
takes place, resulting in porous, poorly adhering layers.
The following reaction scheme is commonly accepted [108]: S2− ions are
released into the solution by the hydrolysis of thiourea in basic solutions (reaction 3.2) and Cd2+ ions by the decomplexation reaction 3.3. When the ionic
product exceeds the solubility product of CdS, precipitation occurs either in the
solution, leading to the formation of colloids, or on the substrate (reaction 3.4),
inducing film growth.
SC(NH2 )2 + 2OH− −→ S2− + CH2 N2 + 2H2 O

(3.2)

Cd(NH3 )2+
−→ Cd2+ + 4NH3
4

(3.3)

Cd2+ + S2− −→ CdS(s)

(3.4)

The deposition processes and resulting films are discussed in more detail in
several publications [106, 108, 112, 113, 114, 115].
Chemical bath deposition of CdS for cells prepared in the course of this
thesis was performed using two different recipes, of which the second process appeared to be more reproducible. In the first recipe, cadmium acetate
(Cd(CH3 COO)2 ), ammonia, and high-purity water (≈ 18 MΩ cm) were mixed
at room temperature, and the samples were immersed therein. The solution
with the samples was then placed in a water bath heated to 65 - 70 ◦ C and agitated using a magnetic stirrer. As soon as the solution temperature had reached
60 ◦ C, preheated thiourea (SC(NH2 )2 ) was added to the solution. When the CdS
film was sufficiently thick, the samples were removed from the solution, rinsed
in high-purity H2 O, and dried using a nitrogen gas jet. In the second recipe,
thiourea (unheated) is added to the solution already in the beginning prior to
immersing the samples. The rest of the process routine is the same as in the first
process. The main differences between CdS films deposited on CIGS absorbers
with the two CBD recipes are probably different etching of the surface [105]
and possibly different diffusion behaviour of Cd.6
6

With a “partial electrolyte treatment”, which is similar to the first process described above, the CdS film
thickness can be somewhat reduced without loss in cell performance [116]. This could be due to (more efficient)
Cd doping of CIGS near the interface.
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A deposition time of about 15 min for a CdS film of about 60 nm in thickness resulted with typical concentrations of the precursors in the final solution
of 1.80×10−3 M Cd(CH3 COO)2 , 0.024 M SC(NH2 )2 and 1.13 M NH3 . These
quantities correspond to a Cd : S : NH3 ratio of about 1 : 13 : 630. In various laboratories, high-efficiency cells have been obtained with a wide range of ratios,
such as 1 : 5 : 1000 [2], 1 : 50 : 1000 [3], 1 : 100 : 714 [117], 1 : 92 : 769 [112], or
1 : 30 : 100 [102].

3.1.3

ZnO bilayer window

A ZnO bilayer is most often used for the transparent front contact (“window
layer”) in CIGS solar cells. The first layer is a thin intrinsic ZnO (i-ZnO) film,
which is typically 50 nm thick, has high resistivity (compared with the second
layer) and good transmissivity. Why the i-ZnO layer is needed is not exactly
understood. It has been argued that the i-ZnO prevents shunting, and that the
band alignment would be favourable. However, it seems that the i-ZnO layer
can be omitted when the CdS buffer layer is somewhat thicker than usual [118].
The second layer is the actual front contact and consists of aluminium doped
ZnO (ZnO:Al). Thickness and material properties of the ZnO:Al layer are determined by a trade-off between transparency and conductivity. Intrinsic ZnO
and ZnO:Al have band gaps of about 3.2 eV and 3.6 - 3.8 eV, respectively [119].
The higher band-gap energy of ZnO:Al originates from its high carrier concentration: The lower states in the conduction band are already occupied, therefore,
the minimum energy for optical excitation from the valence band into the conduction band is larger than the energy difference between the two band edges
(Burstein-Moss shift). Transparency and conductivity depend on the stoichiometry of the layer: A deficiency of oxygen leads to greyish layers, probably owing
to interstitial zinc atoms. Addition of O2 to the sputter gas increases the transparency but decreases the conductivity. Obviously, the ZnO:Al layer thickness
plays an important role in optimizing transmission and conductivity. A sheet
resistance of 65 - 70 Ω is still sufficient to achieve a fill factor of 78 % and
an efficiency of 19.2 %, at least when the current collection is supported by a
contact grid [2].
The i-ZnO/ZnO:Al bilayers used for this thesis were deposited with rf sputtering from a pure ZnO target and a ZnO target with 2 wt% Al2 O3 , respectively,
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Figure 3.2: Transmissivity of an i-ZnO/ZnO:Al bilayer deposited on glass with parameters as used for solar cells. The transmissivity is corrected for the absorption in the
glass.

each 4 ” in diameter. As sputtering gas served an Ar+O2 mixture for i-ZnO, and
mainly Ar without O2 for ZnO:Al. Best cell efficiencies were obtained with
180 W sputter power for 2 min for i-ZnO, and a ramp from 200 to 300 W during
5 min for ZnO:Al, resulting in layer thicknesses of approximately 50 nm and
230 nm, respectively. Substrates were kept at floating potential, which is expected to lead to best cell results [119]. Such bilayers deposited on soda-lime
glass exhibited an averaged transmissivity of roughly 90 % between 300 and
1100 nm (corrected for the absorption in the glass; see Fig. 3.2), and a sheet
resistance in the range of 40 - 50 Ω .

3.1.4

Ni/Al grid

For the minimization of optical losses in the window layer, a reduction of its
thickness is desirable. On the other hand, a good conductivity is required in
order to avoid resistive current loss. A good trade-off can be achieved when
current collection is supported by a metal grid deposited onto the front contact. The grid is opaque and therefore compensates to some extent the gain in
transmission owing to the thinner window layer. Nevertheless, especially for
cells larger than about 0.5 cm2 , application of a grid is beneficial for cell performance. Often a Ni-Al bilayer grid is used, where the purpose of the Ni is to
prevent the formation of a resistive Al2 O3 barrier.
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Ni/Al grids were deposited using e-beam evaporation of Ni and Al through
aperture masks. The Ni and Al layers were typically 50 nm and 1 µm thick, respectively, and the surface coverage of the grid for standard cells (area = 0.6 cm2 )
was about 5 %.
3.1.5

Anti-reflection coating

Anti-reflection coatings often consist of a MgF2 layer of typically 120 nm in
thickness, where the optimum thickness is of course related to the wavelengthdependent reflectivity. Record cells usually include an anti-reflection coating.
The relative gain in current (and therefore efficiency) that can be achieved is
in the range of 4 - 8 % [86]. No anti-reflection coatings were applied to cells
prepared for this thesis.
3.1.6

Post-deposition annealing

No post-deposition annealing treatments in air or oxygen-containing ambient
have been applied for as-deposited absorbers or completed cells. The only postdeposition annealing procedures applied were those within the frame of postdeposition Na incorporation, where the annealing was performed in vacuum or
Se atmosphere (see chapter 6).

3.2

Substrates

There are a number of substrate materials that are suitable for CIGS solar cells.
Today, the “standard” substrate is soda-lime glass, which allowed champion efficiencies, but several alternatives exist. Demands on a substrate material in
general, (thermo-)physical properties of selected substrate materials, and approaches for the processing of flexible solar cells are discussed in appendix A.
3.2.1

Soda-lime glass

SLG is a suitable substrate for CIGS solar cells mainly because it has a wellmatched thermal expansion coefficient, exhibits a smooth surface, is cheap, and
53

3. Solar-cell processing and characterization

Figure 3.3: Current–voltage characteristics of a CIGS solar cell grown on a SLG
substrate. The cell efficiency is 15.9 % under simulated AM1.5 conditions. No antireflection coating was applied.

Table 3.1: Typical chemical composition of the soda-lime glass substrates used for this
thesis, as given by the manufacturer.
Compound
Content

SiO2

Na2 O

CaO

MgO

K2 O

Al2 O3

SO3

Fe2 O3

72.2 %

14.3 %

6.4 %

4.3 %

1.2 %

1.2 %

0.3 %

0.03 %

releases Na into the CIGS. Drawbacks are its loss of rigidity above 550 - 600 ◦ C,
and possible property variations from factory to factory and sometimes even
across one substrate. However, for laboratory cells rigidity loss is usually not a
problem, while the property variations mainly concern Na (and K) out-diffusion
during CIGS deposition. The SLG substrates used for this thesis had a thermal
expansion coefficient of 9 × 10−6 K−1 and the composition given in Table 3.1.
The best solar-cell efficiency achieved with these substrates in the course of this
thesis is 15.9 % (see Fig. 3.3).
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3.2.2

Na-free substrates

For experimental investigations of the effects of alkali impurities, it is desirable
to have Na-free substrates that have the same properties as SLG, except for the
out-diffusion of Na and K into the absorber during CIGS growth. The probably
best approach is to coat SLG with an Al2 O3 alkali-diffusion barrier, and this
approach was chosen for the present work. Al2 O3 is inert and has a thermal
expansion coefficient similar to the one of SLG (App. A). Using SIMS, no Al
was found to diffuse into the CIGS with own specimens. A modification of the
substrate behaviour might occur at high substrate temperatures, when the SLG
becomes soft but the Al2 O3 remains rigid, such that substrate bending may be
a consequence. However, no such influence of Al2 O3 became apparent in own
experiments. Presumably the largest disadvantage of SLG/Al2 O3 substrates is
that the effectiveness of the barrier can be doubted. In this work, the Na barrier
effectiveness of representative Al2 O3 -coated samples were analyzed with SIMS,
while the corresponding samples from the same batch were assumed to have
the same barrier properties. The employed Al2 O3 -coated glass substrates were
obtained from M. Edoff (Univ. Uppsala) and rf sputtering of Al2 O3 on own SLG
substrates was carried out by F. Kessler and G. Seidel at ZSW, Stuttgart.
Other typical Na-free substrates that can be used for investigations of alkali
impurity effects are stainless steel or Ti, but ambiguities from diffusing impurities may influence the observed Na effects. Mo, Si or Corning Code 7059
glass are further alternatives, but all of them have low thermal expansion coefficients (Table A.1) and may give rise to delamination of the CIGS films during
cooldown. Polyimide foils do not allow high-temperature processing and are
awkward to handle.

3.2.3

Substrate cleaning

The typical substrate cleaning procedure for all substrates was washing the samples with soap and high-purity water. Then the samples were cleaned in an
ultrasonic bath first in a mixture of acetone and 2-propanol and afterwards in
methanol. Between all steps and in the end the samples were thoroughly rinsed
with high-purity water. Finally, the substrates were dried in a jet of nitrogen
gas.
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3.3
3.3.1

Sample characterization
Composition

The composition of CIGS layers was determined using a Tracor energy dispersive X-ray analysis (EDX) system attached to a secondary electron microscope.
An acceleration voltage of 20 kV was routinely used, which resulted in a penetration depth of ≤1 µm into CIGS films.7 The Cu, In, Ga, Se EDX data was
calibrated using CIGS layers also measured at two different institutes (ZSW
Stuttgart and University of Stuttgart).

3.3.2

X-ray diffraction

The textures of CIGS absorber films were analyzed with XRD, where Cu-Kα
radiation was used to perform Θ–2Θ scans. In many laboratories, CIGS films
grown with a single-stage or a bilayer process reveal (1 1 2) texture (corresponding to (1 1 1) texture in cubic notation). On the other hand, absorbers grown
with the 3-stage process rather yield (2 2 0, 2 0 4)-textured films.8 It is custom
in the literature to express the texture of CIGS thin films using the intensity ratio
I112 /I220,204 rather than calculating the Lotgering factor [120]. Since the (1 1 2)
reflection occurs at a lower angle of incidence (2Θ ≈ 27 ◦ ) than the (2 2 0, 2 0 4)
reflection (2Θ ≈ 45 ◦ ) and therefore the X-rays have a longer path through the
specimen, the intensity ratio I112 /I220,204 is overestimated. Following the treatment outlined by Bodegård et al. [121], with a 2 µm-thick CIGS absorber the
ratio I112 /I220,204 is overestimated by 30-40 %. Therefore, an I112 /I220,204 ratio
of 3.4 obtained from the thin film corresponds to a value of 2.5, which is obtained from powdered CuIn0.3 Ga0.7 Se2 [122]. Since the correction is relatively
small, only uncorrected intensity ratios will be given henceforth.
The reflections are shifted to higher angles when the [Ga]/[In] concentration ratio is increased, owing to the smaller lattice constants of CIGS films
with higher [Ga]/[In] concentration ratios. Therefore, broad reflections from
7

This estimate is based on the absence of a Mo signal from CIGS/Mo/SLG samples, when the CIGS film
thickness was roughly 1 µm.
8
The notation (2 2 0, 2 0 4) is commonly used for the peak obtained from the usually overlapping (2 2 0) and
(2 0 4) reflections.
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CIGS films are likely to be due to inhomogeneous [Ga]/[In] concentration ratio ([Ga]/[In] grading) through the sample, rather than due to lattice distortions
originating from poor crystal quality or small grain size.
The texture of CIGS films deposited by evaporation of the constituent elements can be influenced strongly by the presence of Na during CIGS growth, as
will be discussed below (chapter 4). Further factors that have been reported to
influence CIGS texture are substrate, growth temperature, the properties of Mo
and the presence or absence of Na on the Mo surface [123]. Absorbers grown
with the 3-stage process often exhibit (2 2 0, 2 0 4) texture, which may be due
to the fact that the 3-stage process starts with the deposition of an (In,Ga)2 Se3
precursor, where the texture of the finished film seems to be inherited from the
texture of that precursor [123]. In the 3-stage process, the amount of Se excess mainly during the first stage has been shown to influence the texture of
the finished absorbers [120], which again indicates that the texture of finished
CIGS films grown with the 3-stage process is inherited from the (In,Ga)2 Se3
precursor.
The relevance of texture for solar-cell performance is unclear. To date, the
best solar cells have been achieved with (2 2 0, 2 0 4)-textured absorbers grown
with the 3-stage process. However, the success of the 3-stage process surely
cannot be attributed to texture alone, but it may contribute. Chaisitsak and coworkers argued that the surfaces of (2 2 0, 2 0 4)-textured absorbers could be
more easily doped than those of (1 1 2)-textured absorbers, leading to a buried
p–n junction and thence superior device performance [120]. A further argument
in favour of strong textures would be that highly textured films may exhibit large
grain sizes (or vice versa). This may originate from energetically more favoured
growth of grains of one certain orientation (cf. sect. 1.4.4). The large grain size
potentially reduces grain-boundary recombination of electron-hole pairs.
3.3.3

Secondary-ion mass spectroscopy

Secondary-ion mass spectroscopy depth profiles were obtained using O+
2 primary ions for detection of positive secondary ions and Cs+ for negative secondary ions. All presented SIMS data was acquired at the University of Stuttgart
by G. Bilger. Typical SIMS spectra exhibit high count rates of alkali (or halogen) ions, which is related to the high sensitivity of SIMS for these elements.
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Mass interferences have been accounted for, where possible, by measuring different isotopes of several elements. Some mass interferences (such as NaO
with K) could be resolved by measurement of a suitable set of samples (as in
sect. 4.2).
Matrix effects were found to be induced by different [In]/[Ga] concentration
ratios in the CIGS, leading to reduced Cu and Se (maybe also Ga or In) count
rates in areas of higher In content (see sect. 4.3). It remains unclear if these
matrix effects are due to smaller sputter yields of grains with higher [In]/[Ga]
concentration ratio, or if indirect effects such as larger grain sizes are responsible. Since atomic bonds are usually less strong at grain boundaries than in
grain interiors, it can be expected that erosion (induced by the bombardment
with primary ions) proceeds more quickly along grain boundaries. As a consequence, the sputter yield of film regions with lower grain boundary density will
also be lower, and less rough surfaces will develop. Owing to preferred erosion
along grain boundaries, a disproportionate fraction of secondary ions stemming
from grain boundaries or their vicinity will be detected. This may lead to an
overestimation of the contributions of the grain boundaries to the overall count
rate. However, the error introduced should be small.
Since in this thesis only qualitative conclusions are drawn from SIMS depth
profiles, possibly existing minor matrix effects have no influence on the interpretation of the data. Nevertheless, whenever possible, SIMS results were crosschecked directly or indirectly using further analysis methods (such as EDX, Xray photoelectron spectroscopy (XPS), or XRD). In the course of this thesis,
matrix effects became obvious only in the case mentioned above and described
in sect. 4.3.
3.3.4

Current–voltage characteristics

Current–voltage (I–V ) characteristics of solar cells were recorded at room temperature. As light source served a halogen lamp. The irradiation power density
of the lamp was calibrated with a Si reference cell to about 100 mW/cm2 , which
corresponds to AM1.5 global irradiation.9 Although the spectrum of the halogen lamp deviates to some extent from that of the sun, a comparison of measurements of the same CIGS solar cells measured at different institutes revealed a
9
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See on p. 19 (sect. 2.1.2) for a definition of “AM1.5 global irradiation”.

3.3. Sample characterization

good agreement of the results. Current density–voltage (J–V ) curves were obtained from the measured I–V characteristics by dividing the current by the cell
area. Inaccuracies in the determination of cell efficiencies in this work originate
mainly from illumination (inhomogeneous intensity, deviations from the solar
spectrum) and cell area determination. These parameters affect primarily Jsc ,
leading to an estimated relative error in the efficiency determination of about
5 - 10 %.
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Chapter 4
Na incorporation into CIGS using
different methods
Sodium can be incorporated into CIGS absorber layers during various stages of
film growth using Na compounds or elemental Na. An overview of Na incorporation methods described in the literature will be given in the beginning of
this chapter. Thereafter, the suitability of NaF coevaporation as a further Na incorporation technique is shown on CIGS films grown with a (modified) bilayer
process at low substrate temperature. The influences of different Na incorporation methods on microstructural properties of CIGS absorbers grown with the
3-stage process at high substrate temperatures is presented and discussed in the
remainder of the chapter.

4.1

Na incorporation methods

The “standard” method to incorporate Na into CIGS absorber layers is to use
a SLG substrate without Na-diffusion barrier, where the Na diffuses into the
absorber during growth. This method is widely used and enabled world-record
efficiencies. Typical Na concentrations found in such CIGS layers are of the
order of 0.1 at% [20, 21, 25, 26, 27], which is often considered an optimum. Na
diffusion from the SLG is a passive Na incorporation technique that depends
on the properties of the SLG. The processes limiting or enabling Na diffusion
from the SLG during growth are presently not understood in detail. Further
impurities can also diffuse from the SLG into the CIGS. In own experiments,
using SIMS measurements, K was found to diffuse readily into own absorbers
(see below, sect. 4.2), but not Si, Ca, or Al.
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Similar, but controllable Na incorporation methods are the deposition of a
Na-containing film below or the incorporation of Na into the Mo back contact,
or the deposition of a thin Na-containing precursor film onto the Mo prior to
CIGS growth (see also Fig. 1.3). These methods require either Na-free substrates or alkali-diffusion barriers (such as Al2 O3 or very dense Mo), otherwise
too much Na may be incorporated into the CIGS. The precursor approach is
often employed. Na compounds used are NaF [17, 124, 125, 126], Na2 Se
[21, 127], Na2 S [127], or Nax O [18]. The NaCl layer included in the substrate configuration used for flexible cells in the lift-off approach (sect. A) also
releases Na (through the polyimide) into the absorber, but not Cl [60].
A further Na incorporation method is coevaporation of a Na compound during CIGS growth. Employed materials are Na2 Se [24, 27, 34, 128], Na2 S [128],
NaF (see below) or metallic Na [35]. In-diffusion of Na after CIGS growth into
epitaxial CIGS layers was reported [32], but could not be achieved using CIS
single crystals [23, 31]. In-diffusion of Na into polycrystalline CIGS absorbers
was successful and will be presented below (sect. 4.3) and in chapter 6.

4.2

NaF coevaporation during CIGS growth at low temperature

The feasibility of Na incorporation using NaF coevaporation during low-temperature growth of CIGS absorbers was investigated with four sample pairs.
Each pair consisted of a bare SLG substrate and a SLG substrate with an alkalidiffusion barrier (Al2 O3 ), and both were coated simultaneously with Mo and
CIGS in the same deposition runs. For CIGS deposition, a modified bilayer
process was used, consisting of the deposition of first ≈ 160 nm of (In,Ga)x Sey
followed by coevaporation of Cu, In, Ga and Se with an excess of Cu in order to drive the film Cu rich, thereafter the Cu flux was reduced and a Cu-poor
overall composition was eventually obtained. The substrate temperature was
kept at 450 ◦ C throughout the process, which lasted 60 min. Just before opening
of the Cu shutter, NaF coevaporation was started and maintained for 50 min.
Three different NaF evaporation rates (controlled by crucible temperatures of
555, 575, or 595 ◦ C) were used for three substrate pairs, while the fourth pair
was coated without addition of NaF. Samples prepared on SLG/Al2 O3 /Mo will
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be referred to as A0, A555, A575, and A595, where the number indicates the
NaF deposition condition. Correspondingly, samples prepared on SLG without alkali-diffusion barrier will be referred to as B0, B555, B575, and B595.
Also in the remainder of this thesis, “A”-samples have SLG substrates with
Al2 O3 coating, while “B”-samples represent specimens on SLG without alkalidiffusion barriers.
The samples were analyzed with SIMS (with a focus on the Na and K content
in CIGS), SEM, and XRD, as discussed in the following.

