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Preface

Zinc oxide is a widely applied material in industry. It is produced in hun-
dreds of thousands of tons for paints (chinese white), additive for rubber
and plastics, catalysts, pharmaceuticals and cosmetics (sun creams), or as
coating material for paper. In electronics industry ZnO is used in nickel-
or manganese—zinc ferrites, as ingredient of phosphors, in surface-acoustic
wave filters and as a transparent electrode. Zinc oxide is a wide bandgap
compound semiconductor (E, = 3.2eV) which has been investigated as an
electronic material for many decades, starting in the 1930s. It belongs to the
class of transparent conducting oxides (TCO). The other important oxides
are indium and tin oxide. Recently, fundamental and applied research on zinc
oxide experienced a renaissance due to the prospective use of zinc oxide as
an optoelectronic material for blue and UV lasers. Moreover, thin ZnO films
are important components in most thin film solar cells. The cost-effective
large-scale production of these films on the one hand and the development of
ZnO films with improved properties on the other hand are key challenges in
the field of production and R&D in photovoltaics.

Renewable energies are one or even the only answer to provide the world
energy demand on the long term in a sustainable way. Moreover, the world is
facing climate changes due to green house gas emissions, and the limitation
of these emissions is one of the key challenges of the global society. Solar
energy bears the largest potential of all renewable energy sources, however,
it is still rather expensive for many large-scale applications today. The direct
conversion of sunlight into electricity by photovoltaic (PV) solar modules
has grown by 20-40% per annum during the last decade and has emerged
to a billion Euro market. Significant cost reductions have been achieved and
there is a huge potential to bring the costs down further. Currently, PV
module production is dominated by crystalline silicon solar cells, which are
based on Si wafers with a typical thickness of around 150-300 um. However,
the production of the comparatively thick silicon wafers involves high process
temperatures and very pure silicon as an expensive feedstock material, partly
limiting the potential for cost reductions. Thin-film solar cells require only a
few micrometers of film thickness to absorb most of the sunlight and thus bear
a great potential for significantly reducing the cost of photovoltaic energy con-
version due to low material consumption, simple production techniques and
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high productivity by depositing on large areas. In addition, low-temperature
processing and low material consumption save energy during production lead-
ing to short energy pay-back times.

Thin films of ZnO play an essential role in most thin film solar cells being
produced today. ZnO films serve as transparent and conductive front contact,
provide additional optical functions like light scattering and subsequent light
trapping or enhance the reflection at the back contact. In heterojunction solar
cells based on chalcopyrite absorber layers, ZnO is an inherent part of the p/n-
junction. In general, ZnO films with improved optical, electronic or structural
properties promise higher conversion efficiencies while the development of
process technologies providing an optimum film quality on large areas at
high growth rates are an essential prerequisite to meet the cost targets in
production. Examples of long-term scientific challenges are the development
of adapted nano-structured ZnO films, like e.g. ZnO nanorods, or p-type ZnO
films which may both open up new possibilities for designing future thin film
solar cells.

This book is devoted to the properties, preparation and applications of
zinc oxide (ZnO) as an transparent electrode material. It focuses on ZnO
for thin film solar cell applications and hopefully inspires also readers from
related fields. The book is structured into three parts to serve both as an
overview as well as a data collection for students, engineers and scientists.
The first part, Chaps. 1-4, provide an overview of the application and fun-
damental material properties of ZnO films and their surface and interfaces
properties. Chaps. 57 review thin film deposition techniques applied for ZnO
preparation on lab scale but also for large area production. Finally, Chaps. 8
and 9 are devoted to applications of ZnO in silicon- and chalcopyrite-based
thin film solar cells, respectively. One should note that the application of
CVD grown ZnO in silicon thin film cells is discussed earlier in Chap. 6.

The idea to write this book evolved during a research project on zinc oxide
in thin film solar cells, initiated by the German association “Forschungsver-
bund Sonnenenergie” and financed by the German Ministry of Education and
Research which are gratefully acknowledged. Last, but not least, we thank all
our colleagues who contributed with questions, discussions and data to this
book.

Berlin, Darmstadt Klaus Ellmer
August 2007 Andreas Klein
Bernd Rech
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1 ZnO and Its Applications

K. Ellmer and A. Klein

1.1 Introduction

Zinc oxide has been investigated already in 1912. With the beginning of
the semiconductor age after the invention of the transistor [1], systematic
investigations of ZnO as a compound semiconductor were performed. In 1960,
the good piezoelectric properties of zinc oxide were discovered [2], which led
to the first electronic application of zinc oxide as a thin layer for surface
acoustic wave devices [3].

Currently, research on zinc oxide as a semiconducting material sees a
renaissance after intensive research periods in the 1950s and 1970s [4, 5].
The results of these earlier activities were summarized in reviews of Heiland,
Mollwo and Stéckmann (1959) [6], Hirschwald (1981) [7], and Klingshirn and
Haug (1981) [8]. Since about 1990 an enormous increase of the number of
publications on ZnO occurred (see Fig. 1.1) and more recent reviews on ZnO
have been published [9-11].

The renewed interested in ZnO as an optoelectronic material has been
triggered by reports on p-type conductivity, diluted ferromagnetic properties,
thin film oxide field effect transistors, and considerable progress in nano-
structure fabrication. All these topics are the subject of a recently published
book [11].

A major driving force of research on zinc oxide as a semiconductor mate-
rial is its prospective use as a wide band gap semiconductor for light emitting
devices and for transparent or high temperature electronics [12]. ZnO has an
exciton binding energy of 60 meV. This is higher than the effective thermal
energy at 300K (26 meV). Therefore, excitonic gain mechanisms could be
expected at room temperature for ZnO-based light emitting devices. However,
a prerequisite is to prepare p-type zinc oxide, which is normally an n-type
semiconductor. In the last decade, a lot of efforts were undertaken, to prepare
p-type ZnO by doping with nitrogen, phosphorous, and arsenic [9,10,13,14].
Maximum hole concentrations of up to 10 cm™2 and mobilities of a few
em? V=1s71 at room temperature have been reported [15]. The latter are
much lower than the electron mobility of ~200cm? V~1s~1. A severe prob-
lem is that the p-type conductivity is often not persistent, vanishing within
days or weeks [13]. The fundamental thermodynamic difficulties for achiev-
ing p-type conductivity in ZnO are addressed in Sect.1.6.1 of this chapter.



2 K. Ellmer and A. Klein

5000 f—~

N

o

o

o
I

3000 —

2000 — o

publications/year

[N
o
S
=)
|
d

DDDDDDDDDD[DD
o
0 HED[DDDEDE@DDDDD[DDDF | |

1960 1970 1980 1990 2000
year

Fig. 1.1. Increase of the number of publications about zinc ozide (ZnO) over the
last 40 years according to the literature data base SCOPUS

Further information on p-type doping of ZnO is given in other chapters of
this book (2 and 7).

