WILEY-VCH



Riidiger Memming

Semiconductor Electrochemistry

2nd Edition
S e
e
IR 15 E
WILEY-VCH

Verlag GmbH & Co. KGaA



Author

Riidiger Memming
Wildbret 3
25462 Rellingen
Germany

B All books published by Wiley-VCH are carefully

produced. Nevertheless, authors, editors, and
publisher do not warrant the information
contained in these books, including this book,
to be free of errors. Readers are advised to keep
in mind that statements, data, illustrations,
procedural details or other items may
inadvertently be inaccurate.

Library of Congress Card No.:
applied for

British Library Cataloguing-in-Publication Data:
A catalogue record for this book is available
from the British Library.

Bibliographic information published by the
Deutsche Nationalbibliothek

The Deutsche Nationalbibliothek lists this
publication in the Deutsche Nationalbibliografie;
detailed bibliographic data are available on the
Internet at http://dnb.d-nb.de.

©2015 WILEY-VCH Verlag GmbH & Co. KGaA,
Boschstr. 12, 69469 Weinheim, Germany

All rights reserved (including those of trans-
lation into other languages). No part of this
book may be reproduced in any form — by
photoprinting, microfilm, or any other means
— nor transmitted or translated into a machine
language without written permission from the
publishers. Registered names, trademarks, etc.
used in this book, even when not specifically
marked as such, are not to be considered un-
protected by law.

Cover Design Adam-Design, Weinheim
Typesetting le-tex publishing services GmbH,
Leipzig, Deutschland

Print and Binding Markono Print Media

Pte Ltd, Singapore

Print ISBN 978-3-527-31281-8
ePDF ISBN 978-3-527-68871-5
ePub ISBN 978-3-527-68870-8
mobi ISBN 978-3-527-68869-2
oBook ISBN 978-3-527-68868-5

Printed on acid-free paper



Riidiger Memming

Semiconductor
Electrochemistry



Related Titles

Kisch, H.

Semiconductor Photocatalysis

2015
978-3-527-33553-4

Zhang, J., Zhang, L., Liu, H., Sun, A, Liu, R--S. (Eds.)

Electrochemical Technologies for Energy

2011
978-3-527-32869-7

Kharton, V. V. (Ed.)

Solid State Electrochemistry

2011
978-3-527-32657-0

Chen, Z.,, Dodelet J.-P, Zhan‘gﬁﬁﬁd's:
S T
Non-Noble Metal Fpej_(‘ﬁl:gatalysts;; L

2014
978-3-527-33324-0

Park, J.-K. (Ed.)

Principles and Applications of Lithium Secondary Batteries

2012
978-3-527-33151-2



Preface to the Second Edition

The concept of the book has not been changed in the second edition, as it also ad-
dresses mainly scientists who are new in the field of semiconductor electrochem-
istry. In Chapters 1-6, various corrections and small additions were made. Moder-
ate changes occur in Chapters 7 and 8 because of the replacements of some former
by more modern results. Substantial additions were made in Chapters 9 and 11.
In Chapter 9, fascinated basic research performed with semiconducting particles
concerning ionization and carrier multiplication is reported. The application of
these phenomena is of interest for producing new types of solar cells (“third gen-
eration”) as discussed in Section 11.1.1.3. In addition, the performances of dye-
sensitized solar cells and their limitations are described in Chapter 11. The solar
H, O splitting at semiconductor-liquid junctions is also an important topic to pro-
duce a storable fuel. New approaches and strategies are extentively discussed in
a further subsection. A new insight into the electrochemical reduction of CO, is
also presented.

Also, this time several people helped me preparing the second edition of this
book. I had many scientific discussions (via email) mainly with Dr. M.C. Beard
(National Renewable Energy Laboratory, Golden, CO, USA), Prof. L.M. Peter
(Department of Chemistry, University of Bath, Bath, UK), Prof. B.A. Parkinson
(Department of Chemistry, University of Wyoming, Laramie, WY, USA), Prof.
W. Jaegermann (Institute of Material Science, Darmstadt University of Tech-
nology, Darmstadt, Germany), and Prof. P.V. Kamat (Department of Chemistry,
University of Notre Dame, IN, USA). I would also like to acknowledge the help
of Dr. R. Goslich (Institute of Solar Energy Research, Emmerthal, Germany) in
solving computer and software problems. Finally, I wish to thank my wife for her
patience and support during the time I used for preparing the second edition.

