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Preface

The purpose of this series is to provide high-quality advanced reviews of topics of
both fundamental and practical importance for the experienced reader. This volume
focuses on photovoltaic materials for energy conversion processes with emphasis
on electrochemical science aspects associated with phenomena, reactions, and
materials; and engineering fundamentals associated with fabrication processes and
functional capabilities. The chapters of this volume, along with more than 1100
references therein, illustrate the considerable potential of electrochemistry as a tool
that can be used for the preparation and characterization of materials for solar cells.
Electrochemical processes may soon take a central position as an enabling technol-
ogy that will have an impact on the large-scale deployment of photovoltaic devices.

Lewerenz reviews the basic principles of the operation of photoelectrochemical
devices, along with the physics of the underlying phenomena that occur. Experi-
mental methods for the investigation of fundamental phenomena are described,
along with results for major classes of materials including silicon, indium phos-
phide, and copper indium dichalcogenides. The role of these fundamentals in the
operation of photovoltaic photoelectrochemical devices is discussed with emphasis
on ternary chalcopyrites, indium phosphide solar cells, and nanostructured silicon.
In addition, the role of photocatalysis in tandem structures to capture the broad
spectral range of photonic energy is discussed for p-Si nanoemitter configurations,
as well as thin expitaxial p-InP films.

Dale and Peter review material requirements for inorganic thin-film solar cells,
the development of new and sustainable materials, and prospects for fabrication
technologies based on the direct synthesis of solar cells by electrochemical process-
ing routes. The electrodeposition of cadmium telluride is reported with special
emphasis on reaction mechanisms as well as the resulting structural properties
that are critically important for solar cell applications. Various methods for prepar-
ing of copper-indium-gallium-selenium (CIGS) compounds are described along
with experience in achieving high-efficiency performance. Extensive coverage is
devoted to the preparation of copper—zinc—tin—sulfur compounds, which offer the
attractive benefit of sustainability owing to the widespread occurrence of these
elements. Also discussed are the advantages offered by room-temperature ionic
liquids. Issues associated with the semiconductor—electrolyte junction are pre-
sented in the context of characterizing solar cell device components.
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Preface

Schlettwein, Yoshida, and Lincot provide a critical review of the research litera-
ture on porous zinc oxide sensitized by organic dyes, and the potential use of these
materials for the development of large-scale photovoltaic solar cells. An introduc-
tion is provided to the electrodeposition of zinc oxide thin films, their means of
sensitization by a variety of organic molecules, and their preparation by one-step
deposition from solutions containing water-soluble dyes to produce hybrid materi-
als suitable for solar cell. The advantages of various substrates for large-scale cells
are discussed for plastic and textile materials.

Miyasaka reviews the photoelectrochemistry of dye-sensitized mesoporous sem-
iconductor electrodes with emphasis on application to the fabrication of thin,
flexible photovoltaic cells. The discussion focuses on low-temperature preparation
methods for electrode materials and the use of these methods in rapid, printable
processes that enable manufacture of low-cost, lightweight integrated modules on
plastic substrates. A wide variety of novel procedures are described for achieving
high levels of light-harvesting performance, as well as bifacial photovoltaic capabil-
ity. The complex interplay between various system components is discussed in the
content of optimizing spectral sensitizers and developing printable materials for
catalyzed electrochemical processes on the counterelectrode.

Savadogo presents the fundamental thermodynamic and kinetic considerations
for fabricating inorganic thin-film materials with special emphasis on chemical
deposition from mixed solutions, electrodeposition, and sol-gel methods. The
exceptional range of materials that have been prepared by these methods is note-
worthy, as is the low cost of the processing methods. Treated in detail are the
syntheses of the component chemicals, as well as the mechanistic and synergistic
role of the components including the important role played by additives.

The field of semiconductor electrochemistry cannot be discussed without rec-
ognizing the central contributions of Prof. H. Gerischer, who also served as co-
editor of this monograph series from 1977 to 1994. Stimulated by work in the
mid-1950s on the germanium-—electrolyte interface by Brattain and Garrett at the
Bell Telephone Laboratories, Prof. Gerischer soon contributed a series of pioneer-
ing publications that clarified many of the underlying principles on which the field
rests today. These include establishing criteria for the stability of semiconductor
electrodes under illumination, developing experimental techniques for study of
photosensitization, elucidating the principles behind electrochemical photo and
solar cells, and photoassisted oxidation of organic molecules on semiconductor
particles. He continued to publish on semiconductor electrochemistry for the
remainder of his life. This body of literature has, in turn, served to inspire others
throughout the world to contribute to the field of semiconductor electrochemistry
and engineering.
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Prof. H. Gerischer, 1919-1994

Urbana, Illinois, March 2010 Richard Alkire
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1

Applications of Electrochemistry in the Fabrication and
Characterization of Thin-Film Solar Cells

Phillip Dale and Laurence Peter

1.1
Introduction

Tackling climate change has become a priority for the scientific as well as the
political community. The European Union has set a target for photovoltaic (PV)-
generated electricity to become competitive with conventional electricity genera-
tion by 2020-2030, and the Council of the European Union aims to reduce
greenhouse gas emission by 60-80% by 2050. The UK’s Stern Review [1], which
deals with the economic impact of global climate change, states that “the benefits
of strong, early action on climate change outweigh the costs” and goes on to iden-
tify “development of a range of low-carbon and high-efficiency technologies on an
urgent timescale” as essential to any strategy that aims to address the problems
of climate change. These targets have implications for the science and technology
of PV. If PV is to make a major contribution to a low-carbon energy economy,
issues of materials and manufacturing costs [2] as well as materials sustainability
need to be considered. Current non-silicon PV technologies are based on cadmium
telluride and the chalcopyrite materials Cu(In,Ga)Se, (CIGS) and CulnS,. Both of
these materials are unlikely to be sustainable in the long term for terawatt deploy-
ment [3] of terrestrial PV, so that a search for alternative materials has assumed
considerable importance.

