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General Properties of ZnO

In this chapter, crystal structure of ZnO encompassing lattice parameters, electronic
band structure, mechanical properties, including elastic constants and piezoelectric
constants, lattice dynamics, and vibrational processes, thermal properties, electrical
properties, and low-field and high-field carrier transport is treated.

1.1
Crystal Structure

Most of the group II–VI binary compound semiconductors crystallize in either cubic
zinc blende or hexagonal wurtzite (Wz) structure where each anion is surrounded by
four cations at the corners of a tetrahedron, and vice versa. This tetrahedral
coordination is typical of sp3 covalent bonding nature, but these materials also have
a substantial ionic character that tends to increase the bandgap beyond the one
expected from the covalent bonding. ZnO is a II–VI compound semiconductor
whose ionicity resides at the borderline between the covalent and ionic semicon-
ductors. The crystal structures shared byZnO arewurtzite (B4), zinc blende1) (B3), and
rocksalt (or Rochelle salt)2) (B1) as schematically shown in Figure 1.1. B1, B3, and B4
denote the Strukturbericht3) designations for the three phases. Under ambient
conditions, the thermodynamically stable phase is that of wurtzite symmetry. The
zinc blende ZnO structure can be stabilized only by growth on cubic substrates, and

1) The term zinc blende originated from com-
pounds such as ZnS, which could be in cubic or
hexagonal phase. But the term has been used
ubiquitously for compound semiconductors
with cubic symmetry. The correct term that
should be used for the cubic phase of ZnO GaN
is actually sphalerite. To be consistent with the
diction throughout the literature even at the
expense of bordering inaccuracy, the term zinc
blende is used throughout this book.

2) Also called Seignette salt – named after Pier
Seignette from La Rochelle, France, who first

prepared potassium sodium tartrate tetrahy-
drate (KNaC4H4O6�4=2?) in 1675 and deter-
mined its structure.

3) Strukturbericht, the original crystallographic
reports. From 1919 to 1939 (Vols 1–8), they were
published in Germany. Since then, they have
been published in the United States under the
name Structure Reports, Acta Crystallographica
Section E, by the International Union of
Crystallography.
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the rocksalt or Rochelle salt (NaCl) structure may be obtained at relatively high
pressures, as in the case of GaN.
The wurtzite structure has a hexagonal unit cell with two lattice parameters a and c

in the ratio of c=a ¼ ffiffiffiffiffiffiffiffi
8=3

p ¼ 1:633 (in an ideal wurtzite structure) and belongs to the
space group C4

6v in the Schoenflies notation and P63mc in the Hermann–Mauguin
notation. A schematic representation of the wurtzitic ZnO structure is shown in
Figure 1.2. The structure is composed of two interpenetrating hexagonal close-
packed (hcp) sublattices, each of which consists of one type of atom displaced with
respect to each other along the threefold c-axis by the amount ofu¼ 3/8¼ 0.375 (in an
idealwurtzite structure) in fractional coordinates. The internal parameteru is defined
as the length of the bond parallel to the c-axis (anion–cation bond length or the

Figure 1.1 Stick-and-ball representationof ZnOcrystal structures:
(a) cubic rocksalt (B1), (b) cubic zinc blende (B3), and
(c) hexagonal wurtzite (B4). Shaded gray and black spheres
denote Zn and O atoms, respectively.

Figure 1.2 Schematic representation of a wurtzitic ZnO structure
with lattice constants a in the basal plane and c in the basal
direction, u parameter, which is expressed as the bond length or
the nearest-neighbor distance b divided by c (0.375 in ideal
crystal), a and b (109.47� in ideal crystal) bond angles, and three
types of second-nearest-neighbor distances b01, b02, and b03.
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nearest-neighbor distance) divided by the c lattice parameter. The basal plane lattice
parameter (the edge length of the basal plane hexagon) is universally depicted by a;
the axial lattice parameter (unit cell height), perpendicular to the basal plane, is
universally described by c. Each sublattice includes four atoms per unit cell, and every
atom of one kind (group II atom) is surrounded by four atoms of the other kind
(group VI), or vice versa, which are coordinated at the edges of a tetrahedron. The
crystallographic vectors ofwurtzite are~a ¼ að1=2; ffiffiffi

3
p

=2;0Þ,~b ¼ að1=2;� ffiffiffi
3

p
=2;0Þ,

and~c ¼ að0;0; c=aÞ. In Cartesian coordinates, the basis atoms are (0, 0, 0), (0, 0, uc),
að1=2; ffiffiffi

3
p

=6; c=2aÞ, and að1=2; ffiffiffi
3

p
=6; ½uþ1=2�c=aÞ.

In a real ZnO crystal, the wurtzite structure deviates from the ideal arrangement,
by changing the c/a ratio or the u value. The experimentally observed c/a ratios are
smaller than ideal, as in the case of GaN, where it has been postulated that not being
so would lead to zinc blende phase [1]. It should be pointed out that a strong
correlation exists between the c/a ratio and the u parameter in that when the c/a ratio
decreases, the u parameter increases in such a way that those four tetrahedral
distances remain nearly constant through a distortion of tetrahedral angles due to
long-range polar interactions. These two slightly different bond lengths will be equal
if the following relation holds:

u ¼ 1
3

� �
a2

c2

� �
þ 1

4
: ð1:1Þ

The nearest-neighbor bond lengths along the c-direction (expressed as b) and off
c-axis (expressed as b1) can be calculated as

b ¼ cu and b1 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
3
a2 þ 1

2
�u

� �2

c2:

s
ð1:2Þ

In addition to the nearest neighbors, there are three types of second-nearest
neighbors designated as b01 (one along the c-direction), b

0
2 (six of them), and b03 (three

of them) with the bond lengths [2]

b01 ¼ cð1�uÞ; b02 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2 þðucÞ2

q
; and b03 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4
3
a2 þ c2

1
2
�u

� �2
s

:

ð1:3Þ
The bond angles, a and b, are given by [2]

a ¼ p=2þ arccos
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 3ðc=aÞ2ð�uþ 1=2Þ2

q� ��1
" #

;

b ¼ 2arcsin
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4=3þ 4ðc=aÞ2ð�uþ 1=2Þ2

q� ��1
" #

:

ð1:4Þ

The lattice parameters are commonly measured at room temperature by X-ray
diffraction (XRD),which happens to be themost accurate one, using theBragg law. In
ternary compounds, the technique is also used for determining the composition;
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however, strain and relevant issues must be taken into consideration as the samples
are in the form of epitaxial layers on foreign substrates. The accuracy of the X-ray
diffraction and less than accurate knowledge of elastic parameters together allow
determination of the composition to onlywithin about 1%molar fraction. In addition
to composition, the lattice parameter can be affected by free charge, impurities,
stress, and temperature [3]. Because the c/a ratio also correlates with the difference of
the electronegativities of the two constituents, components with the greatest differ-
ences show largest departure from the ideal c/a ratio [4].
The nomenclature for various commonly used planes of hexagonal semiconduc-

tors in two- and three-dimensional versions is presented in Figures 1.3 and 1.4. The
Wz ZnO lacks an inversion plane perpendicular to the c-axis; thus, surfaces have
either a group II element (Zn, Cd, or Mg) polarity (referred to as Zn polarity) with a
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Figure 1.3 Labeling of planes in hexagonal symmetry (for sapphire).
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designation of (0 0 0 1) or (0 0 0 1)A plane or an O polarity with a designation of
ð0 0 0 1�Þ or ð0 0 0 1�ÞB plane. The distinction between these two directions is
essential due to polarization charge. Three surfaces and directions are of special
importance, which are (0 0 0 1), ð1 1 2� 0Þ, and ð1 1� 0 0Þ planes and the directions
associated with them, h0 0 0 1i, h1 1 2� 0i, and h1 1� 0 0i, as shown in Figure 1.5. The
(0 0 0 1), or the basal plane, is themost commonly used surface for growth. The other
two are important in that they represent the primary directions employed in
reflection high-energy electron diffraction (RHEED) observations in MBE growth,
apart from being perpendicular to one another.
The zinc blende ZnO structure is metastable and can be stabilized only by

heteroepitaxial growth on cubic substrates, such as ZnS [5], GaAs/ZnS [6], and
Pt/Ti/SiO2/Si [7], reflecting topological compatibility to overcome the intrinsic
tendency of forming wurtzite phase. In the case of highly mismatched substrates,
there is usually a certain amount of zinc blende phase of ZnO separated by
crystallographic defects from the wurtzite phase. The symmetry of the zinc blende
structure is given by space group F 4�3m in the Hermann–Mauguin notation and T2

d

in the Schoenflies notation and is composed of two interpenetrating face-centered
cubic (fcc) sublattices shifted along the body diagonal by one-quarter of the length of
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the body diagonal. There are four atoms per unit cell and every atom of one type
(group II) is tetrahedrally coordinated with four atoms of other type (group VI), and
vice versa.
Because of the tetrahedral coordination of wurtzite and zinc blende structures, the

4 nearest neighbors and 12 next-nearest neighbors have the same bond distance in
both structures. Stick-and-ball stacking models for 2H wurtzitic and 3C zinc blende
polytypes of ZnO crystals are shown in Figure 1.6. The wurtzite and zinc blende
structures differ only in the bond angle of the second-nearest neighbors and,
therefore, in the stacking sequence of close-packed diatomic planes. The wurtzite
structure consists of triangularly arranged alternating biatomic close-packed (0 0 0 1)
planes, for example, Zn andO pairs; thus, the stacking sequence of the (0 0 0 1) plane
is AaBbAaBb. . . in the h0 0 0 1i direction, meaning a mirror image but no in-plane
rotation with the bond angles. In contrast, the zinc blende structure along the [1 1 1]
direction exhibits a 60� rotation and, therefore, consists of triangularly arranged
atoms in the close-packed (1 1 1) planes along the h1 1 1i direction that causes a
stacking order of AaBbCcAaBbCc. . .. The point with regard to rotation is very well
illustrated in Figure 1.6b. Upper and lower case letters in the stacking sequences
stand for the two different kinds of constituents.
Like other II–VI semiconductors, wurtzite ZnO can be transformed to the rocksalt

(NaCl) structure at relatively modest external hydrostatic pressures. The reason for
this is that the reduction of the lattice dimensions causes the interionic Coulomb
interaction to favor the ionicity more over the covalent nature. The space group
symmetry of the rocksalt type of structure is Fm3m in the Hermann–Mauguin
notation andO5

h in the Schoenflies notation, and the structure is sixfold coordinated.
However, the rocksalt structure cannot be stabilized by the epitaxial growth. In ZnO,
the pressure-induced phase transition from the wurtzite (B4) to the rocksalt (B1)
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Figure 1.5 Orientations that are commonly used in wurtzite
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directions are shown as projections on the (0 0 0 1) basal plane.
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phase occurs in the range of 10GPa associated with a large decrease in volume of
about 17% [8]. High-pressure cubic phase has been found to be metastable for long
periods of time even at ambient pressure and above 100 �C [8]. Energy-dispersive
X-ray diffraction (EDXD) measurements using synchrotron radiation have shown
that the hexagonal wurtzite structure of ZnO undergoes a structural phase transfor-
mation with a transition pressure pT¼ 10GPa and completed at about 15GPa [9, 10].
The measured lattice-plane spacings as a function of pressure for the B1 phase are
shown in Figure 1.7. Accordingly, a large fraction of theB1 phase is retainedwhen the
pressure is released indicating themetastable state of the rocksalt phase of ZnO even
at zero pressure.
In contrast, using in situ X-ray diffraction [11], and later EDXD [12], this transition

was reported to be reversible at room temperature. EDXD spectra recorded at
pressures ranging from 0.1MPa to 56� 1GPa at room temperature with increasing
and decreasing pressures show a clear wurtzite-to-rocksalt transition starting at
9.1� 0.2GPa with increasing pressure. The two phases coexist over a pressure range
of 9.1–9.6GPa, as shown in Figure 1.8. The structural transition is complete at
9.6GPa resulting in a 16.7% change in the unit cell volume. Upon decompression, it
was observed that ZnO reverts to the wurtzite structure beginning at 1.9� 0.2GPa,

Figure 1.6 Stick-and-ball stacking model of
crystals with (a, both top and bottom) 2H
wurtzitic and (b, both top and bottom) 3C zinc
blende polytypes. The bonds in an A-plane
ð1 1 2� 0Þ are indicated with heavier lines to
accentuate the stacking sequence. The figures on

top depict the three-dimensional view. The
figures at the bottom indicate the projections
on the (0 0 0 1) and (1 1 1) planes for wurtzitic
and cubic phases, respectively. Note the
rotation in the case of zinc blende along the
h1 1 1i direction.
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below which only a single wurtzite phase is present. Consequently, the phase
hysteresis is substantial. Similar hysteresis was also reported for this transition
using X-ray diffraction and ZnM€ossbauer spectroscopy [13]. The transition pressure
was measured to be 8.7GPa for increasing pressure whereas it was 2.0GPa for
decreasing pressure.
On the theoretical side, there have been several first-principles studies of com-

pressive parameters of dense ZnO, such as the linear combination of Gaussian-type
orbitals (LCGTO), the Hartree–Fock (HF) method [20], the full-potential linear
muffin-tin orbital (FP-LMTO) approach to density functional theory (DFT) within
the local density approximation (LDA) and generalized gradient approximation
(GGA) [14], linear augmented plane wave (LAPW) LDA [13], HF [15], correlated HF
perturbed ion (HF-PI) models [10], LCGTO-LDA and GGA methods [10], and the
extended ionic model [16]. A critical comparison between experimental and theoreti-
cal results can be made for ZnO as the structural and compressive parameters are
measured because the dense solid adopts simple structures. These calculations have
mostly been limited to the same pressure range as the experiments, and reasonable
agreements are realized. Both experimental and theoretical results are summarized
in Table 1.1 for comparison.
In addition to the commonly observed and calculated phase transition ofZnO from

B4 to B1 at moderate pressures (maximum pressure attained in any experiment on
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ZnO to date is 56GPawhere theB1phase remained stable), it has been suggested [17]
that at sufficiently high pressures ZnO would undergo a phase transformation from
the sixfold-coordinated B1 (cubic NaCl) to the eightfold-coordinated B2 (cubic CsCl)
structure, in analogy to the alkali halides and alkaline earth oxides. The transition
pressure from B1 phase to B2 phase was predicted at pT2¼ 260 and 256GPa by
employing local density approximation and generalized gradient – corrected local
density – approximation, respectively [18], whereas atomistic calculations based on
an interatomic pair potential within the shell model approach resulted in a higher
value of pT2¼ 352GPa [19]. However, these theoretical predictions are still awaiting
experimental confirmation.
The ground-state total energy of ZnO in wurtzite, zinc blende, and rocksalt

structures has been calculated as a function of the unit cell volume using first-
principles periodic Hartree–Fock linear combination of atomic orbitals (LCAO)
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theory [20]. The total energy data versus volume for the three phases are shown in
Figure 1.9 along with the fits to the empirical functional form of the third-order
Murnaghan equation, which is used to calculate the derived structural properties:

EðVÞ ¼ E0�B0V0

B0�1
þ B0V

B0
ðV0=VÞB

0

B0�1
þ 1

" #
; ð1:5Þ

where E0, V0, and B0 are the total energy, volume per ZnO formula unit, and bulk
modulus at zero pressure (P), respectively, andB0 ¼ dB/dP is assumed to be constant.
In this calculation, although E0 represents the sum of the total energies of isolated

neutral Zn and O atoms, the absolute value of the energy at the minimum of each
curve was considered as a rough estimate of the equilibrium cohesive energy of the
corresponding ZnO phases. The total energy (or roughly the cohesive energy per
bond) in wurtzite variety was calculated to be �5.658 eV for wurtzite, �5.606 eV for
zinc blende, and �5.416 eV for rocksalt phases. The density functional theory using
two different approximations, namely, the local density and the generalized gradient
approximations, in the exchange correlation function was also employed to calculate
the total energy and electronic structure of ZnO [18]. In these calculations, cohesive
energies were obtained by subtracting the total energy per ZnO formula unit of the
solid at its equilibrium lattice constant from the energy of the corresponding isolated
atoms. The cohesive energies of ZnO obtained by using the LDA are�9.769,�9.754,
and �9.611 eV for wurtzite, zinc blende, and rocksalt structures, respectively. The
best agreement with the experimental value of �7.52 eV, which is deduced from
experimental Zn heat vaporization, ZnO enthalpy of formation, and O2 binding
energy for the wurtzite phase [21], was achieved using the GGA technique. The GGA
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gives�7.692,�7.679, and�7.455 eVcohesive energies forwurtzite, zinc blende, and
rocksalt phases, respectively. In these two techniques, although the calculated energy
difference DEW�ZB between wurtzite and zinc blende lattice is small (about�15 and
�13meVatom�1 for LDA and GGA, respectively), whereas it is relatively large,
�50meVatom�1, for Hartree–Fock approximation, the wurtzite form is energeti-
cally favorable compared to zinc blende and rocksalt forms.
Because none of the three structures described above possesses inversion sym-

metry, the crystal exhibits crystallographic polarity, which indicates the direction of
the bonds; that is, close-packed (1 1 1) planes in zinc blende and rocksalt (Rochelle
salt) structures and corresponding (0 0 0 1) basal planes in the wurtzite structure
differ from ð1� 1� 1�Þ and ð0 0 0 1�Þ planes, respectively. The convention is that the
[0 0 0 1] axis points from the face of the O plane to the Zn plane and is the positive z-
direction. In other words, when the bonds along the c-direction are from cation (Zn)
to anion (O), the polarity is referred to asZnpolarity. By the same argument, when the
bonds along the c-direction are from anion (O) to cation (Zn), the polarity is referred
to as O polarity. Many properties of the material depend also on its polarity, for
example, growth, etching, defect generation and plasticity, spontaneous polarization,
and piezoelectricity. In wurtzite ZnO, besides the primary polar plane (0 0 0 1) and
associated direction h0 0 0 1i, which is themost commonly used surface anddirection
for growth, many other secondary planes and directions exist in the crystal structure.