4.2.1

Incorporation of Na

SIMS depth profiles through absorber A0 reveal a strong suppression of Na diffusion due to the Al2 O3 barrier layer compared with absorber B0 (see Fig. 4.1).
In contrast, the three absorbers grown on SLG/Al2 O3 /Mo with NaF coevaporation exhibit clearly increased Na concentrations. The Na content of sample A575 corresponds roughly to the Na content of the “reference” sample B0,
while the Na concentrations in samples A555 and A595 are lower and higher,
respectively, by similar amounts. This shows that NaF coevaporation can be
used to adjust the Na concentration in CIGS thin films. No F could be found
inside the absorbers with SIMS.
For each pair of samples, the Na concentration is higher in the sample without alkali-diffusion barrier (see Fig. 4.2). Thus, there is always some Na diffusing from SLG/Mo, irrespective of the NaF coevaporation conditions. This is
observed even for the sample pair A595 and B595, where the Na concentration
induced by coevaporation alone is already higher than in the reference sample
B0. Therefore, the amount of Na diffusing from the glass is presumably not primarily limited by the number of available sites in the CIGS, since in the case of
B595 the majority of these sites would be occupied by Na supplied by coevaporation. However, it cannot be excluded that the Na supplied by coevaporation
occupies different sites than Na supplied by the glass, e.g. originating from a
different reaction of the two Na species with Se.1
1

However, if the Na diffusivity along grain boundaries and on the sample surface is high (which seems to be
the case), the two Na species are expected to intermix rapidly and thus a different behaviour seems unlikely.
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Figure 4.1: 23 Na SIMS depth profiles through CIGS absorbers grown on SLG/Al2 O3 /Mo
(A-samples) and on SLG/Mo (sample B0). While no NaF was added to absorber A0,
the diffusion of Na from the SLG into absorber B0 was allowed. During preparation
of absorbers A555, A575, and A595, NaF was coevaporated at three different rates.
The depth profiles show that the Al2 O3 alkali-diffusion barrier effectively suppresses
Na diffusion from the SLG, and that the Na concentration in CIGS absorbers can be
controlled using NaF coevaporation.
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Figure 4.2: 23 Na SIMS depth profiles through CIGS absorbers grown on SLG/Al2 O3 /Mo
(A-samples) and on SLG/Mo (B-samples) with three different NaF coevaporation rates.
Although the NaF dose was identical for both samples of each pair (e.g. A575 and
B575), the Na concentration in A-samples is always higher than in B-samples. This
indicates that diffusion of Na from the SLG into the absorber occurs more or less independent from the Na concentration inside the absorber.
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4.2.2

Incorporation of K

An examination of the potassium depth profiles (Fig. 4.3) reveals that all absorbers grown on SLG/Al2 O3 /Mo exhibit lower count rates than any absorber
grown on SLG/Mo. There is a small increase of the K count rate from absorber A0 to absorber A595, which can be explained with mass interference of
39
K with 23 Na16 O. Thus, the contribution of NaO to the K count rate is much
lower than the count rates obtained for absorbers B0 to B595. It must be concluded that with SLG/Mo samples, K diffuses from the SLG into the absorbers
during the deposition process, leading to K concentrations in CIGS probably
comparable to typical Na concentrations. By the same token, the Al2 O3 barrier
suppresses not only Na but also K diffusion effectively.
Effects of K in CIGS absorbers are seldom taken into account in the literature. In the only investigation of absorbers grown by evaporation, Contreras
and co-workers found a similar, but less pronounced, influence of KF precursors
compared with the effect of NaF precursors [15]. K is chemically very similar
to Na, therefore, it is not surprising to find also similar electronic effects. But
the ionic radius of K+ is larger than the one of Na+ , which could result in a
lower diffusivity of potassium. Hence, K may not be able to access or occupy
certain sites in polycrystalline CIGS absorbers. Thus, K can be expected to enhance the effects also induced by Na. In other words, when the influence of K
is neglected and instead attributed to Na, the influence of Na may be overestimated. However, further experiments would be needed to corroborate this view.
For the remainder of this thesis, it will be understood that effects of Na diffusing
from SLG include the effects of K, even when this is not explicitly mentioned.

4.2.3

Effect on microstructure

An investigation of the surfaces of absorbers A0, A555, A575, and A595 with
SEM revealed similar grain sizes for the first three samples. Only for A595 a
smaller grain size is obvious, and “particles”, probably segregations, are regularly distributed over the sample surface (see Fig. 4.4). Micrographs of crosssections of these films did not provide any further insight, possibly owing to
the small grain size. In particular, the different grain size of absorber A595 is
not apparent in the cross-section image. A small grain size in the case of a Na
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Figure 4.3: 39 K SIMS depth profiles through CIGS absorbers grown on SLG/Al2 O3 /Mo
(A-samples) and on SLG/Mo (B-samples) with different amounts of NaF coevaporation. While the K count rate of the A-samples show a weak dependence on the NaF
coevaporation conditions (attributed to mass interference with 23 Na16 O), the K count
rate of B-samples is much higher and attributed to diffusion of K from the substrate.
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Figure 4.4: SEM images of CIGS absorber surfaces grown on SLG/Al2 O3 /Mo without
Na (left; sample A0), and with NaF coevaporated at “medium” (centre; A575) and “high”
(right; A595) evaporation rates. While there is little change from A0 to A575, the surface
of A595 exhibits much finer grains and “particles” (probably segregations).

“overdose” (sample A595) would be in agreement with literature, since several
authors have described deteriorating grain size for high amounts of incorporated
Na [21, 22, 23, 24].
The XRD patterns of samples A0 - A595 reveal intensity ratios I112 /I220,204
between 0.5 and 1.1 with no clear dependence on the NaF coevaporation conditions. The effects of Na on the texture of CIGS are disputed in the literature, as
discussed in section 4.3.4.

4.3

Dependence of Na effects on the Na incorporation method

As outlined in the first section of this chapter, there are several alternatives to
sodium incorporation by diffusion from SLG. They need either alkali-diffusion
barriers or Na-free substrates, and require “active” Na incorporation. Variants,
where Na-containing materials are deposited prior to or during the Mo deposition will not be considered here. With Na-containing precursors, all of the
available Na is provided at the beginning of absorber growth, such that CIGS
grows with large Na excess in the beginning. Coevaporation of a Na compound
provides Na during the whole process at an optimum rate, or provides Na in
excess during a shorter period that may or may not be in the beginning. The
eventual option is a post-deposition treatment (PDT), i.e., the in-diffusion of
Na into as-grown, Na-free CIGS. Obviously, Na has different opportunities to
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influence CIGS growth in these variants, which may lead to different structural
and electronic absorber properties.
The dependence of certain Na effects on the Na incorporation method was
examined using SLG/Al2 O3 substrates, coated with about 1 µm of Mo. In order
to compare the results with Na diffusing from the SLG, also a sample without
Al2 O3 was prepared. CIGS layers were deposited using the “standard” 3-stage
process as described in section 2.6, hence the maximum substrate temperature
reached during the second and third stage was Tsub,max = 580 ◦ C. For NaF deposition (coevaporation), two different conditions were used, such that the NaF
film thicknesses deposited within 20 min were 20 or 40 nm.
Absorbers were prepared with different methods of Na incorporation (see
also Table 4.1): NaF precursor layers (20 nm, 40 nm) were deposited in situ
onto the Mo at room temperature; NaF was coevaporated throughout the first
(amount corresponding to 20 or 40 nm) or the second stage (40 nm); or 40 nm of
NaF were deposited (together with Se) onto CIGS films directly after growth by
interrupting cooldown at 450 ◦ C for 20 min. Furthermore, two absorbers without addition of NaF were prepared, one on SLG/Mo, and one on SLG/Al2 O3 /Mo.
These samples are named after their Na incorporation method and the NaF condition used (see Table 4.1). A control sample prepared in the same way as
sample NaF1st40 led to corresponding results, which indicates that small runto-run variations in the deposition processes are negligible in comparison with
the effects of Na. Results of that control sample are not included here. The
samples were prepared in a random sequence in order to eliminate the influence
of possibly drifting deposition conditions. However, no correlation of sample
(and solar cell) properties with the sample preparation order could be detected.
The absorber layers were analyzed with EDX, SIMS, XRD, SEM, and fourpoint probe resistivity measurements, and the J–V characteristics of solar cells
prepared from these absorbers were recorded.
4.3.1

Chemical and microstructural effects

Na depth profiles
SIMS depth profiles reveal varying Na concentrations inside the absorbers (see
Tab. 4.1). Relative to the amount of Na that had diffused from SLG without
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Table 4.1: Sample nomenclature, Na incorporation details, and approximate Na concentration, as determined by SIMS, relative to the amount of Na that had diffused from
SLG without alkali-diffusion barrier.
Sample
Na0
NaF1st20
NaF1st40
NaF2nd40
NaFpre20
NaFpre40
NaFPDT
NaSLG

Na incorporation by
–
coevap. during 1st stage
coevap. during 1st stage
coevap. during 2nd stage
precursor
precursor
post-deposition
diffusion from SLG (no Al2 O3 )

Amount of NaF
(co-)evaporated
–
equivalent to 20 nm
equivalent to 40 nm
equivalent to 40 nm
20 nm
40 nm
40 nm
–

Approx. relative Na
concentration (SIMS)
≤ 0.005
1
2
2
0.7
0.6
1

alkali-diffusion barrier into the CIGS (sample NaSLG ), coevaporation of NaF
during the first stage (20 nm) led to a comparable Na concentration. Coevaporation of 40 nm of NaF during the first or during the second stage gave rise to
twice that Na concentration. Lower Na concentrations were found in the absorber grown on a 40 nm-thick NaF precursor, which might be due to partial reevaporation of the precursor prior to CIGS deposition. Sample NaFpre20 was
not measured with SIMS. Also the post-deposition-treated absorber exhibited a
Na concentration lower than in sample NaSLG. A comparison of the shape of
the Na depth profiles through CIGS reveals a less pronounced rise towards the
Mo back contact for absorber NaFPDT compared with absorbers grown in the
presence of Na (Fig. 4.5). The lowest Na concentrations are found typically in
depths where the [Ga]/[In] concentration ratio is lowest, which is also where
the grain size is largest (see below). Since in the literature a correlation of grain
size with Na concentration has been mentioned several times [22, 27, 29, 30], it
is expected that also here the primary cause for the observed Na profiles is the
variation of the grain-boundary density through the absorbers.
In and Ga depth profiles
Inspection of the SIMS depth profiles of In and Ga on the samples without
Na present during growth (Na0 and NaFPDT ) show a small drop of the Ga
count rate during the front 400 nm of the absorber, followed by a steady increase
towards the back contact. The In rate is gradually decreased from front to back
70

4.3. Dependence of Na effects on the Na incorporation method

Figure 4.5: SIMS depth profiles of 23 Na through CIGS absorbers NaSLG and NaFPDT,
where Na was incorporated by diffusion from SLG and by post-deposition in-diffusion,
respectively, and through absorber Na0, which remained Na free and was probed after
rinsing the surface with de-ionized water (see also Fig. 4.6). The profile of absorber
Na0 corresponds to the background Na level. The Na concentration in CIGS is increased more in sample NaSLG than in PDT-CIGS, especially towards the back contact, where the CIGS grain size decreases.
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Figure 4.6: SIMS depth profiles of 63 Cu, 115 In, 69 Ga, 80 Se, and 23 Na through CIGS
absorbers NaF1st40 (left) and Na0 (right), both grown on SLG/Al2 O3 /Mo. NaF was coevaporated during the first stage for absorber NaF1st40, while absorber Na0 remained
Na free. The Ga and In profiles are typical for absorbers grown in the presence or
absence of Na, respectively. The dip in the Cu profile is an artefact. The Na count
rate of sample Na0 decreases exponentially, which suggests Na is dragged into the
absorber from the surface. This was verified by thoroughly rinsing the surface of the
same absorber with de-ionized water before a further measurement. The resulting Na
depth profile (curve “Na (rinsed)”) corresponds to the background Na level.

(see Fig. 4.6). In all other samples, i.e., when there was sodium available at
least during a part of absorber growth, the drop in Ga signal is much more
pronounced, with a minimum at around 400-500 nm. In this depth, the In rate
is increased correspondingly. These changes in composition in the front half
of the absorber are also indicated by EDX composition measurements, which
probe more of the front than of the rear part of the CIGS layer (see Table 4.2).
This compositional difference has been observed with EDX also on samples
with and without an alkali-diffusion barrier, where CIGS was deposited in the
same deposition run. A corresponding [Ga]/[In] grading effect occurred also in
samples prepared on stainless steel substrates by Satoh and co-workers [129].

Cu depth profiles
Also the Cu SIMS depth profiles show a dip at around 400-500 nm, which is
less pronounced for samples grown without Na (see Fig. 4.6). This is surpris72
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ing, since Cu diffusion in CIGS at 580 ◦ C is generally fast enough to establish a
constant Cu concentration through the film, and since the position of the dip is
not in accordance with the deposition sequence. However, depth profiles of Cu
through the same absorber showed a constant Cu concentration when analyzed
with XPS and also when probed with EDX using transmission electron microscopy, while the In and Ga depth profiles were corresponding to the profiles
obtained from SIMS. Hence, the dip in the Cu concentration can be considered
an artefact and is attributed to a matrix effect, possibly caused by the different
grain-boundary density or by the varying Ga and Na concentrations.2
Table 4.2: Compositional properties of the CIGS layers as measured with EDX and
intensity ratio of the (1 1 2) and (2 2 0, 2 0 4) reflections (XRD).
Sample
Na0
NaF1st20
NaF1st40
NaF2nd40
NaFpre20
NaFpre40
NaFPDT
NaSLG

[Cu]/[In+Ga]
(EDX)
0.84
0.86
0.84
0.83
0.88
0.86
0.84
0.81

[Ga]/[In+Ga]
(EDX)
0.31
0.25
0.26
0.25
0.26
0.24
0.28
0.23

I112 /I220,204
(XRD)
0.15
0.16
0.25
0.12
0.55
4.76
0.07
0.08

Texture
The XRD patterns of the samples also reveal that the [In]/[Ga] concentration
ratio changes through the absorber: An overlap of two (main) peaks can be observed for the CIGS reflections of all samples with Na present during growth,
while CIGS grown without Na shows clearly narrower (single) peaks (Fig. 4.7).
These double-peak reflections are due to regions with different lattice constants
in the CIGS, which are attributed to the varying [In]/[Ga] concentration ratios.
The (1 1 2) and (2 2 0, 2 0 4) reflection intensities of CIGS have been determined
by integrating the areas below the peaks. All CIGS layers grown with coevaporated NaF exhibit a pronounced (2 2 0, 2 0 4) texture, and no clear change in
the I112 /I220,204 intensity ratio is induced. Similar patterns have been obtained
2

Further discussions on matrix effects in SIMS depth profiles can be found in sect. 3.3.3
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Figure 4.7: X-ray diffraction patterns of CIGS layers grown with varying Na concentrations and Na incorporation techniques. A clear change in texture is induced by NaF
precursors, in contrast to NaF coevaporation, NaF post-deposition treatment, or Na
diffusion from SLG. Single peak reflections are observed only for CIGS layers grown
without Na, which indicates better interdiffusion of In and Ga.

for sample NaSLG. In contrast, when NaF precursors are used, the I112 /I220,204
intensity ratio is increased slightly for sample NaFpre20 and clearly for sample
NaFpre40 (see Table 4.2). Post-deposition Na incorporation induced no apparent change compared with sample Na0, which remained Na free. From these
results, it is inferred that texture is influenced by Na primarily when precursors
are used. Hence, the change of surface, on which CIGS is deposited, and/or
the high concentration of Na during the early stages of absorber growth are presumably the key factors. Since in the 3-stage process the texture of the finished
absorber seems to be inherited from the texture of the (In,Ga)2 Se3 deposited
during the first stage, it is to be expected that NaF precursors modify the growth
of (at least) (In,Ga)2 Se3 .
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Grain size
SEM cross-section micrographs of fractured CIGS layers reveal smaller grain
sizes when Na was present during growth (see Fig. 4.8). When NaF was coevaporated during the first stage, higher NaF evaporation rates led to smaller grain
sizes. NaF coevaporation during the second stage also decreased the CIGS grain
size, but to a lesser degree than coevaporation during the first stage. This may
be due to a lower sticking probability of Na(F) at the higher substrate temperatures during the second stage, or due to a smaller influence on grain growth
due to the later stage of Na addition. Also with NaF precursors, a progressive
decrease of grain size with precursor thickness can be observed. The effect is
again slightly weaker than with coevaporation during the first stage. In the sample where diffusion of Na from the SLG was allowed and no further Na(F) was
added, again reduced grain sizes were obtained as with 20 nm NaF coevaporation or precursors. Corresponding results have also been obtained on samples
with and without alkali-diffusion barrier where CIGS has been deposited in the
same deposition run.
In all absorbers, especially those exhibiting a moderate Na effect (NaF1st20,
NaFpre20, NaFpre40, NaSLG ), grains grew somewhat larger in the upper than
in the lower half. Nevertheless, also the surfaces of samples NaF1st20 and
NaF1st40 reflect to some extent the impression from the cross-section micrographs (see Fig. 4.9). Samples Na0 and NaF1st40 were also investigated in the
transmission electron microscope.3 The resulting cross-section images corroborate the impressions obtained from the SEM investigations (see Fig. 4.10). It
can be concluded that the presence of Na during CIGS growth leads to reduced
grain sizes, depending primarily on the Na dose rather than on the Na incorporation method.
In contrast, post-deposition in-diffusion of Na left the grain structure unaltered. The grains of absorber NaFPDT seem to be even a bit larger than the
grains of the Na-free film, but this can be attributed to the somewhat lower Ga
content (cf. Table 4.2 and sect. 5.2.2). Consequently, Na is affecting grain size
by modifying CIGS growth rather than by disintegrating already grown CIGS
grains.
3

Investigation by M. Terheggen, Institute of Applied Physics, ETH Zürich
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Figure 4.8: Cross-section SEM images of CIGS absorbers grown with different methods and amounts of Na addition (cf. Table 4.1). The largest grains are obtained for
samples Na0 and NaFPDT, which were grown without Na. The grain size of the other
samples depends primarily on the Na dose, not on the incorporation method.
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Figure 4.9: SEM images of CIGS absorber surfaces. The absorbers were grown without Na (left), and with NaF coevaporation during the first stage in amounts corresponding to 20 nm (centre) and 40 nm (right). A decrease of grain size with increasing Na
concentration is apparent.

Figure 4.10: Bright-field transmission electron microscopy images of cross-sections of
absorbers Na0 (left) and NaF1st40 (right). Impressions from the corresponding SEM
images (fractured specimens) are corroborated (cf. Fig. 4.8).
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Thinner NaF precursors

One could argue that the amount of Na provided is higher than the optimum,
such that for lower Na doses the CIGS grain size might be increased. Indeed,
with a NaF precursor of 20 nm in thickness “consumed” by a 2 µm-thick CIGS
layer, the Na concentration in the CIGS amounts to ≈ 1 at% (corresponding to
about 4×1020 Na atoms/cm−3 ), neglecting Na “losses” such as Na(F) desorption or incorporation of Na also into the Mo. This is relatively high compared
to the often determined value of around 0.1 at% for CIGS grown on SLG without barriers (cf. sect. 1.3). However, the Na level in sample NaF1st20 is of a
similar magnitude as in the reference sample NaSLG, where Na originates from
diffusion from the SLG. In the literature, the amount of Na diffusing from SLG
is often considered an “optimum”. Furthermore, NaF precursors of 3, 20 and
40 nm in thickness have also been used in a different laboratory (University of
Uppsala), and the resulting CIGS grain sizes were equally large for all precursors (as for Na diffusing from the glass) and clearly larger than in the Na-free
absorber [17, 102]. In that case it was also observed that the effective amount
of incorporated Na is lower than the calculated concentration.

In order to clarify the issue and to strengthen the results presented above,
an additional sample was prepared and investigated. Using a SLG/Al2 O3 /Mo
specimen, NaF precursors of 2 and 20 nm in thickness were deposited onto
parts of the Mo, while leaving a part of the Mo surface Na free. The three
samples were on the same substrate and therefore simultaneously coated in all
processing steps except NaF precursor deposition. CIGS was grown with the
3-stage process in situ at a maximum substrate temperature of 580 ◦ C. As expected from the results presented above, cross-section SEM images show that
smaller grain sizes resulted with the 20 nm precursor compared with Na-free
CIGS (Fig. 4.11). The CIGS film with a 2 nm precursor exhibits a slightly
smaller grain size, hence an increase in grain size can definitely be excluded.
Therefore, the above conclusion, that smaller CIGS grain sizes are obtained
with increasing Na concentration, still holds, also when the “nominal” Na concentration with the 2 nm precursor is only about 0.1 at%.
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Figure 4.11: Cross-section SEM images of CIGS absorbers grown with different
amounts of Na incorporation: Onto SLG/Al2 O3 /Mo specimens NaF precursors of 2
and 20 nm in thickness were deposited (middle, bottom), or the CIGS remained Na
free (top).
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Figure 4.12: Resistivities of air-exposed CIGS films relative to the resistivity of Nafree CIGS (≈ 3700 kΩ ). The films were grown on SLG/Al2 O3 (no Mo) or on SLG
(sample NaSLG) with different methods and amounts of Na addition (cf. Table 4.1),
and resistivities were obtained from four-point probe resistivity measurements. Note
the logarithmic scale.