Figure 1.1 illustrates the nature of the problem by summarizing the natural
abundance and raw elemental costs for materials that are used in thin-film solar
cells. It is important to note that a logarithmic scale has been used for both the
abundance and the raw materials cost. The most expensive material by far is
indium, and the availability and cost of indium have become geopolitical issues
in recent months since it is used in the manufacture of liquid crystal displays and
touch screens.

The rarest element shown in Figure 1.1 is tellurium, and it is reasonable
to suppose that this has implications for the long-term sustainability of cadmium
telluride solar cell technology. Sustainability issues of this kind provide the
rationale for expansion of the range materials that deserve study for PV
applications. A promising new candidate for sustainable PV is Cu,ZnSnS,
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Figure 1.1 Comparison of availability and costs of elements used for the fabrication of solar
cells. Note the logarithmic scales.

(CZTS), a compound with electronic properties similar to those of CIGS that
contains cheap and plentiful non-toxic elements. However, remarkably little
work has been carried out to characterize the potential of this material for PV
applications.

Sustainability and environmental issues are also associated with the fabrication
processes used in PV. The authors of this chapter believe that electrochemical
methods have the potential for large-scale low-cost preparation of PV materials [4],
and, in addition, electrochemical methods are powerful tools for the characteriza-
tion of PV materials and device components [5]. These two topics are explored in
the present chapter.



1.2 Electrochemical Routes to Thin-Film Solar Cells

1.2
Electrochemical Routes to Thin-Film Solar Cells

1.2.1
Basic Cell Configurations

Examples of thin-film PV devices based on compound semiconductor absorber
films are shown in Figure 1.2. The n-CdS|p-CdTe solar cell (Figure 1.2a) is an
example of a superstrate cell. The thin CdS layer is grown on glass coated with a
transparent conducting layer (e.g., fluorine-doped tin oxide, FTO). CdTe is then
deposited onto the CdS layer and, following thermal treatment, the device is com-
pleted by the addition of ohmic contacts to the CdTe. CIGS solar cells are mostly
made in the substrate configuration (Figure 1.2b) where the CIGS is deposited
onto a metallic back contact, for example Mo-coated glass (although efficient CIGS
superstrate cells have also been fabricated). The CIGS is coated with a thin CdS
layer followed by a layer of intrinsic ZnO and a layer of Al-doped ZnO, which acts
as a conducting transparent top contact. An Al grid is used to collect the current.

CdTe devices have achieved 16.7% efficiency in the laboratory [6], whereas CIGS
cells have reached 20.0% [7]. The most efficient CIGS devices contain around
30% Ga distributed non-uniformly through the film, with higher concentrations
preferred at the front and back of the layer. Kesterites are emerging as suitable
In-free materials for absorber layers, but current understanding of the factors that

(b)

contacts

(@) contacts / / / ALZNnO
/ / CdTe -

U

' Cds g CIGS
! T
’ FTO Mo

glass

SLG

Figure 1.2 Comparison of superstrate and substrate solar cell configurations. (a) Superstrate
configuration used for CdS|CdTe solar cells. (b) Substrate configuration commonly used for
CIGS solar cells.
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determine the optoelectronic properties of these materials is limited. The best
kesterite-based devices, like CIGS devices, have absorber layers that are Cu defi-
cient [8, 9]. The best published efficiency of 6.7% has been reported by Katagiri
et al. [10] for a device that is Zn rich and Sn deficient. Our research has shown
that CZTS device performance improves if the surface of the absorber layer is
etched in KCN which is known to remove CuS phases [11].

The kesterite structure Cu,ZnSnS, is isoelectronic with chalcopyrite CulnsS,.
Half of the In(ITI) atoms are replaced with Zn(Il) atoms, and the other half are
replaced with Sn(IV) atoms. The crystal structures of the chalcopyrite and kesterite
are shown in Figure 1.3.

The methods available for preparation of the different layers in thin-film solar
cells include physical methods such as vacuum sputtering, vapor-phase deposi-
tion, and molecular beam epitaxy as well as chemical methods such as chemical
vapor-phase deposition, metal organic vapor-phase epitaxy, chemical bath deposi-
tion (CBD), and electrochemical deposition (ED). This chapter explores the poten-
tial of electrodeposition as a route to the fabrication of absorber layers such as
CdTe, CIGS, and CZTS for thin-film solar cells. Electrochemistry may also be
useful for the preparation of transparent layers such as ZnO; this topic has been
reviewed by Pauporte and Lincot [13].

1.2.2
Material Requirements for PV Applications

In this section we discuss first the general materials requirements for an absorber
layer. Specific issues for particular materials are then considered in subsequent
sections. The specific optoelectronic properties of each absorber layer will not be