1.2
Lattice Parameters

Lattice parameters of ZnO have been investigated over many decades [22–30]. The
lattice parameters of a semiconductor usually depend on the following factors: (i) free
electron concentration acting via deformation potential of a conduction band mini-
mumoccupied by these electrons, (ii) concentration of foreign atoms and defects and
their difference of ionic radii with respect to the substituted matrix ion, (iii) external
strains (e.g., those induced by substrate), and (iv) temperature. The lattice parameters
of any crystalline material are commonly and most accurately measured by high-
resolution X-ray diffraction (HRXRD) using the Bond method [31] for a set of
symmetrical and asymmetrical reflections. Table 1.2 tabulates measured and calcu-
lated lattice parameters, c/a ratio, and u parameter reported by several groups for
ZnO crystallized in wurtzite, zinc blende, and rocksalt structures for comparison.
The room-temperature lattice constants determined by various experimental

measurements and theoretical calculations for the wurtzite ZnO are in good
agreement with each other. The lattice constants mostly range from 3.2475 to
3.2501Å for the a-parameter and from 5.2042 to 5.2075Å for the c-parameter. The
data produced in earlier investigations, reviewed by Reeber [30], are also consistent
with the values given in Table 1.2. The c/a ratio and u parameter vary in a slightly
wider range, from 1.593 to 1.6035 and 0.383 to 0.3856, respectively. The deviation
from that of the ideal wurtzite crystal is probably due to lattice stability and ionicity. It
has been reported that free charge is the dominant factor responsible for expanding
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the lattice proportional to the deformation potential of the conduction band mini-
mum and inversely proportional to the carrier density and bulk modulus. The point
defects such as zinc antisites, oxygen vacancies, and extended defects, such as
threading dislocations, also increase the lattice constant, albeit to a lesser extent in the
heteroepitaxial layers.
For the zinc blende polytype of ZnO, the calculated lattice constants based on

modern ab initio technique are predicted to be 4.60 and 4.619Å. Zinc blende ZnO
films have been grown by using ZnS buffer layers [6]. The lattice constant was
estimated to be 4.463, 4.37, and 4.47Å by using the spacing of RHEED pattern, albeit
spotty, comparing the XRD peak position, and examining the transmission electron
microscopy (TEM) images, respectively. These values are far from wurtzite phase
indicating the formation of zinc blende ZnO. The lattice constant measured with the
RHEED technique is in very good agreement with the theoretical predictions.

Table 1.2 Measured and calculated lattice constants and the u parameter of ZnO.

Wurtzite

a (Å) c (Å) c/a u Reference

1.633 0.375 Ideal
3.2496 5.2042 1.6018 0.3819 a

3.2501 5.2071 1.6021 0.3817 b

3.286 5.241 1.595 0.383 c

3.2498 5.2066 1.6021 d

3.2475 5.2075 1.6035 e

3.2497 5.206 1.602 f

1.593 0.3856 g

1.600 0.383 h

Zinc blende (sphalerite actually)
4.619c, 4.60g, 4.463i, 4.37i, 4.47i

Rocksalt (Rochelle salt)
4.271a, 4.283d, 4.294e, 4.30g, 4.280j, 4.275k, 4.058k, 4.316k, 4.207k, 4.225l

aMeasured by using XRD [13].
bMeasured by using XRD [4].
cCalculated by using ab initio periodic LCAO method, based mainly on the Hartree–Fock
Hamiltonian, with an all-electron Gaussian-type basis set [32].
dMeasured by using EDXD [12].
eMeasured by using XRD [9].
fMeasured by using XRD [30].
gCalculated by using first-principles periodic Hartree–Fock LCOAO program [20].
hCalculated by using ab initio quantummechanical level through the Berry phase scheme applied to
delocalized crystalline orbitals and through the definition of well-localized Wannier functions [33].

iMeasured by using RHEED, XRD, and TEM [6].
jMeasured by using XRD [8].
kMeasured by using EDXDand calculated by usingCoulombHartree–Fock perturbed ion, GGA, and
LDA methods [10].
lCalculated by using first-principles periodic Hartree–Fock [15].
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High-pressure phase transition from the wurtzite to the rocksalt structure
decreases the lattice constant down to the range of 4.271–4.294Å. The experimental
values obtained by X-ray diffraction are in close agreement. The predicted lattice
parameters of 4.058–4.316Å, using various calculation techniques such as the HF-
PI, GGA, and HF, are about 5% smaller or larger than the experimental values. The
dispersion in the calculated values is larger than the measured ones.
The ideal relationship between the c/a axial ratio and the u oxygen positional

parameter is preserved as the wurtzite ZnO lattice becomes denser while approach-
ing the structural transition pressure [12]. The change in the c/a axial ratio was
measured up to �10GPa, and a pressure coefficient of d(c/a)/dP¼�0.0005
0.0001GPa�1 was obtained from a linear fit (giving c/a¼ 1.6021 at atmospheric
pressure) to the experimental data. Even though the variation with pressure seems
within the experimental error, this pressure coefficient is in agreement with the
previously published experimental (�0.0007GPa�1) [13] and predicted (�0.0005
GPa�1) [20] values. The effect of pressure-induced change in the axial ratio on the u
parameter against a possible breakdown of the ideal relationship between the axial
ratio and u was isolated by recording pressure dependence variation of X-ray
diffraction intensity.

1.3
Electronic Band Structure

The band structure of a given semiconductor is pivotal in determining its potential
utility. Consequently, an accurate knowledge of the band structure is critical if the
semiconductor in question is to be incorporated in the family of materials
considered for device applications. Several theoretical approaches with varying
degrees of complexity have been employed to calculate the band structure of ZnO
for its wurtzite, zinc blende, and rocksalt polytypes. Besides, a number of experi-
mental data have been published regarding the band structure of the electronic
states of wurtzite ZnO. X-ray or UV reflection/absorption or emission techniques
have conventionally been used tomeasure the electronic core levels in solids. These
methods basically measure the energy difference by inducing transitions between
electronic levels (e.g., transitions from the upper valence band states to the upper
conduction band states and from the lower valence band states) or by exciting
collective modes (e.g., the upper core states to the lower edge of the conduction
band and to excitations of plasmons). Another important method for the investi-
gation of the energy region is based on the photoelectric effect extended to the
X-ray region, namely, photoelectron spectroscopy (PES). The peaks in emission
spectrum correspond to electron emission from a core level without inelastic
scattering, which is usually accompanied by a far less intense tail region in
the spectrum. Additionally, angle-resolved photoelectron spectroscopy (ARPES)
technique together with synchrotron radiation excitation have been recognized as a
powerful tool that enables the determination of experimental bulk and surface
electronic band structures under the assumptions of k-conservation and single
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nearly free-electron-like final band [34]. After the first theoretical work on
band structure calculation of ZnO proposed by R€ossler using Green�s function
(Korringa–Kohn–Rostoker (KKR) method) [35] in 1969, several experimental
works [36–39] have been performed on the wurtzite ZnO, which proved R€ossler�s
predicted bulk electronic structure to be far from satisfactory. The first experimen-
tal data related to the energy levels of core electrons in ZnO were obtained by using
X-ray induced photoemission spectroscopy [36]. Consequently, the location of the
Zn 3d level in ZnO was unambiguously determined and the discrepancy between
the measured values and the theoretically determined energy values was found to
be dependent on angular momentum. UV photoemission measurements on
hexagonal ZnO cleaved in vacuum showed the Zn 3d core level at about 7.5 eV
below the valence band maximum [37, 38], which is 3 eV lower than the value
predicted by R€ossler�s band calculation. This assignment is in good agreement with
X-ray photoemission measurements that produced 8.5 eV [40] and 8.81 eV [39]. In
the ensuing years, local density approximation and tight-binding methods were
carried out [41–44] by considering the Zn 3d states as core levels to simplify
calculations. Satisfactory agreement with qualitative valence band dispersions was
achieved with this assumption. However, quantitative disagreements remained
and the location of the Zn 3d states could not be predicted. With the advent of new
computer capabilities, theoretical works began to include the effect of Zn 3d level in
the calculations and thus considering them as valence band states [45–48]. These
methods enable an estimation of the position of the Zn 3d states and also take into
account their non-negligible influence on the s- and p-derived valence bands.
Angle-resolved photoelectron spectroscopy has been employed to study the

electronic structure of the ZnO (0 0 0 1) [49]. Recording both normal and off-normal
emission spectra gives valuable information about bulk and surface states as well as
the Zn 3d states. Figure 1.10 shows some of the normal emission spectra recorded at
photon energies ranging from 20 to 50 eV and the information extracted from these
data for bulk band structure. In these measurements, the binding energies were
referred to the Fermi level and the intensities were normalized to the photon flux.
Among all the spectra displayed, seven features were observed, labeled from A to G.
The dispersions of the four valence bands observed in the (0 0 0 1) direction were
comparedwith theory based on LDAcalculations, which consider theZn3d electrons
as part of the valence band [45] and good agreement was realized. It should also be
noted that the Zn 3d states were observed to separate into two groups of four and six
bands, which show dispersion with k, which is in agreement with theoretical results,
but the locations of these states (about 10.5 eV below Fermi level) were not accurately
predicted.
The polar (0 0 0 1)-Zn and ð0 0 0 1�Þ-O surfaces and the nonpolar ð1 0 1� 0Þ surface

(m-plane) have also been the object of experimental and theoretical investigations.
Of these surfaces, the nonpolar ð1 0 1� 0Þ surface is of particular interest from the
viewpoint of surface chemistry, because the surface is terminated with the same
number of O and Zn atoms. The low-energy electron diffraction (LEED) studies have
revealed that the surface undergoes relaxation, which is characterized by downward
shift (spatially) of both surface Zn and O atoms, with a greater shift for the Zn atom
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than the O atom, resulting in the Zn�O bond rotation by 6.2� [50] or 11.5� [51] with
respect to the ideal surface plane. Such a surface relaxation should influence the
energetic position as well as the dispersion width of the surface dangling bond bands
of the occupiedO2p and unoccupiedZn4s states. Besides, several theoretical studies
have indicated that, upon relaxation, the O 2p dangling bond state is stabilized while
the Zn 4s dangling bond state shifts up in energy [43, 47, 52]. The theoretically
determined position of these dangling bond bands, especially the occupied O 2p
dangling bond band, relative to the bulk bands projected onto the ð1 0 1� 0Þ surface
varies depending on the method employed in the calculations.
Surface states have been revealed in ARPES studies of both polar and nonpolar

ZnO surfaces. In one particular study [53], two surface-induced features at the G,M,
and X points of the surface Brillouin zone (BZ) have been identified and assigned
to the O 2p-derived dangling bond state and the Zn–O backbond state. Similarly, the
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Figure 1.10 (a) Normal emission spectra for photon
energies ranging between 20 and 50 eV. The spectra were
normalized with respect to the photon flux. (b) Bulk band
structure of ZnO, GA corresponding to 0.6 Å�1. (After Ref. [49].)
The dashed lines are the LDA calculation results reproduced from
Schr€oer et al. [45].
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off-normal ARPES spectra recorded in the �G �M, �G �K , and �K �M directions, for 20, 34,
and 44 eV photon energies and emission angles ranging between 0 and 30� revealed
two surface states on the (0 0 0 1) surface [49]. One of these states, with a 7.5 eV
binding energy as predicted by theory, was interpreted as arising from the
�backbondings� of the Zn 4s–O 2p mixed bulk states. The other state at 4.5 eV
below theFermi level, whichwas not predicted by theoretical calculations, was related
to Zn 4p–O 2p-derived states. However, in another ARPES study on ZnO ð1 0 1� 0Þ
surface [54], where the valence band structure along the GM axis of the bulk BZwas
revealed, no surface-related states were identified and all the observed peaks were
attributed to the bulk band transitions.
Detailed ARPES study has been performed to investigate the two-dimensional

band structure of theO 2p dangling bond state on theZnO ð1 0 1� 0Þ surface along the
selected high-symmetry axes of the surface BZ, that is, the �G �X and �G �X 0 axes [55].
The energetic position relative to the projected bulk bands and the dispersion of the
dangling bond band were determined and compared well with the calculated band
structures [47, 52]. Figure 1.11 shows off-normal emission spectra taken at various
detection angles along the ½1 2� 1 0�ð�G �X Þ and [0 0 0 1] ð�G �X 0Þ azimuths andmeasured
dispersion of the O 2p dangling bond state and the bulk band related states along the
�G �X and �G �X 0 axes together with theoretical calculations for comparison.
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Fromphoton energy dependentmeasurements andK andO2 adsorption studies, it
has been found that the surface-localized O 2p dangling bond state exists at 3.7 eV
below the Fermi level at the �G point in the surface Brillouin zone and shifts to the
higher binding energy side by 0.8 and 0.5 eValong the �G �X and �G �X 0 axes, respectively.
Measurements on K andO2 exposed ZnO ð1 0 1� 0Þ surfaces helped to identify which
peaks in the angle-resolved photoelectron spectra were associated with the states
localized at the surface. The O 2p dangling bond band was found located below the
upper edge of the projected bulk bands along these two high-symmetry axes. The
empirical tight-binding calculations,which emphasize the ionic [43] and covalent [52]
characters of the Zn–O bonds, predict that the gap state by the O 2p dangling bond is
not formed at least along the �G �X and �G �X 0 axes. On the contrary, calculations using
LDA [47] indicate that the dangling bond band is formed within the gap above the
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Figure 1.11 (a) Off-normal emission spectra of
the clean surface recorded at hn¼ 22.5 eV and
qi¼ 45� along the ½1 2� 1 0�ð�G �X Þ direction and at
hn¼ 27 eV and qi¼ 60� along the [0 0 0 1]
ð�G �X 0Þdirection. The incidence plane of the light
was parallel to the ½1 2� 1 0� direction for both
detection directions. The spectra are shown with
a 2� interval. Peak positions, indicated by vertical
bars, were determined from the second
derivative of the spectra. The position of the
valence band maximum was determined from
the normal emission spectrum taken at
hn¼ 17 eV by extrapolating the onset of the

valence band emission as shown in the inset of
the right panel. (Courtesy of K. Ozawa [55].) (b)
Measured dispersion of the O 2p dangling bond
state (open circles) and the bulk band related
states (filled circles) along the �G �X and �G �X 0 axes.
(Courtesy of K. Ozawa [55].) Hatched area
corresponds to the projected bulk band region
and a bold dashed line indicates the O 2p
dangling bond bands, both of which have been
calculated by using the sp3 model by Wang and
Duke [52]. Thin dashed lines located above the
projected bulk bands are the dangling bond
bands obtained from the LDA calculations [47].
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upper edge of the projected bulk bands along the major high-symmetry axes of the
surface BZ. Therefore, it has been concluded that the experimental study is consis-
tent qualitatively with the band structure given by two empirical tight-binding
approaches.
The theoretical calculation of the band structure of ZnO mostly involves the local