4.3.2

Effects on conductivity

A part of every SLG/Al2 O3 (or SLG) substrate was not coated with Mo, such
that there CIGS was deposited onto an insulating surface. These sections of
the CIGS films were used for measuring the conductivity of the CIGS films by
means of in-plane four-point probe resistivity measurements at room temperature in ambient light. The films were examined after exposure to dry air for
few weeks. Incorporation of Na by any of the methods or amounts resulted in
resistivities reduced by roughly two orders of magnitude, where the sheet resistance of the Na-free film was measured to be ≈ 3700 kΩ (see Fig. 4.12). Such
a behaviour is in good agreement with literature, where Na-induced conductivity improvements by half an order to two orders of magnitude are reported
[15, 18, 33, 34, 35]. It is interesting to note that also post-deposition-treated
CIGS exhibits a clearly improved conductivity, which indicates that the Nainduced increase in conductivity in general is rather a result of defect passivation or doping than of different microstructural properties, as discussed below.
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Conductivity of polycrystalline semiconductor films
The general expression for the conductivity of a p-type semiconductor (pn)
is [39]
σ = qpµp
(4.1)
where q is the electron charge, p is the hole density, and µp is the hole mobility.
In polycrystalline thin films, intergrain potential barriers usually are an obstacle
to carrier transport. Hence, the microscopic mobility and carrier density within
each grain are in general not equal to the corresponding macroscopic quantities.
In many cases, potential barriers at grain boundaries originating from charged
interface states dominate mobility and therewith conductivity [39]. The presence of GBs can also give rise to enhanced conduction along GBs, or generally
to new energy levels that often act as recombination centres.
For the case of a film where transverse GBs dominate the mobility and for
small applied voltage bias the following equation can be derived,4 in which the
intragrain mobility is replaced by an effective (macroscopic) mobility µeff , and
which relates the conductivity across GBs to the height of the grain-boundary
barrier Vd (cf. Fig. 1.4) and to the grain size g [39]
!
r
qg
kT
σ = qpµeff = qp
e−qVd /kT
(4.2)
∗
kT 2πm
where m∗ is the effective hole mass. However, the concept of replacing µp
by µeff must be taken with caution (similar to the aforementioned case of Leff ,
p. 23). For example, the width of the carrier collecting or repelling fields (depletion regions) around GBs and the barrier heights Vd are expected to change with
the acceptor concentration, thus, also mobility is influenced by NA . In general,
Vd is a function of the energy distribution of GB states, of the effective hole
density within the grains, and of illumination intensity, thus, µeff can depend on
p. Theoretical considerations and experiments suggest that a mobility increase
of a factor of five is well possible when the acceptor density is increased by one
order of magnitude [39]. This influence on mobility however depends strongly
on the (initial) height of the barrier, such that for low Vd it may be very weak.
4

Further assumptions are that grains are only partially depleted, that there is no scattering within the depletion
regions, that there is no conduction along GBs parallel to the film, and that Vd is independent of the applied voltage
bias.
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Influence of Na on the conductivity of CIGS
There are several ways in which Na could increase the conductivity of CIGS:
(i) Incorporation of Na into grains, where they act as acceptors. p increases.
Vd decreases (accumulated GB) or increases (depleted or inverted GBs)
and the depletion layer width around GBs Wd changes, therefore, also µeff
is modified. σ increases, as long as the influence on µeff is neither negative
nor dominating.
(ii) Smaller grain size, no further change in crystal or GB properties. The
number of GBs parallel to the layer increases, thus, when grain-boundary
conductivity σGB is comparatively high, the macroscopic conductivity σ of
the film also increases. On the other hand, also the number of transverse
GBs increases, which reduces σ, unless the GB potential barriers are so
low that their influence on µeff can be neglected.
(iii) Better crystal quality of the individual grains. The intragrain mobility
increases. When GBs dominate charge transport, the change in σ may be
negligible.
(iv) Na is located at the grain boundaries:
(a) Na introduces defect states at GBs that increase σGB , e.g. via banding
of new defect levels. This directly raises or lowers σ when there are
enough GBs for GB conduction to be dominant.
(b) Na introduces or removes defect states. The number of acceptor and
donor states and of charged defects at the GB may change. Thus, the
height and possibly nature of the GB potential barrier is influenced.
When Na eliminates hole traps, also the effective (free) hole density
inside the grains is increased. Therewith Vd , Wd , µeff , p, and hence σ
may be affected.
All of these options could explain in principle the observed decrease of resistivity in Na-containing CIGS. Which options are favoured depends on the
importance of GBs for charge transport in CIGS, but the sensitivity of σ to intergrain barriers is difficult to assess. Considering the low resistivity of film
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NaFPDT, option (ii) can be excluded as the sole reason for Na-improved conductivity, since the grain size is not smaller than in Na-free CIGS. Also an
increase of intragranular crystal quality (option (iii)) due to the PDT appears
unlikely: The CIGS was grown at Tsub,max = 580 ◦ C, such that significant outannealing of crystal defects at 450 ◦ C is not expected. Thus, contributions from
options (ii) and (iii) are feasible in CIGS grown in the presence of Na, but
considering the high conductivity of post-deposition-treated CIGS, these contributions must be rather small. Therefore, options (i) and (iv) remain as main
candidates for Na-induced improvement of CIGS conductivity.
However, an increase of σGB , option (iv)a, is unlikely when the idea brought
forward by Persson and Zunger represents real GBs sufficiently well [42]: NaCu
defects at GBs may lower the valence-band maximum owing to the lack of Na
d electron states, similar to the case of (2VCu +InCu ) NDCs at grain boundaries
(see sect. 1.4.2). Thus, applied to grain-boundary conduction, holes would be
kept off the GBs, and consequently, σGB would be decreased rather than increased owing to Na incorporation. It is also interesting to note that the small
grain size of e.g. sample NaF1st40 still allows high conductivity, which may be
an indication that the intergrain barrier in Na-containing CIGS is low.
4.3.3

Influence on solar-cell performance

The large Ga and In concentration variations and the smaller grain size of absorbers grown on SLG are not devastating for solar-cell performance: With
absorbers grown in the same way as sample NaSLG, cell efficiencies of 15 %
have been obtained (Voc = 672 mV, FF = 74.1 %, Jsc = 30.5 mA/cm2 , η = 15.2 %,
area = 0.589 cm2 ). Solar cells were prepared from the set of absorber layers described above after storage of the bare absorbers in dry air for about five weeks.
The absolute numbers must be taken with caution owing to irregularities in the
grid deposition processes, different cell areas, and low number of cells per sample. Nevertheless, some interesting trends can be observed (see Table 4.3).
These cell results allow a crude classification into three categories. The first
is formed by the Na-free sample alone, which exhibits a Voc 60-100 mV lower
than any Na-containing sample, low FF , and an efficiency just below 10 %.
In the third category are the two samples NaF1st40 and NaF2nd40. These
two samples exhibit only marginally better efficiencies than the sodium-free
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Table 4.3: Parameters of solar cells grown with different methods and amounts of Na
incorporation. The given values are averages of four cells. Absolute numbers must be
taken with caution (see text), but general trends can nevertheless be observed.
Sample
Na0
NaF1st20
NaF1st40
NaF2nd40
NaFpre20
NaFpre40
NaSLG
NaFPDT

Voc
(mV)
541
637
606
606
626
649
630
622

FF
(%)
61.2
74.7
60.7
66.2
72.7
73.1
72.5
71.9

Jsc
(mA/cm2 )
28.1
29.3
25.8
26.5
29.0
29.1
28.1
28.4

η
(%)
9.3
13.9
9.5
10.6
13.2
13.8
12.8
12.7

Area
(cm2 )
0.531
0.463
0.474
0.436
0.505
0.545
0.412
0.423

sample. Besides moderate Voc and FF , they are characterized by comparatively
low Jsc . The remaining samples are in the second category, where Voc and FF
are highest and Jsc is as high as for the Na-free cell. Efficiencies are in the
vicinity of 13 %.

Comparison of these three categories with the approximate Na concentration
obtained from the SIMS measurements (cf. Tab. 4.1) shows that the categories
1-3 can be described with “no”, “medium”, and “too much” sodium, respectively. The two samples from the third category are at the same time characterized by the lowest grain sizes (especially in the upper half of the absorber). It is
noteworthy that by adding medium amounts of Na to the CIGS, the grain size
decreases but at the same time the cell performance improves substantially. Obviously, CIGS grain size alone is not the limiting criterion for cell performance
of these cells, since the expected negative impact is over-compensated clearly
by the electronic effects of Na. On the other hand, one of the reasons for the decreased efficiencies (and short-circuit currents) in cells from the third category
may be that here the grain sizes have crossed a certain threshold, below which
a negative influence of grain boundaries cannot be compensated anymore by
sodium.
84

4.3. Dependence of Na effects on the Na incorporation method

4.3.4

Discussion

The main results obtained as a consequence of sodium incorporation into CIGS
layers are that the grain size of CIGS is reduced with increased Na content
(except when Na is incorporated after CIGS growth), that the variations of the
Ga and In concentrations through the CIGS films are stronger when they contain Na, that the resistivity of Na-containing films is strongly decreased, and
that absorbers with “medium” Na concentrations lead to best cell efficiencies.
There is little change in these results when Na is incorporated during growth by
the different methods, more important seems to be the amount of incorporated
sodium.

Distribution of In and Ga, and grain size
The drops in the Ga concentration occur in an absorber region that was grown
towards the end of the second stage in the 3-stage process. Thus, the Ga/In
depth profiles correspond to spontaneous [Ga]/[In] grading observed to occur
in unintentionally graded CIGS grown with the 3-stage process (as discussed
on p. 39). It is therefore very likely that spontaneous grading is the origin of
both the less and the more pronounced grading profile (CIGS grown without
and with Na, respectively). The difference between these two kinds would then
be a result of a different trade-off between the two competing processes presumably responsible for the grading, namely In vs. Ga out-diffusion from the
growing CIGS film during the second stage, and homogenisation due to In–Ga
interdiffusion. Both of these competing processes could be influenced by Na
— directly (e.g. by slowing down interdiffusion), or indirectly (e.g. by inducing smaller grain sizes, in case Ga and/or In (out-)diffusion is slowed down by
GBs).
The smallest grain sizes of most Na-containing CIGS films occur in depths,
where the Ga concentration is comparatively high. However, the [Ga]/[In] grading alone cannot account for the observed grain size distribution, since smaller
grain sizes towards the back contact also occur in (In-free) CGS, as will be
shown in the next chapter. It may be interesting to note that the Na depth profiles often follow roughly the Ga profiles. But since the grain size distribution
follows a similar profile, increased Na concentrations are attributed to an in85
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creased GB density rather than to a direct influence of Ga on Na, which is in
accordance with literature [22, 27, 29, 30].
The reduced CIGS grain sizes as a consequence of the presence of Na during
growth are in contrast with some reports in the literature, where increased or
unchanged grain sizes were described. This issue will be discussed further in
the next chapter (sect. 5.4), after the presentation of additional experiments.
Texture: Comparison with literature
The results concerning the changes in grain size and texture due to Na incorporation are in partial contrast with literature: A change in texture of the CIGS
films has been attributed to sodium in several reports. Many of the Na-free
films were slightly or strongly (1 1 2) textured, which might be explained by the
fact that Se-terminated (1 1 2) planes are presumably the most stable faces of
CuInSe2 [130]. The I112 /I220,204 intensity ratio usually increased owing to the
addition of Na, sometimes by two orders of magnitude. The effect was observed
with Na incorporation by diffusion from the substrate [26], using NaF precursors [15, 17] and using Na coevaporation [35]. According to first-principles
calculations, an increase in (1 1 2) texture would be expected for high Na concentrations [131]. On the other hand, no consistent influence on texture was
observed using Na2 Se coevaporation [19, 24], and by comparing CIGS grown
on Na-free and SLG substrates [18]. Contreras and co-workers found a strong
influence of the surface on which CIGS grew, and when on the (Mo) surface the
Na concentration was above a certain critical level, (1 1 2)-textured films were
obtained [123].
Thus, there is a variety of publications where either an increase or no consistent change of the I112 /I220,204 intensity ratio due to Na incorporation were
found. That the Na incorporation method can play an important role is shown
by the above described experiment, but it seems there are further parameters
governing the influence of Na on texture. Since textures of CIGS films prepared with the 3-stage process appear to be inherited from the textures of the
(In,Ga)2 Se3 layers deposited during the first stage [123], it can be assumed that
in my experiment the growth of (In,Ga)2 Se3 was modified with NaF precursors,
but not with any of the other Na incorporation methods. This is indicated also
by NaF coevaporation during the first stage: The amount of Na incorporated
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into (In,Ga)2 Se3 until the end of the first stage was approximately equal for
samples grown on precursors and for samples grown with NaF coevaporation,
but only the precursors induced changes in CIGS texture. Thus, the decisive
difference is probably established before the second stage begins. In that case,
it is noteworthy that the different texture of the (In,Ga)2 Se3 films grown on NaF
precursors nevertheless led to smaller grain sizes compared with Na-free films.
This, in turn, indicates that the interdependence of grain size and texture (at
least in the 3-stage process) is rather weak.5

4.4

Summary of the chapter

NaF coevaporation was shown to be a method to control the Na concentration in CIGS absorbers. The effects of NaF coevaporation (applied at different
growth stages), NaF precursors, Na diffusion from the SLG substrate, and postdeposition Na in-diffusion on electrical and structural properties of CIGS films
were investigated and compared with Na-free CIGS. When Na was present at
least during parts of the CIGS growth process, smaller grain sizes resulted, an
effect that appears to depend primarily on the Na dose, but not on the incorporation method. With the NaF PDT, no change in grain size occurred. A change in
CIGS texture was obvious only for NaF precursors, which can be attributed to
CIGS growth on a different surface or to the high Na concentration during the
early stages of the CIGS-deposition process. Furthermore, the [Ga]/[In] grading is more pronounced through absorbers grown with Na. The resistivities of
all Na-containing CIGS films are lower by roughly two orders of magnitude,
and solar-cell efficiency is enhanced for medium amounts of incorporated Na,
but decreased again for high Na doses. Hence, the expected negative influence
of the increased number of grain boundaries in Na-containing CIGS absorbers
on cell performance seems to be overwhelmed by other effects of sodium, so
superior cell efficiencies result.

5

The grain sizes of CIGS grown on precursors (Fig. 4.8) do appear to be a bit larger, as mentioned above.
However, this can also be attributed to a higher desorption rate of Na during deposition (which would explain the
low Na concentration measured with SIMS), and to slight differences in the [Ga]/[In] concentration ratio.

87

88

Chapter 5
Dependence of Na effects on CIGS growth
kinetics
Smaller CIGS grain sizes as a result of the presence of Na during growth is in
contrast to several reports in the literature. This suggests that there are unrecognized parameters influencing the effect of Na. The different processes occurring
during growth of CIGS with the different recipes may be one reason for (apparent) inconsistencies, but also further growth parameters (e.g. Se overpressure)
might contribute or be responsible. In order to clarify some of these issues, the
effect of Na on microstructural properties of CIGS layers grown with complete
3-stage processes or fractions thereof, and the dependence of Na effects on other
growth recipes were investigated.

5.1

Experimental details

In the previous chapter it was shown that the effects of Na on the grain size are
equivalent for different Na incorporation methods, provided sodium is present
during growth of CIGS. Therefore, the effects of Na diffusing from SLG can be
considered representative, and this Na incorporation method was used for the
following experiments.
In order to perform a direct comparison of Na-free with Na-containing CIGS,
always two kinds of samples were coated simultaneously. One substrate consisted of bare SLG, while the other was SLG coated with an Al2 O3 alkalidiffusion barrier. Approximately 1 µm of Mo was deposited on both samples
prior to CIGS deposition.
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CIGS layers grown with the 3-stage process were again deposited using the
“standard” 3-stage process as described in section 2.6, where Tsub,max = 580 ◦ C.
CIS and CGS films were grown correspondingly, except that the time required
for the first and the third stage were doubled. In CIGS-deposition processes
other than the 3-stage process, Tsub was kept at 580 ◦ C throughout the deposition, the Ga to In flux ratio was also kept constant and the resulting films had
slightly Cu-poor composition. Absorbers grown with constant rates (CR) were
deposited using constant evaporation fluxes. With the bilayer (BL) recipe, CIGS
was first grown under Cu-rich conditions with a Cu excess of approximately
100 %, followed by evaporation of only In, Ga and Se. The “extreme-bilayer”
(XBL) recipe denotes a process where first only Cu and Se and then only In, Ga
and Se are codeposited.
Thus, the amount of Cu added during the initial stage of the process increases
from the 3-stage process via the CR and the BL processes to the XBL process,
and the final stage of the deposition always establishes the desired Cu-poor composition (if necessary). All processes were monitored using end-point detection.
Samples for cross-section SEM investigations were prepared by fracturing the
specimens.

5.2
5.2.1

Influence of Na on 3-stage process
Influence of Na during different growth stages

In an attempt to find the cause for the reduction of grain size due to sodium, the
microstructures of films grown with partial 3-stage processes were investigated
by means of SEM.
After two stages of the 3-stage process, the resulting grain sizes were comparable to those of the respective layers obtained from a full 3-stage process
(see Fig. 5.1). It is obvious that the grain size near the top of the Na-containing
CIGS film is similar to the one in Na-free films, but towards the back contact
the grain size is considerably smaller. Consequently, it may be misleading to
judge the grain size from the surface alone (cf. Fig. 5.2).
When CIGS growth was aborted after the first stage, a mixture of smaller
and larger, rather columnar grains extending from bottom to top of the films are
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Figure 5.1: Cross-section SEM images of a Na-free CIGS film grown on SLG/Al2 O3 /Mo
(top), and of a Na-containing CIGS film grown on SLG/Mo (bottom). CIGS growth was
stopped after the end of the second stage of the 3-stage process. The grain structures
resemble those of CIGS after a full 3-stage process on corresponding substrates.

Figure 5.2: SEM images of the surfaces of a Na-free CIGS film grown on SLG/Al2 O3 /Mo
(left), and of a Na-containing CIGS film grown on SLG/Mo (right). CIGS growth was
stopped after the end of the second stage of the 3-stage process. The grain structures
resemble those of CIGS after a full 3-stage process on corresponding substrates.
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Figure 5.3: Cross-section SEM images of a Na-free (In,Ga)x Sey film grown on
SLG/Al2 O3 /Mo (top), and of a Na-containing (In,Ga)x Sey film grown on SLG/Mo (bottom). The layers correspond to the precursor films obtained after the first stage of the
3-stage process. No difference in grain structure is discernible.

obtained. In this case, the impressions of the grain size obtained from crosssection and surface images coincide. No clear difference in the grain structure
between the Na-free and Na-containing layers is discernible (see Figs. 5.3 and
5.4).
Also the growth of Cu2−x Se at 400-580 ◦ C (procedure corresponding to the
second stage alone) does not appear to be strongly affected by the presence of
Na. However, cross-section views of the layers might indicate a slightly smaller
grain size of the Na-free film (or more intragrain fractures), while the surfaces
of the grains are smoother and less faceted when Na was present during growth
(see Figs. 5.5 and 5.6).
Consequently, Na affects CIGS grain growth primarily during the second
stage, when the Cu-free (In,Ga)2 Se3 precursor reacts with Cu and Se to form
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Figure 5.4: SEM images of the surfaces of a Na-free (In,Ga)x Sey film grown on
SLG/Al2 O3 /Mo (left), and of a Na-containing (In,Ga)x Sey film grown on SLG/Mo (right).
The layers correspond to the precursor films obtained after the first stage of the 3-stage
process. As from the cross-section images, no difference in grain structure is apparent.

Figure 5.5: Cross-section SEM images of a Na-free Cu2−x Se film grown on
SLG/Al2 O3 /Mo (top), and of a Na-containing Cu2−x Se film grown on SLG/Mo (bottom).
The layers correspond to the films obtained using the deposition procedure of the second stage alone. Film growth does not seem to be strongly affected by Na.
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Figure 5.6: SEM images of the surfaces of a Na-free Cu2−x Se film grown on
SLG/Al2 O3 /Mo (left), and of a Na-containing film grown on SLG/Mo (right). The layers
correspond to the films obtained using the deposition procedure of the second stage
alone. The presence of Na during growth leads to less faceted grain surfaces.

several CIGS phases and eventually stoichiometric Cu(In,Ga)Se2 and Cux Se.
It is possible that Na hinders or modifies phase changes and grain growth in
the bulk of the film or that it influences the interaction of Cu and Se with the
film. However, the latter point is unlikely to be dominating (but there may be a
contribution), since the grain structure is affected most near the bottom of the
films, and since end-point detection profiles do not indicate the formation of any
Cux Se (usually forming on the surface [87]) as long as the Cu concentration in
the bulk is below the stoichiometric value.

5.2.2

Dependence of Na effect on Ga content

In a further experiment, the dependence of the Na effect on the [Ga]/[In] concentration ratio in (complete) 3-stage processes was investigated. Na-containing
CIS films exhibit similar, maybe slightly larger grain sizes compared with Nafree CIS films (see Fig. 5.7). In contrast, the grain growth of CGS layers is
strongly influenced by Na: A drastic reduction of grain size is the consequence
(see Fig. 5.8). The main difference in grain size is observed near the back contact, while near the top of the layers the influence of Na on the grain size is not
so obvious. Na-free CGS layers have a somewhat smaller grain size than Nafree CIS films, which is not surprising considering the higher melting point of
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Figure 5.7: Cross-section SEM images of (Ga-free) CIS films grown on SLG/Al2 O3 /Mo
(top), and on SLG/Mo (bottom) with the 3-stage process. The CIS grain size is not
reduced (but maybe increased) owing to Na incorporation by diffusion from the SLG
substrate.

CuGaSe2 . The effect of Na on growth of CIGS films with [Ga]/[In+Ga] ≈ 0.3 is
somewhere in between the effects on CIS and CGS. With [Ga]/[In+Ga] ≈ 0.6,
the CIGS grain structures are similar to those of the respective CGS layers (images not shown). Therefore, it becomes evident that the effect of Na on CIGS
grain size is more pronounced for higher [Ga]/[In] concentration ratios. Furthermore, by comparing the grain structures of Na-containing CIGS and CGS
films it can be concluded that the occurrence of small grains in the lower part
of the CIGS films is not primarily a consequence of the [Ga]/[In] gradient, but
rather of the 3-stage growth process itself (as long as the film does contain Ga).
A likely option is that Na hinders phase changes and grain growth during the
second stage, as suggested above.

5.2.3

Influence of Na on interdiffusion of In and Ga

As described in section 4.3.1, differences in the [Ga]/[In] grading profile between Na-free and Na-containing CIGS films occur due to Na incorporation
during growth. In order to investigate the influence of Na on the interdiffusion of
In and Ga more closely, CIGS was grown by first co-depositing In and Se, then
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Figure 5.8: Cross-section SEM images of (In-free) CGS films grown on SLG/Al2 O3 /Mo
(top), and on SLG/Mo (bottom) with the 3-stage process. The CGS grain size in the
Na-containing film is strongly reduced, especially in the lower part of the film.

