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1. Introduction

Zincoxide is a IIb–VI compound semiconductor. The IIb–VI semi-
conductors and semimetals comprise the binary compounds
of Zn, Cd, and Hg with O, S, Se, and Te and their ternary or
quaternary alloys. ZnO is a wide-gap semiconductor with a
direct gap around 3.4 eV (i.e. in the near-UV) and crystallises
preferentially in the hexagonal wurtzite-type structure. It
occurs in nature with the mineral name zincite. The mineral
usually contains a certain amount of manganese and other ele-
ments and is of yellow to red colour. The ZnO used for the in-
vestigations and applications described below is exclusively
synthetic material. Due to its large band gap, pure ZnO is col-
ourless and clear.
Research on ZnO started gradually in the 1930s. This early

period is reviewed and documented, for example, in refs. [1–
3]. The research peaked around the end of the seventies and
the beginning of the eighties. Then the interest faded, partly
because it was not possible to dope ZnO in both an n- and p-
type manner, which is an indispensable prerequisite for appli-
cations of ZnO in optoelectronics, and partly because the inter-
est shifted to structures of reduced dimensionality, like quan-
tum wells, which were at that time almost exclusively based
on the III–V system GaAs/Al1�yGayAs. The emphasis of ZnO re-
search at that time was essentially on bulk samples covering
topics like growth, doping, transport, deep centres, band struc-
ture, excitons, bulk and surface polaritons, luminescence, high
excitation or many-particle effects and lasing. Results of this
first research period are reviewed, for example, in refs. [4–8]
and entered in data collections[9] or in textbooks on semicon-
ductor optics.[10]

The present renaissance in ZnO research started in the mid
1990s and is documented by numerous conferences, work-
shops, and symposia and by more than 2000 ZnO-related
papers in the year 2005 and even higher numbers in 2006,
compared to slightly beyond 100 in 1970 (sources: INSPEC,
Web of Science).
The considerable current interest is based on the possibility

to grow epitaxial layers, quantum wells, nanorods and related
objects or quantum dots and on the hope to obtain:

* a material for blue/UV optoelectronics, including light-emit-
ting or even laser diodes in addition to (or instead of) the
GaN-based structures

* a radiation hard material for electronic devices in a corre-
sponding environment

* a material for electronic circuits, which is transparent in the
visible

* a diluted or ferromagnetic material, when doped with Co,
Mn, Fe, V or similar elements, for semiconductor spintronics

* a transparent, highly conducting oxide (TCO), when doped
with Al, Ga, In or similar elements, as a cheaper alternative
to indium tin oxide (ITO).

For several of the above-mentioned applications, a stable,
high, and reproducible p-doping is obligatory. Though prog-
ress has been made in this crucial field, as will be outlined
below, this aspect still represents a major problem.
The emphasis of present ZnO research is essentially on the

same topics as earlier, but it also includes nanostructures, new
growth and doping techniques, and it focuses more on appli-
cation-related aspects. For first reviews of this new ZnO re-
search period, see, for example, refs. [11–16]. In the following,
we shall deliberately present or cite both old and new results
covering six decades of ZnO research.
We will consider growth and some of the fundamental prop-

erties of bulk ZnO and of nanostructures and structures of re-
duced dimensionality with emphasis on (partly critical) review-
ing of the electronic and optical properties. The next larger
section is devoted to high excitation effects, stimulated emis-
sion and lasing, again covering the range from bulk material
over quantum wells and nanorods to quantum dots. In the last
section, we treat past, present and possible future applications
of ZnO. We also give short introductions to the various con-
cepts of semiconductor optics, which may not be so familiar to

ZnO is presently experiencing a research boom with more than
2000 ZnO-related publications in 2005. This phenomenon is trig-
gered, for example, by hope to use ZnO as a material for blue/UV
optoelectronics as an alternative to GaN, as a cheap, transpar-
ent, conducting oxide, as a material for electronic circuits that
are transparent in the visible or for semiconductor spintronics.

Currently, however, the main problem is to achieve high, reprodu-
cible and stable p-doping. Herein, we critically review aspects of
the material growth, fundamental properties of ZnO and ZnO-
based nanostructures and doping as well as present and future
applications with emphasis on the electronic and optical proper-
ties including stimulated emission.
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the readership. For details we recommend, for example,
ref. [10].

2. Crystal Structure and Chemical Binding1

Zinc oxide crystallises in the hexagonal wurtzite-type structure
shown in Figure 1. It has a polar hexagonal axis, the c axis,

chosen to be parallel to z. The
point group is in the various nota-
tions 6 mm or C6v, the space group
P63mc or C6v

4. One zinc ion is sur-
rounded tetrahedrally by four
oxygen ions and vice versa. The
primitive unit cell contains two for-
mula units of ZnO. The
ratio c/a of the elementa-
ry translation vectors,
with values around 1.60,
deviates slightly from the
ideal value c/a=

ffiffiffiffiffiffiffiffi
8=3

p
=

1.633.[9] In contrast to
other IIb–VI semiconduc-
tors, which exist both in
the cubic zinc blende
and the hexagonal wurt-
zite-type structures (like
ZnS, which gave the

name to both structures), ZnO crystallises with great
preference in the wurtzite-type structure. The cubic

zinc blende-type structure can, to some extent, be stabilised
by epitaxial growth of ZnO on suitable cubic substrates, while
the rock salt structure is stable only under pressure.[17]

The tetrahedrally coordinated diamond, zinc blende, and
wurtzite-type crystal structures are characteristic for covalent
chemical binding with sp3 hybridisation. While the Group IV el-
ement semiconductors like diamond, silicon and germanium
have completely covalent bonding, one has an increasing ad-
mixture of ionic binding when going from the Group IV over
the III–V and IIb–VII to the Ib–VII semiconductors, ending with
completely ionic binding for the IIa–VI and Ia–VII insulators like
MgO or NaCl, which frequently crystallise in the rock salt struc-
ture.[10]

ZnO already has a substantial ionic bonding component, as
shown in the “historic” diagram of Figure 2, which shows ZnO
in the “centre of solid state physics”.
Because of this fraction of ionic binding, the bottom of the

conduction band, or the lowest unoccupied orbital (LUMO), is
formed essentially from the 4s levels of Zn2+ and the top of
the valence band, or highest occupied molecular orbital
(HOMO), from the 2p levels of O2�. The band gap between the
conduction and valence bands is about 3.437 eV at low tem-
peratures.

3. Phonons and other Lattice Properties

Phonons are the quanta of the lattice vibrations. Due to its s=
4 atoms per unit cell, ZnO has three acoustic phonon bands,
two transverse and one longitudinal as in every solid, and
(3s�3)=9 optical ones.
The eigenenergies of the optical phonons with momentum

k=0, that is, at the G-point, the centre of the first Brillouin
zone, range from 12.3 to 72.5 meV.[9] The G1 and G5 states are
optically dipole-allowed for the polarisations Ekc and E?c, re-
spectively, where c is the polar hexagonal axis and E the elec-
tric field. The optical G1 and G5 phonons lead in the IR to dis-
tinct stop (or Reststrahl) bands for Ekc and E?c, with tans-
verse and longitudinal eigenfrequencies around 50 and
72 meV. The G1, G5, G6 modes are also observed in Raman scat-
tering.[9,15] The fact that some phonon modes are seen both in
the IR spectra as stop bands and in Raman spectra is due to
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Figure 1. Unit cell of the crys-
tal structure of ZnO . The
light grey spheres corre-
sponds to oxygen, the dark
ones to zinc. The primitive
translation vectors a and b in-
clude an angle of 1208 and
are situated in the base plane,
c is orthogonal to them (from
Wikipedia)

Figure 2. Schematic drawing of various types of chemical bonding of solids and their
electronic properties.[18]

1 Pictures of the hexagonal unit cell of the wurtzite structure are given in vari-
ous reviews, for example, refs. [2, 11, 16]. It should be noted that both the zinc
blende and the rocksalt structure are face-centred cubic (fcc) structures and
therefore have the same primitive unit cell. They differ only by the arrange-
ment of the atoms within one unit cell, the so-called basis. The unit cells
shown in Figure 1.2 of ref. [16] for the zinc blende-type modification of ZnO is
not primitive, and the one for rock salt is not a unit cell at all.
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the fact that the wurtzite structure does not have a centre of
inversion, that is, the parity of the wave functions is not a
good quantum number.[10,19,20]

For recent data on isotopically pure ZnO, where phonons no
longer show inhomogeneous broadening due to the different
isotope masses, see ref. [20] .
The fact that ZnO has (partial) ionic bonding and lacks a

centre of inversion is also the origin of the piezoelectricity of
ZnO. The three coefficients of the piezoelectric tensor, d15, d31
and d33, are rather large, with values around �10, �5 and 12L
10�12 mV�1, respectively.[9, 15,21]

For elastic coefficients of ZnO, its hardness and its thermal
properties, such as specific heat, Debye temperature or ther-
mal conductivity, see ref. [9] and references therein.