density approximation [45, 56–58], which is very demanding because of the cationic d
electrons. If the d electrons are treated as core electrons, the calculated lattice constant
underestimates the experimental values by as much as 18% for wurtzite ZnO, while
inclusion of the d electrons in the valence band yields very accurate lattice constants.
However, even if the d electrons are properly taken into account, the results of
standard LDA calculations show distinct shortcomings, such as strongly under-
estimated bandgap and overestimated occupied cationic d bands, which are roughly
3 eV high in energy compared to those of the experiment. In addition, their
interactions with the anion p valence bands are artificially enlarged, resulting in
overestimated dispersion and bandwidth of the latter and shifting themunphysically
close to the conduction bands. For example, the LDA underestimates the ZnO
bandgap to be as low as ELDA

g ¼ 0:23 eV as opposed to EExp
g ¼ 3:37 eV. However, by

carrying out the plane-wave GW calculations deliberately with the experimental
lattice constants and simply treating the d electrons as core electrons very close results
have been obtained for the anion p valence bands and for the bandgap energies even
though no assertion concerning the d band positions could be made [59]. As an
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alternative approach for treating the II–VI semiconductors, approximate incorpo-
ration of the dominant self-interaction corrections has been suggested [48]. It has
been shown that self-interaction corrections to LDA can be very important for a
quantitative description of a system with strongly localized states such as 3d
electrons. The results along with the LDA calculations without the corrections and
the O 2p valence bands in more detail with ARPES data are shown in Figure 1.12 for
comparison. The left panel in Figure 1.12a shows the standard LDA result, which
reveals the above-mentioned shortcomings. The right panel shows the band structure
as calculated with self-interaction corrected pseudopotential (SIC-PP) approach
included in the LDA. It has been observed that the d bands are shifted down in
energy considerably and concomitantly the bandgap is opened drastically. The
dispersion and bandwidth of the O 2p are also changed. Compared to experimental
data, the standard LDA result is obscured by the artificially high-lying bands leading
to strong p–d interactions with the O 2p bands. The SIC-PP results are in better
agreement with experiments. The calculated andmeasured energy gaps, the position
of the cation d band, and anion valence bandwidths of ZnO are given in Table 1.3.
Based on this table, the LDA-SIC-PP approximation gives close agreement with the
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Figure 1.12 (a) LDA bulk band structure of ZnO as calculated by
using a standard pseudopotential (PP) (left panel) and by using
SIC-PP (right panel). The horizontal dashed lines indicate the
measured gap energy and d-band width. (b) Comparison of
calculated and measured valence bands of ZnO. The left panel
shows the standard LDA, while the right panel shows SIC-PP
results. (Courtesy of J. Pollmann [48].)
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experimental results for bandgap and bandwidth compared to the standard LDA
method. However, the d bands result in energy roughly 1 eV too low compared to the
experimental value. This deviation was attributed to the measured exciton energies
influenced by electronic relaxations, which is expected to be mostly pronounced for
the highly localized cationic semicore d states.
The band structure of ZnO reveals three very closely spaced valence bands (usually

referred to as the A, B, and C bands, or the heavy-hole, light-hole, and crystal field
split-off bands, respectively, resulting from the spin–orbit coupling and crystal field
splitting) near the zone center (G point), the details of which will be discussed in
Chapter 3. Figure 1.13 shows the valence band structure of ZnO near the G point
calculated using the atomic sphere approximation (ASA) and linearized muffin-tin
orbital (LMTO)methodswithin the LDA [60]. The splitting energies between theA,B,
and C bands have been calculated to be small, with EAB¼ 10meV and EBC¼ 34

E
ne

rg
y

(e
V

)

M

ZnO
0

-2

-4

-6

ZnO

M

E
ne

rg
y

(e
V

)

0

-2

-4

-6

(b)
Γ Γ

Figure 1.12 (Continued)

Table 1.3 Calculated andmeasured energy gaps Eg, cation d-band
positions Ed, and anion p valence bandwidths Wp (all in eV) of
ZnO.

LDA-PP LDA-SIC-PP Experiment

Eg 0.23 3.77 3.4
Ed �5.1 �8.9 �7.8
Wp �3.99 �5.2 �5.3

After Ref. [48]. LDA-PP: local density approximation – pseudopotential. LDA-SIC-PP: local density
approximation – self-interaction corrected pseudopotential.

1.3 Electronic Band Structure j21



meV [60], where the experimental bandgap is 3.437 eV [61]. The calculated splitting
energies are in good agreement with the experimental values of EAB¼ 9.5meV and
EBC¼ 39.7meV [61]. The valence band splitting energies measured for several bulk
crystals are given in Table 3.1.
The lattice constants changewith temperature, aswill bediscussed inSection1.6.1,

and with pressure as already mentioned in Section 1.2. Consequently, the electronic
band structure changes with temperature and pressure. The bandgap (at G point)
shrinks with increasing temperature and the dependence is given by the empirical
relationship [62]

EgðTÞ ¼ EgðT ¼ 0Þ� aT2

T þb
; ð1:6Þ

where the temperature coefficients are a¼�5.5� 10�4 eVK�1 and b¼�900K for
temperatures up to 300K [63]. The excitonic transition energies associatedwith theA,
B, and C valence bands have also been shown to follow the same dependence with
a¼�7.2� 10�4 eVK�1 and b¼�1077K [64]. Temperature dependence of the
excitonic transitions in ZnO is further discussed in Section 3.2.5. With increasing
hydrostatic pressure, the bandgap of wurtzite ZnO shows a sublinear increase [65].
The pressure dependence is well explained by a second-order polynomial, and the
pressure coefficients measured at 6 K for the three bandgaps involving A, B, and C
valence bands are given in Table 1.4.
Tounderstand the transportphenomenaand, for example, calculate theoptical gain

in semiconductors, the effective mass, which is one of the fundamental quantities in
semiconductorphysics, shouldbeknownforeachof theelectronicbandsparticipating
in the processes under investigation. The effective mass can be obtained from the
electronic band structure calculations using the first-principles methods already
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Figure 1.13 Valence band structure of ZnO near the G point. The
open circles represent the calculation results using the
ASA–LMTOmethod including spin–orbit coupling. The solid lines
are fits to the Rashba–Sheka–Pikus effective Hamiltonian. (After
Ref. [60].)

22j 1 General Properties of ZnO



mentionedabove.Thedensity functional theorywithinLDA,which iscommonlyused
for thispurpose, underestimates theeffectivemasses in semiconductors aswell as the
bandgaps. The self-energy correctionsusing theGWapproximation (GWA), however,
have been shown to remove the LDA defects and result in quasiparticle effective
masses in agreement with the experimental data [66]. Electron and hole effective
masses derived from the calculated andmeasured energy band structures are listed in
Table 1.5 [58, 60, 66–80].
The electronic band structure of the other phases of ZnOhas also been calculated

using various methods [18, 20, 82, 83]. For example, by utilizing both the LDA and
the PBE96 forms of the GGAmethods together with optimized Gaussian basis sets
and by expanding the crystal orbitals and periodic electron density, the electronic
structure for the B4 (wurtzite), B3 (zinc blende), B1 (rocksalt), and B2 (CsCl) phases
has been calculated over a range of unit cell volumes [18]. Figures 1.14 and 1.15
show the calculated band structure and the total DOS (density of states) of ZnO for
different phases. When wurtzite ZnO is compressed, it has been observed that the
peak at the top of the upper valence band is slightly reduced in height and shifted
down in energy, the O 2s- and Zn 3d-derived peaks are slightly broadened and
shifted up in energy, and a splitting appears in the Zn 3d states.While transforming
to the B1 structure at the transition pressure pT1, significant changes have been
observed; in particular, the peak near the valence bandmaximum is greatly reduced
in height. The Zn 3d peak also becomes narrower, and the O 2s-derived states drop
slightly in energy. Upon compression of the B1 phase ZnO through the wide
pressure range from pT1 to pT2, it has been observed that the upper valence band
broadens greatly, the splitting of the Zn 3d peak in the DOS shows a large increase,
and the O 2s-derived band moves down in energy and broadens. The fundamental
bandgap also increases with increasing pressure in this range. With the B1 ! B2
transition, the upper valence bandwidth remains almost unchanged but the peak
near the valence band maximum reappears. The structure of the Zn 3d states
changes radically with the O 2p-derived states because of heavy hybridization, and
the O 2s-derived states broaden further and shift up in energy. From these
observations of ZnO band structure with compression and changed atomic
coordination, it has been argued that the key features are (a) changes in near-
est-neighbor bond lengths as they affect overlaps and bandwidths and (b) changes
in symmetry as they affect p–d hybridization and band repulsion. As the
neighboring atoms approach each other with compression of the solid, basis

Table 1.4 Pressure coefficients for energy gaps associatedwith the
A, B, and C valence bands in single-crystal ZnO measured at 6 K.

Eg (P¼ 0) dE/dP (meVGPa�1) d2E/dP2 (meVGPa�2)

A 3.4410� 0.0001 24.7� 0.1 �0.28� 0.01
B 4.4434� 0.0001 25.3� 0.1 �0.28� 0.01
C 3.4817� 0.0002 25.6� 0.2 �0.28� 0.01

After Ref. [65].
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Table 1.5 Calculated and measured conduction band (electron)
and valence band (hole) effective masses for wurtzite ZnO and
rocksalt MgO.

ZnO (wurtzite)
MgO (rocksalt)

Calculated Experimental Calculated

m*
ek 0.28b, 0.21d, 0.30f, 0.181g,

0.14h, 0.14i, 0.19j
0.265k, 0.24n, 0.24o,
0.3p, 0.210s

0.35t

m*
e? 0.24c, 0.25d, 0.177g,

0.13h, 0.14i, 0.21j
0.24(0.29)l, 0.28n,
0.23(0.29)r, 0.242s

m*
hhk 0.67a, 1.98b, 2.74e,

2.45h, 2.27i, 0.21j
0.45m, 0.59o 1.60 [0 0 1]t,

2.77 [1 1 1]t

m*
hh? 0.63a, 0.54e, 0.35i 0.59o

m*
lhk 0.67a, 3.03e, 2.98h, 3.23i, 4.33j 0.45m, 0.59o 0.35 [0 0 1]t,

0.31 [1 1 1]t

m*
lh? 0.63a, 0.55e, 0.23h, 0.30i 0.59o

m*
chk 0.25a, 0.27e, 0.17h, 0.17i, 0.33j 0.31o

m*
ch? 2a, 1.12e, 0.29h, 0.54i, 0.27j 0.55o

? and || refer to the directions perpendicular and parallel, respectively, to the c-axis.
aCalculated by using the k�p theory [67].
bCalculated by using the first-principles orthogonalized linear combination of atomic orbitals
method in the local density approximation. The effectivemasses were found to be highly anisotropic
and the values in the table are for G–A. Other values are 0.37 (G–K) and 0.32 (G–M) for the electron
mass and 4.31 (G–K) and 4.94 (G–M) for the hole mass [58].
cCalculated from first principles: LMTO basis with the ASA and the self-energy correction within the
Green function and the screened Coulomb potential approximation (GWA) [68].
dCalculated quasiparticle effective masses by using the density functional theory within the local
density approximation including the correlation effects in the form of self-energy correction [66].
eCalculated by using the ASA and the LMTO density functional theory in the local density
approximation [60].
fCalculated using the frozen-core projector augmented wave method based upon the DFTwith the
Perdew–Wang generalized gradient approximation forG–A. The electron effectivemasses were 0.31
and 0.32 for G–K and G–M, respectively [69].
gCalculated by using the k�p and empirical pseudopotential methods [70].
hCalculated by using the density functional theory within the LDA.
iGeneralized gradient approximation.
jLDA with the multiorbital mean-field Hubbard potential (LDA þ U) [71].
kFrom infrared reflectivity measurements on indium-doped ZnO crystals grown from the vapor
phase [72].
lFrom free carrier Faraday rotation for the high-frequency conduction band mass in hydrothermally
grown undoped and indium-doped ZnO single crystals. The value in parentheses (0.29) is for the
low-frequency polaron mass [73].
mFrom two-photon magnetoabsorption in ZnO single crystals [74].
nFromcyclotron resonance on bulk ZnOgrownby vapor-phase reactionmethod. The same study also
reports electron effective masses of 0.3m0 and 0.34m0 obtained from Zeemann splitting
measurements for m*

e? and m*
ek, respectively [75].

oFrom Ref. [76].
pFrom far-infrared cyclotron resonance on hydrothermally grown n-ZnO (donors originate from O
vacancies, excessive Zn and Li) [77].
rFrom infrared cyclotron resonance inn-typeZnOgrownby seeded chemical vapor transportmethod
(Eagle–Picher). The value in parentheses (0.29) is the effective polaron mass [78].
sDerived by comparing the experimental (ellipsometry on samples grown by chemical vapor
transport and hydrothermal (Airtron Industries)methods) [81] and calculated imaginary parts of the
dielectric function [79].
tFrom Ref. [80].
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Figure 1.14 Band structure for ZnO: (a) B4 structure at p¼ 0, (b) B1
structure at p¼ pT1, (c) B2 structure at p¼ pT2. (Courtesy of J.E. Jaffe [18].)

Figure 1.15 Total density of states for ZnO in the (a) B4 structure
at p¼ 0 and p¼ pT1 and B1 structure at p¼ pT1, and (b) B1 and B2
structures at p¼ pT2. (Courtesy of J.E. Jaffe [18].)
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functions (and orbitals in a H€uckel-like picture [84]) overlap more strongly,
producing increased dispersion of the electron bands in k-space and consequently
increased bandwidths along the energy axis.
However, it has also been considered that when there is a phase transition to a

structure of increased coordination, the nearest-neighbor bonds lengthen even
though the density is increased. The behavior of the bandwidths up to pT2 reflects
these considerations. The band structures reveal further qualitative changes that
occurwith the change of symmetry at the structural transitions.Where the symmetry
permits hybridization of O 2p- and Zn 3d-derived bands, there is an effective
repulsion between them, which pushes the anion 2p states upward. In the tetrahe-
drally coordinated B4 phase, this repulsion is present throughout the Brillouin zone,
but in the cubic B1 andB2 structures it is suppressed near theGpoint as a result of the
inversion symmetry through the atomic center. Consequently, the high-energy
valence bands are repelled upward near the zone boundaries but not at the zone
center, so that the valence band maximum now occurs at the zone boundary. This
accounts for the change in shape of the band edge seen in the totalDOSplots. There is
also a change in the form of the Zn 3d-derived bands, which are now narrowest near
the gamma point as a result of the suppressed hybridization there. In the B2
structure, the Zn 3d and O 2p states are completely hybridized and cannot be
disentangled.