In this book the chemical, structural, optical, electrical, and interface
properties of zinc oxide are summarized with special emphasis on the use of
ZnO as transparent conductive electrode in thin film solar cells. This appli-
cation has a number of requirements, which can be fulfilled by ZnO:

— High transparency in the visible and near infrared spectral region

— Possibility to prepare highly-doped films with free electron density
n > 1029 cm ™3 and low resistivity (<1073 cm)

— Good contacts to the active semiconductors (absorber layers)

— Possibility to prepare the TCO layers on large areas (>1m?) by deposi-
tion methods like magnetron sputtering or metal-organic chemical vapor
deposition (MOCVD)

— Possibility to prepare ZnO films with suitable properties at low substrate
temperature (<200°C for Cu(In,Ga)(S,Se)2 solar cells)

— Possibility for preparation of tailored surfaces with suitable light scatter-
ing properties for light trapping, which is particularly important for Si
thin film solar cells

— Low material costs, nontoxicity, and abundance in earth crust

1.2 Zinc Oxide

Zinc oxide (ZnO) is an oxidic compound naturally occurring as the rare min-
eral zincite, which crystallizes in the hexagonal wurtzite structure P63mc [16].
The mineral zincite was discovered in 1810 by Bruce in Franklin (New Jersey,
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Fig. 1.2. (a) An orange zincite crystal from Sterling Mine, Ogdensburg, USA
(collection: Rob Lavinsky, www.mineralienatlas.de/lexikon/index.php/Zinkit) and
(b) a synthetic zinc oxide crystal (www.gc.maricopa.edu/earthsci/imagearchive/
zincite755.jpg). The mineral in (a) exhibits a size of 30 x 25 x 6 mm?®

USA). The zincite ore in New Jersey is an important zinc source of the USA.
Other locations where zincite can be found are Sarawezza (Tuscany, Italy),
Tsumeb (Namibia), Olkusz (Poland), Spain, Tasmania, and Australia.

Zincite is usually colored red or orange by manganese impurities. Pho-
tographs of zincite are shown in Fig.1.2. Zinc oxide crystals exhibit several
typical surface orientations. The most important surfaces are the (0001) and
(0001) (basal plane), (1010) and (1120) (prism planes) and (1121) (pyrami-
dal plane) crystal faces. In principle, the (0001) planes are terminated by
Zn atoms only, while the (0001) surfaces are terminated by oxygen atoms
only. However, this simple picture does not hold in reality (see description
of the surface structure in Sect. 4.2.1 of this book). Nevertheless, the etching
behavior is noticeably different for these two surfaces [17] (see also Chap. 8).

Today, most of the zinc oxide powder produced worldwide is used in non-
electronic applications for rubber production, chemicals, paints, in agriculture
and for ceramics [18]. The pure powder is produced from metallic zinc, which
is an abundant material in the earth’s crust. Identified zinc resources of the
world are about 1.9 x 10° tons [18]. The world wide mine production in 2006
was 107 tons [18]. In 2006, an estimated 350,000 tons of zinc was recovered
from waste and scrap [18]. Of the total zinc consumed, about 55 % was used
in galvanic processes for corrosion protection, 21 % in zinc-based alloys, 16 %
in brass and bronze, and 8% in other uses. Major coproducts of zinc min-
ing and smelting, in order of decreasing tonnage, were lead, sulfuric acid,
cadmium, silver, gold, and germanium.
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1st layer

2nd layer

Fig. 1.3. Two views of the crystal structure of zinc oxide (ZnO). Left: Perspective
view perpendicular to the c-axis. The upper side is the zinc terminated (0001) plane,
the bottom plane is oxygen terminated (0001). Right: View along the c-axis on the
zinc terminated (0001) plane

Already in 1914, shortly after the discovery of X-ray diffraction, Bragg
elucidated the crystal structure of wurtzite ZnO by X-ray diffraction, which
was published in 1920 [19]. The hexagonal unit cell (¢ = 0.325nm, ¢ =
0.52066 nm) of ZnO, which contains 2 molecules, is shown in Fig.1.3. The
zinc atoms are surrounded by oxygen atoms in a nearly tetrahedral configu-
ration. Along the c-axis the Zn—O distance is somewhat smaller (dz, o[1] =
0.190nm) than for the other three neighboring oxygen atoms (dzn o[2] =
0.198 nm).

Besides the hexagonal wurtzite phase, a metastable cubic phase with
the rocksalt structure is also known. Using synchrotron radiation energy-
dispersive X-ray diffraction, Decremps et al. [20] measured the shrinking of
the lattice cell of hexagonal ZnO up to hydrostatic pressures of 11 GPa, while
Desgrenier extended his measurements even up to 56 GPa [21]. At a pressure
of 9.8 GPa (at 300K) a phase transition to the cubic phase of ZnO that
exhibits the rocksalt (NaCl) structure occurs. Upon decreasing the hydro-
static pressure this phase transition is reversible in the pressure range from
2-6 GPa, depending on temperature. This means, that, in contrast to an ear-
lier observation, the high pressure phase is not metastable at normal pressure.
The temperature—pressure phase diagram of ZnO is shown in Fig. 1.4 [20].
From the XRD data at different pressures and temperatures the equation-of-
state parameters for rocksalt ZnO can be calculated. The bulk modulus B at
room temperature is 196 +5 GPa, which is higher than that of hexagonal ZnO
(B = 142.4 GPa). The corresponding bulk moduli of Ge, Si, and GaAs are
75, 98, and 75.3 GPa [22]. This means ZnO exhibits a high covalent bonding
energy.

1.3 Properties of ZnO

In Table 1.1 a number of properties of zinc oxide are summarized in compar-
ison to other transparent conducting oxides and to silicon.
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Fig. 1.4. Phase diagram of ZnO. The squares mark the wurtzite (B4) — rocksalt
(B1), the triangles the B1-B4 transition [20]. The hysteresis of the transition, which
extends from 9.8 to 2 GPa at 300 K, depends on the temperature and is absent for
T>1300K

Today, the most important TCOs for electrode applications are InyOsg,
SnOj, and ZnO, which are typically doped using tin (InoOs:Sn = ITO),
fluorine (SnOy:F = FTO), and Al (ZnO:Al = AZO), respectively [24,33,34].
The transparency is due to their optical band gaps, which is >3.3 eV, leading
to a transparency for wavelength >360 nm. The direct gap of InpO3 is Eg q =
3.6-3.75¢V [35,36]. An indirect optical gap of Es 4 = 2.6eV has also been
reported for this material [35]. However, literature is not yet conclusive on
the existence of an indirect gap (see discussions in [37-39]).

CdO, the first discovered and applied transparent conductor [40], which
also exhibits the highest reported conductivity (see compilation of data in
[41]), is less used today because of its toxicity and its low optical band gap
(Eg.qa =2.2¢V, Eg; = 0.55€V [42]). Photoelectron spectra indicate, however,
that the band gap is ~1 eV [43]. Although the (direct) optical gap is increased
for degenerate doping due to the Burstein-Moss effect [44], it remains difficult
to prepare noncolored CdO films.