Ga and Se both at a substrate temperature of 400 ◦ C, followed by co-deposition
of Cu and Se while ramping up Tsub to 580 ◦ C until the overall composition was
Cu rich. This procedure corresponds to the first two stages of a 3-stage process,
where the [Ga]/[In] grading during the first stage is extreme.
The resulting films were analyzed with XRD. Both layers show CIGS diffraction patterns without distinct texture, but the CIGS layer grown with sodium exhibits double-peak reflections while the Na-free specimen shows broad single
peaks (see Fig. 5.9). Since the lattice constant of CIGS varies with the [Ga]/[In]
concentration ratio, the XRD peak shapes indicate that Ga and In have interdiffused to a large extent in the Na-free film, whereas regions with high and low
[Ga]/[In] concentration ratios exist in the Na-containing layer. After the first
stage of this process, no significant difference between the XRD patterns of
Na-containing and Na-free (In,Ga)x Sey layers could be detected. Consequently,
Ga and In interdiffusion takes place during the second stage, where it is slowed
down considerably by the presence of Na.
In agreement with this result, diffusivities of In and Ga in Cu-poor and Curich CIS/CGS and CGS/CIS bilayers were observed to be lower by Lundberg
et al. when Na was available during growth [132]. There is also qualitative
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Figure 5.9: XRD patterns of a Na-free CIGS layer grown on SLG/Al2 O3 /Mo (upper line)
and of a Na-containing CIGS layer grown on SLG/Mo. The CIGS was grown with the
deposition sequence In+Se, Ga+Se, Cu+Se (which corresponds to the first two stages
of a 3-stage process, where the [Ga]/[In] grading during the first stage is extreme). The
(1 1 2) reflection is shown enlarged and illustrates the better interdiffusion of In and Ga
in the absence of Na.
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agreement with the results presented by Tuttle and co-workers for CGS growth
on Cu-rich, Na-containing CIS [133]. Contradicting observations have been
made by Walter and Schock using Na-free CIS/CGS bi- and multilayers [134].
The interdiffusion of In and Ga appears to proceed via vacancies in the lattice
rather than via grain boundaries [132, 135, 136], leading to higher diffusivities
for off-stoichiometric CIGS [135]. It can thus be expected that the major part
of the interdiffusion in the 3-stage process takes place before the CIGS film has
reached stoichiometric composition, but after the end of the first stage. Interestingly, this is also the process range where Na affects grain growth. It is therefore
possible that the effects of Na on interdiffusion and on grain size are linked and
that the same mechanism is responsible for both.

5.3

Influence of Na on other growth processes

Cu(In,Ga)Se2 thin films grown with the constant-rates recipe exhibit smaller,
more columnar grains and rougher surfaces than layers grown with the 3-stage
process (see Fig. 5.10). There is no obvious change in grain size due to Na incorporation, but the surface of the Na-containing film may be slightly smoother.
Some grains extend from bottom to top of the film while others, mainly near the
back contact, are much smaller and shorter.
As expected, layers grown with the bilayer process are unambiguously largergrained than layers grown with the CR process (see Fig. 5.11). There is no obvious influence of Na on the grain size, but the surface of the Na-containing film is
smoother. CIGS films grown with the extreme-bilayer process reveal rough surfaces and voids between the grains, which may result in holes extending from
top to bottom of the films. This is in agreement with observations by Gabor
et al. [67]. The grain sizes appear to be similar to those from the BL process,
but once more no clear differences due to Na incorporation can be observed (see
Fig. 5.12). Again, the surface of the Na-free film may be slightly smoother.

5.4

Discussion

An influence of Na on CIGS growth is obvious when the starting layer was Cu
free, but not when it was slightly Cu poor, Cu rich, or when it was Cux Se. Thus,
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Figure 5.10: Cross-section SEM images of CIGS films grown with the “constant-rates”
recipe. The films were grown in the absence of Na on Mo/Al2 O3 /SLG (top), and with
Na diffusing from the substrate on Mo/SLG (bottom).

Figure 5.11: Cross-section SEM images of CIGS films grown with the “bilayer” recipe.
The films were grown in the absence of Na on Mo/Al2 O3 /SLG (top), and with Na diffusing from the substrate on Mo/SLG (bottom).
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Figure 5.12: Cross-section SEM images of CIGS films grown with the “extreme-bilayer”
recipe. The films were grown in the absence of Na on Mo/Al2 O3 /SLG (top), and with
Na diffusing from the substrate on Mo/SLG (bottom).

it is not surprising that the CIGS grain size appears unchanged after the end of
the second stage in the 3-stage process, where the Cu-rich film is driven slightly
Cu-poor. For none of the investigated growth procedures addition of Na led to
enhanced grain sizes. But due to the presence of Na during growth, smoother
surfaces are obtained mainly with the BL process, but there are indications that
this is also true for the CR and XBL processes. With the 3-stage process, it
remains unclear if Na influences the CIGS surface roughness, since this process
leads to very smooth surfaces anyway and differences are difficult to detect with
SEM.
These results are to some extent in discrepancy with literature. Increased
grain sizes and smoother surfaces of CIGS films due to Na incorporation during
growth were demonstrated by Bodegård, Granath and co-workers using bilayer
processes [16, 17, 26, 127], and by Probst et al. using rapid thermal processing
[97]. Corresponding results were mentioned by Contreras et al. (“coevaporation” [15], 3-stage process [95]). The grain size increase in rapid-thermalprocessed CIS was attributed to Na delaying CIS compound formation, resulting in CIS growth at a higher mean temperature [137]. However, in other publications an unclear influence of Na on CIGS grain size was reported, by Granata
et al. using a bilayer process [24], by Rockett et al. using Cu–Ga–In precursor
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selenization [22], by Matson et al. using a 3-stage process [21], and by Nakada
et al. using a “multi-step coevaporation process” [19].
Thus, even for the same types of CIGS growth procedures, different influences of Na have been found in different laboratories. With the 3-stage process,
the results range from increased to decreased grain sizes due to Na, while for
the bilayer process either an increase or no (clear) change was observed. The
reactions occurring during selenization/rapid thermal processing are different
from those occurring during evaporation of the constituent elements, so they
cannot be compared directly. It is an open question, why similar deposition
procedures lead to different results in different laboratories. The results suggest
that there are further parameters that govern the influence of Na, which have not
been identified, yet.
Unfortunately, in publications the growth processes employed are seldom described in exact detail. One parameter that is rarely mentioned, but was found to
influence CIGS texture and also grain size in the 3-stage process, is the amount
of Se overpressure during growth [120]. Furthermore, the grain size of CIGS
films may depend on process parameters such as growth rate, substrate temperature or Cu excess (bilayer and 3-stage processes). Also different properties of
the Mo back contact (morphology, stress, thickness, contamination with impurities (especially oxygen) and corrosion related to storage and age of the layers)
may have a decisive influence on CIGS growth and diffusion of Na. Soda-lime
glass is neither a well-defined compound nor inert in humid air, therefore also
composition and thermal expansion properties of the SLG substrates may have
an influence as well as glass cleaning procedures, substrate age and storage
conditions.
Furthermore, depending on the microstructural properties of the Na-free
layer, the influence of Na may be more or less obvious. For example, when comparing cross-section SEM images of CIGS layers grown with bilayer processes
at University of Uppsala by Granath, Bodegård et al. [16, 17] with own micrographs, rather similar grain sizes for Na-containing films are found, whereas
Na-free layers exhibit much smaller grain sizes when grown in the Uppsala laboratory. In other words, the (Na-free) reference is different in the two cases, and
a grain-enhancing impact of Na may be difficult to detect when grains are large
also without Na.
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5.5

Summary of the chapter

CIGS films were grown in the presence and absence of Na using different preparation recipes. When CIGS growth started Cu rich or only slightly Cu poor, no
change in grain size due to Na is apparent. The film surfaces are smoother especially when grown with the bilayer recipe. In contrast, CIGS layers grown
with the 3-stage process exhibit smaller grain sizes when Na was present during growth. The crucial period, where differences arise, seems to be the second
stage, i.e., where the film undergoes several phase changes and where grain
growth occurs. The influence of Na on the grain size depends on the [Ga]/[In]
concentration ratio of the film: CIS layers are hardly affected by Na, but CGS
films have smaller grains especially near the back contact. In addition, the interdiffusion of In and Ga is hindered by Na, also during the second stage.
The experiments show that the effect of Na is process dependent. They are
only in partial agreement with the results presented in the literature. Considering also the discrepancies found within reports from the literature, it appears
possible that the effects of Na are influenced by parameters yet unidentified.
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Chapter 6
Post-deposition Na incorporation

Already in section 4.3, a method for post-deposition Na incorporation was presented. It was found that the NaF post-deposition treatment did not alter the
microstructure of CIGS notably, as judged by SEM, XRD and SIMS. In contrast, the influences of in-diffused Na on electronic properties (resistivity, cell
performance) were similar to those known from “standard” CIGS cells, where
Na was incorporated during growth. Thus, it appears that although with postdeposition Na incorporation effects on growth are excluded, the electronic benefits of Na can still be exploited. As discussed earlier (p. 9), the solubility of
Na in CI(G)S seems to be very low, while the majority of the Na atoms in
polycrystalline CIGS films resides at grain boundaries. Consequently, it can be
expected that the preferred diffusion path of Na in CIGS is along GBs and that
with the PDT-Na is “deposited” predominantly at GBs. This is consistent with
the observed correlation between GB density and Na concentration through the
absorbers (chapter 4). However, incorporation of Na into the lattice in minute
amounts cannot be excluded.
Therefore, the performance of solar cells prepared from PDT-absorbers in
comparison with cells based on “standard” absorbers (Na diffusing from the
SLG) reveals the influences of Na on CIGS growth. Such a comparison will
be presented and discussed below, after comparative investigations of cells with
PDT and Na-free absorbers.
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6.1

6.1.1

Comparison of post-deposition-treated and Na-free absorbers
Experimental details

In order to exclude any influences of small variations in film properties from
run to run, Na-free and PDT-CIGS absorbers and cells were prepared on the
same SLG/Al2 O3 substrate. For experimental reasons, a PDT procedure somewhat different from the one described above in sect. 4.3 was applied: Instead of
interrupting cooldown of the freshly grown CIGS films for deposition of NaF
and Se, the films were allowed to cool to below 100 ◦ C with the usual cooldown
procedure (Se exposure down to 250 ◦ C). Then, one half of the substrate was
shielded and the other half was exposed to NaF vapour for 20 min, resulting in a
NaF thickness of about 30 nm. In order to drive the Na into the CIGS film, a heat
treatment followed immediately after NaF deposition: The substrate (containing both the Na-free and NaF-coated areas) was annealed in vacuum at 400 ◦ C
for 20 min, with heat-up and cooldown rates of 20 ◦ C/min. Absorber deposition
and PDT were applied in situ in the same deposition chamber.
Solar cells were processed in the usual way by deposition of CBD-CdS buffer
layers, i-ZnO/ZnO:Al window layers, and Ni/Al-contact grids. Just before CBD
of CdS the samples were rinsed with and immersed into high-purity H2 O for 510 min in order to dissolve remnants of NaF on the CIGS surface. A slight
modification of the CdS growth kinetics on the NaF-treated surface cannot be
excluded, but would probably be of little importance in comparison with the
other effects of Na on absorber properties.

6.1.2

Cell performance

Solar cells grown at low (400 ◦ C, 450 ◦ C) and high (580 ◦ C) maximum substrate temperatures exhibit corresponding J–V characteristics: While devices
processed from Na-free CIGS exhibit a current-blocking behaviour at higher
forward bias, devices processed from post-deposition-treated CIGS show exponential J–V curves (see Fig. 6.1). The PDT led to improved Voc and FF , while
Jsc was nearly unaffected (Table 6.1). A typical relative increase in efficiency
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Table 6.1: Parameters of CIGS solar cells grown at different maximum substrate temperatures with post-deposition Na incorporation or without addition of Na. The improvement due to the PDT is also given.
Tsub,max

400 ◦ C

450 ◦ C

580 ◦ C

ηPDT
ηNa-free
ηrel.
13.3 %
8.4 %
+ 59 %
14.4 %
10.4 %
+ 38 %
13.0 %
9.3 %
+ 40 %

Voc,PDT
Voc,Na-free
Voc,rel.
631 mV
548 mV
+ 15 %
655 mV
564 mV
+ 16 %
657 mV
581 mV
+ 13 %

Jsc,PDT
Jsc,Na-free
Jsc,rel.
29.1 mA/cm2
29.3 mA/cm2
+ 0%
30.3 mA/cm2
30.4 mA/cm2
+ 0%
27.0 mA/cm2
26.1 mA/cm2
+ 3%

FF PDT
FF Na-free
FF rel.
72.1 %
52.1 %
+ 38 %
72.8 %
60.5 %
+ 20 %
73.6 %
61.6 %
+ 19 %

Area(total)PDT
Area(total)Na-free
0.606 cm2
0.595 cm2
0.585 cm2
0.595 cm2
0.584 cm2
0.603 cm2

of about 30 - 60 % can be attributed to the PDT. With absorbers grown at a maximum substrate temperature of 400 ◦ C, an efficiency of 13.3 % was achieved
under simulated AM1.5 conditions for post-deposition-treated CIGS. This efficiency is among the highest reported for such a low substrate temperature
([16, 89, 138], see also Table 6.2). The corresponding Na-free absorber yielded
a maximum efficiency of 8.4 %. With 450 ◦ C substrate temperature, efficiencies
improved from 10.4 % to 14.4 %. The efficiency gain at 580 ◦ C substrate temperature is still considerable, with efficiencies improving from 9.3 % to 13.0 %.
The reasons for the worse absolute cell performance of high-temperature cells
do not become clear from these experiments. The current densities delivered
by the high-temperature cells are lower than those of the low-temperature cells,
which represents the same trend also observed in further measurements (see
sect. 6.2). The effect can probably be attributed mostly to reduced light absorption in the high-temperature-grown absorber due to a higher minimum band
gap, which in turn is a result of enhanced interdiffusion of In and Ga.1 Plausible
possibilities for the decreasing efficiencies are thus different band-gap grading
and current collection efficiencies, different growth kinetics (e.g. affecting formation of defects), or different grain-boundary properties. The subject will be
discussed after presentation of further experiments in section 6.2.
1

Further contributions may also come from a slightly higher overall [Ga]/[In] concentration ratio in this sample.
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Figure 6.1: Current-voltage characteristics of CIGS solar cells grown without Na at
maximum substrate temperatures of 400 ◦ C (curves a and b) and 450 ◦ C (curves c and
d). Absorbers (a) and (c) remained Na free but were annealed in vacuum, while into
absorbers (b) and (d) Na was incorporated by the NaF post-deposition treatment. Cell
efficiencies improved from 8.2 % to 13.3 % (400 ◦ C) and from 10.4 % to 14.4 % (450 ◦ C)
owing to the post-deposition treatment (see also Table 6.1).
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Figure 6.2: Current-voltage characteristics of CIGS solar cells grown on stainless steel at corrected maximum substrate temperatures of 475 ◦ C. Absorber (a)
was post-deposition treated and exhibited an efficiency of 12.6 % (Voc = 605 mV,
Jsc = 29.0 mA/cm2 , FF = 71.8 %, area = 0.595 cm2 ). Absorber (b) remained Na free,
but was annealed in vacuum (η = 8.1 %, Voc = 523 mV, Jsc = 29.5 mA/cm2 , FF = 52.5 %,
area = 0.585 cm2 ). Curve (c) shows the dark J–V characteristics of cell (b).

Solar cells prepared on a “truly” Na-free substrate led to corresponding results: CIGS was deposited on Mo-coated stainless steel substrates at (measured) substrate temperatures of 450 ◦ C (first stage) and 500 ◦ C (second and
third stages), which can be corrected to effective substrate temperatures of about
425 and 475 ◦ C, respectively.2 Na was in-diffused into one half of the CIGS film
using the usual PDT procedure, except that the (measured) annealing temperature was 450 ◦ C. Once again, cell performance was greatly improved by the PDT
(maximum efficiency: η = 12.6 %), while the Na-free cells showed the blocking
behaviour (see Fig. 6.2). With the Na-free cells, the “exponential” increase of
the current is regained only at large forward bias.
6.1.3

Current-blocking effect

In general, the current-blocking effect of Na-free cells at higher forward bias is
most apparent for cells processed at low substrate temperature. It is sensitive
to the presence of Se during the annealing procedure: Na-free CIGS grown
at 450 ◦ C was subjected to the usual post-deposition annealing, but without
The heating power required for keeping the stainless steel substrate at 450 ◦ C during the first stage is equal to
the heating power required for keeping a SLG substrate at 425 ◦ C (cf. sect. 2.6).
2

107

6. Post-deposition Na incorporation
Table 6.2: Selected AM1.5 efficiencies of small-area CIGS solar cells prepared by
evaporation of the constituent elements at low substrate temperatures at different
laboratories. AR = anti-reflection coating. ZSW = Zentrum für Sonnenenergie- und
Wasserstoff-Forschung, IEC = Institute of Energy Conversion. TW = this work.
Laboratory
Uppsala Univ.
Matsushita/ Ryukoku Univ.
ZSW Stuttgart
IEC, Univ. Delaware
ETH Zürich
Uppsala Univ.
IEC, Univ. Delaware
ZSW Stuttgart
ETH Zürich
Ryukoku Univ./ Matsushita

Tsub
(◦ C)
310
350
400
400
400
425
450
450
450
450

η
9.1 %
12.4 %
11.7 %
12.8 %
13.8 %
14.3 %
13.5 %
14.1 %
14.4 %
14.8 %

Na incorporation method

AR

Ref.

Diffusion from SLG
Diffusion from SLG
Na coevaporation towards end
Diffusion from SLG
PDT
NaF precursor
Diffusion from SLG
NaF precursor/ SLG
PDT
Diffusion from SLG

?
no
?
yes
no
?
yes
no
no
no

[16]
[89]
[35]
[139]
TW
[16]
[139]
[140]
TW
[141]

deposition of any NaF. A part of the CIGS layer was exposed to Se vapour when
substrate temperatures exceeded 250 ◦ C, while the other half was shielded from
Se exposure. Cells processed from absorbers annealed in Se atmosphere were
lacking the blocking behaviour, although a slight roll-over in the J–V curve
remained at high (positive) currents (see Fig. 6.3).3 The influence on the device
efficiency was however small, since a slight gain in FF was nearly compensated
by a small reduction in Voc .4 The extent of the blocking in the J–V curves seems
to be sensitive to small variations in the cell processing parameters (e.g. the
blocking in the Na-free cell grown at 450 ◦ C in Fig. 6.1 is more drastic than the
one in the corresponding cell in Fig. 6.3), but the qualitative behaviour described
is nevertheless obvious.
In the literature, current blocking (also called double diode, roll-over, kink,
or distortion in the J–V curve) is often observed in low-temperature J–V measurements or with red illumination. Various simulations and experiments have
demonstrated that a double-diode behaviour can be due to acceptor-like interface states at the i-ZnO/CdS interface [142], due to defects or low density of
3

This slight roll-over resembles the effect caused by high series resistance of the front contact. However, cells
with comparable front contacts but Na-containing absorbers exhibited “exponential” J–V curves, such that series
resistance caused by a bad front contact can be ruled out as a source for the observed curve shape.
4
Cell parameters from absorbers annealed in Se atmosphere (annealed in vacuum): η = 9.4 % (9.3 %),
Voc = 517 mV (531 mV), Jsc = 28.2 mA/cm2 (28.3 mA/cm2 ), FF = 64.3 % (62.0 %).
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Figure 6.3: Current-voltage characteristics of Na-free CIGS solar cells grown at maximum substrate temperatures of 450 ◦ C. Both absorbers were annealed at 400 ◦ C for
20 min, which corresponds to the procedure of the annealing step of the PDT. Absorber
(a) was exposed to Se at temperatures exceeding 250 ◦ C, absorber (b) was shielded
from Se exposure.

electrons in the CdS layers [143, 144, 145], due to acceptor-like defects (or
less compensating donors) in the front region of the CIGS absorber [146, 147],
due to electron affinity difference between CIS and CdS [148], or due to a nonohmic contact at the CIS/Mo interface [148]. In the case of a non-ohmic contact
to Mo, the roll-over effect was seen for voltages well past Voc , such that the current “never” resumed the exponential increase. In contrast, defects in the front
part of CIGS or at its interface to CdS yielded exponential current increases after a delay caused by the blocking effect. Furthermore, many of the described
distortions in the J–V curves disappeared partly or fully upon light soaking
with blue or white light. Eisgruber et al. proposed a mechanism involving deep
defects in the CdS that can be depleted by blue, but not by red, light to be
responsible for the observed effects [143]. A dependence of the J–V curve
distortion on the CdS deposition process was observed.
The current-blocking effect observed in the experiments described above is
only weakly influenced by light soaking with white light, and the dark and light
J–V curves show a similar blocking behaviour (Fig. 6.2). Defects in the CdS
buffer layer are therefore unlikely to be the cause for the observed roll-over.
This is corroborated by the experiment, where Na-free absorbers were annealed
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in the presence or absence of Se (Fig. 6.3): Both kinds of cells were processed
on the same substrate and underwent the same CBD process, such that nucleation of the CdS layer might have been different, but afterwards CdS growth is
expected to be very similar. Introduction of significantly different numbers of
defects at the ZnO/CdS interface is even more unlikely (also the ZnO deposition
process was the same).
The experiment demonstrates that the double diode can be avoided to a large
extent by the presence of Se during the annealing. It is to be expected that the
distortion can be avoided completely with an optimized exposure of CIGS to Se
at temperatures also somewhat below 250 ◦ C. Since it is well known that CIGS
tends to lose some Se at high temperatures, the straightforward interpretation
of the experiment is that Na-free CIGS loses Se during annealing in vacuum,
which induces an electronic barrier impeding carrier transport that in turn gives
rise to the current-blocking behaviour. Se would be lost by desorption from the
surface, such that it is plausible to assume that the CIGS has a deficiency of Se
in a near-surface region. Therefore, it seems rather unlikely that the junction
at the back contact would become non-ohmic owing to the Se loss, although
the “exponential” increase of the current is only resumed at high forward biases
(Fig. 6.3).
Annealing of p- or n-type CuInSe2 single crystals in vacuum or Se atmosphere was observed by Neumann and Tomlinson to change the conductivity
type of some crystals and/or to alter the Se content of the specimens [45].
Thus, although Se vacancies are often considered donors in CIGS thin films,
the effects of Se loss from non-stoichiometric polycrystalline films may not be
straightforward to predict. In the above mentioned simulations (p. 108), an ntype CIGS surface layer did not produce distorted J–V curves, only p+ -type
surface layers did. Thus, it seems that in this case Se loss increases the net
acceptor density directly or indirectly. In any case, further investigations are
needed to shed more light on the subject.
6.1.4