1.4
Mechanical Properties

The mechanical properties of materials involve various concepts such as hardness,
stiffness, and piezoelectric constants, Young�s and bulk modulus, and yield
strength. The solids are deformed under the effect of external forces and the
deformation is described by the physical quantity strain. The internal mechanical
force system that resists the deformation and tends to return the solid to its
undeformed initial state is described by the physical quantity stress. Within the
elastic limit, where a complete recoverability from strain is achieved with removal
of stress, stress s is proportional to strain e. The generalized Hooke�s law gives
each of the stress tensor components as linear functions of the strain tensor
components as

sij ¼ Cijklekl; ð1:7Þ

where Cijkl are the elastic stiffness coefficients. The inverse relationship may also be
written in terms of the elastic compliance coefficients Sijkl as

ekl ¼ Sijklsij: ð1:8Þ

Since both stress and strain are symmetric with respect to an interchange of the
suffixes and the elastic coefficients form symmetric fourth-rank tensors, there are
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21 independent elastic coefficients that can be formed into a symmetric 6� 6
matrix. In hexagonal crystals, due to additional symmetry, there remains only five
independent stiffness constants: C11, C33, C12, C13, and C44. The stress–strain
relations for thewurtzite crystal are therefore expressed as (c-axis is chosen to be the
z-axis)

sxx

syy

szz

syz

szx

sxy

0
BBBBBBB@

1
CCCCCCCA

¼

C11 C12 C13 0 0 0

C12 C11 C13 0 0 0

C13 C13 C33 0 0 0

0 0 0 C44 0 0

0 0 0 0 C44 0

0 0 0 0 0 ðC11�C12Þ=2

0
BBBBBBB@

1
CCCCCCCA

exx
eyy
ezz
eyz
ezx
exy

0
BBBBBBB@

1
CCCCCCCA

ðwurtziteÞ:

ð1:9Þ

Similarly, the relations using the compliance matrix can be written as

exx
eyy
ezz
eyz
ezx
exy

0
BBBBBBB@

1
CCCCCCCA

¼

S11 S12 S13 0 0 0

S12 S11 S13 0 0 0

S13 S13 S33 0 0 0

0 0 0 S44 0 0

0 0 0 0 S44 0

0 0 0 0 0 2ðS11�S12Þ

0
BBBBBBB@

1
CCCCCCCA

sxx

syy

szz

syz

szx

sxy

0
BBBBBBB@

1
CCCCCCCA

ðwurtziteÞ:

ð1:10Þ

In zinc blende (cubic) crystals, there are only three independent stiffness con-
stants: C11, C12, and C44. The above relations then take the form

sxx

syy

szz

syz

szx

sxy

0
BBBBBBBBB@

1
CCCCCCCCCA

¼

C11 C12 C12 0 0 0

C12 C11 C12 0 0 0
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1
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1
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ð1:11Þ
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1
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ð1:12Þ
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In the wurtzite phase, elastic constants C11 and C33 correspond to longitudinal
modes along the [1 0 0 0] and [0 0 0 1] directions, respectively. Elastic constants C44

and C66¼ (C11�C12)/2 (owing to symmetry) can be determined from the sound
velocity of transverse modes propagating along the [0 0 0 1] and [1 0 0 0] directions,
respectively. The remaining constant C13 is present in combination with four other
moduli in the velocity of modes propagating in less symmetrical directions, such as
[0 0 1 1]. The bulk modulus is related to elastic constants by [85]

B ¼ ðC11 þC12ÞC33�2C2
13

C11 þC12 þ 2C33�4C13
: ð1:13Þ

Although the wurtzite ZnO crystal is acoustically anisotropic, there is only a very
small difference between the shear sound velocities vTA1 and vTA2 propagating along
the [0 0 1] and [1 0 0] directions, respectively (vTA2/vTA1ffi 0.98). In the isotropic
approximation, the Young�s modulus E (in some texts Y is also used to denote the
Young�s modulus) and shear modulus G can also be evaluated using the relations
E¼ 3B(1� 2v) andG¼E/2(1 þ v), respectively. The term v is the Poisson�s ratio and
is given by v¼C13/(C11 þ C12).
It has been argued that the most precise technique used to determine the elastic

moduli of compound materials is ultrasonic measurement, which requires thick
single crystalline samples, about 1 cm thick, to enable precise measurement of the
time required for the plane-wave acoustic pulses to propagate through the crystal [86].
The measured quasilongitudinal and quasishear wave velocities can be used in the
following equation to determine C13 [86]:

C13 ¼ 1
cos a sin a

½ðl22�rv2qÞðl33�rv2qÞ�1=2�C44; ð1:14Þ

where for the hexagonal symmetry

l22 ¼ C11 cos
2 aþC44 sin

2 a;
l33 ¼ C44 cos

2 aþC33 sin
2 a:

ð1:15Þ

Here, a is the angle between the propagation direction and the c-axis, r is the mass
per unit volume, and vq is either the quasilongitudinal or the quasishear velocity.
As an optical technique, Brillouin scattering allows the determination of the

elastic constants and hence of the bulk moduli through the interaction of light
with thermal excitation in a material, in particular acoustic phonons in a crystal.
In this technique, the elastic constants C11 and C66 can be directly obtained from
measurement of the phase velocity of the longitudinal mode and of the shear
horizontal mode traveling parallel to the crystal surface. The remaining constants,
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C13, C33, and C44, can be evaluated from measurement of the phase velocity of
the Rayleigh surface wave and of the longitudinal bulk acoustic wave propagating
at different angles from the surface normal. Various forms of X-ray diffraction,
such as energy dispersive X-ray diffraction, angular dispersive X-ray diffraction
(ADX), and X-ray absorption spectroscopy (XAS) can also be employed to deter-
mine the pressure dependence of the lattice parameters. From that, experimental
equation of state (EOS), a widely used approach being the Murnaghan�s equation
of state and hence directly the bulk modulus, which is based on the assumption
that the bulk modulus has a linear dependence on pressure P, can be deduced
as [87]

V ¼ V0 1þ B0P
B

� ��1=B0

; ð1:16Þ

where B and V0 represent the bulk modulus and unit volume at ambient pressure,
respectively, and B0 is the derivative of B with respect to pressure. X-ray diffraction
leads to the determination of the isothermal bulk modulus, whereas Brillouin
scattering leads to the adiabatic one. Nevertheless, in solids other than molecular
solids there is no measurable difference between the two thermodynamic quanti-
ties. Besides the experimental investigations, many theoretical calculations have
also been employed to determine the structural andmechanical properties of ZnO.
Most of the calculations are based on density functional theory within the local
density approximation using various types of exchange correlation functions and
either plane-wave expansion for the pseudopotentials or the LMTO method.
Among the tetrahedrally bonded semiconductors, ZnO has the highest piezoelec-

tric constants with electromechanical coupling larger than that in GaN and AlN [88].
This property makes it a technologically important material for many applications
such as piezotransducers that require a large electromechanical coupling, which will
be discussed in the context of piezoelectric devices in Section 8.6. In piezoelectric
crystals, electrical polarization is produced in the presence of stress, which is
described by using the piezoelectric strain coefficients eijk and piezoelectric stress
coefficients dijk as

Pi ¼ eijkejk ¼ dijksjk: ð1:17Þ

dijk are also referred to as electromechanical constants as it is also possible to produce
strain when the crystal is subjected to an electric field with components Ek:

eij ¼ dijkEk: ð1:18Þ

Since the stress is a symmetric second-rank tensor, piezoelectric tensor has 18
independent elements forming a 3� 6matrix. Due to crystal symmetry, there remain
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only three independent components (e31, e33, and e15) in hexagonal wurtzite phase
and one (e14) in the cubic zinc blende phase, which characterize the full piezoelectric
tensors of such crystals [89]. The polarization is then written as

Pxx

Pyy

Pzz

0
B@

1
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0 0 0 0 e15 0

0 0 0 e15 0 0
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0
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1
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exx
eyy
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exy
eyz
ezx

0
BBBBBBBBBB@

1
CCCCCCCCCCA
¼

0 0 0 0 d15 0

0 0 0 d15 0 0

d31 d31 d33 0 0 0

0
B@

1
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sxx

syy

szz
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szx

0
BBBBBBBBBB@

1
CCCCCCCCCCA

ðwurtziteÞ;

ð1:19Þ
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0
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1
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exy
eyz
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0
BBBBBBBBBB@

1
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0 0 0 d14 0 0

0 0 0 0 d14 0
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0
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1
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sxx

syy

szz

sxy

syz

szx

0
BBBBBBBBBB@

1
CCCCCCCCCCA

ðzincblendeÞ:

ð1:20Þ

As seen from Equation 1.19, two of the piezoelectric components in wurtzite
phase measure the polarization induced along the c-axis, at zero electric field, by
a uniform strain either along the c-axis or in the basal plane. The relevant
relationship is [90]

Ppiezo
z ¼ e33ez þ e31e?; ð1:21Þ

where ez and e? are the strains along the c-axis and in the basal plane, respectively.
The third independent component of piezoelectric tensor, e15, describes the
polarization induced by a shear strain, which is usually neglected for simplicity.
The sign of the piezoelectric tensor is generally fixed assuming that the positive
direction along c-axis goes from the cation to the anion.
The natural structure of ZnO is wurtzite, which has low symmetry resulting in the

existence of spontaneous polarization along the c-direction. However, the absolute
value of the spontaneous polarization in a nonferroelectric material has never been
directly measured, while one invariably measures the polarization derivatives. In
semiconductors, the spontaneous polarization may be deduced by investigating the
two-dimensional electron gas and the redshift of the transitions in quantum wells
albeit indirectly. From the theoretical point of view, there have been some efforts in
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determining the value of the spontaneous polarization in ZnO. One conventional
approach is to define the spontaneous polarization of a low-symmetry crystal
(wurtzite) as the polarization difference with respect to a high-symmetry structure
(zinc blende) of the same material.
Themicro- and nanoindentationmethods have been widely used to determine the

hardness of ZnO over a wide range of size scales and temperatures. Hardness
measurements are usually carried out on the (0 0 0 1) surface of the crystal using the
conventional pyramidal or spherical diamond tip, or alternatively, with a sharp
triangular indenter. The depth-sensing indentation measurements provide the
complete information on the hardness and pressure-induced phase transformation
of semiconductor materials. Table 1.6 shows the measured and calculated mechani-
cal parameters for ZnO crystallized in the form of wurtzite, zinc blende, and rocksalt
phases.
For ZnO, theoretical predictions appear to be in good agreement with experi-

mental findings for certain bulk material properties. The quality of the crystals and
theoretical approximations are of primary importance for the precise determina-
tion of the physical properties. In regard to the elastic constants, theory and
experiments seem capable of producing data that are quite consistent for wurtzite-
phase ZnO. Bulk modulus and its rate of change with pressure for all phases are
in good agreement within the various experimental findings as well as the
theoretical predictions with a few exceptions. Any deviation can be attributed to
the sample quality, the accuracy of each experimental method, and phonon
dispersion. Each calculation method also has its own limitations related to the
basic material parameters, basis sets, and the precisions used in addition to the
approximations of the method itself, leading to variations in the calculated
parameters. Compared to group III nitrides (e.g., for GaN C11¼ 296GPa, C12

130GPa, C13¼ 120GPa, C33¼ 395GPa, C44¼ 241GPa, B¼ 190–245GPa, see
Chapter 2 in Ref. [91]), the elastic and bulk moduli of ZnO are small. Ultrasonic
experiments on single-crystal specimens of the wurtzite (B4) phase of ZnO have
shown that, under pressure, this material becomes softer against shear-type
acoustic distortions.
Decremps et al. [92] have studied the pressure behavior of both longitudinal (C11

and C33) and transverse (C44 and C66) elastic moduli for the wurtzite phase of single-
crystal ZnO using ultrasonic wave velocity measurements up to 10GPa at three
different temperatures. As shown in Figure 1.16, it has been observed that all the
moduli exhibit a linear dependence on pressure up to the phase transition pressures,
with positive values for the room-temperature longitudinal moduli (dC11/dP¼ 5.32
and dC33/dP¼ 3.78) but negative values for the shear moduli (dC44/dP¼�0.35 and
dC66/dP¼�0.30). At high temperatures, the pressure derivatives of the elastic shear
modes become more negative. Thus, the elastic shear softening observed at room
temperature is enhanced at elevated temperatures. The effect of phonons and the role
of bond-bending forces as a function of pressure in causing the elastic softening have
also been investigated [92]. It has been observed that the pressure at which the phase
transition (B4 ! B1) commences decreases to about 6GPa at 600 �C compared to
7.5GPa at room temperature.
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Similar pressure dependence was also reported by Soga and Anderson [93], who
measured the pressure derivatives of the room-temperature longitudinal (L) and
transverse (T) sound velocities of polycrystalline ZnO. They obtained (qvL/qP)T¼ 3.64
331 023 kms�1 kbar�1 and (qvT/qP)T¼ 23.193 310 23 kms�1 kbar�1, corresponding
to (qB/qP)T¼ 4.8 and (qG/qP)T¼�0.71 (B is the bulk modulus and G is the shear
modulus). On the theoretical side, a linear evolutionunder pressurewas calculated for
the two longitudinal modes C11 and C33 with pressure derivatives of 3.18 and 1.72,
respectively, using atomistic calculations based on an interatomic pair potential within
the shell model approach [19]. The shear moduli C44 and C66 exhibited negative
pressure dependence with pressure derivatives of�0.30 and�0.84, respectively. The
experimental and calculated values deviated some. The unusual negative values for
both shear modes were attributed to two simultaneous effects [92]: (i) a major
contribution of the second-nearest-neighbor interactions to the transverse acoustic
phononmodes and (ii) an enhancement of the Coulomb forces screening between an
atom and its second-nearest neighbor. Another explanation for the observed shear
softening of ZnO was attributed to the decrease of bond-bending forces.
The deformation behavior of bulk ZnO single crystals was studied by a combina-

tion of spherical nanoindentation and atomic force microscopy [101]. ZnO exhibited
plastic deformation for relatively low loads (>4–13mN with a� 4.2mm radius
spherical indenter). The average contact pressure hardnessH and Young�s modulus
E as a function of indenter penetration were determined by analyzing partial
load–unload data. The hardness value of ZnO is measured to be 5.0� 0.1GPa at
a plastic penetration depth of 300 nm. The Young�s modulus remained essentially
constant over the indenter penetration depth, with E¼ 111.2� 4.7GPa. Previous
indentation studies performed mostly on polycrystalline ZnO have reported a wide
range ofH (�1.5–12GPa) and E (�40–120GPa) values. However, it should be noted

9876543210
38

40

42

44

200

220

240

260

C44

C66

E
la

st
ic

 c
on

st
an

ts
C

ij
( G

Pa
)

C11

C33

(GPa)Pressure

Figure 1.16 Elastic moduli of ZnO versus pressure at ambient
temperature. The slope of theC11 andC33 pressure dependence is
positive (dC11 /dP¼ 5.32 and dC33 /dP¼ 3.78), whereas that for
C44 and C66 is negative (dC44 /dP¼�20.35 and dC66 /
dP¼�20.30). (Courtesy of F. Decremps [92].)
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from these results that ZnO is significantly softer than GaN, where H(GaN)¼ 15.5
� 0.9GPa and E(GaN)¼ 210� 23GPa [94]. The lower value ofH for ZnO is, in fact,
expected due to a lower melting point (1975 �C) and larger ionicity (0.616) compared
to that of GaN (2500 �C and 0.500, respectively) [95].
The spontaneous andpiezoelectric polarization inZnOhave been studied theoreti-

cally by a number of groups and compared with a few available indirect experimental
results. Dal Corso et al. [88] demonstrated applicability of ab initio studies of
piezoelectricity within an all-electron scheme. A comparative analysis was performed
to understand the microscopic origin of the peculiar behavior of ZnO. They have
concluded that the piezoelectric effect results from two different contributions of
opposite sign, which were referred to as the �clamped ion� and �internal strain.� It
has been shown that large piezoelectric tensor of ZnO is due to the low value of its
clamped ion contribution (reducing the cancellation effect); besides, the piezoelectric
tensor is dominated by the internal relaxation of anion and cation sublattices induced
by the macroscopic strain. The piezoelectric tensor in ZnO has been calculated by
using various techniques such as plane-wave analysis and ultrasoft pseudopotentials,
and a GGAHamiltonian, an all-electron basis set, and aHFHamiltonian. The values
of e31 and e33 were reported in the range of 0.39–0.66 (mostly, �0.52Cm�2) and
0.92–1.30Cm�2 (mostly �1.20Cm�2), respectively, which were in satisfactory
agreement with the experimental data as tabulated in Table 1.6.
Furthermore, the spontaneous polarization of ZnO has also been computed and

compared with a very indirect experimental estimate of the same quantity. Massidda
et al. [46] calculated ab initio the electronic states, spontaneous polarization, and Born
dynamical charge of ZnO by using the LDA, HF, and a model GW scheme. Among
these schemes, the GW scheme gives a spontaneous polarization value of �0.047C
m�2, which is about 0.010 smaller than the other two reports (�0.057Cm�2 [88, 90]).
Although there are no direct experimental data available, these theoretical predictions
are in good agreement with an indirect experimental value of �0.07� 0.02Cm�2

obtained from a model based on nonlinear optics. For Born dynamical charge,
theoretical calculations and experimental data match quite well. From the value of
the calculated Born dynamical charge, �2.1, it has been suggested that rigid-ion-like
behavior of ZnO is dominant and its band-by-band decomposition has anomalous
contributions from O 2s, Zn 3d, and O 2p bands, indicating a substantial interaction
between the corresponding occupied atomic orbitals.
Hill and Waghmare [82] have also performed a first-principles study of the

piezoelectric ZnO, named after the application, as a function of stress and tempera-
ture using a plane-wave pseudopotential implementation of density functional theory
and density functional linear response within the local density approximation. The
results are shown in Figure 1.17. The piezoelectric constant is strongly sensitive to
both temperature and stress changing by about 20 and 15–30%, respectively, over the
range of parameters considered. By analyzing various physical contributions, these
dependences were primarily attributed to the changes in structural parameters as
manifested through the phonon and strain coupling. The strong bond length
dependent hybridization between the O 2p and Zn 3d electrons was believed to be
the cause of the large magnitude and sensitivity of this coupling.
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As alluded to earlier, ZnO is widely used in electroacoustic devices due to its large
piezoelectricity (see Section 8.6 for a discussion of the piezoelectric devices).
Therefore, a brief discussion of the acoustic wave propagation in wurtzite ZnO is
warranted. The velocity of the acoustic wave propagation in semiconductors depends
on the stiffness parameters. The three-dimensional equation of motion governing
the macroscopic lattice displacement u as a function of time is [103]

r
q2u
qt2

¼ r �s; ð1:22Þ

where r is the mass density and s is the stress tensor. If we choose the c-direction as
the z-direction, using the stress–strain relation in Equation 1.9 and the definition of
the strain tensor «¼!u, the acoustic phononwave equations inwurtzite crystals are
obtained as [103]
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Figure 1.17 Dependence of piezoelectric constants g33 and g13 of
ZnOon temperature (a and b) and stress (c and d), respectively. g ij
used by Hill and Waghmare correspond to eij used here.
(After Ref. [82].)
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Assuming a solution in the form uðtÞ ¼ ðuxx̂ þ uyŷþ uzẑÞeiðq � r�wtÞ; with w being
the angular frequency and r the position vector, and choosing the y-axis such that the
wave vector q lies in the yz plane, we may write the wave equations as

rw2ux ¼ 1
2
ðC11�C12Þðq sin qÞ2ux þC44ðq cos qÞ2ux;

rw2uy ¼ C11ðq sin qÞ2uy þC44ðq cos qÞ2uy þðC13 þC44Þq2 sin q cos quz;

rw2uz ¼ C33ðq cos q Þ2uz þC44ðq sin qÞ2uz þðC13 þC44Þq2 sin q cos quy;
ð1:24Þ

where q is the angle between q and the z-axis (c-axis). For u¼ 0, these equations
reduce to

rw2ux ¼ C44q
2ux;

rw2uy ¼ C44q
2uy;

rw2uz ¼ C33q
2uz:

ð1:25Þ

It is clear that there are two acoustic waves: transverse (x–y) and longitudinal (z),
with velocities vz ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffi
C33=r

p
and vxy ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffi
C44=r

p
, respectively. As will be discussed in

Section 8.6, the electromechanical coupling results in an increase in the stiffness and
therefore the sound velocity. For longitudinal acoustic wave propagation (i.e., along
the c-axis), the effective stiffness constant including the electromechanical coupling
becomesC33,s¼C33(1 þ K2), whereK2 is called the electromechanical constant. The
resulting acoustic velocity is then

vz;s ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
C33ð1þK2Þ

r

s
: ð1:26Þ

An electromechanical coupling constant of 6% has been measured for ZnO [104],
which would increase the sound velocity significantly, by �3%.

1.5
Vibrational Properties

A fundamental understanding of the thermal and electrical properties in terms of
low- and high-field carrier transport requires precise knowledge of the vibrational
modes of the single crystal, which are related to mechanical properties and can be
construed as such. Vibrational properties of ZnO probed by techniques such as
Raman scattering were determined early on [105–111]. Here, phonons have been
arbitrarily chosen to be discussed under the mechanical properties of the crystal
rather than under its optical properties. A succinct discussion of vibrational modes,
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some of which are active Raman modes, some are active in IR measurements, and
some are optically inactive (silent) modes, is provided [112]. Vibrational modes,
which go to the heart of the mechanical properties, are very sensitive to crystalline
defects, strain, and dopant in that the phononmode frequencies and their frequency
broadening can be used to glean very crucial information about the semiconductor.
The method can also be applied to heterostructures and strained systems. Electronic
Ramanmeasurements can be performed to study processes such as electron–phonon
interaction in the CW or time-resolved schemes. Time-resolved Raman measure-
ments as applied to hot electron and phonon processes under high electric fields have
important implications for carrier velocities.
In the case of wurtzite ZnO (similar to the case of wurtzitic nitrides) [113], the

number of atomsper unit cell s¼ 4, and there is a total of 12 phononmodes, namely, 1
longitudinal acoustic (LA), 2 transverse acoustic (TA), 3 longitudinal optical (LO), and
6 transverse optical (TO) branches, the details of which are listed in Table 1.7. In the
zinc blende polytypes with s¼ 2, only six modes are present, three of which are
acoustical (one LA and two TA) and the other three are optical (one LO and two TO)
branches. Infrared (IR) reflection and Raman spectroscopies have been commonly
employed to derive zone center and some zone boundary phononmodes in ZnO. In
the hexagonal structures with C4

6v symmetry, group theory predicts eight sets of
phonon normal modes at the G point, namely, 2A1 þ 2E1 þ 2B1 þ 2E2. Among
them, one set of A1 and E1 modes are acoustic, while the remaining six modes,
namely, A1 þ E1 þ 2B1 þ 2E2, are optical modes. In amore simplifiedmanner, one
can consider that the stacking order of theWz polytype is AaBbwhile that for the zinc
blende variety is AaBbCc. In addition, the unit cell length of the cubic structure along
[1 1 1] is equal to the width of one unit bilayer, while that of the hexagonal structure
along [0 0 0 1] is twice that amount. Consequently, the phonon dispersion of the
hexagonal structure along [0 0 0 1] (G ! A in the Brillouin zone) is approximated by
folding the phonon dispersion for the zinc blende structure along the [1 1 1] (G ! L)
direction [114], as shown inFigure 1.18.Doing so reduces theTOphononmode at the
L point of the Brillouin zone in the zinc blende structure to the E2mode at theG point

Table 1.7 Acoustic and optical phonon modes in a crystal with
wurtzite symmetry where s represents the number of atoms in the
basis.

Mode type Number of modes

Longitudinal acoustic 1
Transverse acoustic 2
Total acoustic modes 3
Longitudinal optical s� 1
Transverse optical 2s� 2
All optical modes 3s� 3
All modes 3s

The s parameter for wurtzite symmetry is 4. This table is also applicable to the zinc blende case but
with s¼ 2.
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of the Brillouin zone in the hexagonal structure. This vibrational mode is denoted as
EH
2 with superscriptHdepicting thehigher frequency branch of theE2 phononmode.

In addition, oneA1 and oneB1mode (BH
1 ) derive froma singly degenerate LOphonon

branch of the zinc blende system by zone folding, while one E1 mode together with
EH
2 derive from a doubly degenerate TOmode in the cubic system. As indicated in the

figure, there is another E2mode at lower frequency labeled as EL
2. This has its genesis

in zone folding of the TAmode in the zinc blende structure. It should be noted that in
the hexagonal structure, there is anisotropy in the macroscopic electric field induced
by polar phonons. As a result, both TO and LO modes split into the axial (or A1) and
planar (or E1) type modes where atomic displacement occurs along the c-axis or
perpendicular to the c-axis, respectively. This splitting is not shown inFigure 1.18 as it
is very small, just a few meV. Because the space group C6v describes the crystalline
structure of thewurtzite ZnO compoundwith two formula units in the primitive cell,
the optical phonons at the G point of the Brillouin zone belong to the following
irreducible representation. The A1 and E1 branches are both Raman and infrared
active, the two nonpolar E2 branches are Raman active only, and the B1 branches are
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Figure 1.18 Schematic depiction of the phonon
dispersion curves for zinc blende and Wz
structures. Also shown are the G and A points of
the zone in relation to the real-space hexagonal
structure. Phonon branches along the [1 1 1]
direction in the zinc blende structure are folded
to approximate those of the wurtzite structure

along the [0 0 0 1] direction because the unit cell
length of the cubic structure along the [1 1 1]
direction is equal to the width of one unit bilayer,
while that for the hexagonal structure along the
[0 0 0 1] direction is twice that amount.
(Patterned after Ref. [114].)
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inactive (silent modes). The A1 and E1 modes are each split into LO and TO
components with different frequencies due to the macroscopic electric fields
associated with the LO phonons. Because the electrostatic forces dominate the
anisotropy in the short-range forces, the TO–LO splitting is larger than the A1–E1
splitting. For the lattice vibrations with A1 and E1 symmetry, the atomsmove parallel
and perpendicular to the c-axis, respectively. The low-frequency E2mode is associated
with the vibration of the heavy Zn sublattice, while the high-frequency E2 mode
involves only the oxygen atoms. In the case of highly oriented ZnO films, if the
incident light is exactly normal to the surface, only A1(LO) and E2modes are observed
and the other modes are forbidden according to the Raman selection rules.
The first-order phonon Raman scattering is due to phonons near the G point zone

center, that is, with wave vector k
 0, because of themomentum conservation rule in
the light scattering process. Raman measurements are typically employed to probe
the vibrational properties of semiconductors. When done along the direction
perpendicular to the (0 0 0 1) plane, the nomenclature used to describe this confi-
guration is depicted asZðXY ;XYÞ �Z.Here, followingPorto�s notation [105], A(B,C)D
is used to describe the Raman geometry and polarization where A and D represent
the wave vector direction of the incoming and scattered light, respectively, whereas B
and C represent the polarization of the incoming and scattered light. In Raman
scattering, all the above-mentioned modes, with the exception of B1 modes, are
optically active. Because of their polar nature, the A1 and E1 modes split into
longitudinal optical (A1-LO and E1-LO), meaning beating along the c-axis, and
transverse optical (A1-TO and E1-TO), meaning beating in the basal plane. To
reiterate, the A1 and B1 modes give atomic displacements along the c-axis, while
the others, E1 andE2, give atomic displacements perpendicular to the c-axis,Here, the
A1 and E1 modes are both Raman and IR active, while the two E2 modes are only
Raman active, and the two B1modes are neither Raman nor IR active,meaning silent
modes. In the ZðXY ;XYÞ �Z configuration, only the E1

2 (or E
L
2 or E2-low), E

2
2 (or E

H
2 or

E2-high), andA1(LO)modes should be observable. In particular, in theZðX ;XÞ �Z and
ZðY ;YÞ �Z geometries all three modes are observable, while in the ZðX ;YÞ �Z or
ZðY ;XÞ �Z geometries only the E2 modes are detected [106]. The details of the
mode–Raman configuration relationship are provided in Table 1.8. Shown in
Figure 1.19 are the modes and the Raman backscattered geometries in relation to
hexagonal crystalline orientation that can be used to sense the various phononmodes
indicated.
The acousticmodes are simple translationalmodes, and opticalmodes forwurtzite

symmetry are shown in Figure 1.20. Table 1.9 gives a list of observed zone center
optical phonon wave numbers along with those calculated for wurtzite ZnO.
The optical phonon energies are linked to the low- and high-frequency dielectric

constants and therefore can be calculated from one another. Electromagnetic theory
indicates that for any longitudinal electromagnetic wave to propagate, the dielectric
function e(w) must vanish. Doing so leads to [113]

eðwÞ
eð¥Þ ¼

w2
LO�w2

w2
TO�w2

; ð1:27Þ
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wherewLO andwTO represent the LO and TO phonon frequencies, and e(w) and e(¥)
represent the low and high (optical) frequency dielectric constants, respectively.
When w¼wLO, the dielectric function vanishes, e(wLO)¼ 0. Equation 1.27 can be
expanded to the directional dependence of the dielectric function inwurtzite ZnO. In
the direction parallel to the c-axis or the z-direction, from theG point to the Apoint, in
the k-space (with x, y representing the in-plane coordinates), the low- and high-
frequency dielectric functions are related to each other with the help of A1(LO) and
E1(TO) phonon frequencies through [119]

e==ðwÞ ¼ e¥==
w2�w2

==ðLOÞ
w2�w2

==ðTOÞ
: ð1:28Þ

Table 1.8 Raman measurement configuration needed to observe
the phonon modes in hexagonal ZnO.

Mode Configuration

A1(TO), E2 XðY ;YÞ �X
A1(TO) XðZ;ZÞ �X
E1(TO) XðZ;YÞ �X
E1(TO), E1(LO) XðY ;ZÞY
E2 XðY ;YÞZ
E2 ZðY ;XÞ �Z
A1(LO), E2 ZðY ;YÞ �Z
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Figure 1.19 Schematic representation of two Raman
configurations with incident and scattered light directions
in the backscattering geometry for ZðX ;XÞ �Z þZðX ;YÞ �Z
configuration to sense EL

2 , E
H
2 , and A1(LO) modes, XðZ;ZÞ �X

configuration to sense A1(TO) mode, and XðZ;YÞ �X
configuration to sense E1(TO) mode.
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Figure 1.20 Atomic vibrations in Wz ZnO. The larger atom
represents Zn while the smaller one represents O. X¼ (1 0 0),
Y¼ (0 1 0), Z¼ (0 0 1) represent the optical polarization
directions: (a) for general wave vector and (b) for zone center
phonons.
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Likewise, Equation 1.27 can be expanded in the direction perpendicular to the
c-axis or the z-direction, or in the basal plane or the (x, y) plane (in k-space between the
G point and M (1/2, 0, 0) or K (1/3, 1/3, 0) points). In this case, the low- and high-
frequency dielectric functions are related to each other with the help of A1(TO) and
E1(LO) phonons through [119]

e?ðwÞ ¼ e¥?
w2�w2

?ðLOÞ
w2�w2

?ðTOÞ
; ð1:29Þ

where ? and // indicate in the basal plane and along the c-direction, respectively.
For wurtzite materials, the various directional components of phonon modes

correspond to w?(LO) ! E1(LO), wz(LO)¼w//(LO) ! A1(LO), w?(TO) ! E1(TO),
and wz(TO)¼w//(TO) ! A1(TO). In the z-direction (along the c-direction) and
the directions perpendicular to the z-direction (in basal plane), LO and TO phonons
are not mixed. For any direction other than these in-plane and out-of-plane

Table 1.9 Phononmode frequencies (in units of cm�1) of wurtzite
ZnO at the center of the Brillouin zone obtained from infrared
spectroscopic ellipsometry (IRSE) and Raman scattering
measurements in comparison with theoretical predictions.