More recently also TCOs with multiple cations have been investigated by
a number of groups [34,45,46]. The search for new TCO materials is partially
related to the desired replacement of indium due to its limited availability,
but also to achieve better functionality due to modified interface properties or
the requirement of even higher conductivity at the same transparency level.
The latter might be achieved by TCOs with higher carrier mobilities (see
also Chap.2). In addition, a number of p-type TCOs have been identified
[47-53]. These typically contain metals with shallow d-levels (mainly Cu3d).
In consequence, these materials can have high carrier concentrations, but
typically lack of high mobility [54,55]. CulnOs has been shown to exhibit
both n- and p-type conductivity [51,52]. The transparency of this material is,
however, due to an optically forbidden transition of the fundamental gap [56].
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The electrically active band gap is, therefore, considerably lower than the
apparent optical gap.

Of the semiconductors in Table 1.1 only ZnO exhibits piezoelectricity,
i.e., the generation of electrical charges when subjected to a mechanical
deformation. This is caused by the polarity of zinc oxide, i.e., the absence
of inversion symmetry in this crystal lattice. Other materials that exhibit
piezoelectricity are e.g., o-quartz (SiO2), LiNbOg3, ZnS, turmaline, saccha-
rose, or liquid crystals. The high piezoelectric or electromagnetic coupling
factor of ZnO, which is defined as the square root of the ratio of electro-
static energy and the mechanical deformation energy stored in the material

Table 1.1. Abundance of the metal in the earths’s crust, optical band gap FEg
(d: direct; i: indirect) [23,24], crystal structure and lattice parameters a and c
[23, 24], density, thermal conductivity r, thermal expansion coefficient at room
temperature o [25727], piezoelectric stress ess, esi1, eis and strain dss, dsi, dis
coefficients [28], electromechanical coupling factors kss, ks1, k15 [29], static €(0) and
optical £(co) dielectric constants [23,30,31] (see also Sect. 3.3, Table 3.3), melting
temperature of the compound 7Ty, and of the metal Tt (metal), temperature Typ
at which the metal has a vapor pressure of 1072 Pa, heat of formation AH; per
formula unit [32] of zinc oxide in comparison to other TCOs and to silicon

Parameter Unit ZnO In,03 SnO» Si
Mineral Zincite Cassiterite Silicon
Abundance ppm 40 0.1 40 2.6 x 10°
E, eV 3.4 (d) 3.6 (d) 3.6 (d) 1.12 (i)
Lattice Hexagonal Cubic Tetragonal  Cubic
structure Wurtzite Bixbyite Rutile Diamond
Space group P6smc Ia3 P4y /nmm Fd3m
(number) 186 206 136 227

a, c nm 0.325, 0.5207 1.012 0.474, 0.319 0.5431
Density gem ™3 5.67 7.12 6.99 2.33

K Wm K™ 69, 60 98, 55 150

o 107%/K 2.92, 4.751 6.7 3.7,40L 259
ess, es1, e1rs  Cm™? 1.32, -0.57, —0.48

dss, dsi, dis  107Y2CN~' 117, -5.43, -11.3

k33, k31, k15 0.47, 0.18, 0.2

€(0) 8.75), 7.81 8.9 9.58), 13.51

E(OO) 3.75“7 3.701 4.6 4’17“7 3.781

T °C 1,975 1,910 1,620 1,410
Twm (metal) °C 420 157 232 1,410
Top °C 208 670 882

AHg eV 3.6 9.6 6.0 -

# Decomposes into SnO and O2 at 1,500°C
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Fig. 1.5. Binary Zn—O phase diagram [58]. Above 200°C only ZnO is stable. L indi-
cates the solubilities of oxygen in Zn at different temperatures. T (Zn) is the melt-
ing point of Zn (419.6°C)

(ki = d}/eij/si) [57], led to one of the first electronic applications of zinc
oxide in surface-acoustic wave devices (see Sect.1.7). The piezoelectricity of
ZnO also induces a charge carrier scattering process (piezoelectric mode scat-
tering, see Chap. 2, Sect. 2.1.2), which is important for the electron mobility in
ZnO single crystals at low temperatures (100 K). For highly-doped ZnO films,
there are indications that the piezoelectricity influences the carrier transport
even at room temperature (see Sect. 2.2.3).

The binary oxygen—zinc phase diagram is depicted in Fig. 1.5 [58]. Above
200°C only the binary compound ZnO is stable. At low temperatures also zinc
peroxide (Zn0O3) is reported, which can be prepared by chemical synthesis
[59]. The melting point of ZnO is 1975°C. The sublimation of ZnO occurs
congruently by decomposition to the gaseous elements according to:

ZnO(s) = Zn(g) + 0.5 04(g)

All three oxides listed in Table 1.1 exhibit high melting points of 1,600—
2,000°C. However, it has to be kept in mind that these oxides decompose into
the elements below their melting points if the oxygen partial pressure is too
low. This is important for the deposition of such oxides at higher substrate
temperatures (see Chaps.5-7). The melting points of the metals in ZnO,
InyO3, and SnO; are quite low. Zinc also has a high vapor pressure at typical
substrate temperatures during deposition (<600 K). In contrast indium and
tin have lower vapor pressure, and reevaporation of metal during growth at
elevated substrate temperature is less important. The formation energies of
the oxides, related to one metal atom, are 3.6eV (Zn0), 4.8eV (Inz03), and
6eV (SnO2) explaining the increased thermodynamic stability of these oxides
going from ZnO to SnOs.

The vapor pressure of ZnO is high already at about 1,400°C [60], which
makes it difficult to grow single crystals from its own melt. The stoichiometric
width of ZnO below 600°C is rather narrow. For temperatures higher than
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600°C Hagemark and Toren [61] measured the Zn—Zn;,O phase boundary
by an electro-chemical method and by Hall and conductivity measurements
assuming that excess zinc constitutes a shallow donor in ZnO. New mea-
surements of Tomlins et al. [62] suggest that Hagemark and Toren actually
measured the phase boundary Zn-7ZnQO;_,, i.e., the concentration of oxygen
vacancies. Recently, Lott et al. [63] measured the excess zinc in the vapor
phase directly by optical absorption. Their results are shown in Fig. 1.6.
The temperature dependence of the lattice parameters a and ¢ of ZnO
were measured by Khan [25] and Reeber [26] and are displayed in Fig. 1.7. For
low temperatures (7" < 200 K) ZnO exhibits a very small thermal expansion.
For temperatures higher than 300K, the thermal expansion of the a and ¢
axis are linearly dependent on T, which means that the thermal expansion

500 | | |
0 50 100 150 200

Xzn [ppma]

Fig. 1.6. Zinc excess xzn according to Lott et al. [63] near the stoichiometric
composition Zni4+,O in the temperature range 600-1,100°C
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Fig. 1.7. Thermal expansion of ZnO (wurtzite) along the a and the c-axis in the
temperature ranges from 4 to 296 K [26] (full symbols) and from 300 to 892 K [25]
(open symbols), which fit very well to each other
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coefficients a;; = (da,dc)/dT" are constant. The linear thermal expansion
coefficient at room temperature is o = 2.9 x 107K~! and o = 4.75 x
1075K~!, which is lower than that of InpO3 and SnOs and only slightly
higher than that of silicon (see Table 1.1).