4. Growth

Bulk ZnO samples are grown by various techniques. A possibili-
ty to grow ZnO by gas transport is given by the following reac-
tions

ZnOþ H2 ! Znþ H2O; 2 Znþ O2 ! 2 ZnO ð1Þ

Alternatively, one can start directly from Zn vapour, and
sometimes graphite is used instead of H2 for the reduction of
Zn.
Pressed or sintered samples of high-purity ZnO powder are

reduced to Zn vapour at elevated temperatures by hydrogen
(or the addition of graphite) and transported with a flow of
inert gas, such as N2. The zinc vapour is then oxidised in a
region of lower temperature under the admission of oxygen or
air. Platelets and especially beautiful hexagonal needles can be
grown with diameters up to several millimetres and length of
several centimetres. See, for example, Figure 3a. During this
process crystals sometimes develop not a pointed top but um-
brella-like shape with a plane ?c. If this process occurs repeat-
edly “Christmas tree” structures like that shown in Figure 3c
may evolve.

Some selected references for gas transport techniques are
given in refs. [3, 22, 23].
The hydrothermal technique results in samples with volumes

of many cubic centimetres (Figure 3b) and allows the produc-
tion of wafers of several square centimetres for homo- or het-
eroepitaxy.[24,25] In this case, ZnO is dissolved at high tempera-
tures and pressure in KOH/LiOH base in an autoclave and is
precipitated at regions of reduced temperature. Other tech-
niques include growth from melt or flux.[26] These techniques
can also allow the growth of large samples.
There are also a variety of methods available for the produc-

tion of textured or epitaxial layers and thin films, including
quantum wells. For early examples of ZnO epitaxy, see
refs. [27–29]. A relatively simple technique is to evaporate a
thin and homogeneous layer of Zn, for example, on a plate of
quartz glass and to subsequently oxidise it at elevated temper-
atures.[28] This procedure results in textured ZnO layers with
the c-axis normal to the substrate. The optical properties of
such layers tend to be almost identical over more than six dec-
ades.[28, 30] Another simple possibility is close-distance evapora-
tion of ZnO on saphire (Al2O3) substrates with various orienta-
tions.[29]

The substrates suitable for epitaxy of ZnO include Al2O3,
partly with a GaN buffer; the latter also has a wurtzite structure
and only a small lattice mismatch of 1.8% to ZnO. There has
been a large choice of other substrates that have been used
for epitaxial ZnO growth, such as Zn, SiO2, AlN, SiC, Si and
GaAs, or more exotic ones, such as ScAlMgO4, LiTaO3 and
LiNbO3,

[19] and, of course, ZnO for homoepitaxy. From the large
number of relevant papers, we can give only a tiny selection in
ref. [31]. See also refs. [12, 14–16].
The main epitaxial methods currently used to grow epilayers

or even quantum wells (either ZnO wells with Mg1�yZnyO barri-
ers or Zn1�yCdyO wells between ZnO barriers) are partly the
standard ones, such as molecular beam epitaxy (MBE), metal–
organic chemical vapour deposition/metal–organic vapour
phase epitaxy (MOCVP/MOVPE) using the decomposition and
subsequent ZnO formation of zinc compounds such as dime-
thylzinc or diethylzinc with an oxygen source such as O2, H2O2,
H2O, N2O, NO2, isopropyl alcohol, tert-butonyl alcohol or ace-
tone on a heated substrate. It should be noted that MgO and
CdO crystallise in the NaCl structure. Consequently, the incor-
poration of larger molar fractions of magnesium and especially
of cadmium in Zn1�yMgyO or Zn1�yCdyO reduces the sample
quality.[31,32]

A technique that is widely used for the production of high-
critical-temperature (Tc) superconductors is now also frequently
used to produce ZnO films, namely pulsed laser deposition
(PLD).[14,15, 32] In this technique, pulsed nanosecond or picosec-
ond lasers generally emitting in the near-UV, such as excimer
or frequency-tripled NdYAG lasers, are focussed tightly on a
pressed or sintered ZnO target, thus producing a plume of
evaporating source material, which is deposited on a heated
substrate. The plume is emitted normal to the target surface,
independent of the angle of incidence of the laser beam; the
angle of aperture of the plume gets narrower with increasing
laser pulse energy. The high kinetic energy of the evaporating

Figure 3. ZnO single crystals grown by gas transport (a, c)[23] and by hydro-
thermal growth (b).[25]
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species results in a high surface mobility on the substrate. A
low background pressure of O2 in the recipient or a post-
growth annealing in an O2 atmosphere helps to improve the
stoichiometry of the ZnO layers.
The layers grown by the various techniques mentioned

above are not necessarily smooth and perfect epilayers. Often,
one obtains grains or columnar structures with small hexago-
nal pyramids on the surface, with surface roughness from a
few nanometres to a few tens of nanometres. Furthermore,
layers and bulk samples may contain strain. Consequently, the
full-width-at-half-maximum (FWHM) of X-ray rocking curves is
often in the range from tens of arc seconds to fractions of a
degree, values that are considerably larger than the those
found for high-quality single crystals, which go down to
almost resolution-limited values of 0.00258=8.7’’, as shown in
Figure 4.

Methods to produce large-area polycrystalline layers include
radio-frequency (rf) sputtering, for example, for application of
ZnO:Al as a transparent conducting oxide, spray pyrolysis or
sol-gel techniques.[34]

ZnO has a strong tendency for self-organised growth. As a
consequence, a very hot topic is presently the growth of
whisker-like ZnO nanorods.[35] These are needle-like crystals
with diameters in the range of a few tens to a few hundred
nanometres and lengths of several micrometres. In Figures 5a–
d, we give a few recent examples of such structures, and in
Figure 5e an older one. The methods used to grow such nano-
rods include those mentioned above, such as PLD, MBE or
MOCVD. A special growth procedure is the so-called vapour–
liquid–solid (VLS) process. In this process, small metal clusters
(usually gold) of a few tens of nanometres in diameter are de-
posited on a substrate. The substrate with the Au dots is
heated so that the Au melts and forms a droplet. If Zn vapour
is offered, Zn forms an alloy with the Au. If this alloy is supersa-
turated, ZnO nanorods start to grow in the presence of
oxygen at the positions of the Au droplets. The Au droplets
act as a catalyst and sit on top of the growing nanorods.
Growth continues as long as zinc and oxygen are available and
the temperature of the alloy stays above the eutectic tempera-

ture of the alloy (in Figure 5a, the round Au droplets can be
seen on top of the ZnO rods). The diameter of the growing
nanorods is given by the diameter of the Au droplet. The ori-
entation of the needles in the plane is given by the substrate,
with c perpendicular to the length of the needles. In the mean-
time, scientists were successful in growing nanorods without
the Au droplet catalyst and in growing them on non-crystalline
substrates such as glass or plastic sheets. Recently, it has even
become possible to grow single quantum wells or superlattices
(ZnO/Zn1�yMgyO) into such nanorods.[35] Apart from the
“simple” nanorods shown in Figure 5, under suitable conditions
ZnO also likes to grow as a variety of different nanostructures,
including tetrapods, combs, brushes, nails, tubes, walls, flow-
ers, corals, castles or propellers.[35] One or two decades ago,
some of the ZnO layers of the various nanostructures would
have been considered unsuccessful attempts to produce a
good epitaxial layer and would have ended up in the dustbin.
It should be acknowledged that the growth of ZnO tetra-

pods or whiskers is not new, but goes back more than six dec-
ades, as shown in Figure 5 f from 1944.
To reduce the quasidimensionality of ZnO nanostructures

even further, it has been tried successfully to grow quasi zero-
dimensional ZnO quantum dots (QDs), also known as nano-

Figure 4. X-ray diffraction (w-scan) of a ZnO crystal measured at ANKA Karls-
ruhe. Its growth is described in ref. [23]. From ref. [33] .