Symmetry
Raman
spectroscopy Infrared spectroscopy

Theoretical
calculations

A1-TO 380 (2)a, 379 (2)b, 380c,
380d, 378e, 380f

380g, 376.5j 382h, 386i

E1-TO 409 (2)a, 410 (2)b, 407c, 413d, 409.5e 409.1 (0.9)a, 408.2 (0.3)b,
412g, 410.7j

316h, 407i

A1-LO 574c, 576e, 579d, 579f 574.5 (0.3)a, 577.1 (0.4)b,
570g, 574.1j

548h

E1-LO 587 (2)a, 591 (2)b, 583c, 588e, 591d 588.3 (0.7)a, 592.1 (0.2)b,
591g, 590.4j

628h

E2-low 102 (1)a, 102 (1)b, 101c, 101d, 98e, 99f 126h, 98i

E2-high 438 (1)a, 437 (1)b, 437c, 444d, 437.5e, 438f 335h, 433i

B1-low 261k

B1-high 552k

aZnO epilayer grown on sapphire. Error bars in parentheses of the infrared spectroscopy data
represent the 90% confidence limits. Error bars of the Raman data are determined by the
experimental setup [123].
bBulk ZnO. Error bars in parentheses represent the 90% confidence limits [123].
cRaman scattering on ZnO single crystal [105].
dRaman spectra on ZnO [106].
eRaman spectra [121].
fRaman spectra on ZnO film [115].
gIR reflection [116].
hAtomistic calculations based on an interatomic pair potential within the shell model approach [19].
iCalculation [109].
jGeneralized IRSE on a-plane ZnO on r-plane sapphire [117].
kAb initio calculations [118].
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configurations, the LO and TO phonons mix and hybridize. For a given propagation
direction with an angle q relative to the c-axis (z-axis), one finds three phonon
branches. One is an ordinary TO phonon mode with atomic displacement in the xy
plane. The other two branches have amixed TO and LO character and their dielectric
functions are given by the solutions of [120]

e== cos2 qþ e? sin2 q ¼ 0: ð1:30Þ

Using the above relationship, the phonon energy as a function of the angle can
easily be calculated. Doing so leads to the conclusion that the upper branch (LO-
like) remains between the A1(LO) and E1(LO) energies while the lower branch (TO-
like) remains between the A1(TO) and E1(TO) energies. Therefore, the dispersion
remains small compared to the LO–TO separation, owing to the relatively small cell
asymmetry and the large ionicity of atomic bonds. A more important consequence
of LO–TO mixing is that the TO-like mode couples to carriers whereas in the c-
direction A1(LO) mode and in the basal plane E1(LO) phonons couple to the
carriers.
For the special case w¼ 0 (or very small frequencies compared to the LO and TO

phonon frequencies), the relationship between the optical and static dielectric
constants reduces to the well-known Lyddane–Sach–Teller relationship

eðwÞ
eð¥Þ ¼

w2
LO

w2
TO

; ð1:31Þ

which is often used to determine the optical frequency dielectric constant from
knowledge of the A1(LO) and A1(TO) phonon frequencies along the c-direction and
E1(LO) and E1(TO) in the basal plane. The static and high-frequency dielectric
constants of ZnO are listed in Table 3.8.
A reasonably complete set of phonon mode frequencies has been measured by

using either IR or Raman spectroscopy (RS) for both bulk and thin-filmZnO. In early
measurements, phononmodes of bulk ZnOwere explored and discussed extensively
by several groups using RS measurements [105–108, 121]. Observation of the
phonon modes in PLD-grown ZnO thin films was reported by Lu et al. [122] and
Ashkenov et al. [117, 123]. No significant differences for the E1(TO), A1(TO), and E2
mode frequencies were observed between the thin film and the bulk sample. The
thin-filmZnO phononmode frequencies are highly consistent with those of the bulk
material. A small redshift of the longitudinal optical phononmode frequencies of the
ZnO films with respect to the bulk material was tentatively assigned to the existence
of vacancy point defects within the films. The data obtained from IR and RS
measurements are consistent with each other within the experimental accuracy.
The predicted phonon frequencies reported by Tsuboi andWada [109] are also in very
good agreement with the experimental observations. The modes E1(TO) and A1(TO)
reflect the strength of the polar lattice bonds. Accordingly, as discussed above no
significant differences between the lattice constants of the film and bulk samples
were observed.
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Figure 1.21 shows typical Raman spectra of the bulk and thin-film ZnO sam-
ples [123]. In this particular study, solid lines in both figures indicate E1, A1, and E2
phonon modes of ZnO. Dashed–dotted lines mark features observed at 332, 541,
and 665 cm�1, which were assigned to possible multiple-phonon scattering proces-
ses [105, 108]. Dotted lines are related to the sapphire phonon mode frequencies
(A1g mode: 417 and 645 cm�1; Eg mode: 379, 430, 450, 578, and 751 cm�1) [110]. For
both samples A1(LO) has not been observed and it was claimed that the scattering
cross section for this mode is markedly smaller than that of the A1(TO) mode due to
the destructive interference between the Fr€ohlich interaction and the deformation
potential contributions to the LO phonon scattering in ZnO [107]. Additionally, the
occurence of the E1(LO)mode in both samples was attributed to the breakdown of the
selection rule due to the use of the Raman microscope.
Rajalakshmi et al. [124] have reported additional Raman peaks at 205, 331, and

539 cm�1 in their ZnO nanoparticle samples synthesized at ambient temperature
using an electrochemical cell. Similar peaks (208, 332, and 541 cm�1) that occur
under resonance conditions were also reported for bulk ZnO [108]. In both studies,
these peaks have been assigned to the second-order Raman spectrum arising from
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Figure 1.21 (a) Raman spectra of the bulk ZnOsample. First-order
phononmodes of ZnOare indicated by the vertical solid lines. The
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zone boundary (M point) phonons 2-TA(M), 2-E2(M), and 2-LA(M), respectively.
However, the coupling to plasmons in highly doped material and stress-induced
effects due to lattice mismatch with the substrate might play a role in the interpreta-
tion of the observed phonon frequencies.
The hydrostatic pressure dependence of the zone center phonon modes has also

been studied. In conjunction with the previously reported results [111, 125],
Decremps et al. [92] investigated in detail the pressure-induced Raman shifts in a
single-crystal ZnO sample at room temperature using Raman spectroscopy and ab
initio calculations based on a plane-wave pseudopotential method within the density
functional theory. The pressure dependence of the zone center phonons (E2, A1, and
E1) was measured for the wurtzite structure up to the hexagonal/cubic phase
transition pressure (�8.7GPa), above which all Raman peaks disappeared. The
pressure dependences of the phonon frequencies for the two high-pressure experi-
ments are shown in Figure 1.22. Only the E2-lowmode exhibited a negative pressure
dependence. The frequency shifts in the E2-high, A1(TO), E1(TO), and E1(LO)
modes were observed to increase with pressure. The pressure dependence of the
opticalmode energies was also comparedwith the prediction of amodel. No evidence
of an anomaly in the E2 and A1 mode behaviors before the phase transition

Figure 1.22 Top: (nLO� nTO) E1 phonon mode splitting versus
pressure. Solid lines are linear least-square fits to the experimental
points. Bottom: Pressure dependence of the observed optical
phonons. Open (full) symbols: propagation of light perpendicular
(parallel) to c-axis. (Courtesy of F. Decremps [92].)
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was detected. The corresponding perpendicular tensor component of the Born�s
transverse dynamic charge e*T (Z* in table 1.6) is experimentally found to increase
under compression as e*TðPÞ ¼ 2:02�6:4� 10�3 P, whereas calculations give
e*TðPÞ ¼ 2:09�2:5� 10�3 P (in units of the elementary charge e, P in GPa). It has
also been noted that the observation of optical phonons under pressure does
not show any softening of the optic A1 and E2-high modes as theoretically
expected [126, 127]. Moreover, from both the experimental observation and the
theoretical calculations, the LO–TO splitting of the E1 phonon mode, which
depends on the long-range electrostatic forces, has unusually shown weak pressure
dependence. This behavior has been attributed to a small variation of the chemical
bond ionicity of wurtzite ZnO with pressure. Experimentally, the second-order
process observation (e.g., via optical phonon instabilities) could not be performed
because the wurtzite-to-rocksalt first-order transition limits the pressure range
within which the wurtzite structure exists.
The strong bond in ZnO and light O atoms result in high phonon frequencies and

limit the range of possibly observable impurity-related local vibrational modes
(LVMs) to even lighter elements at higher frequencies. So far, a number of reports
have appeared for the infrared and Raman modes, which have been associated with
local vibrational modes of impurities, dopants, and defect complexes. Kaschner
et al. [128] have studied the influence of nitrogen, which is considered as a potential
acceptor in ZnO, on the lattice dynamics of ZnO. They investigated a series of
samples grown by chemical vapor deposition (CVD) containing different nitrogen
concentrations. The Raman spectra revealed vibrational modes at 275, 510, 582, 643,
and 856 cm�1 in addition to the host phonons of ZnO as discussed above. It has been
observed that the intensity of these additional modes correlates linearly with the
nitrogen concentration. Therefore, these modes were interpreted as local vibrational
modes due to the vibrating nitrogen-related complexes. Bundesmann et al. [129] later
measured the phonon modes of Fe-, Sb-, Al-, Ga-, and Li-doped ZnO thin films,
grown by pulsed laser deposition (PLD) on c-plane sapphire substrates using
polarized micro-Raman spectroscopy. Additional modes at about 277, 511, 583,
and 644 cm�1, which had been assigned to N incorporation, were observed for
intentionally doped Fe, Sb, and Al films [129]. The mode at 277 cm�1 was also
observed for Ga-doped films. Based on these observations, it has been stated that
these modes cannot be related directly to N incorporation. Instead, the host lattice
defects were suggested to be the origin of the additionalmodes [129]. This suggestion
was supported by theoretical considerations, which stated that defects related to the
incorporation of dopants might result in breakdown of the selection rules, and silent
modes becomeRaman active [130]. Therefore, the above-addressed additionalmodes
can be related to silent modes of ZnO.
First-principles calculations based on density functional theory within the local

density approximation and the pseudopotential plane-wave method by Van de
Walle [131] suggest that hydrogen atoms might act as shallow donors in ZnO. It
has been argued that the incorporation of hydrogen accompanied by remarkably
large relaxations of the surrounding atoms leads to anO–Hbond,which in fact can be
regarded as a new type of dopant atom in ZnO. To determine the microscopic
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structure of hydrogen donors, the LVMs arising from these complexes have been
investigated using IR and Raman spectroscopy [132–134]. The hydrogen-related
defects in ZnO samples, hydrogenated using an H or a D plasma, have been
investigated by a combination of local vibrational mode spectroscopy and compared
with thefirst-principles calculations. Three new IR absorption lines at 3611.3, 3349.6,
and 3312.2 cm�1 have been observed at 10 K. Based on polarization studies and
first-principles calculations, the line at 3611.3 cm�1 was assigned to a single
interstitial hydrogen atom at the bond center site oriented along the c-axis of the
crystal although the possibility that thisHatom is associated with an impurity cannot
be ruled out. The lines at 3349.6 and 3312.2 cm�1 were attributed to a zinc vacancy
that contains two inequivalent hydrogen atoms, one in anO–Hbond roughly aligned
with the c-axis and the other in an O�H bond that forms an angle of 100� with the
c-axis [133].
McCluskey et al. [132] have also used IR spectroscopy to measure local vibrational

modes in ZnO annealed in hydrogen gas. An IR absorption peak at 3326.3 cm�1 was
observed at a temperature of 8 K and attributed to the O–H stretch mode based on
comparison with the first-principles calculations of Van de Walle [131], in which the
calculated mode frequencies were 3726 and 3384 cm�1 for the bond-centered and
antibonding configurations, respectively, after subtracting 166 cm�1 due to the
anharmonic terms in the potential causing the stretch-mode frequency to shift
downward. However, because of the uncertainty in actual anharmonicity the bond-
centered configuration was not ruled out. The IR spectrum of ZnO annealed in
deuterium has revealed an additional stretch mode at 2470.3 cm�1 for the same
temperature, which was tentatively assigned to the oxygen–deuterium (O–D) com-
plexes. Using polarization measurements at room temperature, they also showed
that the dipole of the O–H complex does not lie parallel to the c-axis of wurtzite
ZnO [132, 135].
Using Raman backscattering spectroscopy, Nickel and Fleischer [136] have de-

tected six local vibrational modes at 2854, 2890, 2918, 2948, 2988, and 3096 cm�1. A
Raman backscattering spectrum measured on an as-grown ZnO single crystal is
shown in Figure 1.23. The peak positions were obtained by deconvolving the
spectrum into six Gaussian lines. To elucidate the origin of the local vibrational
modes, Nickel and Fleischer performed hydrogen effusion experiments on ZnO
single crystals. Upon annealing some samples up to 950 �C to remove hydrogen, the
subsequent measurement revealed that the local vibrational modes disappeared,
from which the observed vibrational modes were attributed to the presence of
hydrogen in the ZnO crystals. It was found that the stretching vibration of the
corresponding hydrogen complex is not parallel to the c-axis. The vibrational modes
located at 2854, 2890, 2918, 2948, and 2988 cm�1 were assumed to be due to the
stretching modes of C–H, symmetric stretching modes of C–H3, symmetric stretch-
ing modes of C–H2, antisymmetric stretching modes of C–H3, and antisymmetric
stretching modes of C–H2, respectively, based on the effusion data, where a
significant concentration of hydrocarbons was detected. The local vibrational mode
located at 3096 cm�1 was attributed to the N–H, assuming a considerable amount of
hydrogen is bonded to nitrogen atoms based on the effusion experimental data. This

48j 1 General Properties of ZnO



observedmode frequencywas also found to be consistent with that reported for ZnSe
compound semiconductors [137].

1.6
Thermal Properties

As in all solids, the atoms in a semiconductor at nonzero temperature are in ceaseless
motion, oscillating about their equilibriumstates. These oscillationmodes are defined
by phonons as discussed in Section 1.5. The amplitude of the vibrations increaseswith
temperature, and the thermal properties of the semiconductordetermine the response
of the material to temperature changes. Thermal expansion, specific heat, and
pyroelectricity are among the standard material properties that define the linear
relationships between mechanical, electrical, and thermal variables. These thermal
properties and thermal conductivity depend on the ambient temperature, and the
ultimate temperature limit to study these effects is themelting temperature, which is
�1975K forZnO. It should also be noted that because ZnO iswidely used in thin-film
form deposited on foreign substrates, meaning templates other than ZnO, the
properties of the ZnO films also intricately depend on the inherent properties of the
substrates, such as lattice constants and thermal expansion coefficients.
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Figure 1.23 Raman backscattering spectrum of as-grown single-
crystal ZnO after background subtraction. The sample was
irradiated with the 488 nm line of an Ar laser and a power of
190mW.The solid line represents a least-square fit of sixGaussian
lines to the data. The dashed lines indicate the individual local
vibrational modes. The peak positions are indicated in the plot.
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1.6.1
Thermal Expansion Coefficients

The lattice parameters of semiconductors depend on temperature and are quantified
by thermal expansion coefficients, which are denoted as Da/a oraa and Dc/c orac, for
in-plane and out-of-plane cases, respectively. They depend on the stoichiometry,
presence of extended defects, and free carrier concentration. The typical room-
temperature values for ZnO are Da/a¼ 4.75� 10�6 K�1 and Dc/c¼ 2.9� 10�6 K�1

[138]. Figure 1.24 depicts the percent thermal expansion of ZnO in the c-plane and
along the c-axis as a function of temperature [139]. Also shown is the thermal
expansion of polycrystalline ZnO.
The temperature dependence of the lattice constants a and c and the thermal

expansion coefficients of hexagonal ZnO have been determined by the capacitive
method [138]. The thermal expansion coefficientsmeasured between 4 and 800K are
shown in Figure 1.25. Reeber [30] has employed X-ray powder diffraction methods
instead to measure the temperature dependence of the lattice parameters of ZnO in
the range of 4.2–296K. The results are shown in Figure 1.26. When analyzing the
dependence of the lattice parameters on temperature, fourth-order polynomials

aðTÞ ¼ 3:248 53�1:0811� 10�5T þ 6:820� 10�8T2�6:109� 10�11T3

þ 2:143� 10�14T4 ð1:32Þ
were fitted by using the least-square method, which gives a minimum for the a0
parameter at 93K. The c0 parameter did not give anyminimum,most probably due to
its low precision and uncertainty in the measurement. Using the same X-ray
diffraction technique from 300 to 1373K for powdered ZnO crystals, Iwanaga
et al. [140] obtained second-order polynomials for the temperature dependence of
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the lattice parameters measured within an error of 5� 10�4 Å:

aðTÞ ¼ 3:2468þ 0:623� 10�5T þ 12:94� 10�9T2;

cðTÞ ¼ 5:2042þ 0:522� 10�5T þ 12:13� 10�9T2;
ð1:33Þ

with corresponding thermal expansion coefficients of aa¼ 4.31� 10�6 K�1 and
ac¼ 2.49� 10�6 K�1 at 300K.
Hang and Jou [141] studied thermal properties of ZnO films prepared by RF

magnetron sputtering on Si andGaAs substrates. Thermal stresses were determined
by using bending beam technique where the specimens were thermally cycled from
25 to 400 �C. They investigated the thermal expansion coefficient as a function of
growth parameters, such as substrate temperature and sputtering power. With a
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few exceptions, they found no significant changes with the variation of total gas
pressure from 0.53 to 2.1 Pa, substrate temperature from 250 to 450 �C, Ar-to-O pre-
ssure ratio from 0.3 to 3, and power from 100 to 300W. It has been observed that the
thermal expansion coefficient increases about 37% from 5� 10�6 to 8� 10�6 �C�1

within the temperature range of 25–400 �C. Aoumeur et al. [100] calculated
the thermal expansion coefficient for both zinc blende and rocksalt phases of ZnO
using a molecular dynamics simulation based on Tersoff�s potential. They found
that a¼ 1.24� 10�5 K�1 for the zinc blende and a¼ 0.16� 10�5 K�1 for rocksalt
structures.
As alluded to earlier, ZnO is widely used in thin-film form deposited on nonnative

substrates. Therefore, the material quality, actually properties in general, of the ZnO
films depends on the properties of the substrates used. Especially, the lattice
parameters and thermal expansion coefficients of these substrates are extremely
important since reduction of strain and dislocation density in ZnO thin films is the
main objective, and substrates with parameters similar to those of ZnO are favorable
in this context. Thermal expansion coefficients of various substrates used for thin-
film ZnO growth are given in Table 2.3.