1.4 Material Preparation

1.4.1 Growth of ZnO Single Crystals

Zinc oxide single crystals were grown already in 1935 by Fritsch by evapo-
ration and condensation of ZnO from pressed and sintered cylinders in air
at about 1,450°C [64]. Later especially three methods were used for crystal
growth:

— Hydrothermal growth in autoclaves at temperatures up to 450°C and
pressures up to 2,500 bar [65, 66]

— Growth from the gas phase by oxidation of Zn vapor at temperatures
between 1,100 and 1,400°C [57,67]

—  Growth from melts of salts with low melting temperature (ZnBry) [68].

Today, only the first two methods are used for the growth of single crystals
[69]. However, recently also the growth of ZnO from its pressurized melt in
a cold crucible was demonstrated [70]. This technique, which uses oxygen
pressures up to 100 bar, is scalable to crystal diameters larger than 125 mm.
A new, promising method, avoiding the temperature-gradient problems with
a cold crucible, uses a hot iridium crucible [71]. To prevent the oxidation
(burning) of the iridium crucible the growth is performed in a self-adjusting
gas atmosphere of COs.

Single crystalline ZnO wafers are commercially available from different
companies as listed in Table 1.2. Photographs of a ZnO single crystal and of
wafers are shown in Fig. 1.8.

1.4.2 Deposition of ZnO Thin Films

Zn0O thin films can be prepared by a variety of techniques such as mag-
netron sputtering, chemical vapor deposition, pulsed-laser deposition, molec-
ular beam epitaxy, spray-pyrolysis, and (electro-)chemical deposition [24,74].
In this book, sputtering (Chap. 5), chemical vapor deposition (Chap.6), and
pulsed-laser deposition (Chap. 7) are described in detail, since these methods
lead to the best ZnO films concerning high conductivity and transparency.
The first two methods allow also large area depositions making them the
industrially most advanced deposition techniques for ZnO. ZnO films easily
crystallize, which is different for instance compared with ITO films that can
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Table 1.2. Parameters of commercially available zinc oxide single crystals

Parameter Unit ZNT CI ML TDC
Method s-CVT PM HT HT

T °C 1,100 2,000 330 300-400
P MPa 50 <100

d mm 51 130 51 51

o Qcm 0.3 0.35 500—1 000 390

Np — Na cm ™ 1 x 1017 9 x 106 8 x 1013
U em? Vg™t 209 200 200
Niisl. cm™? <50 <300
Ref. [72] [70] [73] [66]

Abbreviations and symbols denote ZNT: ZN Technology Inc. (formerly Eagle
Pitcher), Brea, USA; CI: Cermet Inc., Atlanta, USA; ML: Mineral Ltd., Alexandrov,
Russia; TDC: Tokyo Denpa Co., Tokyo, Japan; s-CVT: seeded chemical vapor trans-
port; PM: pressurized melt; HT: hydrothermal; T": growth temperature; P: growth
pressure; d: dimension; p: resistivity; Np,a: donor or acceptor concentration; p: Hall
mobility; Nais: dislocation density

___ Zn0
single crystals

Fig. 1.8. (a) Photographs of a hydrothermally grown zinc oxide single crystal
(Mineral Ltd., Alexandrov, Russia) and (b) of zinc oxide wafers prepared from
such crystals (Crystec GmbH, Berlin, Germany). The as grown crystal in (a) has a
maximum size of 70 mm [73]. The size of the crystals in (b) is 10 x 10 x 0.5 mm?

be grown as amorphous films [75]. ZnO films exhibit mostly a (0001) tex-
ture, i.e., the c-axes of the crystallites are perpendicular to the substrate sur-
face [24, 74]. Plasma-assisted processes (magnetron sputtering, pulsed-laser
ablation) induce a pronounced c-axis (0001) texture. While on amorphous
substrates or silicon ZnO forms polycrystalline films without an in plane
alignment, epitaxial films, i.e., films with an in and out of plane alignment
can be grown on oxide single crystalline substrates (sapphire-Al,O3, LiNbO3,
MgO etc.) even at room temperature [76]. Structural and electrical properties
of polycrystalline and epitaxial films are compared in Sect. 2.2.3.
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1.4.3 Preparation of ZnO Nanostructures

The first experiments on single crystal growth of ZnO [64, 77] showed that
under equilibrium conditions ZnO grows preferentially along the (0001) axis,
leading to needle-like crystals with dimensions in ¢ direction of some mil-
limeter. The first reported electrical and optical measurements on ZnO single
crystals were performed on such pencil-like crystals with a hexagonal cross
section [2] (see Chap. 2). Later, under nonequilibrium conditions a large vari-
ety of ZnO nanostructures were synthesized. Yamada and Tobisawa obtained
ZnO plates, columns, pyramids, stellar-shaped crystals, spheres, whiskers,
and dendrites under the extreme nonequilibrium conditions of a converging
shock-wave using an explosive charge [78]. In the last 10years other tech-
niques were used to grow ZnO nanostructures: pulsed-laser ablation (see
also Chap. 7), magnetron sputtering [79], chemical-vapor deposition [80], and
chemical solution preparation [81]. ZnO nanostructures exhibit a high crys-
talline quality as inferred from cathode- and photoluminescence measure-
ments [82]. A review on ZnO nanorods was given recently by Yi et al. [83].
Information on ZnO nanostructures can also be found in [9,11].

Figure 1.9 shows scanning electron micrographs of an array of ZnO
nanowires grown on a magnetron-sputtered ZnO film on a fluorine-doped
SnO- covered glass substrate. Because of the strongly c-axis oriented growth
of the magnetron-sputtered ZnO film, the ZnO nanowires are very well-
aligned vertically. The hexagonal cross section is clearly visible. Depending
on the preparation conditions, diameter and length of the nanowires can be
adjusted [79].

Possible applications of ZnO nanostructures are UV lasers (up to now
only with optical excitation) [84], chemical sensors [85], or transparent sub-
strates for thin film solar cells, e.g. as an alternative to TiO2 in injection
type solar cells or in organic solar cells [79,86,87]. In the latter two appli-
cations the increased effective surface of arrays of ZnO nanowires leads to

Fig. 1.9. Plain view (left) and cross-sectional view (right) of ZnO nanowires pre-
pared from a chemical solution on a magnetron-sputtered ZnO film on fluorine-
doped SnO; on glass, which are used as a substrate for dye-sensitized solar cells [79]
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increased sensitivity or absorption. Recently, a new, interesting application
of ZnO nanowires was reported [88]. Combining ZnO nanowires with zig—zag
structured electrodes, a device that is able to convert ultrasonic energy into
a voltage was demonstrated. In this arrangement the piezoelectric effect of
ZnO (see Table 1.1) is used to extract a voltage due to mechanical bending
of the nanowires.