Discussion

Two main effects are observable as a consequence of Na incorporation using
the PDT: First, strong enhancements of Voc and FF , and second, the absence
of current blocking at higher forward bias. The second phenomenon indicates
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that NaF deposited onto the CIGS surface prior to the annealing step suppresses
either Se loss or neutralizes its consequences. A part5 of the improved FF can
be attributed directly to the absence of current blocking. But the rest of the FF
enhancement and the improvement in Voc are attributable to in-diffusion of Na.
They are thus corresponding to the “typical” Na effects often observed when
Na was present during growth.
The increase in Voc due to the PDT is typically in the range of 70 - 90 mV.
Unless the dominating recombination mechanism for photogenerated carriers
is interface recombination at the CdS/CIGS interface (recombination path C,
cf. p. 22), Voc can be described by equations 2.9 or 2.11. According to these
equations, and since Jsc is hardly affected by the PDT, the changes in Voc originate from changes in (net) carrier concentration and/or electron diffusion length.
Capacitance-voltage (C–V ) analysis performed in the dark on the cells grown
at 400 ◦ C (cells described in section 6.1.2) yielded net (free) carrier concentrations of ≈ 2.4× 1014 and ≈ 6.5× 1015 cm−3 in Na-free and PDT-CIGS, respectively.6 This difference increases Voc by 85 mV according to equations 2.9 and
2.11 (dominating QNR or SCR recombination), which coincides astonishingly
well with the measured increase of 82 mV. This result may indicate that the PDT
affects carrier concentration more than it does Leff .
Typical electronic Na effects in CIGS absorbers, where Na was present during high-temperature growth, give rise to improvements in Voc , FF , net carrier
concentration, and in-plane conductivity. These improvements are also found
with PDT-CIGS, and furthermore, the magnitudes of the improvements are in
similar ranges. Therefore, the origins of these improvements could be the same.
Since with the PDT the influences of Na on CIGS growth are excluded, the
electronic and not the structural effects of Na are therefore likely to be the dominating cause for Na-induced cell improvements. In addition, since in-diffused
Na resides predominantly at grain boundaries, it can also be expected to be active there, likely by passivating defects (see below). However, contributions
from intragrain Na cannot be completely ruled out, especially in view of the
high Na concentration in CIGS (1018 to 1020 cm−3 ), which is often three to four
orders of magnitude larger than the net carrier concentration. But it would be a
surprising coincidence if such a small fraction of Na would be responsible for
5
6

probably small, cf. Fig. 6.3
C–V measurements and analysis by António Ferreira da Cunha
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all electronic effects, while the overwhelming majority of the Na atoms, i.e.,
those at grain boundaries, remained electronically passive.
Electronic Na effects at grain boundaries
GBs are known to be defect-rich. In the case of CIGS, very little is known about
GB structures and their electronic characteristics. The only two publications
found on the subject are from Persson and Zunger ([42], see also sect. 1.4.2),
and from H. J. Möller [41]. The latter author considered impurity-free GB
configurations and suggested that the number of incorrect bonds at GBs per
unit volume for CIS with a grain size of 0.1–1.0 µm is about 1019 –1017 cm−3 ,
which would be high enough for the majority of the intrinsic point defects to be
formed at GBs. Considering that typical Na concentrations in CIGS are around
1019 cm−3 and that typical CIGS carrier densities increase from 1014 –1015 cm−3
to 1015 –1016 cm−3 owing to the incorporation of Na, only a tiny fraction of the
incorporated sodium atoms need to passivate a certain type of incorrect bonds.
Thus, if the types of incorrect GB bonds occur randomly and there is only one
type of incorrect bond that leads to the observed Na effects upon passivation
with Na, there is still a fair chance that this bond occurs with a frequency of
at least 1 %, which would allow the modification of the carrier concentration
in the dimensions observed. It is of course likely that much larger amounts of
Na bond to GB atoms and modify various GB states, but most of the modified
states seem to be electrically inactive or mutually compensating.
There are two types of GB states that can increase the concentration of free
carriers in CIGS upon passivation by Na. Introduction of acceptor-like states
or removal of donor-like states at GBs would modify the charge present at the
GBs (provided such states are always ionized at room temperature). Thus, when
grains are only slightly depleted, the width of the depletion region around the
GB is changed as well as the GB barrier height. This is expected to affect primarily the effective electron diffusion length in CIGS, which can influence Voc
(eqs. 2.9 or 2.11), but does not modify the free hole density in the grain interior.
Only when grains are strongly or fully depleted, a change of the acceptor and
donor densities at GBs may induce an increase of the free hole density in grain
interiors. The other type of defect at GBs is the hole trap.7 A trapped hole has a
7

The difference between a hole trap and a recombination centre is that after capturing of a carrier in a recombination centre, the probability for excitation of an oppositely charged carrier to the same state (i.e., recombination)

112

6.2. Comparison of post-deposition Na incorporation with Na diffusion from SLG

long lifetime, it is localized, and therefore it does not contribute to the free hole
density. Consequently, passivation of hole trap states by Na will prevent holes
from being captured and thus indirectly increase the free hole density and Voc .
From these considerations one would expect Na-free single-crystal material to
exhibit a relatively high carrier concentration, since a low hole trap density due
to the absence of grain boundaries is expected.

6.2

Comparison of post-deposition Na incorporation with Na
diffusion from SLG

As outlined in the introduction of this chapter, the performance of solar cells
prepared from PDT-absorbers in comparison with the performance of cells based
on absorbers, where the diffusion of Na from the SLG substrate was allowed,
reveals to some extent the influences of Na on CIGS growth. Such a comparison, as a function of substrate temperature, will be presented in this section. For
simplicity, Na incorporated by the two methods will be referred to as “PDT-Na”
and “SLG-Na” henceforth, and cells prepared from the two kinds of absorbers
are abbreviated as “PDT-cells” and “SLG-cells”.
6.2.1

Experimental details

Absorbers were grown on SLG/Al2 O3 /Mo (for PDT-cells) or SLG/Mo (for SLGcells) with the 3-stage process, where during the first stage the substrate temperature was 400 ◦ C, and during the second stage the maximum substrate temperature Tsub,max remained at 400 ◦ C or rose to 450, 500, 540, or 580 ◦ C. In addition,
some absorbers were grown with 370 ◦ C substrate temperature throughout the
process. Both kinds of substrates were coated simultaneously. Immediately after cooldown of the samples, the PDT was applied in situ as described above
(sect. 6.1). The sample with SLG-Na were always shielded from NaF exposure, but underwent the same annealing procedure. The absorbers prepared at
Tsub,max = 370 ◦ C were annealed at also 370 ◦ C, while all other CIGS films were
annealed at the usual temperature of 400 ◦ C. Solar cells were completed in the
is much higher. For example, a doubly negatively charged defect is likely to be a hole trap, since after capture of a
hole that defect is still negatively charged. But a singly negatively charged defect is likely to be a recombination
centre.
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standard way by deposition of CdS, i-ZnO, ZnO:Al, and Ni/Al. Each pair of
samples was processed together, such that the only differences in the deposition processes between PDT and SLG-cells were the deposition of the Al2 O3
alkali-diffusion barrier and the exposure to NaF vapour. The sample pairs were
prepared in a random order with respect to Tsub,max of the CIGS deposition.
For evaluation of cell performance, averaged values of typically 12-14 cells per
sample are used. Cells with very atypical characteristics (such as shorted cells
e.g. due to scratches in the CIGS) were excluded from the statistics.
6.2.2

Results

Solar-cell performance
The parameters of the SLG-cells (Fig. 6.4) show an approximately linear increase in average efficiency from 10.1 % to 14.2 % for Tsub,max increasing from
400 ◦ C to 580 ◦ C. The improvements arise from increasing Voc and FF , while
Jsc decreases. In contrast, the average efficiencies of PDT-cells decrease from
13.3 % at 400 ◦ C slightly to 13.0 % at 500 ◦ C, followed by a drop towards 10.6 %
at 580 ◦ C. While FF remains fairly constant, Voc first increases and then decreases with Tsub,max and Jsc decreases constantly. SLG-cells grown at 370 ◦ C
were shorted, while the corresponding PDT-cells were either shorted as well or
resulted in efficiencies around 11 %. Maximum cell efficiencies achieved with
PDT-cells were 13.8 % (12.4 %) at 400 ◦ C (370 ◦ C), and with SLG-cells 14.9 %
at 580 ◦ C.
Thus, in comparison with SLG-cells, the performance of PDT-cells is worse
at high, similar at medium, and better at low Tsub,max (see Fig. 6.5). In accordance with previous results, the contribution of Jsc to the differences is negligible, while Voc (especially at high Tsub,max ) and FF (especially at low Tsub,max )
are affected by the different Na incorporation methods.
Current-blocking effect
The averaged J–V characteristics of the solar cells are shown in Fig. 6.6. The
general shapes of the curves from PDT-cells are little influenced by Tsub,max ,
owing to the relatively constant FF , with no indications of a current-blocking
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Figure 6.4: Substrate temperature dependence of (absolute) J–V parameters of solar cells prepared from absorbers with Na incorporated after growth using the PDT,
and with Na incorporated during CIGS growth by diffusion from the SLG substrate.
Displayed are mean values and standard deviations of typically 12-14 cells per data
point. Also shown are compositional properties of the absorbers as measured with
EDX (20 kV acceleration voltage).
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Figure 6.5: Substrate temperature dependence of J–V parameters of solar cells prepared from absorbers with Na incorporated after growth using the PDT, relative to cells
with Na incorporated during CIGS growth by diffusion from the SLG substrate. The
data is calculated from the mean values and standard deviations displayed in Fig. 6.4.
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effect. Only the sample prepared at 370 ◦ C has slightly worse parallel and series resistances, which are probably due to local inhomogeneities (shunts) in the
absorber properties due to the poorer material quality achievable at this temperature. On the other hand, SLG-cells exhibit current blocking for low Tsub,max
(400 and 450 ◦ C, possibly also 500 ◦ C), but not as clearly as the above presented Na-free cells. With absorbers grown at maximum temperatures of 540
or 580 ◦ C, the cells do not show any roll-over effects. In simple terms, one could
thus say that in Na-free (but vacuum-annealed) cells the current-blocking effect
is more pronounced at low than at high substrate temperatures, that SLG-Na
reduces it at low and suppresses it at high Tsub,max , and that the PDT suppresses
the effect completely. Hence, the current-blocking effect is influenced both by
substrate temperature and by the Na incorporation method.
It can only be speculated here about the exact mechanisms at work. Two
effects appear to contribute: (i) Se desorbs more easily from low-temperaturegrown absorbers, and (ii) Se loss is suppressed when Na(F) resides at the CIGS
surface. The origin of effect (i) may be that incorrectly bonded Se atoms will
have a higher probability to desorb from the surface. Incorrect bonds are expected to occur more frequently in low-temperature-grown CIGS, where grain
boundary density is high and crystal quality in general is poor. Supply of Se
to the surface may proceed by diffusion via grain boundaries. This path for Se
supply could be blocked to some extent by Na residing at grain boundaries (effect (ii)). In addition, owing to passivation of the CIGS grain surfaces with Na,
the activation energy needed to remove a Se atom from a CIGS grain surface
may also be increased, for example due to an additionally required de-exchange
process (cf. sect. 7.3). The more efficient suppression of current blocking with
PDT-Na than with SLG-Na might originate from the fact that Se must additionally diffuse through the NaF layer residing on top of the CIGS, at least in
the beginning of the annealing step of the PDT when the NaF layer is not yet
“consumed”.

Band-gap grading
Before CdS deposition, the composition of the absorber films was measured
with EDX. Since with the employed 20 kV electron acceleration voltage not the
whole absorber is probed, the measured EDX data corresponds to the composi117

6. Post-deposition Na incorporation

Figure 6.6: J–V characteristics of solar cells prepared from absorbers grown at different substrate temperatures, with Na incorporated after growth using the PDT, and with
Na incorporated during CIGS growth by diffusion from the SLG substrate. Displayed
are averaged J–V curves, the corresponding parameters are shown in Fig. 6.4.
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tion in the upper part of the absorber and is therefore sensitive to the depth of
the Ga dip (as discussed previously in sect. 4.3). The [Ga]/[In+Ga] concentration ratio coincides for the two samples of each pair at Tsub,max ≤ 450 ◦ C, but
deviates for Tsub,max ≥ 500 ◦ C (Fig. 6.4). There is a tendency towards higher Ga
contents for increasing substrate temperatures. Since the interdiffusion of In and
Ga was found to be slowed down by Na (sects. 5.2.3 and 4.3.1), higher Ga contents in the upper part of the PDT-absorbers were expected. SIMS depth profiles
show (Fig. 6.7) that for PDT-CIGS, the dip is most pronounced at low Tsub,max
and becomes shallower with increasing substrate temperature. For SLG-CIGS
grown at 400 ◦ C, the dip shape is comparable to the one in PDT-CIGS, but at
higher Tsub,max it does not become as shallow.8 Consequently, the effect of Na
on In–Ga interdiffusion is notable only at higher substrate temperatures, since
below about 500 ◦ C the thermal energy does not suffice anymore to smooth
the In and Ga concentration variations even without sodium. The temperature
dependence of the Ga dip shape is in qualitative agreement with results from
Nishiwaki et al. obtained using Na-containing CIGS films [89].
However, a part of the higher measured [Ga]/[In] concentration ratios at
higher Tsub,max may also be due to a higher overall [Ga]/[In] concentration ratio
of the film, which could explain why Jsc decreases. The increasing [Ga]/[In]
concentration ratios might be due to lower sticking coefficients or higher reevaporation rates of In atoms or In-containing molecules such as indium selenides.
Cu diffusion
The [Cu]/[In+Ga] concentration ratios of both kinds of absorbers, as determined
with EDX, slightly increase towards higher Tsub,max , which is related to process
control by end-point detection (see Fig. 6.4).9 At 540 and 580 ◦ C the Cu content
8

The absolute count rates of the Ga profiles also vary from sample to sample, which is attributed to an artefact.
The apparent differences in Ga concentration would not be consistent with experiments and experience, and they
would contradict the EDX composition measurements (cf. Fig. 6.4).
9
The lengths of the second and third stages were kept constant with respect to the transitions observed in the
EPD profile. It became clear afterwards, that the transition points observed by EPD occur slightly earlier at lower
substrate temperatures (i.e., before overall CIGS composition is stoichiometric). Thus, the duration of the second
(third) stage was somewhat shorter (longer) at lower substrate temperatures, giving rise to the drift in [Cu]/[In+Ga]
concentration ratio. The earlier occurrence of the transitions can be understood with a slower equilibration of the
compositions at the surface and in the bulk of the growing film at lower Tsub,max , leading to e.g. a sooner formation
of Cux Se (presumably at the surface) during the second stage.
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Figure 6.7: SIMS depth profiles of 115 In and 69 Ga through CIGS absorbers prepared
at different substrate temperatures and with Na incorporated either after growth using
the PDT or during growth by diffusion from the SLG substrate (top row). Alternative
representation of the same depth profiles (bottom row), obtained by normalization of all
count rates to unity at approx. 2000 nm. The [Ga]/[In] grading varies with temperature
and depends on the presence of Na during growth for higher substrate temperatures.
(see also footnote on p. 119)
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of the PDT-absorber is slightly higher for unknown reasons. However, the most
notable difference in Cu concentration is observed at Tsub,max = 370 C: While
the PDT-absorber revealed typical, slightly Cu-poor overall concentration, the
SLG-absorber yielded a Cu-rich concentration, although the amount of Cu deposited was identical for the two samples. Therefore, the SLG-absorber must
have an inhomogeneous Cu depth profile, with Cu excess in the upper and Cu
deficiency in the lower part of the sample. The EPD profile for that 370 ◦ C sample was also different from the other EPD profiles: During the second stage,
instead of a constant signal followed by a rather sharp increase just after crossing stoichiometric composition, a gentle rise of the signal starting much earlier
is observed (see Fig. 6.8). This is interpreted as occurrence of Cux Se phases
on the surface already much before the CIGS composition is stoichiometric,
thus indicating that the thermal energy at 370 ◦ C does not suffice anymore to
homogenize the Cu concentration gradient quickly. In other words, the temperature limits for CIGS compound formation with the 3-stage process (with these
particular evaporation rates, deposition times and [Ga]/[In] concentration ratios) are in the vicinity of 370 ◦ C. Obviously, the presence of Na during growth
sets the limit to higher temperatures, such that at 370 ◦ C, the PDT-absorbers still
give rise to solar cells with more than 10 % efficiency, while SLG-absorbers do
not form a homogeneous CIGS phase and do not produce any working cells
anymore. Thus, there is evidence that not only In and Ga diffusion is hindered
by Na in CIGS films, but also Cu diffusion. It may be interesting to note that
a corresponding “low-temperature EPD profile” as well as corresponding differences in the Cu concentrations were also observed with (In-free) CGS, but
at Tsub,max = 450 ◦ C. This corroborates that the thermal energy needed to form
the compound is higher for CGS than for CIGS or CIS, in accordance with the
higher melting point of CGS.

In the literature, a corresponding earlier drop in the EPD profile at a substrate
temperature of 350 ◦ C was also reported by Nishiwaki et al. for Na-containing
CIGS, and also interpreted as earlier formation of a Cu–Se phase on the CIGS
surface [89]. Cu-rich CIGS surfaces as a result of 3-stage CIGS growth at low
substrate temperature (330 ◦ C) were also observed by Sakurai and co-workers,
who in addition found a Cu-rich surface towards the end of the second stage
before overall stoichiometry was attained for CGS films grown at 570 ◦ C [149].
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Figure 6.8: End-point detection profile of a CIGS film grown at a substrate temperature of 370 ◦ C. The signal corresponds to the heating power required to maintain the
substrate temperature (constant temperature mode). In contrast to CIGS growth at
higher temperatures (Fig. 2.12), the signal rise during the second stage, indicating the
formation of Cux Se phases at the CIGS surface, occurs much earlier and is less pronounced. This suggests that the in-diffusion of Cu (and out-diffusion of In and Ga) is
comparatively slow. The small regularly occurring “spikes” are artefacts related to the
rotation of the sample holder.

Na content
Inspection of the SIMS Na depth profiles through PDT-absorbers reveals decreasing Na concentrations for increasing Tsub,max , but in all cases the Na content is higher than in the Na-free reference (see Fig. 6.9, left). Furthermore, the
Na profile is smoother for higher Tsub,max , with a slight drop from the back contact towards the front part of the absorber, while for the low-temperature sample there is a dip in the Na profile corresponding to the one observed for Ga.
The Na profiles can thus be explained with the varying grain-boundary densities through the CIGS films, as already noted in sect. 4.3.4: For lower Tsub,max ,
smaller grains are expected, and within one film, grains are larger in the upper
part.
With SLG-absorbers, a corresponding dependence of the Na depth profile on
the [Ga]/[In] grading is observed (Fig. 6.9, right). However, a clear dependence
of the average Na concentration on Tsub,max is not discernible.

6.2.3

Discussion

A number of interesting effects could be observed by comparing properties of
PDT and SLG-absorbers and solar cells. The results suggest that In and Ga in122

6.2. Comparison of post-deposition Na incorporation with Na diffusion from SLG

Figure 6.9: SIMS depth profiles of 23 Na through CIGS cells prepared at different substrate temperatures and with Na incorporated either after growth using the PDT (left)
or during growth by diffusion from the SLG substrate (right). Also included is a sample
pair grown at 580 ◦ C, where neither any NaF was deposited nor a post-deposition annealing step was carried out, hence, the corresponding curve in the graph on the left
represents the background Na level.

terdiffusion is hindered by Na primarily at high substrate temperatures, while at
lower temperatures the interdiffusivity is low with or without Na. Cu diffusion
in CIGS films is also slowed down by Na, but this effect becomes obvious only
at low substrate temperatures.10 Therefore, it would not be surprising if also diffusion of Se was slowed down by Na, which might manifest itself for example
by the absence of current-blocking behaviour. However, there is no clear indication so far that Se diffusion indeed is hindered by Na. Since Na reduces the
mobility of Cu, In and Ga atoms in the films, it is expected that a worse crystal
quality results, especially when good interdiffusion of the constituent atoms is
required for phase formation, such as in the 3-stage process. In experiments by
Wolf and co-workers, who used thin-film calorimetry to investigate the reaction
kinetics of a Cu/In/Se layer stack, the presence of Na in the system led to a delay of CuInSe2 phase formation by about 30 K [137]. In that case, interdiffusion
of the constituent atoms played also a crucial role.
10

Of course, the temperature regimes involved are expected to shift somewhat up or down when different deposition rates are chosen, such that the elements have less or more time for diffusion during the growth process.
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Taking into account additionally the aforementioned conclusion that PDT-Na
and SLG-Na give rise to similar electronic benefits, the inferior low-temperature
performance of SLG-cells can be understood: When Na present during growth
imposes energy barriers for the movement of the constituent atoms, and when
thermal energy is so low that these barriers cannot be overcome easily, phase
formation is hindered or even inhibited. Apparently, at Tsub,max = 370 ◦ C, the
available thermal energy is too low, such that a homogeneous Cu distribution
cannot be established in SLG-absorbers. With rising substrate temperatures, the
impeding influence of Na on Cu (and In, Ga) mobility can be overcome better
owing to the higher thermal energy, leading to rising efficiencies of SLG-cells
as the crystal quality increases. Considering that the highest cell efficiencies are
achieved with SLG-absorbers grown at high temperatures, there might be an influence of Na on CIGS growth that becomes beneficial once a certain threshold
substrate temperature is exceeded.
On the other hand, it is not easy to understand why the absolute efficiencies
of PDT-cells decrease with increasing substrate temperatures. The main parameter degrading efficiency is Voc , which deviates significantly from the corresponding values of the SLG-cells (Fig. 6.4). One reason influencing Voc might
be the different band-gap grading originating from the better interdiffusion of In
and Ga. But since Jsc is nearly unaffected by the grading (relative to SLG-cells),
and since the loss in Voc is rather large, it is unlikely that band-gap grading is
the main cause. More probable appears that the electronic effects of PDT-Na
do not “work” anymore as efficiently as in CIGS grown at low temperature.11
There could be several reasons:
(i) The amount of sodium incorporated with the applied PDT is too low owing
to reduced Na diffusivity in CIGS, possibly due to tighter grain boundaries.
This is contradicted by the SIMS depth profiles, which show that the Na
concentration is rising towards the back of the absorber grown at high temperature (Fig. 6.9). If the amount of incorporated Na were limited by reduced diffusivity, the Na level would increase towards the Na reservoir at
the front CIGS surface.
11

Another possibility is that the efficiencies of the cells grown at higher temperatures (both PDT and SLGcells) are relatively low owing to unfavourable growth conditions. For example, Se supply during CIGS growth
might have been below the optimum owing to increased desorption rate of Se from the CIGS surface at higher
temperatures. An indication for that may be that SLG-cells grown at 580 ◦ C with a similar process exhibited
efficiencies of up to 15.9 %.
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(ii) The nature of the defects at the grain boundaries has changed, such that
they cannot be passivated effectively anymore with Na.
This could be explained by the higher thermal energy available during
high-temperature growth of CIGS, which may favour different types of
bonds at the grain boundaries. For example, these bonds might be too
strong to be broken up by Na for passivation during the PDT.
(iii) More defects are generated intragrain, where Na has no (or limited) access
and thus cannot passivate them (effectively).
One reason for this cause could be that the formation of certain (donorlike) point defects in the lattice may become more probable with the increased thermal energy. In view of the many possible point defects (defect
complexes) and the considerable uncertainties in the results obtained from
first-principles calculations, it is hard to speculate about such defects. A
second reason could be that “internal grain boundaries” form, that cannot
be accessed by Na: It is not known in detail how grain growth proceeds
during the second stage. But it is conceivable that adjacent, similarly oriented grains can unify, such that the former grain boundary is converted to
an internal, defect-rich plane.
It is possible that the severity of causes (ii) and (iii) can be reduced by using
an optimized PDT, where the annealing temperature should be higher. Then the
Na atoms would have more energy available for breaking up bonds or penetrating “tight” grain boundaries. In any case, further investigations are necessary to
clarify the origins of the cell behaviour.