October 2014 Riidiger Memming
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Preface

Several books on classical electrochemistry had already appeared about 30 to 40
years before the present book was written, for example, Electrochemical Kinetics
by K. Vetter, in 1958, and Modern Electrochemistry by O. Bockris and A. Reddy in
1970. In the latter book a wide-ranging description of the fundamentals and ap-
plications of electrochemistry is given, whereas in the former the theoretical and
experimental aspects of the kinetics of reactions at metal electrodes are discussed.
Many electrochemical methods were described by P. Delahay in his book New In-
strumental Methods in Electrochemistry, published in 1954. From the mid-1950s
to the early 1970s there was then a dramatic development of electrochemical
methodology. This was promoted by new, sophisticated electronic instruments
of great flexibility. About 20 years ago, in 1980, Bard and Faulkner published the
textbook Electrochemical Methods, which is an up-to-date description of the fun-
damentals and applications of electrochemical methods."”

The modern work on semiconductor electrodes dates back to mid-1950s when
the first well-defined germanium and silicon single crystals became available.
Since then many semiconducting electrode materials and reactions have been
investigated and most processes are now well understood. Since charge transfer
processes at semiconductor electrodes occur only at discrete energy levels, that
is, via the conduction or valence band or via surface states, and since they can be
enhanced by light excitation, detailed information on the energy parameters of
electrochemical reactions has been obtained. Corresponding investigations had
greatly contributed to the understanding of electrochemical processes at solid
electrodes in general. In this area, a major role was played by the modern theo-
ries on electron transfer reactions, developed by Marcus, Gerischer, Levich and
Dogonadze. During the last quarter of the twentieth century, models and exper-
imental results have been described and summarized in various review articles
and books. In this context, Electrochemistry at Semiconductor and Oxidized Metal
Electrodes, by S.R. Morrison (1980), and Semiconductor Photoelectrochemistry by
Y.V. Pleskov and Y. Gurevich (1986), should be mentioned.

Semiconductor electrochemistry has various important applications, such as
solar energy conversion by photoelectrochemical cells, photo-detoxification of

1) The second edition is in preparation.
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Preface

organic waste, etching processes in semiconductor technology and device fabrica-
tion, photoplating and photography. In particular, the first-mentioned application
provided a great impetus to research in the field of semiconductor electrochem-
istry.

Therefore, there is a need for a textbook for teaching the fundamentals and ap-
plications of semiconductor electrochemistry in a systematic fashion. This field
has interdisciplinary aspects insofar as semiconductor physics and also, in part,
photochemistry are involved, as well as electrochemistry. Thus, one can expect
that students and scientists with backgrounds in semiconductor physics on the
one hand and in metal electrochemistry on the other will become interested in
this area. A physicist will have no problem with the concept of band model and lit-
tle difficulty with the energy concept of electron transfer, but the ion interactions
in the solution and at the interface may present obstacles. On the other hand, an
electrochemist entering the field of semiconductor electro- chemistry may have
some problems with energy bands and the Fermi level concept and in thinking of
electrode reactions in terms of energy levels. In the present book, these difficulties
are taken into account by including appropriate chapters dealing with some of the
fundamentals of semiconductor physics and classical electrochemistry. Accord-
ingly, it is the intention of this textbook to combine solid state physics and surface
physics (or chemistry) with the electrochemistry and photoelectrochemistry of
semiconductors. It is not the aim of the book to cover all results in this field. The
references are limited, and are selected primarily from an instructional point of
view.