1.5 Electronic Structure of ZnO

Zn0 is a tetrahedrally bonded semiconductor. The electronic structure of
tetrahedrally bonded materials with diamond, zincblence, wurtzite, or chal-
copyrite structure is very similar [23,89, 90]. Except for symmetry, the
electronic structures of zincblende and wurtzite modifications are mostly
identical. The cation and anion s- and p-orbitals form sp3-hybrids, which
overlap forming bonding and antibonding combinations. The electronic states
at the valence band maximum are mainly derived from anion p-states and
are, therefore, threefold degenerate. However, the degeneracy is lifted by spin-
orbit splitting and also by noncentrosymmetric crystal fields. The latter is
pronounced e.g., in the chalcopyrite structure with a I-III-VI; (e.g., CulnSes)
or a [I-IV-V; (e.g., ZnSnP3) composition [91] but also occurs in ZnO [23]. At
liquid He temperatures the three valence bands are at 0, 4.9, and 48.6 meV
binding energy with respect to the valence band maximum, respectively [92].
In the I-III-VI; chalcopyrites, there is further a considerable hybridization
between the anion p-states and the low lying d-states of the group I cation,
which leads to a lowering of the optical gap compared with the binary 1I-VI
analogues [93,94]. In literature this band gap anomaly is often indicated as
p—d repulsion as the presence of the metal (Cu, Ag) d-states leads to an
upward shift of the valence band maximum [93-95].

In LCAO! theory the valence band maximum of a tetrahedrally bonded
semiconductor is derived from the anion p-levels and its energy given by [89]:

Bye = (B3 + E9) (2 { (B3 + BS) /2)° + [L2sn/ (med?)]?} . 11)

where ET and Ej are the p orbital energies of the anion and the cation,
me is the free electron mass and d the interatomic spacing, respectively.
According to (1.1), a lower valence band maximum has to be expected for
anions with a larger binding energy of the p levels. The binding energy? of
the p orbitals increases monotonically from Te (9.54eV) over Se (10.68¢eV)
and S (11.6eV) to O (16.72eV) [89]. In fact the valence band offsets between
II-VI semiconductors, which are displayed in Fig. 1.10, nicely follow the trend
calculated by Wei and Zunger using density functional theory [95]. They
correspond well with experimental determinations (see Chap.4).

! Linear combination of atomic orbitals [89].
2 Hartree-Fock atomic term values are used in LCAO theory [89].
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Fig. 1.10. Band alignment between II-VI compounds according to density func-
tional theory calculations by Wei and Zunger [95]. The energy of the valence band
maximum of ZnS is arbitrarily set to 0eV. A comparison to experimental results is
presented in Fig.4.18 in Sect.4.3.1 (page 150)

To understand the full details of the band alignment, the contribution
of the cation d-states also needs to be considered [95]. Because of the low
lying O 2p levels, the interaction between the Zn 3d and the anion p states
in ZnX (X = O, S, Se, Te) compounds is strongest for ZnO [43,96-98]. This
also explains the anomaly of the band gaps for the ZnX compounds (see
Fig.1.10): While the band gap generally increases with lower anion mass,
the gap of ZnO (3.4¢eV) is smaller than the gap of ZnS (3.7¢V). However,
instead of shifting the valence band maximum upward in energy, as in the
case of the chalcopyrites [93,94] and other II-VI compounds [94,95], the band
alignments given in Fig. 1.10 rather suggest a lowering of the ZnO conduction
band minimum as the valence band maximum of ZnO roughly follows the
trend with decreasing anion mass.

As the mixing between the anion p and the cation d levels affects the
energetic positions of the energy bands, it is particularly important for the
function of quantum well structures. The band alignment between the barrier
and the well material is important for establishing the energy levels and,
therefore, the optical transitions. ZnO-based quantum well structures can be
prepared by alloying of ZnO with MgO or CdO [99-104]. Zn; _, Mg, O retains
the wurtzite structure for Mg admixtures up to z ~ 0.5 [99,102-104] resulting
in a variation of the optical gap with x from 3.4-4.5eV [104]. More details
on the optical properties of ZnO and (Zn,Mg)O are presented in Chap. 3. As
there are no d levels in Mg, alloying of ZnO with MgO therefore affects the
energy positions of the band edges according to the different s and p atomic
levels (1.1) and by modifying the interaction between the anion p and the
cation d states.

Figure 1.11 shows an experimental determination of the band alignment
at the ZnO/(Zn,Mg)O interface using optical spectroscopy of quantum well
structures [100]. The data indicate that the larger band gap of (Zn,Mg)O is
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Fig. 1.11. Energy-level alignment between ZnO and (Zn,Mg)O as determined by
optical spectroscopy [100]. The energy-level alignment agrees with a recent indirect
determination using photoelectron spectroscopy [105]. The difference of the band
gaps is almost fully accomplished by a conduction band offset

almost completely accomplished by an upward shift of the conduction band
energy. This result is in good agreement with a recent indirect determina-
tion of the band alignment using photoelectron spectroscopy [105] (for more
information on band alignments see Chap. 4).

1.6 Intrinsic Defects in ZnO

1.6.1 Thermodynamic Properties

Intrinsic point defects are deviations from the ideal structure caused by dis-
placement or removal of lattice atoms [106,107]. Possible intrinsic defects are
vacancies, interstitials, and antisites. In ZnO these are denoted as Vyz, and
Vo, Zn; and Oj, and as Znp and Oy, respectively. There are also combina-
tions of defects like neutral Schottky (cation and anion vacancy) and Frenkel
(cation vacancy and cation interstitial) pairs, which are abundant in ionic
compounds like alkali-metal halides [106,107]. As a rule of thumb, the energy
to create a defect depends on the difference in charge between the defect and
the lattice site occupied by the defect, e.g., in ZnO a vacancy or an inter-
stitial can carry a charge of £2 while an antisite can have a charge of +4.
This makes vacancies and interstitials more likely in polar compounds and
antisite defects less important [108-110]. On the contrary, antisite defects
are more important in more covalently bonded compounds like the III-V
semiconductors (see e.g., [111] and references therein).

The formation of one mole of a defect requires an energy AHy. The dis-
tribution of the created defects on the available sites N increases the entropy
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S of the system. The change in free energy of a crystal by defect formation
AGq = AHgq — TS has a minimum at a defect concentration

Na = Nexp(—AHq/kpr), (1.2)

which defines the number of defects in thermodynamic equilibrium.

An important aspect of intrinsic defects is the dependence of their for-
mation energy on the chemical potential and the Fermi level position in
the gap [112]. The chemical potential corresponds to the concentration of
a species, which is for gases related to its partial pressure. An increasing par-
tial pressure of oxygen, e.g., leads to a lowering of AH, for defect reactions
that add oxygen or remove Zn (O;, Vyz,) and vice versa. For charged defects,
the defect formation enthalpy directly depends on the Fermi energy, which
is the chemical potential of the electrons (and holes).® This dependency is
schematically sketched in Fig. 1.12.