1.6.2
Thermal Conductivity

Thermal conductivity (k), a kinetic property determined by the contributions from
the vibrational, rotational, and electronic degrees of freedom, is an extremely
important material property when high-power/high-temperature electronic and
optoelectronic devices are considered. For pure crystals, phonon–phonon scattering,
which is ideally proportional to T�1 above the Debye temperature, is the limiting
process for thermal conductivity. Specifically, the heat transport is predominantly
determined by the phonon–phonon Umklapp scattering and phonon scattering by
point and extended defects, such as vacancies (inclusive of lattice distortions caused
by them), impurities, and isotope fluctuations (mass fluctuation). As for other
semiconductors point defects play a significant role in thermal conductivity of ZnO.
The lattice contribution (phonon scattering) to the thermal conductivity k is obtained
from the kinetic theory as [142]

klatticeðTÞ ¼ 1
3
vsClatticeðTÞLðTÞ; ð1:34Þ

where T is the temperature, vs is the velocity of sound (almost independent of
temperature), Clattice(T ) is the lattice specific heat, and L(T ) is the phononmean free
path. In almost all materials, k(T ) first increases with temperature, reaches a
maximum (kmax) at some characteristic temperature Tch, and then decreases. At
low temperatures, L is relatively long and is dominated by extrinsic effects such as
�defects� and/or finite crystal size and Clattice(T )� (T/qD)3, where qD is the Debye
temperature. As the temperature increases,Clattice(T ) begins to saturate and intrinsic
temperature-dependent Umklapp processes become dominant, thus causing a
decrease in L.
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The electronic contribution to the thermal conductivity, which is negligible for
carrier concentrations �1019 cm�3, is [143]

kelectrðTÞ ¼ p2nk2BTtelectr
3m*

c
; ð1:35Þ

where n is the carrier density, kB is the Boltzmann constant, telectr is the scattering
time of the electrons, and m*

c is the conduction band effective mass. The overall
thermal conductivity generally decreases with increasing carrier concentration,
because the decrease in the lattice component of k due to increased phonon
scattering from both impurities and free electrons outweighs the increase in the
electronic contribution to k [144].
Scanning thermal microscopy (SThM) [145] is a powerful technique used to

measure thermal conductivity and is purported to provide nondestructive, absolute
measurements with a high spatial/depth resolution of about 2–3 mm. Thermal
imaging is achieved by using a resistive thermal element incorporated at the end of
a cantilever/AFM tip, which forms one element of a Wheatstone bridge (for more
information and a schematic see Ref. [91]). Upon contact with the sample, the tip
tends to cool down due to heat conduction into the sample, which is related to its
thermal conductivity, k. The bridge circuit applies a compensating voltage (Vout) to
maintain its target operating temperature. The feedback signal for constant
resistance is a measure of the thermal conductivity of the material with which
the tip is in contact, specificallyV2

out is proportional to k, because power dissipation
is the mechanism here. Measurements of the absolute values of k are based on a
calibration procedure. This simply comprises calibrating the feedback signal, V2

out,
for a constant thermal element resistance against that for samples with known
conductivities such as GaSb, GaAs, InP, Si, and Al metal. The influence of the
surface roughness on the effective thermal conductivity is of concern. For a
perfectly flat surface, the contact between the probe tip (radius of curvature�1 mm)
and the sample surface is very small. However, for rough surfaces the tip could
impinge on a valley- or hillock-like feature with the result that a valley/hillock will
lead to increased/decreased thermal signal with a corresponding change in the
measured effective thermal conductivity.
SThM was applied to measure the room-temperature thermal conductivity on Zn

and O faces of high-quality ZnO (0 0 0 1) single crystals, grown by a vapor-phase
transportmethod [146]. The thermal investigation was performed in twoways: point-
by-point (�2mm resolution) and area scans. The point-by-point measurements on
Zn-face samples producedk¼ 1.16� 0.08 and 1.02� 0.07Wcm�1 K�1, whileO-face
samples showed k¼ 1.10� 0.09 and 0.98� 0.08Wcm�1 K�1. The variations repre-
sent the standard deviation in the data, which was obtained by investigating
approximately 15–20 points randomly distributed over a 6� 6mm2 surface area.
In this study, a correlation between the surface topography and thermal conductivity
variations was also studied by acquiring the AFM and SThM scans simultaneously
during the area scan. The effects of surface roughness on effective k values
were treated in terms of tip–surface geometry. It has been argued that when the
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experimental voltage variations (proportional to k) correspond to only 6–7% changes
in the thermal conductivity, variations probably originate from the topography. Larger
variations (>12%) in the SThM voltage reading for AFM topographical features with
heights <100 nm would be an indication of intrinsic thermal conductivity variations
across the area under investigation.
Pollak and coworkers [147] measured the thermal conductivity k of several bulk

ZnO (0 0 0 1) samples grown by CERMET, Inc. and prepared by the authors� group
under different surface treatments. The measurements were made using SThM
with a spatial/depth resolution of about 2–3mm. The surface treatments of various
samples are summarized in Table 1.10. The measurements were made at different
points on each sample and the results are also shown in Table 1.10. For sample (a)
in both positions, k is considerably less than the previously reported values of
about 1.0Wcm�1 K�1 [146]. To be consistent with the earlier models, one would
argue that forming gas annealing has resulted in surface roughness, which has
considerably reduced k. The same is mostly true for sample (e), which exhibits
considerable inhomogeneity in the measured k. At present, there is no explanation
for this result, although Florescu et al. [144] did find that in GaN k was a function
of carrier concentration; that is, it decreased with increasing carrier concentration
due to scattering of phonons from the ionized impurities. No information is
available neither about the carrier concentrations/doping levels nor about their
distribution for this or any other of the samples. For sample (b) the measured
results for k are similar to those reported in Ref. [146], while for samples (c) and
(d) they are actually somewhat higher and are the highest k values reported for
ZnO. Thus, both air annealing and nitrogen plasma treatment result in a good
surface.

Table 1.10 Thermal conductivity, k (W cm�1 K�1), at multiple
positions of bulk ZnO samples with various surface treatments
[147].

Sample Surface treatment Thermal conductivity (W cm�1 K�1)

(a) Forming gas annealed (1) k¼ 0.67� 0.08
(2) k¼ 0.46� 0.05

(b) As received (O face) (1) k¼ 1.00� 0.08
(2) k¼ 0.95� 0.06

(c) Air annealed (1) k¼ 1.35� 0.08
(2) k¼ 1.25� 0.05

(d) Nitrogen plasma treated at 750 �C (1) k¼ 1.44� 0.08
(2) k¼ 1.47� 0.08

(e) Oxygen plasma treated at 700 �C (1) k¼ 0.87� 0.06
(2) k¼ 0.75� 0.06
(3) k¼ 0.80� 0.06
(4) k¼ 1.24� 0.05
(5) k¼ 0.54� 0.07
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Olorunyolemi et al. [148] measured the thermal conductivity of ZnO powders with
different particle sizes (micrometer, submicrometer, and nanometer) from the
as-received powder state to fully sintered state by using a laser flash technique.
Curves of thermal conductivity versus temperature for the three sets of ZnO samples
(micrometer, submicrometer, and nanometer) measured as they were heated to
600 �C and cooled back to 25 �C are shown in Figure 1.27. The first surprising
observation is that the thermal conductivity at room temperature and up to 200 �C is
the reverse of what is expected for the different particle sizes, with the nanopowder
having the highest thermal conductivity. The room-temperature thermal conductivi-
ties were measured to be 0.745, 0.914, and 1.160Wm�1 K�1 for micro-, submicron-,
and nanosized samples with an average particle diameter of 1.0mm, 0.2mm, and
20 nm, respectively. The initial higher thermal conductivity of the nanopowder ZnO
samples was attributed to the adsorbed water including chemisorbed water (more
than that adsorbed by the submicrometer, which in turn is more than that adsorbed
by themicrometer powder). Above 400 �C, the thermal conductivity of the nanosized
particle increases faster with increasing temperature than that of the submicrometer-
and the micrometer-sized samples. In this work, a model for interparticle neck
growth was also developed based on themass transfer of a powder to the neck region
as a result of known temperature. The observed data were compared with the
theoretical results obtained by the three-dimensional numerical code combined
with this model.
Figure 1.28 shows the measured thermal conductivity of a fully sintered sample

heated from room temperature to 1000 �C. The thermal conductivity decreases from
37 to 4Wm�1 K�1 as the temperature is increased from room temperature to
1000 �C. This is the thermal conductivity curve for a fully dense ZnO crystal, where
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Figure 1.27 Thermal conductivity of nanometer-, submicrometer-,
and micrometer-sized ZnO heated from room temperature to
600 �C at 3 �Cmin�1. (After Ref. [148].)
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the resistive phonon–phonon interactions (Umklapp processes) are the dominant
scattering mechanisms.
The thermal properties of ZnO doped with Al and Mg were also studied by a

number of groups [149–153] for the evaluation of the thermoelectric performance.
Tsubota et al. [152] investigated the thermal conductivity of sintered
(Zn1�yMgy)1�xAlxO (x¼ 0–0.1, y¼ 0–0.1) samples determined from thermal
diffusivity and specific heat capacity measured by the laser flash technique and
differential scanning calorimetry (DSC), respectively. The temperature depen-
dences of the thermal conductivities of (Zn1�yMgy)0.98Al0.02O (y¼ 0, 0.02, 0.1) are
shown in Figure 1.29 in comparison with that of ZnO. The reduction of k from
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Figure 1.28 Thermal conductivity of fully sintered ZnO heated
from room temperature to 1000 �C. (After Ref. [148].)
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ZnO to Zn0.98Al0.02O was almost negligible. Although addition of Al (using Al2O3)
is considered to be ineffective in suppressing k of ZnO-based materials, the
difference in k values between the MgO added samples and the Zn0.98Al0.02O
sample is significantly larger at low temperatures, indicating that the addition of
MgO is very effective in reducing the thermal conductivity at low temperatures.
From the temperature dependence behavior (1/T dependence above the Debye
temperature), the authors have concluded that the decrease in phonon–phonon
scattering contribution is mainly responsible for the reduction of thermal con-
ductivity upon the addition of MgO as well as Al2O3. The formation of a solid
solution of MgO and ZnO is thereby considered to be effective in introducing
phonon scattering centers to reduce vibrational component and thus the overall
value of k.
Similarly, thermal properties of (Zn1�yMgy)1�xAlxO (0 < x < 0.05 and 0 < y

0.16) ceramics synthesized from a powder precursor prepared by a polymerized
complex method have also been investigated by Katsuyama et al. [151]. They
observed similar dependence of thermal conductivity on temperature and doping
constituents as Tsubota et al. [152]. The thermal conductivity decreased with
increasing x, but it was further suppressed by the additional substitution of the
Zn sites by Mg atoms with the resultant lattice contribution, that is, the point
defects introduced by the addition of Mg enhanced the phonon scattering.
However, in both studies, although the temperature dependence reveals 1/T
behavior indicative of Umklapp scattering, room-temperature thermal conductiv-
ity of sintered ZnO, which is about 40Wm�1 K�1 and reduces to �7Wm�1 K�1

with increasing MgO concentration, is much smaller than the values reported
for the high-quality single crystal discussed above. This indicates the large
contribution due to enhanced phonon-point defect or -extended defect and
-grain boundary scattering.
Because ZnO thin films deposited on foreign substrates are used in different

applications, thermal conductivities of the substrates would be of concern when
designing device structures. A comparison of thermal conductivities for various
templates used for ZnO growth is provided in Table 2.3.

1.6.3
Specific Heat

The specific heat of a semiconductor has contributions from lattice vibrations, free
carriers (very effective at low temperatures), and point and extended defects. For
good quality semi-insulating crystal, the specific heat is determined mostly by the
lattice vibrations. The available specific heat data for ZnO is very limited. Lawless
and Gupta [154] investigated the specific heat for both pure and varistor type of
ZnO samples between the temperature ranges of 1.7–25 K, where the latter has
an average grain size of 10 mm. Specific heat measurements were performed
using the pulse method. As seen in Figure 1.30, the specific heat of varistor ZnO
diverges from that of pure ZnO below 20 K. This difference was attributed to the
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contribution by the large amount of impurities, present in the region of the grain
boundaries of varistor-type ZnO, giving rise to a very large excess specific heat
below 20 K.
The specific heat data for pure ZnOwere further analyzed by considering two non-

Debye features at different temperature regions according to

C ¼ CDebye þCSchottky þCEinstein; ð1:36Þ

where CDebye, CSchottky, and CEinstein represent the Debye, Schottky, and Einstein
terms of the total specific heat of ZnO, respectively. In general, the Debye expression
for the temperature dependence of specific heat in a solid at a constant pressure can
be expressed as

CDebye ¼ 18R
T
qD

� �3

:

ðxD
0

x4ex

ðex�1Þ2 dx; ð1:37Þ

where xD� qD/T and R¼ 8.3144 Jmol�1 K�1 is the molar gas constant. The coeffi-
cient in front of the term R has been multiplied by 2 to take into account the two
constituents making up the binary compound. By fitting the measured tempera-
ture-dependent heat capacity to the Debye expression, one can obtain the Debye
temperature qD specific to the heat capacity. It is often easier to extract a Debye
temperature by using data either near very low temperatures or well below
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Figure 1.30 Specific heat data measured for pure ZnO compared
to data for varistor ZnO. (After Ref. [154].)
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the Debye temperature where the specific heat has a simple cubic dependence on
temperature:

CDebye ¼ 234R
T
qD

� �3

: ð1:38Þ

Unfortunately for ZnO, the samples contain large densities of free carriers and
defects, which make the Debye specific heat expression unreliable. The Debye
contribution to the specific heat of pure ZnO is also shown in Figure 1.30 as the
curve labeled with a calorimetric Debye temperature of qD¼ 399.5 K, and the
deviation of the data below �5 K is due to the Schottky term and that above �10 K
is due to the Einstein term. The latter has an exponential dependence and is
given by

CEinstein ¼ 3RrE
qE
T

� �2

exp � qE
T

� �
for T 
 qE; ð1:39Þ

where rE is the number of Einstein oscillators per formula weight and qE is the
Einstein temperature. Schottky term has a T�2 dependence and is expressed by

CSchottky ¼ bT�2; ð1:40Þ

where b¼ nR(d/2)2 (n¼ rE is assumed) is the Schottky coefficient.
The least-square fits of these two expressions to the experimental data for the

corresponding temperature ranges are shown in Figure 1.31. Very good agreement
with 2–3% uncertainty was achieved for the values of qE¼ 120.5 K and rE¼ 8.72
� 10�2 for the case of Einstein model and b¼ 350.7 erg g�1 K�1 for the Schottky
term. The Zn interstitials (3.6� 1021 cm�3) might be responsible for the disper-
sionless Einstein-type contribution to the specific heat above 10 K, whereas the
Schottky contribution appearing below 4 K is due to ordering of, possibly, Zn
interstitials with a characteristic energy of d¼ 1.1� 105 eV for such an ordering
mechanism.

1.6.4
Pyroelectricity

Pyroelectricity is a first-rank tensor property that relates the change in temperature
to a change in electrical displacement D (or polarization P since no field is
applied):

dDi ¼ dPi ¼ pidT or pi ¼ ðdPi=dTÞE : ð1:41Þ

The constraint for obtaining the pyroelectric coefficient pi (units Cm�2 K�1) is
constant electric field E. Under constant strain, that is, when the sample is rigidly
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clamped to prevent thermal expansion or contraction, measurements reveal the
�primary� pyroelectric coefficient, which originates from the change in the electric
displacement due to internal rearrangements in the structure. However, most of the
measurements are carried out under constant stress, meaning that the crystal
deformation through thermal expansion is allowed. In this so-called �secondary�
effect, the strain induced by thermal expansion alters the electric displacement
through the piezoelectric process because all pyroelectric materials are also piezo-
electric, such as ZnO. To exhibit pyroelectricity, the material should have no central
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Figure 1.31 Fit to the pure ZnO data (a) using the Schottkymodel
(with just Schottky and Debye contributions yielding a Debye
temperature of 395.5 K) and (b) using the Einstein model. Cex is
the excess specific heat (ideally the Einstein contribution)
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symmetry, should have either no axis of rotational symmetry or a single axis of
rotational symmetry that is not in an inversion axis, and its molecular structure
should have a nonzero dipole moment.
The primary and the secondary pyroelectric effects are indicated in thewell-known

triangular diagram of Figure 1.32, which describes the pathways between the
mechanical, electrical, and thermal energies. Measurement of the primary effect
is extremely difficult as it is difficult to prevent the thermal expansion completely. The
secondary effect, however, can easily be calculated by using the elastic stiffness and
piezoelectric constants and the thermal expansion coefficient. The total (unclamped)
pyroelectric coefficient (defined for constant stress as well as constant electric field) is
given by the sum of the primary and secondary components and is what is usually
measured in experiments. Pyroelectric coefficients measured for various materials
are listed in Table 1.11 [155–157]. The pyroelectric effect is stronger in ferroelectric
materials, which below a critical temperature, called the Curie temperature, exhibit
strong hysteretic electrical polarization, the direction of which can be reversed by an
applied electric field. Especially in ferroelectrics, the primary contribution to the
pyroelectricity is generally larger than the secondary effect. In nonferroelectric or
weakly ferroelectric materials such as ZnO, the pyroelectric coefficients are usually
small and correlate well with the specific heat, which is also caused by thermal
motions, as illustrated in Figure 1.33. In single-crystal hexagonal ZnO, the electric
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Figure 1.33 Pyroelectric coefficient and specific heat of ZnO
as a function of temperature. (After Ref. [156].)