6.3

Summary of the chapter

Post-deposition Na in-diffusion into CIGS is a means to profit from electronic
Na effects while excluding influences of sodium on the growth kinetics. A comparison of cells prepared from post-deposition-treated and Na-free absorbers
revealed strongly enhanced Voc and FF for PDT-cells. The free carrier concentration in a PDT-absorber was increased by more than one order of magnitude,
which could be the reason for the observed increase in Voc . Further contributions may come from longer effective diffusion lengths induced by different
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types or magnitudes of the grain-boundary depletion widths and barrier heights,
and from passivation of recombination centres. In general, the effects observed
with PDT-Na remind of the effects induced by SLG-Na. Therefore, the dominating Na mechanisms may be the same. Since PDT-Na is expected to reside
and act at grain boundaries, it is likely that the Na effect dominating efficiency
improvements in general is passivation of defects (such as hole traps) at grain
boundaries. However, contributions from intragranular Na cannot be ruled out.
A current-blocking behaviour was observed with annealed Na-free absorbers
and related to an electronic barrier induced by Se loss. The presence of Na on
the surface during the annealing suppressed the current blocking, which indicates that Na inhibits Se loss (by blocking Se diffusion along grain boundaries?)
or neutralizes its consequences.
Comparison of Na addition by diffusion from SLG and by the PDT revealed superior cell performance of PDT-cells at low substrate temperatures. At
370 ◦ C, Cu mobility was found to be reduced by Na, resulting in shorted SLGcells, while with PDT-absorbers still efficiencies exceeding 11 % were achieved.
These are indications that Na hinders CIGS phase formation, which has detrimental consequences on absorber quality when the available thermal energy is
relatively low. With increasing substrate temperatures, the efficiencies of SLGcells increased, while those of PDT-cells decreased. The origin for the latter
behaviour is currently unclear; there could be contributions from less effective
defect passivation by Na and from less favourable band-gap grading. An optimized PDT might improve the quality of absorbers grown at higher substrate
temperatures.
Solar cells with efficiencies of 13.8 % (14.4 %) were obtained with PDTabsorbers grown at 400 ◦ C (450 ◦ C) using Al2 O3 -coated SLG substrates. These
efficiencies are among the highest achieved anywhere at such low substrate temperatures. The PDT was also demonstrated using a stainless steel substrate,
12.6 % efficiency have been achieved at Tsub,max ≈ 475 ◦ C. These results are
promising for the application of the PDT to CIGS grown on flexible polymer
substrates.
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Chapter 7
Discussion and a possible mechanism for
the action of Na
In the previous chapters several influences of sodium on structural and electronic properties of CIGS absorbers were investigated and described. Owing
to the large variety of Na effects and the many contradictions and disputes in
the literature, it appears very difficult to explain all facets of Na in CIGS with
a single mechanism. Consequently, models of the action of Na found in the
literature were usually used to explain only few of the observed Na effects. In
this chapter, a brief overview of models for Na effects proposed in the literature
will be given first. Since understanding the different Na-induced changes in
CIGS growth requires understanding the growth processes themselves, updated
descriptions of the different growth processes, where the results presented and
discussed in the previous chapters are taken into account, will be given next.
Afterwards, basic principles of the surfactant effect in semiconductor thin-film
growth will be briefly described before a possible mechanism for the action of
Na is proposed.

7.1

Models of the effects of Na in the literature

Corresponding to the wealth of observations considered effects of sodium, several different models of direct and indirect impacts of Na have been proposed.
The Na-induced increase in carrier concentration in CIGS has been suggested
to be due to incorporation of Na onto In or Ga lattice sites, where it would directly act as an acceptor [25], or due to the reduction of compensating (In,Ga)Cu
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defects (In or Ga atom on Cu site) by substitution with NaCu [15]. Stanbery
et al. proposed that Na acts as a surfactant during the growth of CIS by destabilizing (2VCu +InCu ) neutral defect complexes in the near-surface region, and
therewith by reducing the amount of InCu compensating donors and by enhancing the crystal quality [150, 151]. A similar mechanism was also proposed by
Granata and Sites [24]. The Na-induced suppression of beta-phase formation
is further supported by experiments by Herberholz and co-workers, who determined a widening of the existence range of α–CuInSe2 due to the incorporation
of 0.1 at. % of sodium [152]. Rockett suggested that Na acts to improve solarcell performance primarily via grain boundaries, presumably directly through
changes in the electronic properties of the latter (such as electrical passivation),
and that Na increases atomic mobilities during CIGS growth and at grain boundaries, thus increasing grain size and establishing the lowest energy surfaces
(Se-terminated (112) surfaces) [55]. Schroeder and Rockett brought forward
the idea that Na primarily reduces electrical compensation, for example by increasing point defect mobility, which would allow the clustering of oppositely
charged defects [32]. Wolf and co-workers attributed the grain size increase in
rapid-thermal-processed CIS to Na delaying CIS compound formation, resulting in CIS growth at a higher mean temperature [137].
Kronik et al. proposed that the increased hole density is due to occupation of
Se vacancies (presumed to be donor-like) with atomic oxygen, with the consequences of reduced compensation and introduction of a shallow acceptor [153].
In that model, it is assumed that Na catalyzes O2 dissociation and thus helps supplying atomic oxygen.1 First-principles calculations led Wei and co-workers to
the conclusion that the main mechanism of Na in Cu-poor CIS is the replacement of InCu by NaCu , until most of the compensating InCu donors are removed
[131]. Oxygen was calculated to effectively quench Se vacancies, but then to
precipitate at grain surfaces. At large Na concentrations, the authors predicted
the formation and subsequent precipitation of NaInSe2 . Braunger et al. proposed that the beneficial effects of Na are based on the formation of sodium
selenides at high Se partial pressure, facilitating the incorporation of Se into the
growing film [27]. Recently, on the basis of ab initio calculations, Persson and
Zunger [42] proposed that NaCu defects or NaInSe2 phases at grain boundaries
1

However, air annealing generally has become less important as device performances overall have improved
[55].
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lower the valence-band maximum owing to the lack of Na d electron states,
similar to the case of (2VCu +InCu ) NDCs at grain boundaries (see sect. 1.4.2).
Therewith, holes are kept off the grain boundaries, and hence electron–hole recombination is suppressed there.

7.2

CIGS growth processes revisited

The processes occurring during CIGS growth using different recipes will be
discussed in the following. The discussion continues the description given in
section 2.3 and focuses on the growth kinetics rather than on the deposition
techniques. Since the growth kinetics of CIGS films grown from Cu-rich and
Cu-poor starting layers are different, first the extreme-bilayer process will be
discussed, consecutively followed by discussions of processes with less Cu
excess present during the first stage (bilayer process, constant-rates process).
Eventually, the 3-stage process will be discussed, where the layer obtained after
the first stage is Cu free. The influence of Na on these growth processes will be
addressed in the remainder of this section.

7.2.1

Extreme-bilayer process

As long as the overall Cu concentration of a CIGS film is well above stoichiometry, the two phases α–CIGS (stoichiometric) and Cux Se coexist. In the extremebilayer process, a pure Cux Se layer is deposited first, followed by evaporation of
In, Ga and Se. The end-point detection signal obtained in own experiments during the first half of the second stage of such a process remains constant, which
indicates that film emissivity is dominated by a sufficiently thick Cux Se phase.
CIGS grains nucleate in the surface region, in the bulk of the Cux Se film, or
at the Mo–Cux Se interface, as soon as the concentrations of In and Ga exceed
the respective solubilities in Cux Se (Fig. 7.1a,b). As noted in sections 2.2.3 and
2.3.2, the presence of Cux Se at high substrate temperatures enables quasi-liquid
phase assisted growth, since the mobility of In (and therefore probably also of
Ga) in Cux Se is very high. Consequently, after nucleation of a stoichiometric
CIGS grain, this grain is expected to grow in all directions rather spherically,
until the growing grains become so large that they present obstacles for In and
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Figure 7.1: Schematic illustration of the extreme-bilayer process. After deposition of
a Cux Se precursor, In, Ga and Se are deposited (a). In and Ga are dissolved in the
Cux Se precursor, and CIGS crystals nucleate (b) and grow larger (c). Once the crystals
have grown large (d), they prevent dissolved In and Ga atoms from diffusing to the lower
part of the film, such that Cux Se near the top is consumed while reservoirs stay behind
near the bottom (e). Cux Se from the reservoirs diffuses to the surface, such that voids
result in the finished film (f).

Ga diffusion to the lower parts of the film (Fig. 7.1c,d). Thence, the reaction
rate of Cux Se in the lower part of the film with In and Ga diffusing from the
surface is slowed down and instead In and Ga rather react with Cux Se in the upper part of the film. When the Cux Se layer at the surface becomes consumed we
can expect further supply of unreacted Cux Se diffusing from the lower part of
the film owing to the Cu concentration gradient, leaving behind voids near the
bottom (Fig. 7.1e,f). Such a growth behaviour would explain the rough surface
(grains originating from spherical shapes) and the formation of voids of CIGS
films grown with the extreme-bilayer process (Fig. 5.12).
The end-point detection profile of the second half of the second stage shows
a slow transition from high to low emissivity, i.e. from Cu-rich to Cu-poor
overall film composition. This transition is significantly less abrupt than in a
3-stage process (Cu-poor to Cu-rich and Cu-rich to Cu-poor transitions, com130
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parable substrate temperatures and deposition rate). Such an EPD profile can
be expected for films, where the Cux Se is distributed inhomogeneously: While
certain regions of the film are nearly or completely converted to CIGS, other
sections contain still Cux Se. It is thus likely that some CIGS grains extend from
bottom to top of the films, inducing low emissivity, while Cux Se is present at
grain boundaries in “channels” perpendicular to the film surface, giving rise
to high emissivity (Fig. 7.1e). The gradual widening of the CIGS grains and
the corresponding narrowing and consumption of the Cux Se channels leads to
a slow decrease of the overall emissivity. Since Cux Se channels of different
lengths (i.e. of different extension perpendicular to the substrate plane) give rise
to about the same emissivity, provided they exceed a certain threshold length,2
a reduction in overall film emissivity occurs only when the Cux Se channels become narrower or when their length becomes shorter than the threshold length.
Hence, a slow transition in the EPD profile can be understood. In the 3-stage
process, the Cux Se phases form mainly at the film surface. Hence, the Cux Se
thickness is reduced more or less homogeneously during the third stage and a
sharper transition from high to low emissivity occurs.

7.2.2

Bilayer process

When CIGS layers are grown with a bilayer process, where In and Ga are first
deposited together with excess Cu and Se, the nucleation of CIGS grains starts
when films are still thin (Fig. 7.2a,b). The lower the excess of Cu the sooner a
continuous (polycrystalline) CIGS layer will be established and thus the lower
the probability for formation of Cux Se reservoirs near the bottom of the film
(Fig. 7.2c). Hence, the probability for the occurrence of voids in the finished
film is lower. Once a continuous layer of CIGS is established, it grows thicker
by reacting with In and Ga atoms diffusing from the surface through the Cux Se
film on the CIGS surface (Fig. 7.2d). No major voids are thus expected, which
is in agreement with the experimental observations (Fig. 5.11). Gabor et al. [67]
obtained rougher (finished) CIGS films when the Cu excess during the first stage
was higher. It is not clear how this can be explained with the outlined model.
2

This is inferred from EPD profiles of 3-stage processes, where the second stage was extended well beyond
the stoichiometric overall composition. Soon after the initial rise of the EPD signal indicating the appearance of
Cux Se, the emissivity of the film remained constant in spite of the continuing deposition of further Cu and Se. The
threshold length is therewith roughly estimated to be in the vicinity of 100 - 200 nm.
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Figure 7.2: Schematic illustration of the bilayer process. Cu-rich CIGS is deposited in
the beginning, such that Cux Se and CIGS crystals coexist in the film (a,b). The CIGS
crystals grow large and form a continuous (polycrystalline) film already in early growth
stages, and only small Cux Se reservoirs remain near the bottom (c). During the second
stage, the Cu deposition rate is reduced (d,e), such that in the end a Cu-poor film with
no or only small voids is obtained (f).

A plausible explanation is that there is still significant nucleation of new CIGS
grains in the Cux Se overlayer, where they first grow larger as in the extremebilayer process. At some stage, these grains and the underlying CIGS film
coalesce, forming a large grain containing several sub-grains. Hence a rough
surface develops.3
The “ideal” bilayer process should thus start with only little Cu excess until
a continuous CIGS film has formed (or even with a thin seed layer of Cu-poor
CIGS or (In,Ga)x Sey ), thereafter the overall Cu content in the layer should be
adjusted such that the CIGS film is completely coated with Cux Se (in order
to profit from quasi-liquid phase assisted growth) but also such that the Cux Se
layer is rather thin (in order to avoid roughening of the surface).
The resulting grains are relatively large, which may be owing to enhanced
mobility of adatoms on the CIGS surface during growth, as long as the surface is
covered with Cux Se. Another possible reason is that there is Cux Se at the grain
3

Another option, brought forward by Gabor and co-workers [67], is that with Cux Se wetting problems are
encountered.
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Figure 7.3: Schematic illustration of the constant-rates process. Cu, In, Ga and Se are
deposited from the beginning in the appropriate ratio, such that Cu-poor CIGS grains
nucleate immediately and the film grows without undergoing any phase transformations.

boundaries, which may continuously dissolve atoms from the grain surfaces
(followed by re-deposition), and thus enable an efficient exchange of atoms
from grain to grain. Hence, grain boundaries would be rather mobile, and the
grain-boundary free energy could be reduced effectively.

7.2.3

Constant-rates process

No copper selenide phases form on the surfaces of CIGS films during growth
when the “constant-rates” recipe is used, since the film composition is always
slightly Cu poor, and the layer does not undergo any phase transitions (Fig. 7.3).
The relatively small grain sizes suggest that the grain boundaries of the film are
not very mobile during the growth process. The rather columnar grain shape
indicates that crystal growth is dominated by surface diffusion (cf. sect. 1.4.3).

7.2.4

3-stage process

During the 3-stage process no copper selenide phase forms in the growing layer,
except towards the end of the second stage, when a thin layer of Cux Se is found
on the surface (and probably along grain boundaries), that is “consumed” again
in the course of the third stage. Film growth during the second stage (Figures
7.4a–c) proceeds from (In,Ga)2 Se3 via γ– and β– to α–CI(G)S and finally to
α–CIGS + Cux Se [59, 74]. End-point detection profiles indicate that Cux Se is
only formed when overall film concentration reaches stoichiometry (provided
substrate temperatures are not “too low” and deposition rates not “too high”).
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Thus, reaction of Cu with the Cu-poor CIGS film is very fast. This reaction
requires not only in-diffusion of Cu, but also out-diffusion of In and Ga: The
unit cell of β–CI(G)S and γ–CI(G)S can be obtained from α–CIGS by replacing
some of the Cu atoms by (2VCu +(In,Ga)Cu ) neutral defect complexes (as discussed in sect. 2.2.1), therefore filling all nominal Cu sites in γ– and β–CIGS
with Cu atoms will not only quench Cu vacancies, but also produce excess In
and Ga from the (In,Ga)Cu antisites. Thus, for example,
Cu(In, Ga)5 Se8 + 3Cu −→ 4Cu(In, Ga)Se2 + (In, Ga)

(7.1)

Hence, during the second stage, the CIGS film forms by reaction of in-diffusing
Cu with the Cu-poor precursor layer as well as by reaction of out-diffusing In
and Ga with impinging Cu and Se (Fig. 7.4b). Consequently, the probable origin of the spontaneous band-gap grading is that more In than Ga is out-diffusing
and reacting with Cu and Se at the film surface, as already discussed in sect. 2.4.
Near the back contact, a higher [Ga]/[In] concentration ratio is then automatically established. A possible reason for this behaviour is that Ga is bonded more
strongly than In in the various CIGS phases.4
The enhancement of grain size observed during the second stage could be explained by growth of certain grains at cost of others, by coalescence of adjacent
grains, or by nucleation of new grains (for example at grain boundaries). Since
the texture of a finished CIGS film seems to be inherited from the (In,Ga)2 Se3
precursor, nucleation of new grains, which would probably be randomly oriented, appears unlikely. Coalescence of adjacent grains in many cases would
lead to defect-rich grain interiors due to misorientation of the involved grains,
which is, to my knowledge, not observed for example in transmission electron microscopy investigations. The most probable grain growth mechanism is
therefore minimization of grain-boundary energy by growth of certain grains at
cost of other (shrinking) grains, until the latter eventually vanish. Nevertheless,
in any of the three cases an efficient transport of the constituent atoms across
grain boundaries is essential for effective grain growth.
In contrast to the constant-rates process, the columnar grain sizes of the
lower part of the layer (precursor) is not preserved in the 3-stage process, instead
the grains rather take spherical or cubic shapes. This suggests that grain boundaries are more mobile in the 3-stage process, although in both cases growth
4

This is indicated by the higher melting temperatures of the CGS compounds, cf. Figs. 2.4 and 2.6, and the
increase of the band gap of CIGS with Ga content, and also by ab initio calculations [154].
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Figure 7.4: Schematic illustration of the 3-stage process. After deposition of an
(In,Ga)2 Se3 precursor during the first stage, Cu and Se are deposited during the second stage (a). The film’s phase changes from (In,Ga)2 Se3 via γ– and β– to α–CIGS,
which requires in-diffusion of Cu as well as out-diffusion of In and Ga (b). When the
CIGS composition is stoichiometric, Cux Se starts to form on the surface (c). Deposition
of In, Ga and Se during the third stage converts the thin Cux Se film into CIGS (d), and
eventually a Cu-poor CIGS film is obtained (e).
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takes place under predominantly Cu-poor conditions. It is possible that the
phase change from (In,Ga)2 Se3 to Cu(In,Ga)Se2 during the second stage of the
3-stage process releases the energy required to trigger grain-boundary movement and hence grain growth.
7.2.5

Modifications introduced by sodium

Since Na seems to have a very low solubility inside CIGS single crystals and
thus resides predominantly at grain boundaries and free surfaces (sect. 1.3), Na
can be expected to modify primarily the properties of the grain boundaries and
surfaces, not of the grain interiors. If Na is passivating GBs, as discussed in
chapter 6, the reactivity of the GB is reduced. Hence, the probability for constituent atoms to hop across a GB and to contribute to grain growth is also
reduced (see also discussion below, sect. 7.4.5). In the case of the bilayer or
extreme-bilayer processes, this does not seem to hinder grain growth significantly, possibly because the beneficial effects of quasi-liquid phase assisted
growth induced by Cux Se dominates the growth behaviour. With the constantrates process, again, grain size is not affected by Na, which might be owing to
a low GB mobility also without Na.
In contrast, during the second stage of the 3-stage process, good interdiffusion of the constituent atoms is particularly important, since the layer has to
undergo several phase transformations. As shown in section 5.2.3, the interdiffusion of In and Ga is strongly hindered when Na is present. There are also
indications that the interdiffusion of Cu and (In,Ga) is hindered by Na, which
becomes obvious only at lower substrate temperatures (Tsub ≤450 ◦ C, depending
on [In]/[Ga] concentration ratio and process parameters, as discussed in section
6.2.2). Furthermore, high GB mobility is also essential for the grains to enable
attainment of their rather square or spherical shapes during the second stage.
Thus, when Na at GBs slows down the exchange of atoms across them, it is not
surprising that smaller CIGS grain sizes result.
It is known that precipitates at GBs often act as a drag that inhibits grain
growth [43]. My experiments indicate that this is the case also for Na in CIGS
grown with the 3-stage process. But although grain growth is hindered by Na,
it is obviously not completely inhibited: In the upper part of the layer the CIGS
grains reach sizes similar to Na-free CIGS grains, small grains are observed
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mainly near the back contact. This can be understood by the fact that the GB
density must shrink when grains grow larger, hence there are less sites available
for Na. Because the “excess” Na cannot be incorporated into the grains owing to
the low solubility, it diffuses to the surface and segregates there and/or desorbs.5
Thus, grain growth is more easily achieved near the top, since sodium from
the lower part of the film has to diffuse a longer way to arrive at the surface.
Once the grains near the top have started to grow, the number of diffusion paths
for Na from below those grains decreases, and the diffusion to the surface is
impeded further. Consequently, the grains in the lower part of the film cannot
grow large as quickly as grains near the surface, which is in agreement with the
observations.
In addition, the larger grains appear also in regions where the [Ga]/[In] concentration ratio is particularly low. According to my experiments with CIS and
CGS (sect. 5.2.2), grains with higher [Ga]/[In] concentration ratio are expected
to grow less large. Nevertheless, also in pure CGS the smallest grain sizes were
observed near the bottom. Yet a further contribution may come from the different growth mode of the upper half of the film (out-diffusion of In and Ga) that
may be less affected by Na than the lower half (in-diffusion of Cu).