Figure 5. a)–d) A few examples of ZnO nanorods, some of which were
grown by the VLS process and show the Au droplet on top (a). See the work
by A. Sauer and K. Thonke (a, c), by M. Grundmann (b) in [35,37] and M. Wis-
singer in [36] (d). e) A puffball of ZnO nanorods occasionally occurrs during
growth.[23] f) An early example of ZnO tetrapods from 1944, at that time
called fourlings, by M. L. Fuller in ref. [38] .
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crystals, quantum boxes, nanoislands or artificial atoms.[10]

These are crystallites with typical dimensions of a few nanome-
tres in all three directions of space, surrounded by a material
with a higher band gap or by air.
The techniques for the production of such ZnO QDs are

again manifold and include spray pyrolysis, the precipitation of
ZnO from aquous solutions or in glasses during an annealing
process, self-assembly in a Stranski–Krastanov or Volmer–
Weber epitaxial growth mode or hydrolysis of Zn ACHTUNGTRENNUNG(CH300)2 in

methanol.[39] In Figure 6, we give
as an example a high-resolution
transmission electron microscope
(HRTEM) image of ZnO QDs grown
by spray combustion of Zn/Si pre-
cursors. The lattice planes of the
ZnO crystallites are clearly visible.
They are surrounded by an amor-
phous silicate matrix.

5. Electronic Band
Structure

The band structure gives the elec-
tronic one-particle (i.e. electron or
hole) states. Since ZnO is a direct-

gap semiconductor with the global extrema of the uppermost
valence and the lowest conduction bands (VB and CB, respec-
tively) at the same point in the Brillouin zone, namely at k=0,
(i.e. at the G-point), we are mainly interested in this region.
The lowest CB (LUMO) is formed, as already mentioned, from
the empty 4s states of Zn2+ or the antibonding sp3 hybrid
states. The group-theoretical compatibility tables (see e.g.
ref. [10] and references therein) tell us that the bottom of the
CB has G1 symmetry without inclusion of spin and symmetry
G1�G7=G7 with spin (Figure 7). The effective electron (more
precisely polaron) mass is almost isotropic, with a value
around me= (0.28	0.02)·mo.

[9]

The VB (HOMO), originating from the occupied 2p orbitals of
O2� or from the bonding sp3 orbitals, is split without spin
under the influence of the hexagonal crystal field into two
states, G5 and G1. Inclusion of spin gives a further splitting
(owing to spin–orbit coupling) into three twofold-degenerate

sub-VBs of symmetries (G1
G5)�G7=G7
G9
G7, see Figure 7.
In all wurtzite-type semiconductors (such as ZnS, CdS, CdSe, or
GaN), these VBs are labelled from highest to lowest energies as
A, B and C bands. In most cases, the ordering of the bands is
A G9 , B G7, C G7 and the spin–orbit splitting is larger than the
crystal field splitting. In ZnO, however, there is a long standing
debate over whether the ordering of the VBs is the usual
one,[41] or if it is A G7, B G9, C G7, called “negative spin–orbit
splitting” or inverted VB ordering.[42] Actually, the spin–orbit
splitting is always positive. But due to the small nuclear charge
of oxygen, an extrapolation of the data from the IIb sulphides,
selenides and tellurides to the oxides leads us to expect that
this splitting is only around 10 meV. The level repulsion with
the close-lying occupied Zn 4d levels may shift one G7 level
above the G9 state, resulting in the inverted VB ordering,
which is also well-established for the Ib–VII semiconductor
CuCl.[43] Since the splitting of the A and B valence bands is
only of the order of 5 meV, and since the selection rules are es-
sentially the same (the transitions from the two upper A G9

and B G7 VBs to the G7 CB band are dipole and spinflip allowed
only for E?c, and transitions from the C G7 VB are allowed only
for Ekc), as shown in Figure 7, the discussion about the sym-
metries of the A and B valence bands seems to be a storm in a
teacup. But frequently, such problems tend to have an ex-
tremely long decay time. As detailed in various references,[12,44]

the arguments put forward recently in favour of the normal va-
lence-band ordering in ZnO are not convincing. Therefore, we
use in the following the inverted ordering: A G7 , B G9, C G7.
The effective hole masses in ZnO are rather isotropic and

similar for the A, B, and C VBs, with typical values of
mh ?; jj A;B ¼ 0:59m0, mhkC=0.31m0, and mh?C ¼ 0:55m0.

[9] Bands
of symmetry G7 may have a small k-linear term for k?c as indi-
cated in Figure 7 for the A VB. This term can also occur for the
C VB (not shown here). For the CB, this effect is negligible.

6. Electrical Conductivity and Doping

The main problem for the application of ZnO as a material for
electro-optic devices is ambipolar doping. This problem is fre-
quently found for wide-band-gap materials and occurs when
doping of one type (e.g. n-type conductivity due to electrons
in the CB) is easily possible up to high densities, while the op-
posite type (in this case due to holes in the VB) is hardly ach-
ievable. The semiconductors ZnO, ZnSe, CdS or GaN are, for ex-
ample, generally n-type while ZnTe is generally p-type. In this
section, we first give information about the electron mobility
in bulk samples, epilayers and quantum wells, and then we ad-
dress the problem of n- and p-type doping.

6.1. Hall Mobility

In this subsection, we concentrate mainly on the Hall mobility,
mH. Some data for the generally smaller drift mobility and the
difference between the two quantities can be found in
ref. [45]. In the past, the Hall mobility of electrons has been in-
vestigated many times for bulk samples.[45] In Figure 8, we
show data from ref. [46] , which have been confirmed recently,

Figure 6. A high-resolution
transmission electron micro-
graph (HRTEM) of ZnO nano-
crystals.[40]

Figure 7. The valence band (VB) and conduction band (CB) of ZnO in the vi-
cinity of the fundamental band gap.
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for example, in refs. [47–49]. As usual, the mobility at low tem-
peratures is limited by scattering with ionised impurities, and,
for T
10 K, possibly even by hopping processes in an impurity
band. With increasing temperature, the mobility goes through
a maximum, with values around 2000 cm2V�1s�1 and drops at
higher temperatures to values between 200 and 400 cm2V�1s�1

due to scattering with acoustic and optic phonons via defor-
mation potential coupling, piezoelectric fields or Froehlich in-
teraction (Figure 8).[48,49] Since these are intrinsic processes, one
cannot expect a considerable increase of the room-tempera-
ture values by improved crystal growth. In thin films, epilayers
and similar structures, one often finds lower values at room
temperature, typically around or even clearly below
100 cm2V�1s�1 because of scattering at grain boundaries or
surface/interface roughness.[48,49]

Values up to 3100 cm2V�1s�1 at room temperature reported
for nanorods[50] may be either questionable or must involve
the quenching of some of the intrinsic scattering processes
due to the small lateral dimensions. Since the measurement of
mH of a single nanorod is a nontrivial task, the author tends to
the former explanation.
Data on the hole mobility in ZnO are still not very common.

Values around 5–30 cm2V�1s�1 have been reported, which are,
as expected, lower than for electrons.[51]

With increasing strength of the field E, the drift velocity
starts to grow only sublinearly with E above a certain limit and
possibly even goes through a maximum. Experimental and
theoretical data of this high-field transport can be found in
ref. [52].
In quantum wells, the concept of modulation doping can be

realised. In this case, the donors are located in the Zn1�yMgyO
barrier, and the electrons are captured in the ZnO quantum
well (QW). In this way, the free carriers can be spatially separat-
ed from the ionised donors, thus reducing the scattering rate
with these defects. As a result, low-temperature mobilities up

to 2700 cm2V�1s�1 have been reported in ZnO QWs.[53,54] Such
values allow the obervation of the (integer) quantum Hall
effect in ZnO. For first reports, see ref. [54].

6.2. n-Type Doping

For n-type doping, one would choose to substitute Zn or O
with atoms which have one electron more in the outer shell
than the atom which they replace. Consequently, the Group III
elements Al, Ga, and In are shallow and efficient donors if they
replace Zn according to Equation (2)

D� Ð Dþ þ e� ð2Þ

where D8 and D+ are the neutral and ionised donors, respec-
tively, and the equilibrium at room temperature is essentially
on the right-hand side of Equation (2). Indeed, electron con-
centrations beyond 1020 cm�3 are obtained in ZnO:Al or
ZnO:Ga, which even at room temperature result in a degener-
ate electron gas in the conduction band. For a few references
including the UV and IR optical properties, see, for example,
refs. [55, 56] . A degenerate carrier gas is characterised by the
fact that the Fermi energy (or chemical potential) is located in
the band and no longer in the band gap and that consequent-
ly Fermi–Dirac statistics are mandatory for an adequate de-
scription. The limit between a description in terms of classical
Boltzmann and degenerate Fermi–Dirac statistics is the so-
called effective density of states, which for ZnO at room tem-
perature is given by Equation (3):[10]

neff ¼ 2
2pmekBT

h2

� �3=2

¼ 4 � 1018cm�3: ð3Þ

At densities around 1020 cm�3, the plasma frequency w0
Pl, given

by Equation (4) for k=0:

w0
Pl ¼

ne2

e0ebm0

� �1=2

ð4Þ

corresponds to photon energies �hw0
Pl of a few hundred millie-

lectronvolts. Consequently, such highly doped samples show
high reflectivity from w=0 to the longitudinal energy �hw0

Pl sit-
uated in the near-IR with some peculiarities around optically
active phonon modes (see above) due to the formation of
plasmon–phonon mixed-state quanta.[56]

The other possibility for n-doping would be to use Group VII
elements on the anion site. Though this combination is known
to be very efficient, for example, for ZnSe:Cl,[57] it has been less
thoroughly investigated for ZnO. Furthermore, it has been
shown that hydrogen in ZnO is always a donor.[58] This might
be, together with small deviations from stoichiometry, a reason
that ZnO without intentional doping is always n-type.