A donor type defect e.g., can be neutral or positively charged depending
on its occupation, which is given by the Fermi level position with respect to
the defect energy Ep. Donors are occupied (neutral) when the Fermi level is
above the defect level and unoccupied (charged) when the Fermi level is below
the defect level. The electron from the donor is transferred to its reservoir
whose energy is represented by the Fermi energy. This leads to an energy
gain 0 = q(Fp — Er), where ¢ is the charge of the donor. The energy gained
by lowering the Fermi level toward the valence band maximum generally
decreases the formation enthalpy of the donors. As intrinsic defects in ZnO
carry a charge of 2, the maximum energy gain from a variation of the Fermi

donor type defect D°—»D'+e” acceptor

occupied donor unoccupied donor donor

Energy
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Fig. 1.12. Dependence of the defect formation enthalpy AHg on the Fermi energy.
An occupied donor (Er > Ep) is electrically neutral and AHq does not depend
on Er. The unoccupied donor (Er < Ep) is positively charged and the electron(s)
released from the donor is(are) transferred to the electron reservoir (Er) leading
to an energy gain 0. The defect formation enthalpy hence decreases with decreas-
ing Fermi energy. The resulting variation of defect formation enthalpy with Fermi
energy for donor and acceptor defects is shown on the right. The crossing of the
neutral and the charged defect state identifies the energy position of the defect
states (Ep and Ea)

3 The treatment is for homogeneous materials (bulk) where the electrostatic poten-
tial is constant.
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Fig. 1.13. Top: Variation of defect formation enthalpies with Fermi level under
zine- (left) and oxygen-rich (right) conditions as obtained from GGA+U calcula-
tions. The gray shaded area indicates the difference between the calculated and
the experimental band gap. The numbers in the plot indicate the defect charge
state; parallel lines imply equal charge states; Bottom: Transition levels in the band
gap calculated within GGA (a), GGA+U (b) and using an extrapolation formula
described in [115]. The dark gray shaded areas indicate error bars. Copyright (2006)
by the American Physical Society

energy is two times the band gap. This is more than 6eV and of the order of
a typical defect formation enthalpy.

In recent years, there has been considerable effort to derive defect forma-
tion enthalpies of intrinsic defects in ZnO [108-110,113-117]. An example is
shown in Fig.1.13 [115]. Horizontal curves belong to neutral defects, curves
with positive or negative slopes to charged donors or acceptors, respec-
tively. The donor with the lowest formation enthalpy is the oxygen vacancy
Vo, the acceptor with the lowest formation enthalpy the zinc vacancy Vgy,.
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This corresponds to a Frenkel type defect behavior. Negative defect formation
enthalpies corresponds to unstable crystals (spontaneous defect formation)
and indicate the limit for physically reasonable Fermi level positions.
Figure 1.13 includes the oxygen dumbbell interstitial or split interstitial
defects (Oiap and Oj rot—dab). This particular defect was first mentioned by
Lee et al. [113] and later treated extensively by Erhart and coworkers [114,
115]. The oxygen dumbbell interstitial corresponds to two oxygen atoms in
the oxidation state —1, which occupy an oxygen lattice site. It can, therefore,
also be considered as a peroxide-like defect. The atomic arrangement of the
defects is shown in Fig. 1.14 together with the ideal lattice structure and the
octahedral interstitial oxygen defect [114]. The oxygen dumbbell interstitial is
an amphoteric defect, i.e., it behaves as a donor and as an acceptor. However,
the transition energy for the donor is close to the valence band maximum,
providing a very deep donor level. The transition energy for the acceptor
is far above the valence band maximum, hence also providing a deep defect
state. Although the dumbbell interstitial, therefore, does not contribute to the

ideal structure octahedral site

[0001]

Ié}[i 010]
[1210]

*q -q
regular dumbbell rotated dumbbell

Fig. 1.14. Dumbbell oxygen interstitial defects in ZnO in comparison to the ideal
lattice structure and the octahedral oxygen interstitial [114,115]. The structure of
the rotated dumbbell interstitial depends on the charge state. Copyright (2005) by
the American Physical Society
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electrical conductivity of ZnQO, it is essential for describing oxygen diffusion
in ZnO (see Sect. 1.6.2).

The defect transition energies are given in the lower part of Fig.1.13.
These are relevant for establishing the equilibrium Fermi level position and
might help to explain the origin of the usually observed residual n-type con-
ductivity of ZnO. Unfortunately, the band gaps calculated by density func-
tional theory are typically much too low. Using the standard local density
approximation (LDA) or the generalized gradient approximation (GGA), the
band gap of ZnO is determined as 0.7-0.9eV (see e.g., [115]). A larger, but
still too small band gap of ~1.8eV is derived when a +U correction, which
accounts for the self-interaction terms, is applied (see [115] and references
therein). The literature on intrinsic defects in ZnO differs considerably with
respect to the defect transition energies [108-110,113-117]. A recent compar-
ison of the different approaches is given in [115], where also a sophisticated
interpolation scheme is proposed to overcome the band gap problem. The
resulting defect transition energies are given in Fig. 1.13 (bottom right).

The lowering of the defect formation enthalpy with the movement of the
Fermi energy leads to an increase of the defect concentration. Generally, donor
(acceptor) doping leads to a rise (lowering) of the Fermi energy and therefore
to a lowering of the formation enthalpy of intrinsic acceptors (donors). This
mechanism leads to a limitation of the Fermi level movement and is called self-
compensation [118-120]. It is well known for many semiconductors and leads
to a limitation of the doping. In the extreme case of insulators, doping does
not lead to creation of electrons or holes but only introduces compensating
intrinsic defects [106,107].

Doping limits in ZnO are important in two aspects: The possibility
for p-type doping and the possibility for degenerate n-type doping. P-type
conductivity requires a Fermi energy close to the valence band maximum,
where the formation enthalpy of compensating donors is very low. According
to defect calculations, the most important intrinsic defect for the compensa-
tion of p-type conductivity is the oxygen vacancy. On the other hand, the
formation of zinc vacancies will limit n-type doping in ZnO. That this limita-
tion occurs for Fermi level positions well above the conduction band minimum
is a prerequisite for a transparent conducting electrode material, as otherwise
no high electron concentrations are possible. However, it is indeed observed
experimentally that the doping efficiency (number of free carriers per dopant
atom) decreases with the increase of the dopant concentration [121] (see
Chaps. 6 and 8).

The electron concentration in donor-doped TCOs becomes compensated
with increasing oxygen partial pressure. The nature of the compensating
defect thereby depends on the material. As mentioned earlier, compensation
of n-type doping in ZnO occurs by introduction of zinc vacancies. In con-
trast, compensation in InoO3 is accomplished by oxygen interstitials [117].
Their importance in Sn-doped InsO3 has been already pointed out by Frank
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Fig. 1.15. Electron concentration (dashed line) of Sn-doped indium oxide and
Al-doped ZnO in dependence on oxygen partial pressure for a dopant concentration
of 1% [117]. With increasing oxygen partial pressure the donors become compen-
sated by oxygen interstitials (In2O3) or by zinc vacancies (ZnO). Reprinted with
permission from [117]. Copyright (2007) by the American Physical Society

and Kostlin in 1982 [122]. The electron concentration for Al-doped ZnO and
Sn-doped InsOg3 in dependence on oxygen pressure has been calculated by
Lany and Zunger [117]. The result is presented in Fig.1.15. From Fig. 1.15,
it is also evident that, in contrast to frequent assertions, oxygen vacan-
cies are irrelevant for establishing the free carrier concentration in doped
TCOs.