I have been helped by several people in preparing this work. The basic parts
of some chapters were prepared during several extended visits to the National
Renewable Energy Laboratory (NREL) in Golden, Colorado, USA. I am mainly
indebted to Dr. A.J. Nozik and Dr. B.B. Smith (NREL), for many stimulating dis-
cussions, essential advice, and support. I would like to thank Prof. B. Kastening,
Institute of Physical Chemistry, University of Hamburg and Dr. D. Meissner of
the Forschungszentrum Jiilich, for discussions and for reading some chapters. |
would also like to acknowledge the help of Dr. R. Goslich of the Institute for Solar
Energy Research (ISFH), Hannover, in solving computer and software problems.
Finally, I wish to thank my wife for her support and for affording me so much time
for this work.

October 2000 Riidiger Memming
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Chapter 1
Principles of Semiconductor Physics

The understanding of electrochemical processes at semiconductor electrodes nat-
urally depends on the knowledge of semiconductor physics. This chapter presents
a brief introduction to this field; only those subjects relevant to semiconductor
electrochemistry are included here. For detailed information, the reader is re-
ferred to the standard textbooks on semiconductor physics by Kittel [1], Smith [2],
Moss [3], and Pankove [4].

1.1
Crystal Structure

A crystalline solid can be described by three vectors a, b, and ¢, so that the crystal
structure remains invariant under translation through any vector that is the sum
of integral multiples of these vectors. Accordingly, the direct lattice sites can be
defined by the set

R = ma+ nb + pc (1.1)

where m, n, and p are integers [1].

Various unit cells of crystal structures are shown in Figure 1.1. Most of the im-
portant semiconductors have diamond or zincblende lattice structures which be-
long to the tetrahedral phases, that is, each atom is surrounded by four equidis-
tant nearest neighbors. The diamond and zincblende lattices can be considered as
two interpenetrating face-centered cubic (f.c.c.) lattices. In the case of a diamond
lattice structure, such as silicon, all the atoms are silicon. In a zincblende lattice
structure, such as gallium arsenide (the so-called III-V compound), one sublattice
is gallium and the other is arsenic. Most other III-V compounds also crystallize in
the zincblende structure [5]. Various I[I-VI compounds, such as CdS, crystallize
in the wurtzite structure, and others in the rock salt structure (not shown). The
wurtzite lattice can be considered as two interpenetrating hexagonal close-packed
lattices. In the case of CdS, for example, the sublattices are composed of cadmium
and sulfur. The wurtzite structure has a tetrahedral arrangement of four equidis-
tant nearest neighbors, similar to a zincblende structure, The lattice constants and
structures of the most important semiconductors are given in Appendix A.3.

Semiconductor Electrochemistry, Zweite Auflage. Ridiger Memming.
©2015 WILEY-VCH Verlag GmbH & Co. KGaA . Published 2015 by WILEY-VCH Verlag GmbH & Co. KGaA.
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Simple cubic Body-centrered cubic  Face-centered cubic
(P, etc) (Na, W, etc) (Al, Au, etc)

Diamond Zincblende
(C, Ge, Si, etc) (GaAs, GaP, etc)

Figure 1.1 Important unit cells (taken from [7]).

*®

It is also common to define a set of reciprocal lattice vectors a*, b*, ¢*, such as

b-c c-a a-b
;o b =2n ;o =2n
a-b-c a-b-c a-b-c

a* =2n

(1.2)

sothata - a* = 2m;a - b* = 0 and so on. The general reciprocal lattice vector is
given by

G = ha” + kb* + Ic* (1.3)

where h, k, [ are integers.

According to the definitions given by Eqs. (1.1)—-(1.3), the product G- R = 2w X
integer. Therefore, each vector of the reciprocal lattice is normal to a set of planes
in the direct lattice, and the volume V* of a unit cell of the reciprocal lattice is
related to the volume of the direct lattice V, by

3
V= (2n)
V,

{4

(1.4)

where V., =a-b-c.

It is convenient to characterize the various planesin a crystal by using the Miller
indices 4, k, [. They are determined by first finding the intercepts of the plane with
the basis axis in terms of the lattice constants, and then taking the reciprocals of