6.3. p-Type Doping

According to the above rules, one would expect that the
Group I elements Li, Na or K are good acceptors. Indeed Li, Na,
K and also the Group Ib elements Cu and Ag are known to act

Figure 8. Temperature dependence of the Hall mobility of ZnO for E?c.
From [46].
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as acceptors. However, they are usually deep acceptors with
ionisation energies around a few hundred millielectron-
volts,[59,60] that is, much larger than kBT at room temperature.
As a consequence, the equilibrium at room temperature is on
the left-hand side of Equation (5).

A� Ð A� þ hole ð5Þ

Therefore, ZnO:Li is a high-resistivity material but does not
show p-type conductivity at room temperature. In addition, in-
terstitial Li (or Ag) occurring at high doping levels may act as a
donor, thus compensating part of the acceptors.[59] Samples
grown by the hydrothermal technique from LiOH/KOH bases
necessarily have a high incorporation of these cations. Conse-
quently, they are high resistivity materials, and it is difficult to
obtain good n-type doping for them. Recently, it has been
claimed that Li or a complex involving Li may also form a shal-
low acceptor in ZnO.[61]

As a consequence of these problems, a lot of research pres-
ently concentrates on p-type doping with the Group V ele-
ments N, P or As on oxygen site. After a lot of poorly reprodu-
cible results and other problems, there were recently reliable
reports on p-type doping in ZnO with N, As or P. Nitrogen is
not incorporated in the ZnO lattice if it is offered as N2 (e.g.
during the growth in air). It is incorporated in the form of
single atoms or ions, for example, from a nitrogen plasma
source. The nitrogen acceptor has an even smaller ionisation
energy (about 100 meV) than the standard acceptor Mg in
GaN:Mg, with 160 meV. The doping level, generally below or
around 1017 cm�3, is still limited, as is partly the solubility of
the Group V elements on O sites. Frequently, one finds orders
of magnitude lower hole concentrations than the density of in-
corporated acceptor atoms. This means that only a small frac-
tion of the incorporated atoms, such as N, forms the desired
shallow acceptors, while the majority forms complexes or
other defect states, which may partly even act as donors and
compensate the acceptors, as mentioned above for ZnO:Li.
This finding is supported by the fact that the p-type layers fre-
quently show deep-centre luminescence, for example, in the
orange or blue-green spectral ranges, as discussed below in
conjunction with Figure 24.
It is hoped that some progress can be made by codoping,

that is, by using either two different acceptors simultaneously
(e.g. ZnO:N,As) or by combining a moderate concentration of
donors with a higher concentration of acceptors (e.g. in
ZnO:Ga,N). Furthermore, it has been found that Li may form a
complex in ZnO with a relatively low ionisation energy of
130 meV.[61]

7. Deep Centres

While efficient donors or acceptors have energy levels close to
the conduction or valence band, respectively, there are also
deep centres with levels energetically deep in the forbidding
gap. We have already mentioned deep acceptor levels situated
energetically a few hundred millielectronvolts above the va-
lence band. The light emission resulting from the recombina-

tion of a free electron in the conduction band with a hole
bound, for example, to a Li acceptor is therefore situated in
the yellow spectral range, while the intrinsic luminescence pro-
cesses result in blue or near-UV emission, as we shall see in
Section 9. There are many other deep extrinsic centres known
in ZnO, such as Cu, Fe, Co, Mn or OH, to name a few, and in-
trinsic ones such as oxygen vacancies or zinc intertitials. Con-
cerning the optical properties, deep centres may lead to addi-
tional absorption bands. ZnO:Cu or ZnO:Co show, for example,
different green colours. Concerning the light emission, deep
centres may lead to emission bands at photon energies signifi-
cantly below the gap, either because of free-to-bound transi-
tions, such as the yellow emission of ZnO:Li mentioned above,
or owing to internal transition within the centre, such as the
green emission in ZnO:Cu. In Figure 9, we show an overview

of various emission bands. Red emission results from ZnO:Fe;
green emission can come from Cu centres or from oxygen va-
cancies. Such deep-centre luminescence makes it possible to
obtain light emission from ZnO that is not only close to the in-
trinsic absorption edge, which is in the near-UV, but also over
the whole visible spectrum. For a few of the many papers on
deep centres in ZnO, see refs. [9, 59, 62–64].
In ZnO powders, an external luminescence yield at low tem-

peratures up to several tens of percents has been determined
for a green luminescence band.[65]

However, it should be mentioned that some deep centres,
such as Cu or Fe, may also act as luminescence killers at higher
concentrations.

8. Magnetic Properties

A topic that results in a wealth of beautiful physical phenom-
ena are so-called diluted-magnetic or semimagnetic semicon-
ductors (DMSs). These are, for example, semiconductors that
are doped or alloyed with a substantial fraction (from 1% to
around 10%) of magnetic ions such as Mn, Fe, Co, V and so
on. Due to the coupling of the spins of free carriers with the
spins of the magnetic ions, surprising effects can be observed,

Figure 9. Deep-centre luminescence of various ZnO samples. The colour ver-
sion on the front page of this review shows emission in various regions of
the visible spectrum.[14]
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such as a giant Zeeman splitting with g-values around 100 in
Zn1�xMnxSe or the formation of magnetic polarons. These po-
larons are free electrons, which carry with them a cloud of
aligned spins of the surrounding magnetic ions. Some of the
DMSs, such as ZnO:Co and ZnO:Mn, exhibit ferromagnetism
up to room temperature. In Figure 10, we show as an example

the hysteresis loop of a Zn1�xMnxO film at low temperature
and at room temperature. Currently there is a vivid and contro-
versial discussion concerning to what extent this ferromagnet-
ism is due to the doped ZnO:X (X=Mn, Co, V,…) matrix itself
or to clusters or precipitates of other phases.[66,67] The absence
of additional peaks in X-ray diffraction (XRD) experiments
turned out not to be sufficient to rule out secondary phases.
See the work by H.-J. Lee and by H. Zhou in ref. [67]. Some
theoretical models predict room-temperature ferromagnetism
in DMS ZnO only for unrealistically high p-doping levels.[66,67]

The magnetisation is frequently given in the rather strange
“electromagnetic units” (emu) or in emug.�1 Typical values are
in the range of 10�2 to 10�5 emu. The following relation holds
between the various units of the magnetic field [Eq. (6)] .

1 emu ¼ 10�3 Am�1; 1 Am�1 ¼ 4p10�7 V s A�1m�1 ¼ 4p10�7 T

ð6Þ

Consequently, the magnetic field connected with a ferromag-
netic DMS is orders of magnitude below the magnetic field of
the earth, which is a few tens of microtesla. Though DMSs
allow performing beautiful physics in experiment and theory,
these numbers (and not only these) cast some serious doubts
on the highly speculative concept of semiconductor spintron-
ics and even more on the field of quantum computing. The
author feels that this aspect is not only relevant for the II–VI
DMSs.[10]

9. Linear Optical Properties

We have mentioned the optical properties connected with op-
tical phonons and with plasmons in highly doped samples and

the resulting plasmon–phonon mixed states in Sections 3 and
6 and the properties of deep centres in Section 7. In this sec-
tion and in the following sections, we concentrate on the elec-
tronic optical properties close to the fundamental absorption
edge, which in ZnO, as already mentioned in the introduction,
is in the blue/near-UV range.