7.3
7.3.1

Surfactants in semiconductor thin-film growth
Basic principles

In semiconductor thin-film growth, surfactant effects were first demonstrated
by Copel and co-workers in 1989 [155] and since then have been of interest
mainly in relation to homo- or heteroepitaxy of Si or Ge on Si substrates. The
presence of a monolayer6 of a suitable material, the surfactant, on a semiconductor surface can alter both the thermodynamics (balance of surface and interface
energies) and the kinetics (surface and bulk mobility of the deposited atoms) of
thin-film growth. The surfactant may enable for example layer–by–layer growth
in certain systems by suppressing strain-induced 3D islanding. Obviously, the
5

The Se overpressure and the kind of Se molecules that impinge on the surface (different number of Se atoms
per molecule) may influence the formation of different sodium polyselenides, which in turn may have different
desorption probabilities.
6
In the case of metals, fractions of a monolayer may suffice, but semiconductor surfaces usually must be
covered entirely by the adsorbate [156].
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surfactant species should not be incorporated into the growing film and instead
always float on top of it. An example of such an effect (although in metal-onmetal growth) is homoepitaxial growth of Cu(100), where the presence of In
suppressed island formation [157]. The mechanism at work was proposed to
be surfactant-induced lowering of the energy barrier for diffusion over a terrace
edge (Schwoebel or Schwoebel–Ehrlich barrier). Furthermore, on slightly contaminated surfaces growth proceeded as on clean surfaces owing to the presence
of In.
There are two generic ideas why terrace edges are special and a Schwoebel–
Ehrlich barrier, which is different from the barrier for diffusion within a terrace,
is established [158]. The first is that an adatom descending a step edge will have
fewer neighbours than on the flat surface, thus being less bound it has a higher
energy. The second idea is that atoms near a terrace edge can relax away from
their in-terrace crystal positions, resulting in a strained interaction potential,
hence the Schwoebel–Ehrlich barrier is no more purely localized but rather has
a longer range. Better descriptions of the origin of Schwoebel–Ehrlich barriers
require realistic, material specific models [158].
The surfactant effects in semiconductor growth have been reviewed in 2000
by Kandel and Kaxiras [156]. According to their model and their simulations for chemically passivating surfactants, surfactant-mediated semiconductor growth relies on island-edge passivation of sub-monolayer films. Enhanced
or reduced surface diffusivity may be a further consequence, but it is comparatively unimportant. The authors suggest that the surfactant effect is a kinetic
effect rather than a thermodynamic one, i.e., the true equilibrium state of the
system is considered the same with or without surfactant, but the presence of
the latter slows down the approach of the system to equilibrium.
The atomistic processes involved from adsorption of an atom on a surfactantcovered substrate to incorporation into the lattice are (see also Fig. 7.5):
(i) surface (terrace) diffusion (characterized by an activation energy Ed,s ),
(ii) site exchange of the atom on the surface with a surfactant atom (Eex ),
(iii) the opposite of the exchange process, i.e., site exchange of the embedded
atom with a surfactant atom (“de-exchange”,7 Ede−ex ), and
7
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Figure 7.5: Schematic illustration of the atomistic mechanisms in surfactant-mediated
growth. In this case, the substrate (represented by circles) is completely covered by a
surfactant.

(iv) attachment to and detachment from atomic step edges.
Instead of the diffusion process on a bare (surfactant-free) surface, characterized by a diffusion constant D, a more complex diffusion process is relevant
on surfactant-covered surfaces: An adsorbed atom can diffuse on the surfactant layer and carry out several exchange and de-exchange processes before it
is permanently bonded to the substrate. The corresponding effective diffusion
constant Deff at a temperature T can be expressed as
Deff

e(Ed,bs −Ed,s )/kT
=D
1 + e(Ede−ex −Eex )/kT

(7.2)

where Ed,bs is the activation energy for diffusion on the bare surface. For chemical passivation of the surface by the surfactant one can expect Ed,bs > Ed,s and
Ede−ex > Eex [156]. Effective diffusion can thus be suppressed or enhanced,
depending on the specific activation energies, and both has been experimentally found in different cases. It is therefore even possible that a surfactant
enhances surface diffusion (Ed,bs > Ed,s ) but suppresses the effective diffusion
length (Deff < D).
However, two surfactants with the same value of Deff may induce very different growth modes when their abilities to passivate step (or island) edges are
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very different, as was also shown with kinetic Monte-Carlo simulations [156]:
Passivation of step edges suppresses attachment as well as detachment events
and leads to significantly higher nucleation rate of 2D islands. Island coalescence occurs before any second-layer islands nucleate on top of the existing
2D islands, hence 3D islanding is suppressed and layer–by–layer growth promoted. Owing to the island-edge passivation, the 2D islands exhibit typically
very rough edges. In contrast, unpassivated step edges lead to larger 2D islands,
since adatoms crossing near the island are attracted, and to smooth, faceted
island edges, since the energy of the island can be reduced much more by rearrangement of the outer atoms. 3D islanding may occur as a consequence.

7.3.2

Na as a surfactant for CIGS growth in the literature

In the context of CIGS growth, Na has been proposed to act as a surfactant by
Stanbery et al. [150, 151] and by Granata and Sites [24]. Stanbery et al. found
evidence for suppression of (2VCu +InCu ) NDC formation using CIS heteroepitaxy in the presence of Na on GaAs substrates. They proposed this to be the
cause for enhanced crystal quality. But also the electronic quality would be
enhanced by this same mechanism, owing to a reduced number of InCu compensating donors and because of enhanced minority carrier transport. Also
Granata and Sites proposed Na-induced suppression of InCu defect formation
during growth to be the cause for enhanced structural and electronic quality.
Hence, in these surfactant models by Stanbery et al. and Granata and Sites,
sodium modifies the crystal structure of CIGS during growth, and that modification is assumed to be responsible for the observed structural as well as for
electronic Na-induced changes in absorber properties.

7.4

A possible mechanism for the action of Na

A mechanism developed in the course of this thesis that can explain many of
the observed sodium effects will be proposed in this section. This mechanism is
based on chemical passivation of grain boundaries. As a consequence, a surfactant effect that modifies CIGS growth and, at the same time, electronically passivates defect states may occur. The effects of post-deposition Na incorporation
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can be explained with this mechanism, which is not possible with the surfactant
models of Stanbery et al. [150, 151] and Granata and Sites [24]. However, these
latter surfactant models may be correlated to the proposed passivation mechanism and may emerge as one consequence. Two basic assumptions are made:
(i) The solubility of Na in a CIGS single crystal is well below 0.1 at%. Thus,
the overwhelming majority of the Na atoms typically present in polycrystalline CIGS films must reside at grain boundaries and surfaces. As discussed before (sect. 1.3), there is experimental evidence that this assumption is valid.
(ii) Na terminates grain boundaries and surfaces and passivates them. It is
likely that Na as a small, monovalent atom is capable of chemically passivating dangling bonds or of modifying defect structures at grain boundaries. The results with post-deposition Na incorporation indicate a Nainduced electronic passivation of defects at the grain boundaries, which
validates the assumption.
These two assumptions are characteristic for a surfactant in the broader sense
(a surface-active species that always floats on top of the growing layer). Since
the CIGS surface is passivated by Na, it does not have dangling bonds, hence,
the reactivity of the CIGS surface is reduced. When a “constituent” atom (i.e.,
a Cu, In, Ga, or Se atom) is deposited onto an atomically flat CIGS crystal
surface that is Na-passivated, it has to exchange sites with a Na atom first before
it can permanently bond to the crystal. As discussed in the previous section,
intermediate steps may be several exchange, diffusion, and de-exchange events.
7.4.1

Activation barriers for atom incorporation

Before discussing the case of CIGS growth, it is noted that the probability w for
an atom in a metal to exchange sites with a vacancy8 depends on the height of
the activation barrier for that process, EA , and on the thermal energy, kT :
w = e−EA /kT

(7.3)

EA is the difference between the saddle point energy of the energy barrier, ES ,
and the energy state of the jumping atom before the jump, E1 : EA = ES − E1
8

It is assumed here that there is one predominant diffusion mechanism or saddle point.

141

7. Discussion and a possible mechanism for the action of Na

Figure 7.6: (a) Nearest-neighbour atoms (black) of the vacancy (square) in the 2D
square lattice model. (b) Atomic jump probabilities depend on the activation barrier
height EA = ES − E1 , where E1 and E2 are initial and final energies for the jumping
atom, and ES is the energy of the saddle point configuration. (Taken from Rautiainen
and Sutton [159])

(see also Fig. 7.6). The saddle point energy, in turn, can be modeled [159] as
the sum of a constant (average) energy E plus the average of the energies of the
atom before (E1 ) and after (E2 ) the jump (Fig. 7.6): ES = E + (E1 + E2 )/2.
Thus, the activation energy becomes
EA = E + (E2 − E1 )/2

(7.4)

and the jump probability w can be expressed as
w = e−E/kT e−(E2 −E1 )/2kT

(7.5)

This description is now used for the case of the incorporation of an adatom
into a bare CIGS crystal surface: The adatom must overcome an energy barrier
EA in order to jump into a vacancy (or, more generally, to any lattice site) at the
crystal surface. EA is expected to be low owing to a low E2 (eq. 7.4), especially
when the atom finds a “proper” site (e.g. an In vacancy for an In adatom).
When a passivating monolayer of Na is inserted between the adatom and the
crystal, the adatom cannot jump into the vacancy in the same way as above,
because the “vacancy” has to exchange sites with the Na atom first. This site
exchange requires energy, which can be accounted for by an increased E. Thus,
an increase in EA is expected, although the increase may be compensated to
some extent by modified E1 and E2 owing to the passivating effect of Na. In
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that way, the probability w for incorporation of an adatom at a certain lattice
site can be lowered by the presence of Na.
7.4.2

CIGS growth at low temperatures

When CIGS is grown at a sufficiently low substrate temperature, the activation energy barrier can become limiting for efficient incorporation of deposited
atoms into the crystal. In that case, compositional uniformity through the film
and cell performance are negatively affected. The presence of Na can then play
a decisive role by modifying EA , such that at a critical growth temperature, in
the Na-free case, EA is low enough to enable compositional homogeneity, while
the presence of Na increases EA , such that homogenisation is impeded. This is
consistent with the experimental results from section 6.2, where in-diffusion of
Cu during the second stage was found to be slowed down by Na at Tsub = 370 ◦ C,
leading to an inhomogeneous Cu distribution in the finished film and to shorted
cells. In the absence of Na, the same CIGS-deposition process at the same substrate temperature still allowed compositional homogenisation and reasonable
cell efficiency. A Na-induced increase of EA may explain why at low substrate
temperatures (between 370 and 450 ◦ C) the addition of Na after CIGS growth
led to superior cell performance.
7.4.3

Formation of antisite defects

Because CIGS is a compound semiconductor, E2 and hence EA are certainly
different for one adatom species at different sites on the bare crystal surface. For
example, the formation of the antisite defect InCu (or of the (2VCu +InCu ) NDC)
in the CIS bulk is known to require somewhat more energy than the formation
of the correct InIn configuration [51, 54]. Hence, an adsorbed In atom finds
a higher EA at a nominal Cu site than at a nominal In site, which lowers the
probability for formation of the antisite defect. However, it is conceivable that
also E1 varies from site to site, which may modify the value of EA additionally.
Passivation of the CIGS surface by Na increases the activation energy and
in general also modifies E1 and E2 , as discussed above. The question arises,
whether or not these Na-induced changes can lower the probability for antisite
defect formation relative to the probability for correct site formation. If they
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can, a surfactant effect as proposed by Stanbery et al. [150, 151] and by Granata
and Sites [24] emerges, i.e., the Na-induced suppression of NDC or InCu antisite
defect formation.
In the Na-free case, the ratio of the jump probability for formation of a correct site, w0 , to the jump probability for formation of an antisite, w00 , can be
expressed using eq. 7.5 as
0

0

0

e−E /kT e−(E2 −E1 )/2kT
w0
0
00
00
0
0
00
= −E 00 /kT −(E 00 −E 00 )/2kT = e−(E −E )/kT e−(E1 −E1 )/2kT e−(E2 −E2 )/2kT (7.6)
00
w
e
e 2 1
A corresponding expression can be obtained for the case of a surfactant-covered
surface. Obviously, with suitable values of the involved energies, it is feasible
that the ratio w0 /w00 is increased owing to the presence of the surfactant, and
hence antisite formation is suppressed (Fig. 7.7). Unfortunately, values for E,
E1 , or E2 are not available from the literature,9 not even for the Na-free case, so
that further speculations are of no avail. Nevertheless, it remains conceivable,
that the presence of Na alters E1 and E2 in such a way that InCu antisite or
NDC formation is suppressed, which yields the surfactant effect proposed by
Stanbery et al. [150, 151] and by Granata and Sites [24].
In addition to Na-induced suppression of antisite formation, it is also possible that de-exchange processes are favoured for antisite atoms. For example,
an InCu atom may have a lower activation energy for de-exchange than an In
atom on an In site. Consequently, the probability for formation of (permanent)
antisites is further reduced.
As a consequence, crystal quality is expected to be enhanced owing to the
suppression of point-defect formation — provided the thermal energy of the
involved atoms is high enough such that the energy barriers for site exchange
EA do not become a hindrance for incorporation of constituent atoms even at the
correct sites. This may explain why the presence of Na during high-temperature
growth of CIGS tends to enhance the absorber quality.
7.4.4

Surface smoothness

The surface-smoothing effect of Na on CIGS films grown under Cu-rich conditions (bilayer process) can be explained with a “typical” surfactant effect that
Since E represents an average energy barrier that is modified by E1 and E2 , one can expect E 0 and E 00 to be
equal. Hence, the first factor in eq. 7.6 may be unity and thus only the values of E1 and E2 would be relevant.
9
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Figure 7.7: Schematic illustration of the effect of a surfactant on antisite formation:
Without surfactant (left), antisite defects such as InCu may be frequently formed. With
a Na-passivated surface (right), an energy barrier due to site exchange with Na is
established, and antisite defect formation may be suppressed relative to the formation
of correct sites.
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promotes layer–by–layer growth. An In or Ga atom diffusing through the quasiliquid Cux Se and arriving at the Na-passivated surface of a Cu(In,Ga)Se2 grain10
may not be incorporated into the CIGS crystal straight away, because a site interchange with Na is required. Instead, there is a high probability it “desorbs”
back into the Cux Se and arrives at a different location of the CIGS surface (see
Fig. 7.8). The number of such “desorption–adsorption” cycles, before the In or
Ga atom is permanently bonded to the crystal, is expected to be larger when the
CIGS surface is passivated with the surfactant. Thus, the probability for transport and attachment to a preferred site is higher. Such a preferred site could be
an atomic step edge, since there an atom is usually more strongly bonded than
on the flat surface. Thus, the quick transport of In and Ga in Cux Se together
with the passivating effect of Na would enable an efficient supply of these atom
species to terrace edges and therefore promote layer–by–layer growth. The different growth behaviour eventually leads to a smoother film surface, as observed
mainly in the case of the bilayer process.
Alternatively, it is possible that Na passivates terrace edges efficiently, therefore lowers the Schwoebel–Ehrlich barrier and again promotes layer–by–layer
growth as in the description of surfactants by Kandel and Kaxiras outlined above
(sect. 7.3). However, since with the constant-rates process the influence of Na
on the surface smoothness appears to be small, a Na-induced lowering of the
Schwoebel–Ehrlich barrier might be effective only in the presence of Cux Se.
Whether or not there is also a surface-smoothing effect of Na in the 3-stage process remains unclear, since smooth surfaces are obtained also in the absence of
Na with this process.

7.4.5

Grain growth and interdiffusion

A constituent atom bonded to the CIGS crystal just near a grain boundary needs
a certain activation energy for reaction with neighbouring atoms, for example,
when that constituent atom attempts to contribute to grain growth by hopping
10

A grain of dimensions approaching 1 µm is large enough such that for a deposited atom there is no fundamental
difference between a large single-crystalline and a polycrystalline substrate. The diffusion distances at typical
deposition rates (of the order of 100 monolayers/min) are expected to be much shorter than 1 µm.
The surface of a film consisting of smoothed grains will be smooth as well when the surface plains are parallel to the
substrate surface and when the growth rates of grains with different crystallographic orientation are approximately
equal. It is assumed here that both conditions are satisfied.
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Figure 7.8: Schematic illustration of the surfactant effect on surface smoothness: Without a surfactant (top), the In or Ga atom diffuses through the quasi-liquid Cux Se, arrives
at the CIGS surface, and bonds to the crystal relatively soon. When the CIGS is covered with Na (bottom), a site exchange with Na is required before the atom can bond
to the crystal. Therefore, the atom is likely to carry out several “desorption–adsorption”
cycles, and thus to reach sites, where conditions for a site exchange with Na are more
favourable, for example at a step edge. In this way, layer–by–layer growth can be
promoted. (Additional Na atoms that may be dissolved in the Cux Se interior or may
reside at the Cux Se surface (or at its grain boundaries, if the Cux Se is solid) have been
omitted in the figure for clarity.)
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Figure 7.9: Schematic illustration of the surfactant effect on atom exchange across
grain boundaries: Without a surfactant (left), a constituent atom can hop comparatively
easily across a grain boundary. When the grains are terminated with a surfactant
(right), the constituent atom must first carry out a de-exchange and an exchange step
before it can reach the neighbouring grain, which costs energy. Therewith, a diffusion
barrier is established at grain boundaries.

across a grain boundary. Passivation of the grain boundaries by a surfactant implies that the hopping atom has to de-exchange sites with Na before it can react
further (see Fig. 7.9). Consequently, a higher activation energy due to the deexchange process is required. In addition, passivated grain boundaries are less
reactive, thus, after de-exchange the atom is discouraged further to bond to the
neighbouring grain. Passivation of the grain boundaries may consequently slow
down the exchange of atoms across them, especially when the available thermal
energy is low with respect to the de-exchange and exchange activation energies.
In other words, a diffusion barrier is established at the grain boundaries.
It can be expected that the height of the intergrain potential barrier depends
on the atomic species owing to different bond strengths in the crystal. For example, an indium atom attempting to cross a grain boundary may experience a
lower energy barrier than a gallium atom, because the Ga–Se bonds in CIGS
are probably stronger than the In–Se bonds. In the above context (eq. 7.4), a
lower E1 for GaGa than for InIn is then expected to increase the activation energy EA and hence to decrease the probability w for a successful attempt. In
other words, the de-exchange process requires more energy for a Ga atom than
for an In atom. Consequently, at the same substrate temperature, the motion
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of grain boundaries and thence grain growth is hindered more by Na in CGS
than in CIS, especially when a deposition process is chosen that requires good
interdiffusion of the constituent atoms (3-stage process). This is consistent with
the experimental observations: The grain sizes of CIS films grown at 580 ◦ C do
not seem to be affected by the presence of Na during growth, but those of CGS
grown at the same temperature are. Hence, smaller grain sizes in the lower,
comparatively Ga-rich regions of CIGS films are not only a result of the need
to transport Na to the surface when grains grow (cf. sect. 7.2.5), but also of hindered exchange of atoms across the grain boundaries due to the lower [Ga]/[In]
concentration ratio. This is also consistent with the occurrence of spontaneous
[Ga]/[In] grading observed with the 3-stage process: At high substrate temperatures, the out-diffusion of Ga during the second stage (sect. 7.2.4) is still
hindered significantly more, when the film contains Na.11
Since, mainly at lower substrate temperatures, the diffusion of Cu can be
hindered by Na, the barrier established for Cu diffusion across a grain boundary
seems to be low. In CGS that barrier might again be higher than in CIGS, resulting in a “low-temperature” end-point detection profile at a substrate temperature
as high as 450 ◦ C (corresponding to about 370 ◦ C with “standard” CIGS).