The defect structure described by Fig. 1.13 does not provide a straightfor-
ward explanation for the residual n-type conductivity [116,117,123]. First, the
oxygen vacancy is a deep donor and cannot introduce enough carriers because
of the large ionization energy. On the other hand, the zinc interstitial has a
low ionization energy but a rather high formation enthalpy and is, there-
fore, not present in required amounts. This difficulty is explicitly treated by
Lany and Zunger, who suggest a metastable oxygen vacancy defect induced
by optical excitation as origin of the residual n-type conductivity [117,123].
Alternatively, van de Walle has suggested that hydrogen, which forms a shal-
low donor in ZnO, causes the n-type conductivity [124] as also confirmed
experimentally [10,125-128] (See also Chap. 2).

1.6.2 Self-Diffusion in ZnO

Self-diffusion in materials occurs by repeated occupation of defects. Depend-
ing on the defects involved one can distinguish between (1) vacancy, (2)
interstial, and (3) interstitialcy mechanisms [107]. As an example, different
diffusion paths for oxygen interstitials are illustrated in Fig.1.16 [129]. For
a detailed description of diffusion paths for oxygen vacancies, zinc vacancies
and zinc interstitials the reader is also referred to literature [129,130].
When moving in a crystal, an atom has to surmount an energy barrier,
which is called the migration enthalpy AH,,. The mobility of a diffusing
species is, therefore, thermally activated and diffusion is described by the
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Fig. 1.16. Diffusion paths accessible to oxygen interstitials on the wurtzite lattice
via jumps to first or second nearest neighbor sites [129]. Panels (a) and (b) show
in-plane and out-of-plane diffusion paths to first nearest oxygen neighbors, panel
(c) illustrates out-of-plane diffusion via second nearest oxygen neighbors. The size
of the spheres scales with the position of the atom along the [0001] axis. Copyright
(2006) by the American Physical Society

diffusion coefficient D given by a prefactor Dy and an activation energy AH,,

according to
D= Do exp (—AHm/kBT) (13)

However, the diffusivity also depends on the concentration of defects, which
is also thermally activated according to (1.2). Hence, the self-diffusion coef-
ficient D is described as

D o exp (—AHa/kpT) Y exp (~AHu/kpT) (1.4)

where the sum covers all possible diffusion paths. Since the defect formation
enthalpy depends on the chemical potential and on the Fermi level posi-
tion, the diffusivity will too. Furthermore, the dominant diffusion mechanism
can change with chemical potential (oxygen partial pressure). This has been
explicitly described for oxygen diffusion in ZnO by Erhart and Albe [129]
where at low oxygen partial pressure a vacancy mechanism is prevalent while
an interstitialcy mechanism dominates at higher oxygen partial pressures.
In doped materials, the defect concentration can be constant over a range of
temperatures and partial pressures [106,107]. Only in this case, the activation
energy of diffusion is simply given by AH,,.

Diffusion of oxygen [131-136] and zinc [62,131,137-145] in ZnO (self-
diffusion) has been investigated experimentally by a number of authors start-
ing in the early 1950s (see also the review of experimental data in [129] for
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oxygen and in [130] for zinc diffusion). However, no consistent picture has
emerged from these studies. Erhart and Albe have calculated oxygen diffu-
sion in ZnO using density functional theory [129,130]. The advantage of this
approach is that both defect concentrations and migration enthalpies can be
determined. The calculation shows that the migration barriers for oxygen dif-
fusion crucially depend on the charge state of the defects and, therefore, also
on the Fermi energy position in the gap, which is determined by extrinsic dop-
ing and intrinsic defects. Lowest migration barriers for oxygen are obtained
by diffusion employing the dumbbell and the rotated dumbbell interstitials,
which highlights the importance of these kinds of defects. Figure 1.17 shows
the calculated diffusivity of oxygen in ZnO in dependence on the chemical
potential and Fermi energy position in the gap at 7= 1300K (top). At the
bottom, the calculated temperature dependence of the diffusivity for cases
where either the vacancy mechanism or the interstitialcy mechanism domi-
nate is shown in comparison to compiled experimental data. Except for the
older data points, which are probably subject to an experimental artifact (see
discussion in [129] and [134]), all experimental values are well reproduced by
the calculation.

Erhart and Albe also calculated zinc diffusion in ZnO [130]. The results
are displayed in Fig.1.18 together with a comparison to experimental data.
Depending on chemical potential and Fermi level position either zinc vacancy
or zinc interstitial diffusion can dominate. In the case of n-type material,
where the Fermi level is close to the conduction band, zinc diffusion is mostly
accomplished via the vacancy mechanism.

The diffusivities of Zn are generally larger than those of oxygen. Following
the calculations, the diffusivities in ZnO can be ordered according to Zn; >
O; > Vz, > Vo [130]. In particular, the migration barriers are very small
(0.2-0.4 V) for zinc interstitials [130]. The small migration barriers lead to
an onset of migration already at temperatures of ~100 K, which explains the
remarkably high radiation hardness of ZnO caused by the annealing of defects
at rather low temperatures [146-148].

1.7 Applications of ZnO

Zinc oxide is a very old technological material. Already in the Bronze Age
it was produced as a byproduct of copper ore smelting and used for healing
of wounds. Early in history it was also used for the production of brass
(Cu—Zn alloy). This was the major application of ZnO for many centuries
before metallic zinc replaced the oxide [149]. With the start of the industrial
age in the middle of the nineteenth century, ZnO was used in white paints
(chinese white), in rubber for the activation of the vulcanization process and
in porcelain enamels. In the following a number of existing and emerging
electronic applications of ZnQO are briefly described.



22 K. Ellmer and A. Klein

interstitialcy
mechanism

vacancy
mechanism

Self-diffusion coefficient (cm2/s)

20% .
e zinc-rich ~ CBM
Q

Temperature (K)
9 1700 1500 1400 1300 1200 1100
10- T T T T T
0 © o Hofmannand Lauder <
= 10 " 1 <& Mooreand Williams [ 7
T 4o g %o Robinetal. v |
o <><> Tomlinsetal. @
*q:':; 1012 Hanedaetal. 4 1
S ER Sabionietal. @ |
2
o -
° 10 14 |
ke
-S 10-15 L
E 10-16 L
& 17 interstitialcy mechanism (1)
107" ¢ .
————— vacancy mechanism (Il)
10'18 1 1 1 1 1 1 1

60 65 70 75 80 85 0
Inverse temperature (1015/K)

Fig. 1.17. Oxygen diffusion in ZnO [129]. Top: Dependence of diffusivity on chem-
ical potential and Fermi level at a temperature of 1300 K illustrating the competi-
tion between vacancy and interstitialcy mechanisms. The dark grey areas indicate
the experimental data range around 1300 K. Bottom: Comparison between calcula-
tion and experiment. Experimental data from Moore and Williams [131], Hofmann
and Lauder [132], Robin et al. [133], Tomlins et al. [134], Haneda et al. [135], and
Sabioni et al. [136]. Solid and dashed lines correspond to regions I (interstitia-
lcy mechanism dominant) and II (vacancy mechanism dominant) in the top graph,
respectively. Copyright (2006) by the American Physical Society
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respectively. Reprinted with permission from [130]. Copyright (2006), American
Institute of Physics
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1.7.1 Transparent Electrodes