9.1. Free Excitons and Exciton Ppolaritons

The simplest way to describe the expected absorption spec-
trum in a direct-gap semiconductor with a dipole-allowed
band-to-band transition like ZnO is in terms of these band-to-
band tranitions as shown in Figures 7 and 11a. A photon with
an energy larger than the band gap excites an electron from
the VB to the CB. Since the density of states varies in three di-
mensions for a parabolic E(k) relation as the square-root with
the energy, one would expect, on this level, the onset of the
absorption spectrum a(�hw) according to Equation (7):

að�hwÞ /
ffiffiffiffiffiffiffiffiffi
�hw�Eg

p
for �hw�Eg

0 otherwise

�
ð7Þ

Indeed, this picture is too simple to be compatible with real-
ity. We see from Figures 7 and 11a that an absorption process
is a two-particle transition, that is, by the absorption of a
photon, an electron in the CB and a hole in the VB are created

Figure 10. Ferromagnetic hysteresis loops of Mn containing ZnO for two dif-
ferent temperatures. From [66].

Figure 11. Schematic drawing of a) the band-to-band transition and b) the
resulting exciton states. c) The exciton polariton resulting from the coupling
of the exciton with light, and d) the reflection spectrum of such a reso-
nance.[10]
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simultaneously. Similarily, two particles are annihilated in a ra-
diative or nonradiative recombination process.
The point is now that electron and hole interact via their at-

tractive Coulomb potential, forming a series of hydrogen- or
positronium-like states below the gap (Figure 11b). These
states are called excitons or more precisely Wannier excitons,
which are characterised by the fact that the average distance
between electron and hole, that is, the excitonic Bohr radius
aB, is larger than the lattice constant, in contrast to so-called
Frenckel excitons, which occur in insulators or organic crystals
and in which electron and hole reside in the same unit cell.
The excitons are, generally speaking, the quanta of the exci-

tation in the electronic system of semiconductors or insulators.
The ground state for the first case is a semiconductor with
completely filled VB and empty CB. It has energy E=0 and
total momentum �hk=0. The series of hydrogen-like exciton
states with main quantum number nB=1, 2, 3,… is followed
by the ionisation continuum, starting at Eg. For all the exciton
series resulting from the transitions from the A, B, and C VB
(Figure 7) into the CB, the excitonic binding or Rydberg energy
(Ebx or Ry*) in ZnO is Ebx �60 meV. The excitonic Bohr radius of
ZnO is aB=1.8 nm. The translational mass is given by the sum
of effective electron–electron and electron–hole masses. The
deviations from the data of hydrogen are caused by the effec-
tive and reduced electron and hole masses and the dielectric
constant. The band structure (Figure 11a) and the exciton
states (Figure 11b) must not be drawn in the same diagram,
because the former are one-particle states and the later two-
particle states.
If we go one step further in the discussion of the optical

properties, we come to the polariton concept. The dashed
lines in Figure 11c give the dispersion of the nB=1 exciton
and of the photon. If there is a coupling between the two,
that is, if the transition from the crystal ground state to the ex-
citon is optically (dipole-) allowed, there is an avoided crossing,
resulting in the dispersion curve given by the solid line. This
solid line is the dispersion curve E(k) of the mixed or coupled
state of exciton and photon and is known as the exciton polar-
iton. The dispersion of the lower polariton branch (LPB) starts
photon-like, then bends over to an exciton-like behaviour.
There is a finite transverse-longitudinal splitting DLT; there may
be a longitudinal eigenmode, and above the dispersion, the
upper polariton branch (UPB) bends over again to photon-like
behaviour. The dashed lines in Figure 11c serve only for the
construction of the polariton dispersion. They do not corre-
spond to any real states in the crystal.
In Figure 11d, we show the reflection spectrum of an exci-

ton polariton resonance (solid line). Due to the curvature of
the LPB, for every energy there is at least one propagating po-
lariton mode in the sample. Consequently, the reflectivity does
not reach unity as expected for a stop band without damping
(dashed line). Exciton states, which do not couple to the light
field because of the selection rules, remain pure excitons.
The exciton or exciton-polariton states can be excited direct-

ly by photons according to the selection rules. The absorption
spectrum at low temperature resulting from the exciton series
and the ionisation continuum consists of a series of relatively

sharp absorption bands for the exciton or excitong-polariton
states with nB=1, 2, 3,… with a width given either by DLT or by
the homogeneous width, whatever is larger. At higher energies
comes absorption into the ionisation continuum, starting at Eg.
At higher temperatures, there is scattering with phonons and a
resulting stronger homogeneous broadening. This broadening
results in an exponential tail of the absorption, which, with in-
creasing temperature, extends more and more to lower ener-
gies, according to the Urbach–Martienssen rule.[10] In Figure 12,
we show various optical spectra of excitons in ZnO. Fig-
ures 12a and b show the A, B, and C nB=1 exciton resonances
in reflection in their respective polarisation (Figures 7 and
11d). Figure 12c shows an early room-temperature absorption
spectrum of a thin ZnO film. The A and B exciton resonances
merge to the peak around 3.3 eV. It should be noted that in
the excitonic ionisation continuum of ZnO, the absorption co-
efficient reaches values beyond 105 cm�1. In the exciton reso-
nances, it is higher still and correspondingly difficult to mea-
sure, especially at low temperatures, where the broadening is
smaller.
Finally, in Figures 13a–c, we show the excitonic lumines-

cence spectra of ZnO for various temperatures. One sees the
(broadened) peak of the A and B exciton polaritons at 110 K
around 3.37 eV and their longitudinal-optical (LO) phonon rep-
lica around 3.30 eV and 3.225 eV. With increasing temperature,
the homogeneous broadening increases, as mentioned above,
resulting at room temperature (and above) in a broad, unstruc-
tured emission band. This band is seen in bulk samples, epitax-
ial layers, and nanorods. It should be noted that its peak is not
identical with the exciton energy. The discrepancy between
measured spectra and models at higher temperatures results
from reabsorption. Investigation of absorption and lumines-
cence allow the determination of the temperature dependence
of the free exciton resonances (and also of the band gap). In
Figure 13d, we show this dependence up to 800 K. The damp-
ing deduced from the line-shape fit shows that the homogene-
ous broadening of the exciton resonance increases from values
below 1 meV at 5 K to 20 meV (half-width-at-half-maximum) at
room temperature.
In Figure 13a, one observes sharp emission peaks around

3.35 eV. This is the reminder of bound exciton complexes de-
scribed in the following section.

9.2. Bound Exciton Complexes

In the preceding section, we treated the optical properties of
free, intrinsic excitons and excition polaritons, which are char-
acterised by a k vector and a dispersion relation E(k), and
which can move freely through the crystal and are subject to
scattering processes, for example, with phonons or structural
defects. Furthermore, excitons can be bound to some centre
or defect, like ionised or neutral donors (D+ , D0) or neutral ac-
ceptors (A0), thus forming D+X, D0X or A0X bound-exciton
complexes (BEC).[69] These BEC have no translational degrees of
freedom. Therefore, at low temperatures they form very
narrow luminescence and absorption bands. In good samples,
they have a width below 1 meV. In Figure 14, we show a low-
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temperature luminescence spectrum of a high-quality ZnO
bulk sample. One observes the free-exciton emission (FE) as a
rather weak line at 3.375 eV together with its first LO-phonon
replica at 3.303 eV. The BEC are situated in the interval from
3.35 to 3.37 eV. D+X have the smallest binding energy to the
complex (about 5 meV), which for D0X ranges from 10 to
20 meV; the deepest line at 3.354 eV might be due to an A0X
complex. The BEC, together with their LO-phonon replica (here
at 3.29 eV) and the so-called two-electron transitions (at
3.32 eV), generally dominate the luminescence spectra of semi-
conductors at low temperature close to the intrinsic absorp-
tion edge. With increasing temperature, the excitons are more

and more thermally released from their centres and tend to
disappear around 80 K in ZnO (see Figure 13).
The lifetimes of free and bound excitons in ZnO, as in other

direct wide-gap semiconductors, are typically in the range of
0.3–1 ns and, especially for the free excitons, are generally de-
termined by nonradiative recombination processes. This state-
ment can be deduced from the fact that the absolute external
luminescence yield of the free and bound excitons, including
their LO-phonon replica, is considerably below unity, with
values around or below 10% in high-quality samples.[65]