7.4.6

Cell performance

The main electronic action of Na within this description is passivation of defects
such as hole traps at the grain boundaries, which can remove recombination centres, modify barrier heights at and depletion widths around the grain boundaries,
and which leads to increased effective carrier concentration and minority carrier
diffusion length. This can be achieved by Na incorporation during growth, but
also post-deposition in-diffusion of Na can enhance the electronic properties of
CIGS, as experimentally found with the post-deposition treatment (sect. 6.1).
Nevertheless, contributions to the electronic enhancements from intragranular
Na (where it might act as an acceptor) cannot be ruled out completely, but con11

As briefly discussed in sect. 5.2.3, there is experimental evidence that In–Ga interdiffusion proceeds via lattice
defects rather than via grain boundaries. Since with the proposed mechanism Na cannot have any influence on the
interdiffusion of the constituent elements inside grains, it is expected that In–Ga interdiffusion within a grain is
unaffected by Na but slowed down across grain boundaries. The presence of Na inside CIGS crystals, however,
would also impede In–Ga interdiffusion within a single grain.
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sidering that the majority of the Na atoms in CIGS resides at grain boundaries,
it appears unlikely that it plays a dominating role.
In addition, provided substrate temperatures are high enough, enhancement
of crystal quality by suppression of antisite defect formation (such as NDC or
(In,Ga)Cu defects, as discussed above) may decrease the number of recombination centres and compensating donors further. This may additionally increase
the effective carrier concentration and minority carrier diffusion length. Contributions from these structural Na effects to the cell improvements induced
by direct electronic passivation are thus expected for high-temperature-grown
CIGS.
7.4.7

Discussion

Obviously, the effects of Na on structural and electronic properties of CIGS are
manifold. Correspondingly, many different mechanisms may be at work, and
several models may be used to explain those mechanisms. The strength of the
mechanism proposed in this chapter is that on the basis of relatively few, experimentally validated assumptions most of the Na-induced phenomena observed
in the course of this thesis can be explained. To my knowledge, no mechanism
has been proposed in the literature so far that could explain as many Na effects
at the same time.
Since the majority of the Na atoms is known to reside at CIGS grain boundaries, it appears reasonable to assume that they also act there. The proposed
mechanism shows that it is feasible to explain most Na effects with sodium
acting at grain boundaries only. Contributions from intragranular Na are not
necessary to explain the Na-induced phenomena, but at the same time they cannot be excluded completely. The probably most important inference from the
proposed mechanism is that the electronic effects of Na (induced by passivation of grain boundaries) dominate the Na-induced cell improvements. In that
case, also the enhanced properties of post-deposition-treated absorbers can be
understood. Structural Na effects (enhanced crystal quality, different grain size)
may contribute to the superior cell performance at higher substrate temperatures (> 450-500 ◦ C). Since grain boundaries can be passivated effectively with
Na, the grain size of the film is of comparatively little importance. The barriers for diffusion of constituent atoms across grain boundaries established by
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Na hinder grain growth when the available thermal energy is low relative to the
involved activation energies. This explains why at low substrate temperatures
the properties of absorbers grown in the presence of Na are inferior to those of
post-deposition-treated absorbers.
Certain results from experiments performed in other laboratories, such as increased CIGS grain sizes due to the presence of Na during growth, cannot be
explained satisfactorily with this mechanism. A possible reason for that is that
a potentially important aspect has been neglected in the above considerations:
The Se deposition conditions may influence the effects of Na. Since Na–Se
bonds have been observed in investigations of Na-containing CIGS [25, 27]
and since the characters of Na and Se are cationic and anionic, respectively, it
is likely that Na generally bonds to Se. The occurrence of current blocking in
annealed Na-free cells in own experiments (sect. 6.1.3) also suggests an interdependence of Na and Se. An influence of the Se overpressure on CIGS grain
size was already observed [120], but further investigations on the subject are
scarce in the literature. Since Na and Se can form various Na2 Sex molecules
(x = 1, 2, 3, 4, 6 [27]), and since also different Se molecule species exist over
Se liquids at different temperatures [160], it appears well possible that different
interactions between Na and Se occur for different Se deposition conditions,
which may modify the desorption probabilities for Na or Na2 Sex at the surface
of the growing film. This in turn might influence the passivation abilities of Na
and enhance or impede removal of excess Na. However, further experiments
are needed to shed more light on that issue.

7.5

Summary of the chapter

Many different models have been proposed in the literature for the various electronic and structural Na effects. However, they were used to explain only some
of the occurring Na effects at a time, so that a commonly accepted model for
the action of Na is still missing. In this chapter, a mechanism is proposed that is
capable of explaining many of the observed structural and electronic Na effects.
In particular, the experiments with post-deposition Na incorporation presented
in chapter 6 can be understood, which is not possible with any mechanism that
considers Na-induced modifications of the CIGS growth kinetics as the dominating reason for improved cell performance.
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The basis for the proposed mechanism are the assumptions that Na terminates and passivates CIGS grain boundaries and surfaces, and that the solubility
of Na inside CIGS grains is very low, such that a surfactant effect results. For
both assumptions there are experimental validations. Since the majority of the
Na atoms is known to reside at CIGS grain boundaries, it appears reasonable to
assume that it also acts there. The proposed mechanism suggests that it is possible to explain most Na effects with sodium acting at grain boundaries only.

152

Chapter 8
Conclusions and Outlook
The processing of high-efficiency flexible solar cells usually requires the incorporation of small amounts of sodium and, especially when polymeric substrates
are used, low-temperature growth processes. Thus, a good understanding of
the mechanisms at work during CIGS growth at different temperatures in the
presence and absence of Na is essential to develop absorber growth and Na
incorporation strategies.
The effects of several Na incorporation techniques were compared in this
work. A general conclusion is that, when sodium is present already during
early stages of CIGS growth, the consequences on absorber microstructure depend primarily on the Na concentration, while there is only a slight dependence on the incorporation method. On the other hand, in-diffusion of Na into
as-grown CIGS absorbers affects mainly grain boundaries, but not absorber
growth. Hence, Na incorporation by a post-deposition treatment may lead to
different structural and electronic absorber properties than other Na incorporation techniques.
The growth kinetics of CIGS films are differently affected by the presence
of Na for different CIGS-deposition conditions. No clear consequences on
the CIGS microstructure were observed with single-stage or bilayer processes.
With the 3-stage process, smaller grain sizes resulted, an effect that was most
pronounced for CGS films and became less obvious for increasing [In]/[Ga]
concentration ratio. The different microstructures were identified to develop
during the second growth stage, where the film undergoes several phase changes.
The grain sizes of 3-stage-grown CIS absorbers again indicated no clear influence of Na.
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Post-deposition Na in-diffusion is a Na incorporation method that has been
used for preparation of solar cells for the first time in the course of this thesis.
The effects induced by post-deposition-incorporated Na correspond to those induced by Na present during growth, hence it is likely that the dominating cause
for Na-induced cell improvements in general is modification of the electronic
properties of CIGS rather than modification of CIGS growth. Most probably, Na
acts by passivation of defects (e.g. hole traps) at the grain boundaries, but contributions from intragranular Na cannot be ruled out completely. Post-deposition
Na-incorporation was found to be particularly successful at lower substrate temperatures, where absorbers grown in the presence of Na were inferior. This inferiority may originate from Na-induced retardation of CIGS phase formation,
which occurs at sufficiently low substrate temperatures (. 450 ◦ C, depending
on the [Ga]/[In] concentration and the deposition conditions). Therefore, postdeposition Na in-diffusion presents a potential step towards further improvement of the efficiencies of flexible solar cells on polyimide, where low substrate
temperatures have to be used. At higher substrate temperatures, however, the
presence of Na during CIGS growth leads to enhanced cell performance, although grain sizes may be smaller.
A mechanism for the action of Na is proposed that can be used to explain
most of the Na effects observed in the course of this thesis. The two underlying
assumptions are that Na passivates grain boundaries and surfaces and that the
solubility of Na in CIGS single crystals is very low, so that Na acts at grain
boundaries only. For both assumptions, there is an experimental basis, although
disputable to some extent. The strength of the proposed mechanism is that a
variety of Na effects, including those of post-deposition Na incorporation, can
be explained with the same principle of Na-induced passivation of grain boundaries. Nevertheless, it is still perceivable that one or several other mechanisms
are at work as well. For example, Na could be incorporated into the CIGS lattice
in minute amounts and act there directly as an acceptor.
Of course, although the proposed mechanism may be used to qualitatively
understand many Na effects, there are still open questions. The possibly most
important one originates from the lack of knowledge about the interactions of
Na with Se during CIGS growth. Since Na and Se can form various Na2 Sex
molecules (x = 1, 2, 3, 4, 6 [27]), and since also different Se molecule species
exist over Se liquids at different temperatures [160], it appears well possible
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that different interactions between Na and Se occur for different Se deposition
conditions, which may modify the desorption probabilities for Na or Na2 Sex at
the surface of the growing film. Therefore, further experiments, such as comparison of the effect of Na on grain growth using different Se overpressures,
may help to shed some light on that issue.
Furthermore, it might be important to recognize why the success of postdeposition in-diffusion into high-temperature-grown CIGS films was up to now
limited in terms of cell efficiency. Further comparative investigations of absorbers grown with Na present during growth and of post-deposition-treated
absorbers in dependence of absorber composition may help to better understand
the role of Na in CIGS. For example, in more Cu-poor absorbers, more compensating InCu defects can be expected in the grains that cannot be passivated
by intergranular Na. Hence, when Na present during growth suppresses NDC
formation and PDT-Na resides at grain boundaries only, then the efficiencies of
PDT-cells may decrease relative to SLG-cells with decreasing Cu content. In order to learn more about the surfactant effects of Na, investigations on nucleation
of CIGS films in the presence or absence of sodium may also be worthwhile.
The results obtained in the course of this thesis yield some recommendations
for low-temperature CIGS growth and the Na incorporation technique to be
preferred. When substrate temperatures are low, the results indicate that postdeposition Na incorporation leads to better cell results than Na addition at earlier
stages, at least when the 3-stage process is used. Considering that efficiencies of
cells grown on polyimide are in the range of 10 to 13 % and that those absorbers
were grown by different groups either in the presence of Na or without any Na
at all, the application of post-deposition Na incorporation is expected to lead
to an increase of the conversion efficiencies of flexible cells on polymers in the
near future. When substrate temperatures are high, there is no obvious reason
for changing the common practice of adding Na before or during CIGS growth.
It remains unclear to what extent the properties of 3-stage-grown CIGS are
superior to those of absorbers grown with the bilayer process. For a fair comparison of the two processes, identical band-gap grading is required, since no
“spontaneous” band-gap grading occurs with the bilayer process. But since
the constituent elements must be able to interdiffuse well during the 3-stage
process, it might be advisable to use a bilayer process instead at (very) low
substrate temperatures and high deposition rates.
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Appendix A
Substrate materials and flexible solar cells
Apart from SLG, which is today the “standard” substrate for CIGS solar cells,
several alternative substrate materials exist. Demands on a substrate material in
general, physical properties of selected substrate materials, and approaches for
the processing of flexible solar cells will be discussed in the following.

Substrate requirements
The demands on a substrate material for CIGS solar cells are manifold:
(i) Vacuum compatibility. The substrate should not degas during the various vacuum deposition steps, especially during CIGS deposition, when
the substrate must be heated.
(ii) Thermal stability. For the growth of high-efficiency CIGS absorbers, the
substrate temperature should reach 500 - 600 ◦ C during at least a part of
the deposition process. Substrate temperatures of less than about 350 ◦ C
usually lead to severely degraded absorber quality and cell performance.
Therefore, substrates should withstand temperatures of at least 350 ◦ C.
(iii) Suitable thermal expansion. The coefficient of thermal expansion (CTE)
of the substrate must lie in the vicinity of the CTE of CIGS (cf. Table A.1),
otherwise adhesion problems may be encountered.
(iv) Chemical inertness. The substrate should not corrode, neither during processing nor during use. In particular, it should not react (strongly) with
157

Appendix A. Substrate materials and flexible solar cells

Se during the CIGS-deposition process or decompose during aqueous solution deposition of buffer layers (CdS). Also, a good substrate should not
release any impurities that can diffuse into the absorber, except when this
is explicitly desired (such as in the case of Na diffusing from SLG).
(v) Surface smoothness. A smooth substrate surface is required for two reasons. First, abrupt changes in the surface topography may lead to shunts
between the front and the back contact. Second, the deposition of impuritydiffusion barriers or insulation coatings may be easier and more successful.
(vi) Cost, energy consumption, abundance, weight. Obviously, the ideal substrate is cheap, requires little energy for its manufacture, consists of abundant materials, and is lightweight. These points are of course correlated
with the thickness of the substrate.
Flexible substrates
Alternatives to SLG are primarily sought and investigated because of the high
technological potential of flexible thin-film solar cells.1 Prime candidates are
metal or polymer foils. Metals of interest are for example stainless steel (SS) or
titanium. They have the advantages of being thermally stable to temperatures
exceeding 600 ◦ C and of well-matched CTEs (cf. Table A.1), but need diffusion
barriers to suppress impurity diffusion (Ni, Fe, Cr, Ti). For the case of monolithically integrated modules, an electrically insulating coating is also required,
but this may be the same layer as the diffusion barrier. The demands on the diffusion and insulation barriers increase for higher substrate temperatures owing
to higher diffusivities and increased thermal stress, therefore, low-temperature
growth processes can be interesting also for metallic substrates. Often, metal
sheets or foils are not very smooth so that they need to be polished, which might
be awkward when the foils are very thin.
Polymer foils are generally cheap, lightweight, insulating, and have rather
smooth surfaces, but suffer from other drawbacks, most of all thermal instability. Typically, polymers withstanding temperatures of 400 ◦ C or more are
polyimides (PI). Only few of them exhibit CTEs below 30×10−6 K−1 and are
compatible with vacuum processing at the same time. Typically, the CTE of PIs
1
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Also glass can be produced in sheets thin enough to be flexible, but their use is limited owing to their fragility.

Table A.1: Linear coefficients of thermal expansion and maximum substrate temperatures of selected substrate materials, in comparison with CIS and CGS.
Material
SLG
Ti
SS (Cr steel)
Mo
Al2 O3
Si
CC7059
Kapton E
Upilex S
ETH-PI
CuInSe2
CuGaSe2
In2 Se3
β–Ga2 Se3

CTE
(10−6 K−1 )
9 (20 - 300 ◦ C)
8.6
10-11
4.8-5.9 (20 -600 ◦ C)
6-8
2.3
4.6
16 (50 - 200 ◦ C)
12-24 (20 - 400 ◦ C)
3
11.2-11.4 / 7.9-8.6 (20 ◦ C)
13.1 / 5.2 (20 - 400 ◦ C)
11.5-12.4 (20 - 180 ◦ C)
10.2

Tsub,max
( ◦ C)
≈600
600
600
600
600
600
600
<500
<500
<500

Notes
contains Na, K
Ti diffusion
Fe, Ni, Cr diffusion

alkali free glass
Polyimide foil
Polyimide foil
Spin-coatable polyimide
a axis / c axis [161]
a axis / c axis [161]
[161]
[161]

is higher at temperatures above their glass transition temperature, which usually
lies well below their decomposition temperature. Therefore, for some PIs the
CIGS-deposition temperature may be limited by thermal expansion mismatch
rather than by the decomposition temperature. Commercially available PI foils
suitable for CIGS deposition are Upilex and Kapton, both with high decomposition temperatures exceeding 500 ◦ C and relatively low CTEs (see Table A.1).
Both metal foils and PIs are generally Na free, which calls for “manual”
Na addition. This may be a disadvantage in terms of process simplicity, but
can be an advantage in terms of process control and therefore reproducibility.
Furthermore, Na-free substrates may be desirable anyway for low-temperature
CIGS processes, since they allow Na addition after CIGS growth (chapter 6).

Lift-off approaches
There are some PIs, developed to match the low CTE of Si, which are competitive or even superior in properties compared with Upilex or Kapton. However,
these PIs are not available as foils but must be spin-coated onto a substrate. A
lift-off approach nevertheless enables the use of such PIs and includes further
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advantages at the same time. The idea is the following: SLG is used as substrate, onto which a layer of NaCl is deposited. After spin coating and curing
of a thin PI film, a CIGS solar cell is grown using a low-temperature growth
process. The NaCl layer serves as a Na supplier during CIGS deposition. Due
to the rigid glass substrate, handling in the laboratory is much easier than with
flexible foils. When the cell is processed, the NaCl layer can be dissolved in
water and the solar cell lifted off, thus, a flexible cell is obtained. Instead of
SLG, different substrates such as metals are feasible, while the NaCl can be
replaced by other (for example, Na-free) suitable compounds. With such a
SLG/NaCl/PI substrate stack an efficiency of 11.6 % could be achieved on a
cell with an area of 0.99 cm2 (previously, 12.8 % efficiency had been obtained
with a corresponding substrate stack on smaller cell area [162]). This cell exhibited an AM0-efficiency of 10.5 % (Light intensity: 135.3 mW/cm2 , T = 28 ◦ C;
Voc = 613.9 mV, Jsc = 36.25 mA/cm2 , FF = 63.8 %).
In a further, similar lift-off approach, the PI is omitted. The growth temperature of CIGS is therefore not restricted by the PI, such that a standard hightemperature deposition process can be used. When the cell is completed, a front
encapsulation must be applied in order to give the structure some strength, when
the sacrificial layer is dissolved and the cell is lifted off from the substrate. The
front encapsulation need not be a high-temperature resistant PI, but can in principle be a low-cost polymer such as PET. It may be advantageous to use a different salt than NaCl as a sacrificial layer, for example, BaF2 . A cell efficiency of
12.3 % (Voc = 669 mV, Jsc = 26.7 mA/cm2 , FF = 68.9 %, area (total) = 0.604 cm2 ;
before encapsulation and lift-off) achieved on SLG/BaF2 /Mo demonstrates the
idea.
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Abbreviations and symbols
2D
Two-dimensional
3D
Three-dimensional
AM0, AM1.5 Air mass 0, air mass 1.5
BL process Bilayer process
BSF
Back-surface field
γ
Free energy per unit area
CBD
Chemical bath deposition
CBM
conduction-band minimum
CGS
Compound formed from Cu, Ga, Se; usually CuGaSe2 or
a more Cu-poor phase
CIGS
Compound formed from Cu, In, Ga, Se; usually Cu(In,Ga)Se2 or
a more Cu-poor phase
CIS
Compound formed from Cu, In, Se; usually CuInSe2 or
a more Cu-poor phase
CR process Constant-rates process
CTE
Coefficient of thermal expansion
C–V
Capacitance – voltage
dc
Direct current
EDX
Energy-dispersive X-ray analysis
EF
Fermi energy
Eg
Band-gap energy
EPD
End-point detection
η
Solar-cell efficiency
FF
Fill factor
g
Grain size
GB
Grain boundary
I–V
Current – voltage
Jsc
Short-circuit current
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Abbreviations and symbols

J–V
L
Leff
MBE
µeff
NA
ND
NDC
ODC
OVC
p
PDT
PI
PV
QNR
rf
SCR
SEM
σ
SIMS
SLG
Tm
Tsub
Tsub,max
VBM
Vd
Voc
Wd
XBL process
XPS
XRD
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Current density – voltage
Diffusion length
Effective diffusion length
Molecular beam epitaxy
Effective mobility
Acceptor density
Donor density
Neutral defect complex
Ordered defect compound
Ordered vacancy compound
Hole density
Post-deposition treatment, or -treated
Polyimide
Photovoltaics
Quasi-neutral region
Radio frequency
Space-charge region
Scanning electron microscopy
Conductivity
Secondary-ion mass spectroscopy
Soda-lime glass
Melting point
Substrate temperature
Maximum substrate temperature
valence-band maximum
Grain-boundary potential barrier height
Open-circuit voltage
Depletion layer width
Extreme-bilayer process
X-ray photoelectron spectroscopy
X-ray diffraction
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[26] M. Bodegård, L. Stolt, and J. Hedström, “The influence of Na on the grain structure of CIS films
for photovoltaic applications,” in Proceedings of the 12th European Photovoltaic Solar Energy
Conference, pp. 1743–1746, 1994.
[27] D. Braunger, D. Hariskos, G. Bilger, U. Rau, and H. W. Schock, “Influence of sodium on the
growth of polycrystalline Cu(In,Ga)Se2 thin films,” Thin Solid Films, vol. 361-362, pp. 161–166,
2000.
[28] D. W. Niles, M. Al-Jassim, and K. Ramanathan, “Direct observation of Na and O impurities at
grain surfaces of CuInSe2 thin films,” J. Vac. Sci. Technol. A, vol. 17, pp. 291–296, 1999.
[29] V. Probst, F. Karg, J. Rimmasch, W. Riedl, W. Stetter, H. Harms, and O. Eibl, “Advanced stacked
elemental layer process for CIGS thin-film photovoltaic devices,” in Mat. Res. Soc. Symp. Proc.,
vol. 426, pp. 165–176, 1996.
[30] W. N. Shafarman and J. Zhu, “Effect of Grain Size, Morphology and Deposition Temperature on
CIGS Solar Cells,” in Mat. Res. Soc. Symp. Proc., vol. 668, pp. H2.3.1–H2.3.6, 2001.
[31] V. Lyahovitskaya, Y. Feldman, K. Gartsman, H. Cohen, C. Cytermann, and D. Cahen, “Na effects
on CuInSe2 : Distinguishing bulk from surface phenomena,” J. Appl. Phys., vol. 91, pp. 4205–
4212, 2002.
[32] D. J. Schroeder and A. Rockett, “Electronic effects of sodium in epitaxial CuIn1−x Gax Se2 ,” J.
Appl. Phys., vol. 82, pp. 4982–4985, 1997.
[33] J. Holz, F. Karg, and H. v. Philipsborn, “The effect of substrate impurities on the electronic conductivity in CIS thin films,” in Proceedings of the 12th European Photovoltaic Solar Energy Conference, pp. 1592–1595, 1994.
[34] R. Kimura, T. Mouri, T. Nakada, S. Niki, Y. Lacroix, T. Matsuzawa, K. Takahashi, and A. Kunioka, “Photoluminescence Properties of Sodium Incorporated in CuInSe2 Thin Films,” Jpn. J.
Appl. Phys., vol. 38, pp. L289–L291, 1999.
[35] M. Lammer, U. Klemm, and M. Powalla, “Sodium Co-Evaporation for Low Temperature
Cu(In,Ga)Se2 Deposition,” Thin Solid Films, vol. 387, pp. 33–36, 2001.
[36] B. M. Keyes, F. Hasoon, P. Dippo, A. Balcioglu, and F. Abulfotuh, “Influence of Na on the electrooptical properties of Cu(In,Ga)Se2 ,” in Conference Record of the Twenty Sixth IEEE Photovoltaic
Specialists Conference, pp. 479–482, 1997.
[37] R. Kimura, T. Mouri, T. Nakada, S. Niki, A. Yamada, P. Fons, T. Matsuzawa, K. Takahashi, and
A. Kunioka, “Effects of Sodium on CuIn3 Se5 Thin Films,” Jpn. J. Appl. Phys., vol. 38, pp. L899–
L901, 1999.
[38] N. Kohara, T. Negami, M. Nishitani, Y. Hashimoto, and T. Wada, “Electrical properties of Naincorporated Cu(In1−x Gax )3 Se5 thin films,” Appl. Phys. Lett., vol. 71, pp. 835–7, 1997.
[39] A. L. Fahrenbruch and R. H. Bube, Fundamentals of solar cells. New York: Academic Press,
1983.
[40] H.-W. Schock and R. Noufi, “CIGS-based solar cells for the next millenium,” Prog. Photovolt:
Res. Appl., vol. 8, pp. 151–160, 2000.

177

Bibliography
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