Table 1.11 Primary, secondary, and total (experimentally
measured) pyroelectric coefficients (in units of mCm�2 K�1)
for various materials.

Primary coefficient Secondary coefficient Total (experimental value)

Ferroelectrics
Poled ceramics

BaTiO3 �260 þ60 �200
PbZr0.95Ti0.05O3 �305.7 þ37.7 �268

Crystals
LiNbO3 �95.8 þ12.8 �83
LiTaO3 �175 �1 �176
Pb5Ge3O11 �110.5 þ15.5 �95
Ba2NaNb5O15 �141.7 þ41.7 �100
Sr0.5Ba0.5Nb2O6 �502 �48 �550
(CH2CF2)n �14 �13 �27
Triglycine sulfate (TGS) þ60 �330 �270
Pb(Zr0.54Ti0.46)O3 �700
PbTiO3 �1250

Nonferroelectrics and weak ferroelectrics
ZnO �6.9 �2.5 �9.4
ZnO [157] �10.5
CdSe �2.94 �0.56 �3.5
CdS �3.0 �1.0 �4.0
Tourmaline �0.48 �3.52 �4.0
Li2SO4�2H2O þ60.2 þ26.1 þ86.3

From Refs [155–157].
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dipoles formed by the cations and anions add up as all the tetrahedral units point
along the c-axis.

1.7
Electrical Properties of Undoped ZnO

As a direct and large bandgap material, ZnO is attracting much attention for a
variety of electronic and optoelectronic applications. Advantages associated with a
large bandgap include high-temperature and high-power operation, lower noise
generation, higher breakdown voltages, and ability to sustain large electric fields.
The electron transport in semiconductors can be considered for low and high
electric fields. (i) At sufficiently low electric fields, the energy gained by the electrons
from the applied electric field is small compared to the thermal energy of electrons
and therefore the energy distribution of electrons is unaffected by such a low electric
field. Because the scattering rates determining the electron mobility depend on the
electron distribution function, electronmobility remains independent of the applied
electric field, and Ohm�s law is obeyed. (ii) When the electric field is increased to a
point where the energy gained by electrons from the external field is no longer
negligible compared to the thermal energy of the electron, the electron distribution
function changes significantly from its equilibrium value. These electrons become
hot electrons characterized by an electron temperature larger than the lattice
temperature. Furthermore, as the dimensions of the device are decreased to
submicron range, transient transport occurs when there is minimal or no energy
loss to the lattice during a short and critical period of time, such as during transport
under the gate of a field effect transitor or through the base of bipolar transistor. The
transient transport is characterized by the onset of ballistic or velocity overshoot
phenomenon. Because the electron drift velocity is higher than its steady-state value,
one can design a device operating at frequencies exceeding those expected from
linear scaling of dimensions.

1.7.1
Low-Field Transport

Hall effect is themost widely used technique tomeasure the transport properties and
assess the quality of epitaxial layers. For semiconductormaterials, it yields the carrier
concentration, its type, and carrier mobility. More specifically, experimental data on
Hall measurements over a wide temperature range (4.2–300K) provide quantitative
information on impurities, imperfections, uniformity, scattering mechanisms, and
so on. TheHall coefficient and resistivity (r) are experimentally determined and then
related to the electrical parameters through (for n-type conduction) RH¼ rH/ne and
mH¼RH/r, where n is the free electron concentration, e is the unit electronic charge,
mH is the Hall mobility, and rH is the Hall scattering factor that depends on the
particular scattering mechanism. The drift mobility is the average velocity per unit
electric field in the limit of zero electric field and is related to the Hall mobility
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through the Hall scattering factor by mH¼ rHm. As noted above, the Hall scattering
factor depends on the details of the scattering mechanism, which limits the drift
velocity. In degenerate semiconductors, the Hall factor is unity making the Hall
mobility and drift mobility identical such as the case in FETs relying on 2D electron
gas. As the carriers travel through a semiconductor, they encounter various scattering
mechanisms that govern the carriermobility in the electronic system. The parameter
for characterizing the various scattering mechanisms is the relaxation time t, which
determines the rate of change in electron momentum as it moves in the semicon-
ductor crystal. Mobility is related to the scattering time by

m ¼ qhti
m*

; ð1:42Þ

where m	 is the electron effective mass, q is the electronic charge, and hti is the
relaxation time averaged over the energy distribution of electrons. The total relaxation
time, tT, when various scattering mechanisms are operative, is given by
Matthiessen�s rule:

1
tT

¼
X
i

1
ti
; ð1:43Þ

where i represents each scattering process, provided that electron while undergoing
one scattering event is not simultaneously affected by another.
The major scattering mechanisms that generally govern the electron transport in

III–V semiconductors are also valid for ZnO. They are briefly listed as follows:

(i) Ionized impurity scattering is due to deflection of free carriers by the long-range
Coulomb potentials of the charged centers caused by defects or intentionally
doped impurities. This can be thought as a local perturbation of the band edge,
which affects the electron motion.

(ii) Polar longitudinal optical phonon scattering is caused by the interaction of a
moving charge with an electric field induced by electric polarization associated
with lattice vibration due to ionic nature of the bonds in a polar semiconductor.

(iii) Acoustic phonon scattering through deformation potential arises from the
energy change of the band edges induced by strain associated with acoustic
phonons, where the scattering rate increases with the wave vectors of the
phonons.

(iv) Piezoelectric scattering arises from the electric fields that are produced by the
strain associated with phonons in a crystal without inversion symmetry.

(v) If the density of dislocations and native defects are high in a semiconductor,
dislocation scattering and scattering through defects are also considered as
possible scattering mechanisms. Dislocation scattering is due to the fact that
acceptor centers are introduced along the dislocation line, which capture
electrons from the conduction band in an n-type semiconductor. The
dislocation lines become negatively charged and a space charge region is
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formed around it, which scatters electrons traveling across the dislocations, thus
reducing the mobility.

Experimental investigation of the temperature-dependent carrier mobility and
concentration can be used to determine the fundamental material parameters and
understand the carrier scattering mechanisms along with an accurate comparison
with theory. Table 1.12 gives the selected best values of electron mobility and
corresponding carrier concentration in bulk and thin-film ZnO grown by various
techniques. Even today, the electrical properties of ZnO are hard to quantify
experimentally due to varying quality of the samples available.
The transport properties reported in the literature are mostly based on Hall effect

measurements, assuming the Hall scattering factor to be unity. Using Monte
Carlo simulations, Albrecht et al. [158] predicted the room-temperature electron
mobility of ZnO to be �300 cm2V�1 s�1. Nominally undoped ZnO with a wurtzite
structure naturally becomes an n-type semiconductor due to the presence of
intrinsic or extrinsic defects, which were generally attributed to native defects,
such as the Zn-on-O antisite (ZnO), the Zn interstitial (ZnI) [169], and the O
vacancy (VO). However, first-principles investigations based on density functional
theory suggest that hydrogen in ZnO occurs exclusively in the positive charge state
and is responsible for the n-type conductivity of ZnO [131] (discussed in
Section 3.3.1). The highest room-temperature electron mobility for a bulk
ZnO single crystal grown by vapor-phase transport method is reported to be
about 205 cm2V�1 s�1 with a carrier concentration of 6.0� 1016 cm�3 [159]. This
value is very close to the predicted mobility value. The Hall data obtained as a
function of temperature are shown in Figure 1.34. The mobility data were fitted by
using Rode�s method of solving the Boltzmann transport equation by taking into
consideration the major scattering mechanisms, such as polar optical phonon
scattering, acoustic phonon scattering through deformation and piezoelectric
potentials, and Coulomb scattering from ionized impurities or defects. It was
argued that the conduction is dominated by hopping at 8 K due to the carrier freeze-
out effect, where the resistivity was measured to be 2.8� 104W cm. For 15K <T
40K, the transport was determined by a combination of mixed band and hopping
conduction, whereas above 40K, the data were well fitted by using the usual
statistical model (charge-balance equation) involving only the transport in the
conduction band. The mobility showed a peak value of about 2000 cm2V�1 s�1 at
50 K.
For the carrier concentration data shown in Figure 1.35, a two-donor charge-

balance equation was applied to fit the experimental data:

nþNA ¼
X
i

NDi

1þ n=fi
; ð1:44Þ

where fi ¼ ðg0i=g1iÞN 0
cexpðai=kÞT3=2expð�ED0i=kTÞ, and g0i (g1i) is the unoccupied

(occupied) state degeneracy of donor i. The term N 0
c is the effective conduction

band density of states at T¼ 1 K and ai is the temperature coefficient defined by
EDi¼ED0i�aiT, where EDi is the activation energy of donor i. Although their origin
was left unclear in this work [159], it has been determined that the dominant
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hydrogenic shallow donor had a concentration of about 1� 1017 cm�3 and an
energy of about 60meV, whereas the total acceptor concentration was much lower,
about 2� 1015 cm�3, resulting in a lower compensation ratio of 0.02. However, the
shallower donor that was ruled out due to its smaller concentration (about one order
of magnitude less than the deeper donor) at an energy of �31meV was further
investigated later by the same group [169]. They reported that high-energy electron
irradiation in ZnO produces shallow donors at about 30meV. Because the process
was found to depend on polarity, where the production rate is much higher for
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Figure 1.34 Experimental (circles) and theoretical (solid line)Hall
mobilityasa functionof temperature inbulkZnO.(AfterRef. [159].)
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Zn-face [0 0 0 1] than O-face ½0 0 0 1�� irradiation, it has been concluded that this
native shallower donor is related to a Zn sublattice defect,most likely the interstitial
ZnI or a ZnI-related complex.
Regarding the ZnO epilayers grown by various growth techniques on different

substrates, room-temperature mobilities are relatively poor [170] (typically below
100 cm2V�1 s�1) compared to bulk ZnO, particularly the variety grown by the vapor-
phase transport method. However, as listed in Table 1.12, some room-temperature
mobility values are comparable to the best reported value for bulk ZnO. Kaidashev
et al. [162] reported the best reproducible electron mobilities from 115 up to
155 cm2V�1 s�1 at 300K in a narrow carrier concentration range from 2 to 5� 1016

cm�3 for nominally undoped ZnO thin films of total thickness of 1–2mmgrown on c-
plane sapphire substrates by amultistep PLD technique. They attributed this success
to the multistep PLD process, which includes the insertion of 30 nm thin ZnO
relaxation layers deposited at a reduced substrate temperature. The topographical
properties of the films were correlated with the corresponding electrical properties.
The high-mobility samples showed atomicallyflat surface structure with grain size of
about 0.5–1mm, whereas the surfaces of low-mobility films consisted of clearly
resolved hexagonally faceted columnar grains of only 200 nmsize. The observation of
the excitonic features in low-temperature photoluminescence spectra also reflects the
quality of the samples, which is of primary importance to improve the electrical
properties of ZnO.
Kato et al. [163] and Iwata et al. [164] have performed similar studies on ZnO

heteroepitaxial layers grown using plasma-assisted MBE and radical-source MBE
techniques. Kato et al. [163] used ð1 1 2� 0Þa-plane sapphire substrates and high-
temperature growth with low-temperature buffer layers for high-quality undoped
ZnOepitaxialfilms. They obtained electronmobilities as high as 120 cm2V�1 s�1 and
residual carrier concentrations as low as 7� 1016 cm�3.With further optimization of
the growth condition such as O/Zn flux ratio, a maximum mobility of 130 cm2V�1

s�1 with a residual carrier concentration of 1.2� 1017 cm�3 was reported [171]. It has
been suggested that stoichiometric ZnO films have the lowest dislocation density
and the highest electron mobility compared to ZnO films grown under nonstoichio-
metric flux conditions [163]. Iwata et al. [164] used ZnO/MgO double-buffer layers
for high electron mobility ZnO epilayers grown on c-plane sapphire. It has been
argued that the precisely controlled low growth rate of the double-buffer layers was
crucial for the improvement of electrical properties. The highest electronmobility of
145 cm2V�1 s�1 in MBE-grown ZnO film was reported at room temperature [166].
This improvement was attributed to a decrease in dislocation density, based on both
X-ray diffraction omega rocking curve measurements and calculated electron
mobilities.
ZnO-based heterostructures, which contain magnetic impurities in the barrier

layer, were grown on c-cut sapphire substrates by pulsed laser deposition by Edahiro
et al. [165]. The temperature dependence of the mobility of the Zn0.9Mn0.1O/ZnO
heterostructure exhibits the suppression of ionized impurity scattering below 100K
as shown in Figure 1.36. The carrier concentration and the mobility measured at
1.85K are 4.0� 1012 cm�2 and 360 cm2V�1 s�1, respectively. These transport
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properties revealed that two-dimensional electron gas is successfully formed at the
Zn0.9Mn0.1O/ZnO interface.

1.7.2
High-Field Transport

Ensemble Monte Carlo (MC) simulations have been the popular tools to investigate
the steady-state and transient electron transport in semiconductors theoretically. In
particular, the steady-state velocity field characteristics have been determined using
the Monte Carlo method for electric field strengths up to 350 kVcm�1 in bulk
wurtzite structure ZnO at lattice temperatures of 300, 450, and 600K [158]. The
conduction bands of wurtzite-phase ZnO structure were calculated using FP-LMTO-
LDA method. For the MC transport simulations, the lowest G valley (G1 symmetry)
and the satellite valleys located at G (G3 symmetry) and at U point, Umin (U1

symmetry), which is located two-thirds of the way between the M and L symmetry
points on the edge of the Brillouin zone, have been considered.
The calculated electron drift velocity versus electric field characteristics are plotted

in Figure 1.37 for wurtzite-phase ZnO along with GaN for comparison. The first
change in the differential mobility curve near 50 kVcm�1 has been attributed to the
onset of significant spontaneous polar optical phonon emission as the electrons are
accelerated to energies greater than the longitudinal optical phonon energy of
72meV. At higher temperatures, this effect reduces and becomes almost negligible
at 600K because the emission and absorption rates are of comparable magnitude at
elevated lattice temperatures. With increasing electric field, the drift velocity in-
creases and reaches a peak value of 3� 107 cm s�1 at 250K. Further increase of
electric field results in negative differential effect. However, from examination of the
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electron energy distributions that showed only insignificant transfer of electrons to
the higher valleys, the strong decrease of the differential mobility with increasing
electric field was attributed to the pronounced nonparabolicity of the central valley.
A comparison of the drift velocity of ZnO to the calculated drift velocity of wurtzite
GaN although shows comparable peak velocities (see Ref. [91] for details regarding
GaN), the peak fields differ considerably, with the peak field for GaN being about
100 kVcm�1 lower than that of ZnO. It has been argued that this difference arises
mainly from the lower satellite valleys in GaN, which have been demonstrated to
exhibit a transferred electron effect, and from the stronger Fr€ohlich coupling in ZnO.
Experimental investigations or any other theoretical work related to the high-field
transport and energy and momentum relaxation in ZnO are not available in the
literature. If the hot phonon effects prevalent in GaN were also to take place in ZnO,
which is more than likely, much more refined work is needed on the theoretical side
as well to get a representative velocity figure in ZnO at high fields (see Ref. [91]
for a detailed discussion of hot phonon effects on heat dissipation and carrier
transport).

350300250200150100500
0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

D
ri

ft
 v

el
oc

ity
 (

10
7  c

m
 s

-1
)

Electric field (kV cm-1)

GaN

ZnO

T = 300 K
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