10. High Excitation Effects

When one increases the densities of excitons and/or free carri-
ers in an semiconductor, for example, by excitation with short
and intense laser pulses or by carrier injection in a forward-
biased p(i)n-junction, new phenomena appear in the optical
spectra.
The scenario was developed in the 1980s. It is didactically

very valuable, and we first outline it here shortly and, in Sec-
tion 11, then add the modifications necessary from the current
viewpoint. As we shall also see in Section 11, many of the ef-
fects introduced here are capable of showing stimulated emis-
sion. In Figure 15, we show a schematic depiction of a sample
and the processes which occur with increasing generation rate
or excitation intensity. In the low-density limit (e.g. under qua-
sistationary excitation conditions), there are free excitons; at
low temperature there are also bound exciton complexes, and
at higher temperatures there are also some free carriers result-
ing from either the thermal ionisation of excitons or of donors,
since undoped ZnO is usually an n-type semiconductor.
At intermediate densities, we enter into the regime of non-

linear optics with new emission processes. The intermediate-
density regime is ideally characterised by the fact that excitons
are still good quasiparticles. If two excitons meet during their
lifetime on their diffusive path through the sample, various
things can happen. They can scatter elastically under energy
and momentum conservation, resulting in a density-dependent
increase of their damping or homogeneous line width. Or they
can scatter inelastically ; in this process, one exciton or exciton
polariton is scattered into a higher state with nB=2, 3,… or
into the continuum, while the other is scattered down onto
the photon-like part of the dispersion relation and leaves the
sample as a luminescence photon. The corresponding emission
bands (known as P2 or P1 bands) are broadened due to the
thermal distribution of excitons in their bands in addition to
homogeneous broadening. See Figure 16 for a schematic
drawing of the inelastic exciton–exciton scattering (X–X) pro-
cess and its observation in the luminescence spectrum.
The X–X process has been observed in many semiconduc-

tors;[10] for ZnO, see, for example, refs. [70–72, 77] .
Energy and momentum conservation lead to Equation (8):

�hwPn ¼ ExðnB ¼ 1;~k ¼ 0Þ � Ebx ð1�
1
n2Bf

Þ � �h2

M
~ki1

~ki2 ð8Þ

where Ex on the right hand side gives the exciton ground

Figure 12. a) Reflection spectra of the nB=1 A, and B exciton-polariton reso-
nances at 1.8 K (g experiment; c and b theoretical modelling using
two different appoaches). b) Reflection spectra of the nB=1 C exciton-polari-
ton resonances at 1.8 K (g experiment; c theoretical modelling).[6] c) A
room-temperature absorption spectrum.[3, 28]
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state, M=me+mh is the translational exciton mass and ~ki1 and
~ki2 give the wavevectors of the two excitons in the initial state.
The thermal average over the last term on the right-hand side
of Equation (8) can be approximated by 3dkBT with 0<d<1.
At low temperatures, Equation (8) results in values around
3.32 eV for P1. In Figure 17, we show normalised emission
spectra for low temperature and increasing excitation density

of a 0.4-mm thick epitaxial ZnO layer grown by MOVPE on
Al2O3 ACHTUNGTRENNUNG(111) with a GaN buffer layer. The lowest trace has been

Figure 13. a)–c) Luminescence spectra of ZnO for various temperatures. c measured spectra; c model. d) Temperature dependence of the band gap;
the inset shows an expansion of the temperature range 0–150 K. PL=photoluminescence.[68]

Figure 14. Low-temperature (1.8 K) luminescence of a ZnO bulk sample in
the range of free and bound excitons and their LO-phonon replica. From
Tomzig and Helbig in ref. [69] .

Figure 15. Schematic drawing of the scenario in a semiconductor with in-
creasing excitation.[10] EHP=electron-hole plasma.
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taken under continuous wave (cw) excitation with a HeCd laser
(�hwexc=3.81 eV) and shows essentially the dominant BEC lumi-
nescence (see Section 9.2). At intermediate pump powers, the
P band appears around 3.32 eV.
Another process which can occur at low temperatures

during the collision of two excitons is the formation of an exci-
tonic molecule or biexciton, in analogy to the formation of an
H2 or a positronium molecule. The binding energy Ebxx of the
biexciton relative to two free excitons is in ZnO around
15 meV.[73] This binding energy must be dissipated in the biex-
citonic formation process from two free excitons in the form of
phonon (or photon) emission. Since Ebxx is larger than the split-
ting of the A and B VBs, in ZnO, the biexciton states which
contain one hole from the A and one from the B VB or even
two B holes are also observed. The binding energies of these
states are similar, relative to the two involved excitons.[12,73]

Biexcitons have also been observed in ZnO QWs, see, for ex-
ample, ref. [12]. The binding energies of both excitons and
biexcitons are enhanced in QWs due to the spatial confine-
ment in one direction.
Apart from the formation in an collision between two free

excitons, biexcitons can be created directly by two-photon ab-

sorption starting from the crystal ground state or by the con-
version of an exciton into a biexciton by absorption of one
photon.[7,8,10] This latter process is called induced absorption. It
occurs at a photon energy given by Equation (9)

�hwia ¼ Ex � Ebxx �
�h2~k

2

i

4M
ð9Þ

where �hki is the momentum of the initial exciton and it has
been assumed that the effective mass of the biexciton is twice
the exciton mass M. In luminescence, one generally observes
the inverse process, that is, the decay of a biexciton into an ex-
citon and photon or photon-like polariton appearing in lumi-
nescence (Figure 17). This emission band is usually called the
M band. It occurs spectrally in the range of the A0X or D0X BEC,
since all three complexes consist of two heavy positive and
two light negative charges. As a consequence, other explana-
tions of the M band have been developed, such as the radia-
tive recombination of a BEC under emission of an acoustic
phonon or under scattering with a free carrier.[7] In Figure 17,
we see the M band at higher excitation (around 3.36 eV). The
M band dissappears from the luminescence spectra, as does
the BEC, at higher temperatures, because the biexciton is ther-
mally dissociated.

At even higher temperatures (T�100 K), when excitons
themselves are partly thermally ionised, another inelastic scat-
tering process sets in between excitons and free carriers (X–el),
in ZnO generally electrons. This process is shown schematically
in Figure 18. A thermal distribution results, as indicated in a

rather broad emission band with the characteristic property
that, with increasing temperature, its maximum shifts consider-
ably faster to lower energies than the band gap does. Again,
this fact results essentially from energy and momentum con-
servation.[7,8, 10,71]

In Figure 19, we show the temperature dependences of the
emission maxima of various recombination processes. The ex-
perimental data for the X–X and X–el processes are indicated
by dashed lines.
At the highest densities, the excitons cease to exist as indi-

vidual quasi-particles, and a new collective phase of Coulomb-

Figure 16. a) Schematic drawing of the inelastic exciton–exciton scattering
process. (a) and its b) Observation of the scattering process shown in (a) as
P2 and P1 bands in the luminescence spectrum of ZnO at 10 K.[10,70]

Figure 17. Normalised luminescence spectra of a ZnO epitaxial layer at low
temperature and for increasing excitation.[72]

Figure 18. Schematic drawing of the inelastic exciton-electron scattering.
The wave vectors ~K and~k refer to exciton polariton and electron in the
inital, ~Q and ~q in the final states, respectively.[7, 10,71]
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correlated electrons and holes is formed, the so-called elec-
tron-hole plasma (EHP; see bottom of Figure 15). The transition
from an insulating gas of neutral excitons to the metallic state
of an EHP is also known as the Mott transition occuring at the
Mott density nM. In direct-gap materials, the transition is gener-
ally smooth and not abrupt.[10, 78] The calculation in Figure 20a
gives the energies in units of the excitonic Rydberg or binding
energy Ry*=Ebx . The calculation is for CdS. The results are simi-
lar for ZnO, but nM is at np=5L1017 cm�3 instead of 8L
1016 cm�3.[78] This Mott transition is caused by the following
many-particle effects. The width of the forbidden gap is a mo-
notonously decreasing function with increasing electron-hole
pair density nP, due to exchange and correlation effects. The
binding energy of the exciton Ebx (nP) also decreases with in-
creasing nP, because the Coulomb attraction of electron and

hole is increasingly screened by the additional electron–hole
pairs and vanishes at nM. As a consequence, the absolute
energy of the exciton Ex=Eg(nP)�Ebx (nP) is almost constant, but
its damping increases with nP. In ZnO, nM is around 5L
1017 cm�3 and only weakly dependent on temperature. In
Figure 20, we show this behaviour schematically. In the upper
spectra of Figure 17, emission from an EHP is seen. The in-
creasing redshift of the emission with increasing excitation re-
flects the decrease of Eg’ with increasing nP, and the narrowing
of the emission band indicates the onset of stimulated emis-
sion. This aspect brings us to the topic of the next section.

11. Stimulated Emission

In this section, we treat first the basic concepts of stimulated
emission in ZnO, and then we refine the picture as announced
in Section 10.