Thin film solar cells need a transparent window electrode for light transmis-
sion and extraction of the photocurrent. Currently used configurations for
thin film solar cells are schematically shown in Fig. 1.19. Highly-doped ZnO
films are used particularly in amorphous silicon [150] and Cu(In,Ga)(S,Se)s
[151, 152] cells. High doping levels with carrier concentrations up to
1.5 x 102 cm ™3 and resistivities as low as 2 x 1074 Qcm are achieved by
addition of trivalent dopants like boron, aluminium, or gallium. For amor-
phous silicon cells, the degenerately n-doped transparent electrode forms a
tunnel junction to a highly p- or n-doped material. In Cu(In,Ga)(S,Se)s cells
ZnO is a part of the electric p/n junction. To obtain high efficiencies, a bilayer
structure of a thin (~50nm) nominally undoped ZnO and a highly n-doped
layer is typically used. The main advantage of zinc oxide is that it is much
cheaper than indium oxide, a prerequisite for large area technologies like thin
film solar cells. The role of ZnO in amorphous silicon and Cu(In,Ga)(S,Se)s
thin film solar cells is discussed in detail in Chaps. 4, 6, 8, and 9.

In display technology mostly ITO (Sn-doped In,Os) is used today. How-
ever, because of the limited availability of In, there is a strong interest in
replacing ITO by other materials. The advantages of ITO compared with
other transparent conducting oxides are the still higher conductivities, the
possibility to prepare very flat films and the good etching behavior, which
enables highly reproducible structure formation. Today, most flat panel

a-Si:H CulnSes CdTe organic dye
ZnO metal Sn0,
Pt
Ag Cds CdTe metal electrolyte
dye
a-Si:H CIGS Cds organic TiO,
ZnO,SnOz Mo 0/Sn02 ITO sn02
glass glass glass glass glass
TiOy/dye
(Sn0,,Zn0)/a-Si ZnO/CdS SnO,/CdS ITO/organic SnO,/TiO,
SnO,/Pt
n/p n n p n

Fig. 1.19. Transparent conducting oxide electrodes in different types of thin film
solar cells. TCO contacts are given at the bottom of each structure. The bottom
most row indicates the doping type of the semiconductor, which is in contact to
the TCO
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Fig. 1.20. Schematic energy band diagram of a two-layer organic light emitting
diode (OLED), in which tin-doped indium oxide (ITO) is used to inject holes into
the highest occupied molecular orbital (HOMO) and a low work function metal to
inject electrons into the lowest unoccupied molecular orbital (LUMO)

displays are using LCD* technology [153]. In these applications, the inter-
face between the transparent electrode and the polymer layer inserted for
orientation of the liquid crystals does not have an active electronic function
in the device; i.e., it is simply used to transmit light and to apply an electric
field for reorientation of the crystals.

The situation is different in organic light emitting devices (OLED), where
ITO is almost exclusively used as anode material [154]. A schematic layout
together with an energy band diagram of an OLED is displayed in Fig. 1.20.
In OLEDs, ITO is used to inject holes into the organic conductor. Typically
an oxidizing surface treatment is performed prior to the deposition of the
organic material [155-157]. These lead to an increase of the work function,
which is believed to reduce the hole injection barrier. ZnO has also been
tested as electrode material in OLEDs [158,159].

1.7.2 Varistors

Varistors are voltage-dependent resistors, which are extensively used for over-
voltage protection [160]. Their size varies from a few millimeters on printed
electronic circuit boards for low voltage operation to more than 1m for
high voltage operation in electrical power grids. The latter are made by a
stack of individual resistors of up to 10 cm diameter. ZnO varistors were first
developed by Matsuoka in Japan at the beginning of the 1970s [161]. They

4 Liquid crystal display.
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are made from sintered polycrystalline ceramics using different additives as
Biz O3, Sbo O3, or other metal oxides. The material is poorly doped and the
additives segregate to the grain boundaries during sintering leading to a large
barrier for electron transport [162,163]. More details on the function and the
properties of ZnO varistors are described in Chap. 2.

1.7.3 Piezoelectric Devices

There are several applications of ZnO that are due to its excellent piezoelec-
tric properties [28,164]. Examples are surface-acoustic wave (SAW) devices
and piezoelectric sensors [28,165-167]. Typically, SAW devices are used as
band pass filters in the tele-communications industry, primarily in mobile
phones and base stations. Emerging field for SAW devices are sensors in
automotive applications (torque and pressure sensors), medical applications
(chemical sensors), and other industrial applications (vapor, humidity, tem-
perature, and mass sensors). Advantages of acoustic wave sensors are low
costs, ruggedness, and a high sensitivity. Some sensors can even be interro-
gated wirelessly, i.e., such sensors do not require a power source.

In an SAW device, a mechanical deformation is induced by electrical
contact fingers in a nearly isolating, highly (0001)-textured ZnO film (see
insert in Fig. 1.21). The insulating wave travels along the ZnO film surface
with the velocity of sound in ZnO and is detected at the end of the device
by another metal-finger contact. High-frequency electrical signals (10 MHz—
10 GHz) can be transformed to SAWs with typical wave velocities of about
3kms~!. Because of the much lower acoustic velocity, compared with the
velocity of light, such SAW devices can also be used as acoustic delay lines
with a characteristic frequency dependence suitable for high-frequency filters.
A typical frequency curve of an SAW device is shown in Fig.1.21.

1.7.4 Phosphors

In displays ZnO powders are used as green phosphors [169]. Recently, mag-
netron sputtered films of ZnO-based compounds, for instance ZnsSiO4:Mn
or ZnGayO4:Mn were used as green phosphors in thin-film electrolumines-
cence displays [170,171]. Even white cathodoluminescence was observed for
self-assembled ZnO micropatterns [172].

1.7.5 Transparent Oxide Thin Film Transistors

Recently, field-effect transistors based on zinc oxide were reported [173,174],
opening the opportunity to design microelectronic devices that are trans-
parent and/or work at high temperatures [175]. More details on thin film
transistors employing transparent conducting oxides are given in Chap. 2.
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Fig. 1.21. Frequency spectrum of a 10um wavelength SAW device on a 1.5 pum
thick ZnO film on an r-sapphire substrate. The ZnO film was deposited by MOCVD
using diethyl-zinc and oxygen. The inset shows the geometry of the device with the
interdigitated contact fingers. Reprinted with permission from [168]

1.7.6 Spintronics

Another prospective application of zinc oxide is the alloying with magnetic
atoms like manganese, cobalt, or nickel to prepare diluted magnetic semicon-
ducting alloys that are interesting as materials for spintronics, promising the
possibility to use the spin of the electrons for electronic devices [176].
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