11.1. Basic Concepts

All of the excitonic interaction processes introduced above, as
well as some others, are capable of showing stimulated emis-
sion.[7,8,10] For early reports on stimulated emission in ZnO, see,
for example, refs. [70,71, 76, 77] . Generally, excitonic interaction
processes can be mapped on a four-level laser system. Since
the lower level of the laser transition is not populated or only
weakly populated (in contrast to a three-level laser system,
where the ground state is identical with the lower level of the
laser transition), population inversion is easily reached. We il-
lustrate this statement with two examples. In the X–nLO pro-
cess, an exciton recombines radiatively under emission of a
photon and one (or more) LO phonons (Figures 13 and 19).
This process can be stimulated. It is inverted in principle if
there is one exciton in the sample and no LO phonon (situated
around 72 meV, see Section 3) that is, at low temperatures. To
overcome finite losses, one needs, of course a finite density of
excitons for laser emission. Since LO phonons tend to decay
rapidly into lower-energy phonons, the lower laser level, (the

Figure 19. Temperature dependence of the energy of the transverse nB=1
G5 A and B excitons and of various emission maxima.[71,74] The references [4–
8, 10, 22] in the figure correspond to refs. [79–85] of this paper. The open
symbols stand for X–X scattering , the closed ones for EHP recombination
(see text for details).

Figure 20. The band-gap renormalisation, the energy of the free exciton and its damping and the chemical potential m of the electron-hole pair system as a
function of the electron-hole pair density (a) and the recombination in a degenerate, inverted electron-hole plasma (b). From [75] and [10], respectively.
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LO phonon state) remains weakly populated at low tempera-
tures. At higher temperatures, the LO-phonon state becomes
thermally populated and reabsorption occurs both by the re-
verse process and by the temperature-dependent absorption
tail of the exciton (Figure 13c). Eventually, the stimulated emis-
sion goes over from the first LO-phonon replica to the second
one at temperatures around 100 K.[76] In Figure 21, we show
the luminescence intensities of the first three LO-phonon repli-
ca of the A and B excitons as a function of the generation rate
in this transition region. The threshold behaviour of the first
two is obvious.

Similarily, the X–X emission bands are inverted if there are
two excitons in the sample and none of them are in a state
nB=2, 3, … or in the continuum. The spectral positions of the
P2 and P1 bands are also given in Figures 17 and 19. With in-
creasing temperature, higher exciton states also become popu-
lated and reabsorption sets in. Furthermore, the increasing ion-
isation of excitons favours the monopole-dipole interaction of
the X–el process over the dipole–dipole interaction of X–X
scattering, which is usually not observed in stimulated emis-
sion in bulk samples above 100 K. Around 100 K the X–X, X–LO
and X–el processes are spectrally almost degenerate
(Figure 19). As a rule of thumb, one finds that the stimulated
emission frequently occurs not at the maximum of spontane-
ous emission but at lower photon energies, where reabsorp-
tion is less pronounced. This is especially true for broad emis-
sion bands like the one due to X–el scattering.
At the highest densities, the stimulated emission converts to

recombination in an inverted EHP. In this case, inversion means
that the energetic distance of the quasi-Fermi levels EF

e and
EF

h, which describe the population of electrons and holes in
their respective bands away from thermal equilibrium, must be
larger than the reduced gap Eg’(np). This distance is identical
with the chemical potential of the electron–hole pair system m-
ACHTUNGTRENNUNG(np,T) as shown in Figures 20a, and b. This chemical potential m
is shown in Figure 20a by the dashed lines. The lowest curve
corresponds to T�65 K . With further increasing temperature,
the intersection of m ACHTUNGTRENNUNG(nP,T) with Eg’(nP) shifts to even higher den-

sities. The creation of an EHP is connected with the disappear-
ance of the excitonic features in the reflection spectra as re-
ported, for example, in ref. [78]. It must be noted that the den-
sity to reach population inversion npi is given by the above-
mentioned intersection of mACHTUNGTRENNUNG(nP,T) with Eg’(nP) and, especially at
higher temperatures, is considerably higher than the Mott den-
sity nM introduced in Section 10. In Figure 20a, the double
arrow indicates the spectral interval in which optical amplifica-
tion occurs. In Figure 22 spectra of the optical gain are shown,
which have been deduced from a variation of the excitation
stripe length at various excitation intensities.

Which of the above laser processes reaches the laser thresh-
old first with increasing pump power depends on various pa-
rameters, such as the sample temperature, the loss rate that
has to be overcome, the doping level and others. Most of the
presently available commercial laser diodes work on the stimu-
lated emission from an inverted EHP.

11.2. Refined Modelling

The processes introduced in Section 10 and above “for didacti-
cal purposes” have their right. The excitonic processes are real-
ised for densities np considerably below nM and for tempera-
tures where the homogeneous broadening is small compared
to Ebx , that is, typically below room temperature. For possible
future application of ZnO as a material for laser diodes (LDs),
the processes at or even above room temperature are most
relevant. Consequently, many research groups concentrate on
this temperature range and preferentially investigate epitaxial
ZnO layers. Surprisingly, the observed stimulated emission is
attributed either to the X–X process, even partly specifying P2
or P1, or to recombination in an inverted EHP. For some exam-
ples of these statements, see Figure 19 and references therein,
where the open symbols stand for the claim of X–X scattering,
the closed ones for EHP recombination. Experimentally, all
room-temperature data for stimulated emission in ZnO are
concentrated in the spectral range (3.15	0.01) eV, irrespective
of the claimed recombination process. The author feels that

Figure 21. The dependence of the luminescence intensity on excitation, that
is, on the generation rate G for the first three LO-phonon replica under two-
photon excitation in ZnO at 115 K. ACHTUNGTRENNUNG[71, 76]

Figure 22. Spectra of the optical amplification (gain) in an EHP in an epitax-
ial ZnO layer.[72] Compare to the vertical solid line on the left-hand side of
Figure 19, which gives the maximal spectral width of the gain in an EHP.
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these statements for the origin of stimulated emission are, in
many cases, not well-justified:
The nanosecond or picosecond pump or excitation intensi-

ties (for nanosecond pulses typically in the range from below
100 kWcm�2 up to 1 MWcm�2) result in electron–hole pair
densities between 1017 and 1018 cm�3 using realistic values of
lifetime, penetration depth of the exciting light and diffusion
length of the excited carriers.[74]

These values are close to or even above nM, so that excitons
are no longer good quasiparticles, because their binding
energy tends towards or is already zero (Figure 20a). This
makes the X–X process, that is, the P2 or P1 bands, unlikely to
explain room temperature lasing. Indeed, the P bands have
been observed in bulk samples only for temperatures below
about 100 K. On the other hand, these values of np, though
partly above nM, are too low for an inverted EHP at room tem-
perature or above. Population inversion in an EHP occurs only
around npi�1019 cm�3 at room temperature and at even
higher densities above [Eq. (3)] .
The large shift of the emission band denoted by the solid

stars in Figure 19 relative to the band gap at 550 K would re-
quire values of npiACHTUNGTRENNUNG(550 K)>1020 cm�3, which are above the
damage threshold of the sample under nanosecond-pulse exci-
tation and are incompatible with the excitation conditions.
Consequently, we have to look for alternative processes to

explain the stimulated emission in ZnO at and above room
temperature. The processes which we suggest[74] are in some
sense modifications of the ones introduced above. One is an
inelastic scattering of an essentially unbound electron–hole
pair in an EHP and a free carrier, resulting in a photon and the
free carrier scattered to higher kinetic energy. This process
allows us to explain optical gain in an EHP for densities below
npi. Energy and momentum conservation for this process also
result in an enhanced redshift with increasing temperature,
and the experimental data given by the solid stars in Figure 19
indeed extrapolate those for X–el scattering from lower tem-
peratures. This is also true for the data for ZnO QWs.[85] Fur-
thermore, it should be noted that the densities reached or
claimed in older work at lower temperatures might have, in
some cases, also been close to nM, favouring the (electron–
hole)–el process over the X–el process.[70,71,76, 77]

For the next process, it should be noted that in the carrier
gas of electrons and holes of an EHP, a new quasiparticle
exists, the plasmon at energy �hwPl. This plasmon is a longitudi-
nal eigenmode (the transverse frequency is zero), which inter-
acts strongly with the optical phonons, resulting in still anoth-
er quasiparticle, the plasmon–phonon mixed-state quantum.[10]

This coupling effect is especially pronounced if �hwP is approxi-
mately equal to or even larger than �hwLO. In ZnO, this is the
case for np�3L1018 cm�3. Therefore, we introduce, as another
process to explain lasing at room temperature and above, the
recombination of an electron–hole pair in an EHP under emis-
sion of one or two plasmon–phonon mixed-state quanta. Since
around nM the reduced gap coincides with the energy of the
exciton at low densities, at room temperature, this process
also leads to emission in the above-mentioned interval but will
shift less to lower energies with increasing temperature. We

think that these processes are indeed good candidates to ex-
plain stimulated emission at room temperature and above (see
the open stars in Figure 19), and partly also below. It is now a
challenge to theory to model these processes quantitatively
and by doing so to verify or falsify the above models.

11.3. Lasing in ZnO Nanorods and Powders

To conclude this section on stimulated emission and lasing, we
mention that these phenomena have not only been observed
in bulk samples, epitaxial layer or quantum wells as discussed
avove, but also in ZnO nanorods and powders. For stimulated
emission in nanorods, see, for example, refs. [86, 88] . The dis-
cussion concerning the laser processes from Section 11.2 also
applies here. In addition, the emission is strongly influenced by
the cavity modes. Whispering gallery modes in nanorods have
been investigated without laser emission in the broad green
band,[87] mentioned in Section 7. The transverse and longitudi-
nal mode pattern of nanorods has been calculated in ref. [88],
and it has been found that the mode pattern has strong influ-
ence on the photon energy at which stimulated emission
occurs.
Usually, one does not expect lasing in disordered media, but

one expects the combination of a resonator and an active
medium. Recently, however, it has been shown that so-called
random lasing can occur in powders, for example, of ZnO.[89]

The multiple scattering from the grains of the powder keeps
the light in the pumped volume longer. This effect may even
be enhanced by weak localisation of light in the random
medium (i.e. the powder) by enhanced backscattering.

12. Applications of ZnO

ZnO is produced at levels of 105 tons per year. Zn is evidently
much more available (and less poisonous!) than, for example,
Ga. In the following, we give first a list of a variety of existing
applications and then an outlook or vision for future applica-
tions, especially in the field of optoelectronics, including junc-
tions.

12.1. Existing Applications

A large fraction of the ZnO currently produced is used in the
rubber and concrete industries.[2] ZnO is an important additive
to the rubber of car tyres. It has a positive influence on the
vulcanisation process, and it considerably improves the heat
conductivity, which is crucial to dissipate the heat produced by
the deformation when the tyre rolls along the street. In con-
crete, an admixture of ZnO allows an increase in the process-
ing time and improves the resistance of concrete against
water. Other applications concern medicine or cosmetics. ZnO
is used as an UV-blocker in suntan lotions or as an additive to
human and animal food. Furthermore, it is used as one compo-
nent of mixed-oxide varistors, devices which allow voltage lim-
iting.
Due to its wide band gab, ZnO is transparent in the visible

part of the electromagnetic spectrum. Highly n-doped ZnO:Al
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can therefore be used as a transparent conducting oxide
(TCO).[93] The constituents Zn and Al are much cheaper and
less poisonous compared to the generally used indium tin
oxide (ITO). One application which has begun to be commer-
cially available is the use of ZnO as the front contact for solar
cells, which avoids the shadow effect necessarily associated
with metal-finger contacts. Other appearing applications use
ZnO as the front contact of liquid crystal displays[94] or ZnO:Al
in the production of energy-saving or heat-protecting win-
dows. A coating with TCO results in a glass which lets the visi-
ble part of the spectrum in but either reflects the IR back into
the room (energy saving) or does not let the IR radiation into
the room (heat protection), depending on which side of the
window has the TCO coating.

12.2. Forthcoming Applications and Visions

Since the surface conductivity of ZnO can be strongly influ-
enced by various gases, it is used as a gas sensor.[90,91]

The pointed tips of single crystals and nanorods (Figures 3
and 5) result in a strong enhancement of an electric field.
Therefore, they can be used as field emitters.[92]

For the properties of ZnO as a UV-sensitive and solar-blind
photodetector, see ref. [95] and for its hardness against high
energy radiation, see ref. [96] .
Furthermore, transparent thin-film transistors (TTFT) can be

produced with ZnO. As field-effect transistors, they even may
not need a p–n junction.[97] Some of the field-effect transistors
even use ZnO nanorods as conducting channels.[98] An organic
light-emitting diode (O-LED) has been described, which is
transparent in the visible, deposited on a transparent plastic
sheet and driven by a TTFT, the channel of which is based on
ZnO.[99] Similarily, field-effect transistors (FET) with a channel
consisting, for example, of a ZnO QW have been reported.[100]

The vision is to use such transparent circuits on the front side
of full-colour displays or on packaging material.
Now, we dwell for some time on various types of junctions.

A rather simple one is a Schottky diode. The combination of n-
type ZnO with Pd gives good rectifying contacts. In Figure 23,
we show the current–voltage characteristics, plotting the log

of the modulus of the current as a function of the applied volt-
age. One sees the exponential growth of the forward current
until it bends over to a linear behaviour around 0.5 V and
10�3 Acm�2, caused by the Ohmic resistance of ZnO. In block-
ing direction, the I–V characteristics show the (almost) constant
saturation current of 10�5 Acm�2 below �1 V. The barrier
height of the ZnO/Pd system is 1.1 eV.
For light-emitting diodes, there are reports on semiconduc-

tor homojunctions and heterojunctions. The idea of hetero-
junctions is to combine the easily available n-type ZnO with a
good p-type semiconducting material, for example, n-ZnO/p-
GaN or n-ZnO/p-SiC.[102] Though such systems are good as
demonstrators, most of them will be of limited value concern-
ing large-scale applications. If one already has a p-GaN layer, it
will be most probably easier to continue with n-type GaN and
not with ZnO. The combination with p-SiC has the disadvant-
age that SiC is an indirect-gap semiconductor with intrinsically
low luminescence yield. Depending on the mobilities and the
band alignment between n-ZnO and p-SiC, a certain fraction of
the forward current in the heterojunction will be in the form
of electrons travelling from the n-ZnO into the p-SiC and re-
combining there, mainly nonradiatively, while only the holes
injected from p-SiC into n-ZnO will have a high probability of
radiative recombination.
Recently, several groups reported on light-emitting diodes

(LED) based on ZnO homojunctions,[103, 104] partly with some
Zn1�xMgxO barriers built in to influence carrier diffusion and re-
combination, an example of which is shown in Figure 24. This
setup shows the typical I–V characteristics of a p–n junction
and, in the forward direction, light emission. The spectrum
consists of a tiny free-exciton emission band at 3.3 eV (see Fig-
ure 13c), of a near-band emission peak in the blue and a
rather broad band connected with deep-centre recombination
(see Section 7). A similar broad band also appears in the pho-
toluminescence spectrum of the p-type layer alone, showing
that by far not all incorporated doping atoms in the p region
form shallow acceptors, as ideally expected and discussed in
Section 6.3. Consequently, it is useful to try at least pin junc-
tions, in which the electron–hole-pair recombination occurs in
a high-quality intrinsic layer. A further enhancement could
come from the incorporation of one or several QWs in this in-
trinsic layer.[103,104] To the knowledge of the author, no reports
exists to date concerning ZnO-based laser diodes.
To conclude this section on future applications, we present a

vision concerning ferromagnetic ZnO:X (X=Mn, Co,Fe,…). If it
becomes possible to create nanorods which are ferromagnetic
at room temperature, and if it becomes possible to increase
their magnetisation by several orders of magnitude (Section 8),
and if it becomes possible to either flip the direction of mag-
netisation by an external field, for example, from a pixel on a
magnetic data carrier and to read this process by the voltage
induced in an nanocoil around the nanorod or vice–versa to
control the magnetisation of the pixel by a current through
the nanocoil, then the ZnO nanorods may be used as nano-
sized read/write heads for magnetic data storage. The future
must show whether or not there are too many “ifs”in the
above sentence.

Figure 23. I–V characteristics of a ZnO/Pd Schottky diode, plotting the log of
the modulus of the current as a function of the applied voltage.[101]
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13. Conclusion and Outlook

We took the reader on a tour d’horizon of various aspects of
ZnO, starting from basic properties to real applications and vi-
sions of future uses. What we can say already is that beautiful
physics can be performed with bulk ZnO and ZnO nanostruc-
tures. Whether it will be possible to master ZnO to a degree
that allows wide applications in (transparent) electronics or op-
toelectronics is not yet clear. Since prophecy is a notoriously

difficult task, nobody now can give a definite answer, but the
perspectives are so exciting that it makes sense to invest ideas,
money and work in this field during the next years.
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